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ABSTRACT

New geochronologic and geomorphic con-
straints on the Little Lake fault in the Eastern 
California shear zone reveal steady, modest 
rates of dextral slip during and since the mid-
to-late Pleistocene. We focus on a suite of off-
set fl uvial landforms in the Pleistocene Owens  
River channel that formed in response to 
peri odic interaction with nearby basalt fl ows, 
thereby recording displacement over multiple 
time intervals. Overlap between 40Ar/39Ar 
ages for the youngest intracanyon basalt fl ow 
and 10Be surface exposure dating of down-
stream terrace surfaces suggests widespread 
channel incision during a prominent outburst 
fl ood through the Little Lake channel at ca. 
64 ka. Older basalt fl ows fl anking the upper 
and lower canyon margins indicate localiza-
tion of the Owens River in its current position 
between 212 ± 14 and 197 ± 11 ka. Coupled 
with terrestrial light detection and ranging 
(lidar) and digital topographic measurements 
of dextral offset, the revised Little Lake chro-
nology indicates average dextral slip rates of 
at least ~0.6–0.7 mm/yr and <1.3 mm/yr over 
intervals ranging from ~104 to 105 yr. Despite 
previous geodetic observations of relatively 
rapid interseismic strain along the Little 
Lake fault, we fi nd no evidence for sustained 
temporal fl uctuations in slip rates over mul-
tiple earthquake cycles. Instead, our results 
indicate that accelerated fault loading may be 
transient over much shorter periods (~101 yr) 
and perhaps indicative of time-dependent 
seismic hazard associated with Eastern Cali-
fornia shear zone faults.

INTRODUCTION

A comprehensive picture of the evolution 
and dynamics of plate-boundary deformation 
requires an inventory of geologic strain span-
ning intervals between 101 and 107 yr. Integrated 
over the entire deforming zone, time-averaged 
geologic strain equals the total rate of modern 
plate motion (DeMets et al., 2010). Deviations 
from this summed rate for networks of plate-
boundary faults contain information about time-
dependent, shear-zone processes (e.g., Friedrich 
et al., 2003; Oskin et al., 2008), progressive 
organization of a multifault array (Reheis 
and Dixon, 1996; Frankel et al., 2011), or the 
distribution of off-fault deformation (Shelef 
and Oskin, 2010). Accordingly, comparisons 
between short-term geodetic measurements of 
interseismic strain and longer-term geologic 
fault-slip rates afford insight into the dynam-
ics of shear-zone evolution and the earthquake 
cycle (Dixon et al., 2003; Meade and Hager, 
2005; Chuang and Johnson, 2011).

Such comparisons in the Eastern California 
shear zone (Fig. 1) have shed light on the rate, 
timing, and distribution of dextral shear in an 
evolving intracontinental plate-boundary fault 
system (e.g., Oskin and Iriondo, 2004; Frankel 
et al., 2011). Taken together, studies document-
ing present-day strain in eastern California from 
geodetic data (Savage et al., 1990; Argus and 
Gordon, 1991; Sauber et al., 1994; Hearn and 
Humphreys, 1998; Gan et al., 2000; McClusky 
et al., 2001; Miller et al., 2001; Bennett et al., 
2003) reveal generally faster rates of inter-
seismic deformation than that suggested by 
fault-slip rates measured from displaced Quater-
nary landforms (Reheis and Sawyer, 1997; Lee 
et al., 2001; Oskin and Iriondo, 2004; Bacon 

et al., 2005; Kirby et al., 2006; Frankel et al., 
2007a, 2007b, 2011; Oskin et al., 2007; Kirby 
et al., 2008). This discrepancy between geodetic 
and geologic observations persists across the 
width of the deforming zone as a whole (Oskin 
et al., 2008) and also for individual faults within 
the array. In the northern Mojave Desert area, 
satellite radar interferometry measurements 
spanning 1992–2000 (Peltzer et al., 2001) indi-
cate that much of the current strain accumula-
tion occurs along the Little Lake and Blackwater 
faults (Fig. 1), despite modest Quaternary slip 
rates for these structures (Roquemore, 1980; 
Oskin and Iriondo, 2004). Notably, the sinistral 
Garlock fault, which crosscuts this apparent 
shear zone, exhibits Holocene–late Pleistocene 
slip rates that exceed modern interseismic strain 
by an approximate factor of 2–3 (McGill et al., 
2009; Ganev et al., 2012). It remains unknown 
whether these discrepancies refl ect short-lived 
transients in the geodetic data or persist over 
multiple earthquake cycles (~102–103 yr).

This question bears strongly on our under-
standing of the distribution and timing of strain 
release during large earthquakes in the Eastern 
California shear zone. One possibility holds 
that the conjugate Little Lake–Blackwater and 
Garlock faults undergo alternating periods of 
relatively slow and fast slip (Peltzer et al., 2001; 
Dolan et al., 2007), corresponding with earth-
quake clusters along each zone (Rockwell et al., 
2000; Dawson et al., 2003). In this scenario, feed-
backs between earthquake slip and the transient 
strength of underlying ductile shear zones may 
give rise to currently increased rates of loading 
along Eastern California shear zone faults (Oskin 
et al., 2008). If so, the nature and persistence 
of short- and long-term variations in fault-slip 
rate for these structures provide insight into the 
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potential  time dependence of seismic hazards in 
southeastern California (Petersen et al., 2007).

In this paper, we test whether relatively rapid 
interseismic shear in the Eastern California 
shear zone manifests as fl uctuations in fault-slip 
rate during the late Pleistocene. We focus on 
the Little Lake fault, which forms the western 
boundary of the Eastern California shear zone 
north of the Garlock fault (Fig. 1), and which 
lies along the northward continuation of the 
pronounced velocity discontinuity imaged from 
satellite radar (Peltzer et al., 2001). There, we 
capitalize on a set of previously undescribed 
landforms refl ecting repeated drainage of the 
Pleistocene Owens River through the Little 
Lake area. Surfi cial mapping, terrestrial laser 
scanning (TLS), and 10Be exposure dating of 
these surfaces, combined with 40Ar/39Ar con-
straints on young, intervening lava fl ows, pro-
vide the fi rst geologic slip rates for the Little 
Lake fault based on high-quality geochrono-
logic data. Our results also inform the history 
and timing of pluvial drainage in the Pleistocene 
Owens River system and illustrate the impact of 
volcanic eruptions on channel localization and 
terrace development. Taken together, these new 
data bridge a critical temporal gap (~104–105 yr) 
in our understanding of the way in which active 
strain and earthquakes evolve and are parti-
tioned within the Eastern California shear zone.

LITTLE LAKE FAULT

The Little Lake fault is part of a distributed 
network of dextral, normal, and dextral-oblique 
faults east of the Sierra Nevada in California 
and Nevada that together constitute the Eastern 
California shear zone (Dokka and Travis, 1990) 
or southern Walker Lane belt (Stewart, 1988; 
Wesnousky, 2005) (Fig. 1). Geodetic observa-
tions over the past several decades reveal that 
this ~100–150-km-wide zone accommodates 
roughly one-quarter (~12 ± 2 mm/yr) of the 
total relative motion between the Pacifi c and 
North American plates (~50 mm/yr) (e.g., Ben-
nett et al., 2003). At ~36°N latitude (Fig. 1), the 
Little Lake fault separates the western margin 
of this deforming zone from the southeastern 
corner of the relatively stable Sierra Nevada 
block (Dixon et al., 2000). Active extension in 
this portion of the Eastern California shear zone 
occurs mainly in association with releasing 
stepovers between dextral faults (Unruh et al., 
2003). Together with the right-oblique Owens 
Valley fault to the north, the dextral Little Lake 
fault forms an extensional relay across the Coso 
Range (Fig. 1), resulting in focused extension, 
crustal thinning, geothermal activity, and abun-
dant shallow seismicity (Unruh et al., 2002; 
Monastero et al., 2005).
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Figure 1. Overview of active faults and regional topography of the Eastern California 
shear zone (ECSZ) and southern Walker Lane belt. Labeled faults are abbreviated as fol-
lows: ALF—Airport Lake fault, BF—Blackwater fault, GF—Garlock fault, KCF—Kern 
Canyon fault, LLF—Little Lake fault, OVF—Owens Valley fault, SNFF—Sierra Nevada 
frontal fault. OL—Owens Lake, IWV—Indian Wells Valley. Major historical earthquake 
surface ruptures in the Eastern California shear zone and Walker Lane belt are outlined in 
white, with stars denoting epicentral locations: OV—1872 Owens Valley, L—Landers 1992, 
HM—1999 Hector Mine. Active fault traces are taken from the U.S. Geological Survey Qua-
ternary fault and fold database, with the exception of the Kern Canyon fault, taken from 
Brossy et al. (2012).

 on June 30, 2013gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


Tectonic, geomorphic, and volcanic interactions near Little Lake, California

 Geological Society of America Bulletin, July/August 2013 1189

Southward toward the Garlock fault, the 
Little Lake and normal Airport Lake faults 
merge into a single, albeit highly segmented, 
NW-striking shear zone that cuts the relatively 
low-relief basin surface of the Indian Wells Val-
ley (Figs. 1 and 2). Several recent earthquakes 
near this intersection, including the 1982 M 5.2 
Indian Wells Valley and the 1995 M 5.8 and 5.4 
Ridgecrest events, produced modest, en echelon 
ground cracking along a northwestern trend 
(Roquemore and Zellmer, 1983; Hauksson  
et al., 1995). Constraints on earlier earthquakes 
along the Little Lake fault come from radio-
carbon dating of trench deposits that limit the 
most recent surface rupture to younger than ca. 
2.5 ka (Roquemore, 1981). Although structur-
ally discontinuous across the Garlock fault, the 
Little Lake and Blackwater structures occupy 
an apparent gap between large historical sur-
face ruptures of the 1872 Owens Valley and 
1992 Landers earthquakes (Fig. 1) (Peltzer 
et al., 2001).

The most prominent surface expression of the 
Little Lake fault occurs near the intersection of 
the western Coso Range and Sierra Nevada to 
the west. There, the fault cuts a series of Qua-
ternary basalt fl ows emanating from local vol-
canic centers, as well as older alluvial deposits 
shed from the adjacent Sierra Nevada range 
front (Fig. 2). Relatively continuous segments 
of the Little Lake fault defi ne an overall arcuate 
geometry, smoothly transitioning toward more 
northwesterly orientations before terminating 
into a series of nearly perpendicular normal 
fault splays to the southeast (Roquemore, 1980). 
Vertical offset of the intact basalt fl ow top in this 
location is limited to these extensional relays 
and localized pull-apart basins, demonstrat-
ing nearly pure dextral motion along the Little 
Lake fault.

At its northwestern end, segments of the 
Little  Lake fault terminate beneath younger 
alluvial-fan deposits in Rose Valley, and/or 
merge with the Sierra Nevada frontal faults to 
the west (Fig. 2). Relatively short, disrupted 
drainages along this portion of the southeastern 
Sierra Nevada range front suggest that some 
component of dextral slip is transferred onto 
these normal faults, consistent with similar geo-
morphic evidence in northwestern Rose Valley 
(Wills, 1989; Amos et al., 2013). Although 
complicated by relatively chaotic landslide 
blocks from the Sierra Nevada to the south-
west, steeply dipping panels of older alluvial 
deposits suggest either tilting or folding across 
a restraining left step between these oblique 
range-front structures and the Little Lake fault. 
Well-preserved fault geomorphology in the 
Little Lake area (Fig. 3) also preserves features 
such as shutter ridges, side-hill benches, linear 

troughs and springs, and pressure ridges along 
the fault zone (Fig. 4) (Duffi eld  and Smith, 
1978a; Roquemore, 1980).

QUATERNARY GEOLOGY OF THE 
LITTLE LAKE AREA

The Little Lake fault straddles the geomor-
phic and physiographic boundary between Rose 
Valley to the north and Indian Wells Valley to 
the south (Fig. 2). Since at least the mid-Pleisto-
cene, the ~150-m-deep canyon separating these 
two valleys, herein referred to as Little Lake 
narrows (Fig. 2), has funneled overfl ow from 
the Owens Lake basin to the China Lake and 
Searles  Lake basins during pluvial lake high-
stands (Duffield and Smith, 1978a, 1978b). 
These lake basins were part of a larger chain 
of variably interconnected Pleistocene lakes in 
the western Great Basin that ultimately linked 
drainage in the Mono Basin in the north with 
Death Valley in the southeast (Gale, 1914; 
Blackwelder, 1933; Smith and Street-Perrott, 
1983; Jannik et al., 1991). Phillips (2008) sum-
marizes the geologic and hydrologic conditions 
within the paleo–Owens River drainage system 
since the mid-Tertiary.

Little Lake itself represents a small, natural, 
spring-fed lake situated within an inset chan-
nel cut at the upper end of Little Lake narrows 
(Fig. 3). Coring and radiocarbon dating indicate 
saltgrass meadow or freshwater marsh deposi-
tion between ca. 3000 and 5000 radiocarbon 
yr B.P., and persistence of a shallow fresh-
water lake over the past ~3000 radiocarbon 
years (Mehringer and Sheppard, 1978). Young, 
coalescing alluvial fans form a natural dam at the 
southern end of the lake (Fig. 3), and Mehringer  
and Sheppard (1978) indicated maximum water 
depths up to 2 m.

Volcanic Rocks

Local basaltic eruptions have profoundly 
impacted the position of the Pleistocene Owens 
River channel and the geomorphic development 
of Little Lake narrows. Interactions between 
volcanism and Owens River drainage were fi rst 
recognized and described in detail by Duffi eld 
and Smith (1978a, 1978b) based on mapping 
and potassium-argon (K-Ar) dating later pub-
lished as Duffi eld et al. (1980) and Duffi eld and 
Bacon (1981), respectively. These authors rec-
ognized that eruption of two stacked basalt fl ows 
(Qb1) from a cinder cone along the Little Lake 
fault onto older, SE-sloping alluvial fans (Qfo) 
(Fig. 2) clearly predated localization of the river 
channel in its current position. These fl ows are 
moderately porphyritic, and Duffi eld and Smith 
(1978a) reported between 10% and 20% pheno-

crysts up to 3 mm in size, predominately con-
sisting of plagioclase, with lesser altered olivine 
and clinopyroxene. Beds of deeply weathered 
alluvial-fan boulders and gravel currently rest 
beneath Qb1 fl ows on the ~150-m-high eastern 
canyon wall, attesting to their former continuity 
with fan remnants fl anking the Sierra Nevada 
range front to the west (Fig. 4A). Duffi eld and 
Smith (1978a) also indicated that the lack of an 
intervening soil between these the upper and 
lower units suggests a similar eruptive age for 
both fl ows.

The absence of alluvial deposits on top of 
the Qb1 basalt fl ows may imply that establish-
ment of the channel and downcutting through 
Little Lake narrows occurred shortly after erup-
tion of the upper Qb1 fl ow. K-Ar ages from the 
upper and lower fl ows (399 ± 45 ka and 486 ± 
108 ka, respectively; Duffi eld et al., 1980) pro-
vide maxi mum bounds on the age of this event 
(Duffi eld  and Smith, 1978a). Based on grav-
ity and magnetic data, these authors also rec-
ognized a former course of the Owens River 
~5 km to the east, now buried by Pleistocene 
lavas and sediment (Fig. 2).

Two younger, intracanyon basalt fl ows (Qb2 
and Qb3) postdate establishment of the Owens 
River channel through the Little Lake area. 
The older of these fl ows (Qb2) emanated from 
an eroded cinder cone within the Coso Range 
and fl owed at least ~15 km downstream upon 
entering Little Lake narrows (Duffi eld and 
Bacon (1981) (Fig. 2). The Qb2 lava contains 
only a few percent phenocrysts of olivine and 
plagioclase up to ~1–2 mm, and is thus read-
ily differentiated from the Qb1 basalt (Duffi eld 
and Smith, 1978a). The Qb2 fl ow is at least 
~70 m thick immediately east of Little Lake, 
where cliff exposures reveal pervasive and well-
developed columnar jointing (Fig. 3). Based on 
this thickness, the Qb2 lava likely overwhelmed 
the Owens River channel, although no erosional 
remnants of this fl ow are present along the west-
ern canyon wall. Nevertheless, the Owens River 
subsequently reestablished its course through 
Little Lake sometime before eruption of the 
younger Qb3 fl ow. Low levels of radiogenic 
argon for Qb2 led to an imprecise K-Ar age of 
140 ± 89 ka reported by Duffi eld et al. (1980), 
although younger pyroclastic deposits blanket-
ing the Qbc2 cone indicate a minimum K-Ar 
age of 77 ± 8 ka (Lanphere et al., 1975).

The youngest intracanyon lava fl ow at Little 
Lake (Qb3), termed the basalt of Red Hill by 
Duffi eld and Smith (1978a) after the promi-
nent ~180-m-high cinder cone at the southern 
end of Rose Valley, also exploited the Owens 
River channel and fl owed ~16 km downstream 
(Fig. 2). Duffi eld and Smith (1978a) reported 
a modal abundance for the Qb3 fl ow of up to 
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10%–20% plagioclase, olivine, and clinopyrox-
ene phenocrysts up to 3 mm in size. They also 
noted the similarity between this flow and 
the upper Qb1 lavas, although the position of the 
Qb3 fl ow within the Little Lake narrows enables 
easy distinction from the relatively weathered 
Qb1 fl ow atop the canyon margins. Rough and 
ropy fl ow tops distinguish largely uneroded por-
tions of the Qb3 fl ow at Red Hill and farther 
downstream, where intact Qb3 lava lies in depo-
sitional contact with the underlying Qb2 fl ow 
(Duffi eld and Bacon, 1981) (Fig. 2). Within the 
Little Lake channel, however, remnants of Qb3 
form eroded, planar bedrock surfaces or straths 
underlying a veneer of bouldery alluvium. This 
surface is readily visible beneath the overly-
ing terrace cover along the canyon fl oor, where 
repeated slip has warped and broken the origi-
nally planar basalt strath into a prominent pres-
sure ridge along the Little Lake fault (Fig. 4B). 
Isolated erosional remnants of the Qb3 fl ow are 
also present within Little Lake narrows, fl ank-
ing the western inner rim of the canyon wall 
(Fig. 3). Original attempts to date the basalt of 
Red Hill using K-Ar failed due to insuffi cient 
radiogenic argon (Duffi eld and Smith, 1978a), 
although early application of 3He surface expo-
sure dating yielded an age of ca. 57–62 ka for 
the fl ow top (Cerling, 1990).

Geomorphology

Landforms and deposits refl ecting repeated 
scour by the Pleistocene Owens River through 
Little Lake narrows are superimposed on the 
Little Lake basalts and older alluvial gravels 
(Fig. 3). Impacts of this intermittent drainage 
are immediately apparent as a series of stepped, 
dry waterfalls along the former river course. The 
northernmost of these cascades, Fossil Falls, 
drops ~30 m over two distinct steps localized 
along a series of normal fault scarps cutting the 
Qb3 fl ow top (Fig. 3). These faults also control 
the position of a second, amphitheater-shaped 
dry falls that connects with Fossil Falls to the 
west via a series of dry erosional channels. 
Within Fossil Falls, remarkable fl uvial scour, 
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ternary surfi cial geologic map of the upper 
Little Lake narrows and Fossil Falls areas. 
Volcanic map units are modifi ed from Duf-
fi eld and Bacon (1981). The 10 m elevation 
contours are taken from the National Eleva-
tion Database (NED). The map location is 
shown by the boxed area in Figure 2. Yellow 
and brown circles indicate sample locations 
for 40Ar/39Ar and 10Be dating, respectively.
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polish, and meter-scale potholes developed on 
the Qb3 basalt attest to the scale of this outfl ow 
(Saint-Amand, 1987). A smaller, ~5 m step in 
the channel profi le occurs in the northern Indian 
Wells Valley, where the Owens River crosses the 
Qb2 lava at its downstream extent (Dry Falls, 
Fig. 2). Earlier 3He surface exposure dating 
of polished basalt at Fossil Falls suggests that 
the most recent scour occurred at ca. 16–17 ka 
(Cerling , 1990).

At least two generations of fl uvial terraces 
and inset channels mark the course of the former 
Owens River between Fossil Falls and northern 
Indian Wells Valley. Within Little Lake narrows, 
these terraces consist of a somewhat discontinu-
ous and patchy suite of surfaces fl anking the 
modern wash and resting above the modern lake 
surface (Fig. 3). Terrace cover sediments con-
tain boulders up to several meters in diameter 
deposited on a prominent strath cut within Qb3 
basalt fl ooring Little Lake narrows. These clasts 
are largely derived from the Qb3 basalt but also 
contain ~10% felsic plutonic rocks. Potential 
origins for these rocks include either quartz 
monzodiorite or alkali-feldspar granite exposed 
along the eastern wall of Little Lake narrows 
(Whitmarsh, 1998) or upstream granitic sources 
in the Sierra Nevada.

Where juxtaposed in Little Lake narrows 
(Fig. 4B), older terrace treads (Qt1) lie ~3–5 m 
above a younger, inset surface (Qt2), separated 
by a narrow terrace riser. The lower Qt2 ter-
race exposes the underlying basalt strath along 
its western edge beneath somewhat patchy and 
partially stripped cover sediments. Where these 
surfaces intersect the Little Lake fault (Fig. 4B), 
this strath projects beneath the bouldery Qt1 
cover, indicating that Qt2 may represent a cut 
terrace inset within several meters of Qt1 fi ll. 
The strath underlying Qt1 is readily visible at the 

upper end of the narrows, where isolated terrace 
remnants fl ank the western edge of the modern 
wash now occupied by the modern Little Lake 
(Fig. 3). Remnants of the Qt1 surface not buried 
by younger alluvial fans are modifi ed by a series 
of inset channels creating surface relief on the 
order of several meters. Although some of these 
channels grade downstream to the modern wash 
or lake level, they are either buried by younger 
alluvial fans at their upstream end or are isolated 
from the active wash by terrace risers up to ~5 m 
high (Figs. 3 and 4B).

QUANTIFYING FAULT OFFSET 
WITH TERRESTRIAL LIDAR

Landforms within the Pleistocene Owens 
River channel serve as robust geomorphic 
markers of dextral slip along the Little Lake 
fault. Greater offset of older landscape features 
indicates ongoing deformation and provides a 
measure of displacement integrated over vary-
ing time intervals. Traditionally, quantifying 
such offsets along strike-slip faults relies on 
map-view projection of offset linear features 
(e.g., stream channels) onto the fault surface 
trace (Wallace, 1968). Reported uncertainties 
in this approach typically encompass a some-
what subjective range based on the projection 
geometry or the preservation integrity of the off-
set geomorphic feature. With increasing avail-
ability and usage of digital topography, specifi -
cally, light detection and ranging (lidar) data, 
lateral offset measurements now commonly 
rely on more three-dimensional topographic 
and geomorphic reconstructions (e.g., Zielke 
and Arrowsmith, 2012). As such, we adopted 
an approach using serial topographic profi les to 
measure the actual range of permissible offsets 
for each feature. This method presents the dis-

tinct advantage of creating individual probabil-
ity distributions of displacement for each feature 
used in subsequent slip-rate calculations.

The faulted Qt1-Qt2 terrace riser within Little 
Lake narrows provides the best surface expres-
sion of dextral offset along the Little Lake fault 
(Fig. 5). Initial reconnaissance of this feature 
using Google Earth imagery suggested lateral 
offset between 33 and 37 m, with a nominal 
uncertainty of ±10 m, refl ecting the map-view 
riser width. Subsequently, we completed a ter-
restrial laser scanning (TLS) survey to refi ne 
this measurement from detailed topographic 
reconstructions of the faulted riser geometry 
(Fisher et al., 2012). Several studies have high-
lighted the utility of portable TLS for charac-
terizing fault displacement in areas without 
airborne lidar coverage (Oldow and Singleton, 
2008; Gold et al., 2009, 2011) or for applications 
requiring high-density point cloud data (Gold 
et al., 2012). TLS surveying utilized a Riegl 
LMS-Z420i ground-based lidar system, result-
ing in collection of ~22 million individual laser 
returns at an average density of 20 points/m2. 
Nonground returns from sparse brush covering 
the area were fi ltered using the Terrasolid soft-
ware package, and the remaining returns were 
triangulated to create an equally spaced digital 
elevation model (DEM) at a nominal resolution 
of 50 cm (Fig. 5A) (cf. Perroy et al., 2010).

Serial elevation profi les with 2 m point spac-
ing were extracted from the resulting DEM along 
the western terrace riser (Fig. 5B) and the incised 
eastern edge of the Qt1 terrace (Fig. 5C). Profi le 
elevations were then projected perpendicular to 
the average local riser orientation on either side of 
the fault. As a group, profi les were then projected 
into a coordinate system normal to the local fault 
strike in order to reconstruct the total dextral dis-
placement of each feature. This reconstruction  
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Figure 3 (legend).
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utilized the distance range between topographic 
midpoints from the scarp profi les on either side of 
the fault (Figs. 5B and 5C), based on the assump-
tion that the scarp midpoint undergoes the least 
amount of vertical change during scarp diffusion 
(Pelletier et al., 2006).

Measured lateral displacement of the Qt1 ter-
race edge ranges between 30 and 42 m and 34 
and 49 m for the western and eastern margins, 
respectively (Figs. 5B and 5C). These measure-
ments incorporate the maximum and minimum 
distance range of riser midpoints grouped on 
either side of the fault. Given the local linear-
ity and continuity of each riser segment, as well 
as the fault trace, uncertainty associated with 
projection of these features is smaller than the 
observed range of riser midpoints. These mea-
surements compare favorably with estimates 
based on image reconstruction (Fisher et al., 
2012) and present the distinct advantage of 
refl ecting the actual range of permissible dis-
placements based on the shape and integrity of 
the faulted terrace riser.

The eastern margin of Little Lake narrows 
also provides an offset marker for measur-
ing displacement along the Little Lake fault 
(Fig. 3). Because our TLS survey was limited to 
the canyon fl oor, we employ a simple geometric 
restoration of the relatively steep, ~160-m-high 
cliff capped by Qb1 basalt (Fig. 6). At its base, 
this cliff coincides with a prominent defl ection 
of the active wash, where progressive offset 
forces southward drainage around the cliff mar-
gin to the west. This defl ection coincides with 
an isolated remnant of Qb1 just above the active 
wash on the southwest side of the fault. Recon-
struction of the base of the canyon wall indicates 
at least ~140 m of dextral displacement, depend-
ing on how this feature is projected into the fault 
on its southwest side (Fig. 6B). We consider this 
estimate to represent a minimum value on the 
total offset given the potential for and likelihood 
of erosion along the base of the cliff, and its rel-
atively oblique orientation relative to the Little 
Lake fault. Previous estimates by Roquemore 
(1980), based on geometric reconstruction of 

small pull-apart structures preserved on top of 
the Qb1 fl ow (Fig. 2), indicate somewhat higher 
offset values up to 250 m. Although somewhat 
obscured by the cinder cone atop the Qb1 sur-
face, restoring 250 m of dextral slip along the 
Little Lake fault provides a reasonable match 
along the upper edge of the canyon wall (Fig. 
6C). As such, we consider this value as a maxi-
mum bound on the total displacement of the 
eastern margin of Little Lake narrows.

40Ar/39Ar DATING

New, high-precision 40Ar/39Ar dating of 
Quaternary basalt fl ows revises the volcanic 
and geomorphic chronology at Little Lake and 
bears directly on the time-integrated slip history 
for the Little Lake fault. We collected samples 
from each of the three main fl ows at Little Lake, 
including the upper and lower fl ows of Qb1 
(Fig. 2). The samples were crushed and sieved to 
125–250 µm size fractions, and groundmass was 
separated using standard separation techniques 
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combined with removal of phenocryst frag-
ments by hand using a binocular microscope and 
tweezers. We used only groundmass for these 
basalts because (1) phenocrysts of plagioclase 
tend to be more calcium-rich than groundmass, 
and when dating basalts of such young age, it is 
important to minimize the corrections required 
for 40Ar produced in neutron reactions on 40Ca in 
the reactor, and (2) phenocrysts may host excess 
40Ar. The groundmass samples were loaded into 
irradiation disks with aliquots of Fish Canyon 
sanidine for use as a neutron-fl ux monitor, and 
irradiated for 30 min at the Oregon State Triga 
reactor. Ages were calculated using the calibra-
tion of Renne et al. (2011). We step-heated two 
aliquots of each sample in 13–14 steps using 
a CO2 laser, and measured the gas released on a 
MAP 215 mass spectrometer by peak-hopping 
using a Balzer’s electron multiplier in analog 
mode at the Berkeley Geochronology Center. 
Step-heating results are listed in Table 1, and 
Table DR1 [see footnote 1]1 and age spectra 
are plotted in Figure 7. Plateau ages were calcu-
lated as the inverse-variance weighted mean of 
plateau steps, which included all steps for all of 
these samples. The plateau ages from the two 
aliquots of each sample agreed with one another 
within 2σ, so we were able to combine the steps 
from each aliquot into one plateau age.

The new 40Ar/39Ar results mark a vast 
improvement on the precision and accuracy of 
previous endeavors to date these basalt fl ows, 
which used the K-Ar technique on whole-rock 
samples (Duffi eld et al., 1980). For the oldest 
fl ow, Qb1L (the lower unit of Qb1), we obtained 
a combined plateau age of 281 ± 4 (1σ) ka, 
which is a 20-fold improvement on the preci-
sion of 486 ± 108 ka reported in Duffi eld et al. 

(1980). For the next younger fl ow, Qb1U (upper 
unit of Qb1), we also obtained a younger age 
with better precision at 212 ± 14 ka (1σ), as 
compared to 399 ± 45 ka (Duffi eld et al., 1980). 
The calibration we used intrinsically yields 
~2% older ages than that used by Duffi eld et al. 
(1980); thus, the younger ages we obtained are 
noteworthy. One possible explanation is that we 
used only groundmass rather than whole-rock 
samples, which may include phenocrysts that 
formed slightly before eruption or which may 
contain excess 40Ar. For the next younger fl ow, 
Qb2, we obtained an age of 197 ± 11 ka, which 
lies within 1σ uncertainty of the previous result 
of 140 ± 89 ka. Again, we were able to achieve 
much higher precision than the previous study. 
For the youngest fl ow, Qb3, our age of 62 ± 3 ka 
agrees well with previous estimates of the erup-
tion age (ca. 57–62 ka) based on 3He exposure 
dating of the fl ow top (Cerling, 1990). Duffi eld 
et al. (1980) cited insuffi cient radiogenic argon, 
but by using only groundmass and the more 
precise and sensitive 40Ar/39Ar method, we were 
able to date this fl ow quite precisely.

10Be EXPOSURE DATING

The 10Be surface exposure dating of quartz-
rich, felsic boulders on the Qt1 and Qt2 surfaces 
also yielded new constraints on landform age 
and late Pleistocene slip rates in Little Lake nar-
rows. We collected and processed a total of 11 
samples from the intact tops of large boulders 
preserved on terrace treads (Fig. 4C) in order 
to minimize the effects of postdepositional ero-
sion, spallation, or boulder burial. Samples were 
collected using a hammer and chisel to remove 
the outer few centimeters of unbroken, indu-
rated boulder rinds.

Quartz purifi cation and 10Be extraction were 
completed at Lawrence Livermore National 
Laboratory (LLNL). Quartz was separated and 
meteoric 10Be removed using methods described 
by Kohl and Nishiizumi (1992). The Be carrier 

used at LLNL is a low-background carrier pre-
pared from beryl with an ~8 × 10–16 10Be/9Be 
ratio. After adding the Be carrier, quartz was 
dissolved in an HF/HNO3 solution. The solution 
was dried down to remove Si as SiF6, and fumed 
several times with HClO4 to evaporate residual 
fl uorides. Beryllium was separated using ion 
exchange column procedures similar to Stone 
(2004) with anion exchange using HCl and 
cation exchange using dilute H2SO4 and HCl 
(Ditchburn and Whitehead, 1994). Beryllium 
was then precipitated as beryllium hydroxide, 
ignited to beryllium oxide, mixed with niobium 
powder, and loaded into stainless-steel cath-
odes, prior to measurement.

The 10Be/9Be isotope ratios were measured 
at the Center for Accelerator Mass Spectrom-
etry at LLNL (Rood et al., 2010, 2013). The 
process blank was 36,654 ± 11,051 10Be atoms, 
0.9%–2.9% of the total number of 10Be atoms 
in the samples. The 1σ analytical uncertainties 
for 10Be/9Be ratios were 1.9%–2.9%. Be isotope 
ratios were calibrated to the 07KNSTD3110 
standard with a reported 10Be/9Be ratio of 2.85 × 
10–12 described in Nishiizumi et al. (2007), 
which uses the revised nominal isotope ratio and 
10Be decay constant.

Surface exposure ages were calculated using 
the CRONUS-Earth online exposure age calcu-
lator, version 2.2 (constants version 2.2.1), as 
described in Balco et al. (2008) using a constant 
production rate model and the scaling scheme for 
spallation of Lal (1991) and Stone (2000). Model 
exposure ages were calculated using two ero-
sion rate scenarios: (1) no boulder erosion, and 
(2) a nominal boulder erosion rate of 0.2 cm/k.y., 
designed to mimic measured erosion rates from 
similar alluvial-fan boulders in Owens Valley, 
~100 km to the north (Zehfuss et al., 2001). 
Table 2 summarizes sample information, 10Be 
concentrations, and calculated exposure ages for 
both erosion rate scenarios. Use of a nonconstant 
production rate for these samples yields a <5% 
(or <1 k.y.) difference in the age calculations.

1GSA Data Repository item 2013227, Tabulated 
40Ar/39Ar results for step heating experiments (Table 
DR1) and plotted 10Be exposure age versus boul-
der height (Figure DR1), is available at http://www
.geosociety.org/pubs/ft2013.htm or by request to 
editing@geosociety.org.

TABLE 1. 40Ar/39Ar SAMPLE LOCATIONS, STEP-HEATING RESULTS, AND COMBINED PLATEAU AGES

Sample
Lat./Long.

(Decimal degrees) Number of heating steps
Plateau age, ±1σ

(ka)* MSWD† Probability
Qb1U-1 17.047.091±71231°4098.711−,°9498.53

07.067.012±50241–2-U1bQ
48.037.041±21272–denibmocU1bQ
29.015.06±87241°5098.711−,°8498.531-L1bQ
89.063.06±58241–2-L1bQ
99.044.04±18282–denibmocL1bQ
999.091.051±99141°0909.711−,°0769.531-2bQ
799.052.081±59141–2-2bQ
999.012.011±79182–denibmoc2bQ

99.043.05±4641°2809.711−,°2869.531-3bQ
79.004.04±1641–2-3bQ
899.063.03±2682–denibmoc3bQ

*Plateau ages include all steps of each step-heating experiment, and combined ages include all steps from both aliquots of each sample. Errors reported are 1σ. Ages 
were calculated using the calibration of Renne et al. (2011). Data for each step-heating increment are included in supplemental data Table 1 (see text footnote 1).

†MSWD—mean square of weighted deviates.
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Measured surface exposure ages assuming no 
boulder erosion vary between ca. 55 and 85 ka, 
with eight of eleven total ages falling within the 
range of 60–70 ka (Table 2). Incorporation of in 
situ boulder erosion rates of 0.2 cm/k.y. yields 
notably older ages (ca. 61–100 ka; Table 2), 
although these ages signifi cantly predate the 
measured eruptive age for the underlying Qb3 
basalt (62 ± 3 ka; Table 1). Given the position 
of the Qt1 and Qt2 boulders on a strath surface 
eroded into this fl ow (Fig. 3), incorporation of 
boulder erosion rates upward of 0.2 cm/k.y. 
would require a signifi cant component of inher-
ited (i.e., predepositional) 10Be in the measured 
concentrations. As discussed in the following 
sections, several arguments point to the absence 

of substantial cosmogenic inheritance for the 
Little Lake boulders, thus implying relatively 
slow or insignifi cant postdepositional erosion of 
the sampled boulder tops.

Similarly, the relative height of the sampled 
boulders above their respective terraces (Table 2) 
enables evaluation of possible surface lowering 
or the effects of progressive boulder exhumation 
on the measured 10Be concentrations. Gradual 
surface lowering should lead to a positive cor-
relation between measured exposure ages and 
boulder height (cf. Behr et al., 2010; Rood et al., 
2011). No such correlation exists for the Little 
Lake boulders (Fig. DR1), implying either that 
surface lowering does not affect the measured 
age distribution, or that signifi cant exhumation 

(if present) occurred over a relatively short period 
of time. In the latter scenario, the measured con-
centrations would then refl ect a signifi cant (and 
similar) inherited nuclide concentration and the 
accumulated cosmogenic 10Be subsequent to sur-
face erosion.

The presence or absence of a significant 
inherited 10Be concentration should be detect-
able through examination of the total distribu-
tion of measured exposure ages. Since large 
boulders are self-shielding (Behr et al., 2010), 
the distribution of cosmogenic radionuclides 
should exhibit substantial variability around 
(and underneath) the boulder surface. Boulders 
reworked from an upstream deposit, hillslope, 
or catchment should produce signifi cant scatter 

QB1U-2: 0.205 ± 0.021 Ma (MSWD = 0.76, p = 0.70)
QB1U-1: 0.217 ± 0.019 Ma (MSWD = 0.74, p = 0.71) QB1L-2: 0.285 ± 0.006 Ma (MSWD = 0.36, p = 0.98)

QB1L-1: 0.278 ± 0.006 Ma (MSWD = 0.51, p = 0.92)
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Figure 7. The results of 40Ar/39Ar step-heating experiments for the Little Lake basalt fl ows. Sample locations and geologic unit names are 
presented in Figure 2. Data for each analysis are presented in Table 1. MSWD—mean square of weighted deviates.
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in measured cosmogenic concentrations, given 
the unlikelihood that an individual clast would 
come to rest in its initial orientation prior to ero-
sion. A strong cluster or central tendency in a 
measured exposure age distribution for a num-
ber of large boulders argues strongly against the 
presence of signifi cant inherited cosmogenic 
radionuclides.

Figure 8 shows individual sample ages and 
uncertainties (assuming zero boulder erosion) 
plotted as Gaussian curves, in addition to the 
composite normal kernel density for all calcu-
lated ages. Despite some spread in this distri-
bution from three outlying ages, the composite 
curve reveals a strong peak from clustered expo-
sure ages between ca. 60 and 70 ka. Much of the 
total spread comes from two outlying ages from 
the four samples collected and processed for the 
younger Qt2 surface. This spread can be attrib-
uted to some inherited 10Be for the older sample 
LL-QT2–02 and postdepositional modifi cation 
of the younger sample LL-QT2–03. That said, 
the strong cluster of ages evident from the com-
posite curve between ca. 60 and 70 ka (Fig. 8) 
argues strongly against a substantial inherited 
radionuclide component for non-outlying ages.

The eight samples that contribute signifi -
cantly to this peak provide a mean age of 64.0 ± 
5.6 ka (2 standard deviation [SD]) (Fig. 8). 
Interestingly, the peak age includes samples 
from both the Qt1 and Qt2 surfaces, which 
are indistinguishable in the total age spectrum. 
The three youngest of these ages contribute 
to a smaller, subpeak in the total distribution, 
but they also refl ect samples from both terrace 
levels. This overlap suggests that formation of 
the Qt1 and Qt2 terraces occurred over a short 
period of time, beyond our ability to resolve 
distinct ages for each surface from the 11 total 
samples.

In summary, the measured distribution of 
10Be exposure ages for the Qt1 and Qt2 sur-
faces in Little Lake narrows does not appear 
to be substantially affected by postdepositional 
boulder modifi cation, widespread surface low-
ering, or substantial inheritance. The strati-
graphic position of these boulders above the 
basalt of Red Hill (Qb3) limits deposition to 
sometime after 62 ± 3 ka (Table 1). Signifi cant 
postdepositional erosion of these boulders thus 
would require a substantial inherited nuclide 
component—a result incompatible with both 
the relatively tight cluster of ages between ca. 
60 and 70 ka (Fig. 8) and the size of these boul-
ders (≥0.9 m; Table 2). Boulder height does not 
scale with exposure age, suggesting that any 
surface lowering (if present) resulted in more 
than 0.8 m of erosion of both the Qt1 and Qt2 
surfaces over a short period of time. This sce-
nario would also require signifi cant inherited 
radionuclide concentrations, however, that are 
not inherent in the total age distribution. As 
such, we favor the simplest interpretation that 
the sampled boulder tops represent relatively 
intact portions of largely uneroded clasts, 
and that the measured exposure ages are not 
affected by extensive surface erosion or inher-
ited 10Be. Despite our inability to resolve age 
differences between the Qt1 and Qt2 surfaces, 
the average exposure age for boulders con-
tributing to the composite peak (64 ± 5.6 ka, 
2 SD) provides a relatively tight constraint on 
the terrace  riser separating the upper and lower 
terrace treads (Fig. 4B).

FAULT-SLIP RATES

Combined geochronologic constraints and 
offset measurements along the Little Lake 
fault provide a record of fault-slip rate over the 

Mean age  = 64.0 ± 5.6 ka (n = 8, 2 sd)

10Be model exposure age (ka)
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Figure 8. Total results of 10Be 
exposure dates for surface 
boulders preserved on the Lit-
tle Lake terraces. Individual 
ages are represented using the 
normal distribution defined 
by the internal uncertainty 
for each sample, and appar-
ent peak ages are assessed by 
calculating the normal kernel 
density estimate for the total 
population. Sample informa-
tion is presented in Table 2.
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interval spanning ~104–105 yr. Slip-rate calcu-
lations utilized a Monte Carlo simulation that 
draws from continuous probability distribution 
functions (pdf) for both displacement and land-
form age to generate histograms of slip rate (cf. 
Thompson et al., 2002). This method presents 
the distinct advantage of tailoring either discrete 
or continuous pdfs for offset and age based on 
any individual set of observations or measure-
ments. Reported slip rates and uncertainties then 
refl ect the mode or peak of the output distribu-
tion and the associated 95% confi dence inter-
vals after 100,000 trials.

For lateral offsets measured from the Qt1-Qt2 
terrace riser (Fig. 5), we used a boxcar or uni-
form pdf encompassing the total distance range 
of riser or slope midpoints on either side of the 
fault. This distribution represents a conserva-
tive approach, given that we avoided choosing 
a subjective, preferred value of slip common 
for estimates based on two-dimensional image 
restoration. Similarly, we used a uniform pdf 
to characterize dextral offset of the eastern wall 
of Little Lake narrows, bounded by the mini-
mum and maximum displacement estimates 
from our geometric reconstruction (Fig. 6). This 
approach is considerably less certain than off-
set of the Qt1-Qt2 terrace riser. We argue that 
wherever possible, offset reconstructions should 
rely on the actual geomorphic and topographic 
variability (readily observable with lidar) of 
displaced landforms along strike-slip faults (cf. 
Frankel and Dolan, 2007).

Considerable discussion surrounds the appli-
cation of surface ages in fault-slip rate calcula-
tions measured from the intervening terrace riser 
(Cowgill, 2007). This debate centers on whether 
ages for the upper or lower terrace surfaces bet-
ter constrain the timing of riser formation and 
thus fault displacement. Similar ages for the 
upper Qt1 and lower Qt2 surfaces (Fig. 8), how-
ever, suggest that terraces in Little Lake narrows 
formed over a relatively short period of time 
(≤~10 k.y.). As such, we utilize the mean age 
(64.0 ± 5.6 ka, 2 SD) for non-outlying samples 
present on the upper and lower surfaces bound-
ing the Qt1-Qt2 riser (Fig. 5). By treating this 
peak age as normally distributed and assigning 
uniform probability to displacements between 
30 and 42 m and 34 and 49 m for the western 
and eastern margins of the Qt1 terrace, respec-
tively, we calculate dextral slip rates of 0.6 ± 0.2 
mm/yr at 95% confi dence (Fig. 9).

Similarly, we lack direct age control on the 
offset eastern margin of Little Lake narrows. 
New 40Ar/39Ar dates, however, indicate that 
channel erosion occurred sometime after erup-
tion of the upper Qb1 fl ow at 212 ± 14 ka, and 
before Qb2 basalt inundated the Owens River 
channel at 197 ± 11 ka (Fig. 7). These two ages 
overlap within error and provide a relatively 
tight bracketing age for the offset cliff. Accord-
ingly, we utilized the composite pdf of both 
40Ar/39Ar ages in order to encompass uncertainty 
in the timing of canyon incision. In combination 
with the minimum and maximum displacement 

estimates from our geometric reconstruction 
(~140–250 m; Fig. 6), this age suggests between 
0.7 and 1.3 mm/yr of dextral slip at 95% confi -
dence (Fig. 9).

DISCUSSION

Geomorphic Implications for 
the Pleistocene Owens River

Newly revised geochronology within Little 
Lake narrows sheds light on the timing and 
processes governing geomorphic and volcanic 
interactions in the Pleistocene Owens River. In 
particular, results from 40Ar/39Ar dating of the 
Little Lake basalts coupled with 10Be exposure 
dating of terrace surfaces demonstrate that vol-
canic eruptions from the Coso Range closely 
coincided with the timing of incision through 
Little Lake narrows. As originally recognized 
by Duffi eld and Smith (1978a), the earliest 
cycle of canyon incision through Little Lake 
occurred after eruption of the Qb1 fl ow, as the 
Owens River was subsequently diverted from 
its former eastern course through the western 
Coso Range (Fig. 2). Our revised chronol-
ogy constrains this incision to sometime after 
212 ± 14 ka and before the oldest intracanyon 
fl ow, Qb2, occupied the channel at 197 ± 11 ka 
(Fig. 7). Base-level fall associated with this 
downcutting event drove incision into alluvial 
fans fl anking the eastern Sierra margin (Fig. 2), 
isolating the upper fan surfaces from subsequent 
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deposition. The isolated remnants of these older 
alluvial fans remain perched above the incised 
canyon fl oor today (Fig. 4A). Although the 
exact cause of this initial diversion is unknown 
(Duffi eld and Smith, 1978a), overlap between 
the two bracketing canyon ages suggests that 
incision closely followed eruption of the upper 
Qb1 fl ow.

The prominent erosional escarpment east of 
Little Lake indicates that widespread channel 
incision also followed eruption of the intermedi-
ate Qb2 fl ow (Fig. 2). This channel may have 
followed a former course along the western 
margin of Rose Valley, although younger allu-
vial fans and the basalt of Red Hill obscure its 
original path (Fig. 3). Several prominent fl uvial 
trimlines that cut into older alluvial-fan depos-
its mark the northwestern edge of this channel 
(Fig. 3). Whether these features represent ero-
sion following eruption of Qb2 or the younger 
Qb3 fl ow remains unclear. Nevertheless, inci-
sion following either the upper Qb1 or intra-
canyon Qb2 fl ows coincides generally with the 
onset of marine isotope stage (MIS) 6, a time 
when high shorelines of Owens Lake to the 
north indicate overfl owing conditions (Jayko 
and Bacon, 2008). Erosional trimlines at the 
southern end of Rose Valley thus serve as pos-
sible downstream geomorphic evidence of this 
former lake highstand. The sill for the MIS 6 
Owens Lake has either been removed by erosion 
or displaced by faulting, and it remains unclear 
whether the lake stretched as far south as Rose 
Valley (Jayko and Bacon, 2008).

A third cycle of channel erosion is well con-
strained by 40Ar/39Ar dating of the Red Hill 
basalt (Qb3) at 62 ± 3 ka (Fig. 7) and subse-
quent deposition of the Qt1-Qt2 boulders at 
64 ± 5.6 ka (Fig. 8). This event resulted in wide-
spread erosion of the canyon fl oor, evidenced by 
the prominent strath cut into the Qb3 fl ow at a 
lower elevation than intact fl ow remnants fl ank-
ing the western channel edge (Fig. 3). These 
age relations suggest a causal linkage between 
basaltic eruption into the Owens River channel 
and subsequent channel erosion. We speculate 
that strath cutting and deposition of meter-scale 
boulders to form the Qt1-Qt2 terrace surfaces 
(Fig. 4) could be linked to outburst fl ooding fol-
lowing breach of an upstream lava dam created 
by the Red Hill basalt. In this scenario, similar 
ages for boulders on both surfaces result from 
initial deposition of the Qt1 terrace followed by 
channelization and incision of this surface dur-
ing waning fl ow to create the Qt2 surface as a 
cut terrace. Later burial of the upstream channel 
by younger alluvial fans, however, obscures the 
position of the hypothesized lava dam (Fig. 3). 
Nevertheless, our results indicate overfl ow-
ing conditions in the Owens River drainage at 

ca. 64 ka that were suffi cient to rapidly pond 
an upstream shallow lake through Little Lake 
narrows. Subsequent pluvial drainage from the 
upstream Owens Lake during and after the Last 
Glacial Maximum (LGM) (Bacon et al., 2006) 
localized the most recent course of the Owens 
River east of Red Hill and across Fossil Falls 
(Fig. 2). Despite dramatic evidence for fl uvial 
erosion over this cascade, this outfl ow may have 
remained largely confi ned within the inset river 
channel holding the modern Little Lake (Fig. 3) 
and was likely signifi cantly smaller than the pre-
vious erosional events.

Geomorphic Uncertainties

Evaluation of new slip rate estimates requires 
discussion of additional uncertainties and 
assumptions not captured by our geochrono-
logic or offset measurements and their error 
estimates. In particular, we consider alternative 
geomorphic interpretations to explain the ages 
and overlap for boulders on the Qt1-Qt2 sur-
faces (Fig. 8). Given the variety of geomorphic 
and stratigraphic evidence indicating overfl ow-
ing conditions in Owens Lake throughout the 
LGM (cf. Bacon et al., 2006), it is somewhat 
surprising that boulders (and surfaces) with a 
mean exposure age of ca. 64 ka survived only 
several meters above the fl oor of the river chan-
nel. Bacon et al. (2006) documented at least 
15 m of sill lowering over this period, with the 
last outfl ow ceasing by ca. 15,300 cal yr B.P. 
This estimate overlaps with the timing of fl u-
vial scour at Fossil Falls between ca. 16 and 
17 ka, based on 3He exposure ages on the Red 
Hill basalt (Cerling, 1990). In light of this evi-
dence for systemwide channel erosion, the lack 
of young exposure ages could suggest that LGM 
and younger drainage was diverted around the 
Qt1 and Qt2 surfaces. This scenario would 
imply that signifi cant outfl ow during sill erosion 
and scour of Fossil Falls remained confi ned to 
the inset channel immediately east of these ter-
races (Figs. 3 and 4) or was routed through a 
now-buried channel beneath young alluvial-fan 
deposits immediately to the west (Fig. 3). Simi-
lar exposure ages for the Qt1 and Qt2 boulders 
in this scenario refl ect original deposition of the 
Qt1 boulders followed closely by incision and 
formation of the inset Qt2 surface.

Alternatively, formation of the Qt2 surface 
as a cut terrace into Qt1 terrace fi ll may refl ect 
LGM and younger erosion by the Pleistocene 
Owens River. In this scenario, the Qt2 sur-
face would have formed long after deposition 
of the Qt1 boulders at ca. 64 ka by reworking 
and incision into the ~5-m-thick terrace cover. 
This scenario matches the observation of a 
patchy Qt2 terrace cover above the underlying 

basalt strath. If true, by sampling only the larg-
est intact boulders on the Qt2 terrace, we may 
have systematically biased our ages to clasts 
not washed away during erosional reworking of 
the Qt1 and Qt2 surfaces and formation of the 
intervening riser. Such a scenario would imply 
that this feature began accumulating displace-
ment along the Little Lake fault over a much 
younger interval. If true, our estimated slip rates 
of 0.6 ± 0.2 mm/yr represent absolute minimum 
bounds on slip rates that could reach as high as 
~1–3 mm/yr.

The observed distribution of 10Be exposure 
ages on both the Qt1 and Qt2 surfaces (Fig. 8), 
however, argues against signifi cant postdeposi-
tional surface lowering or rapid exhumation. The 
strong age peak at ca. 64 ka from eight of eleven 
sampled boulders implies that these clasts do 
not refl ect a substantial inherited nuclide com-
ponent, given that they are large enough to be 
self-shielding (Behr et al., 2010). Rapid exhuma-
tion of these boulders during LGM or younger 
Owens River drainage should have led to signifi -
cant scatter beyond that observed in the calcu-
lated exposure ages (Fig. 8). Similarly, exposure 
ages do not scale with boulder height (Fig. DR1 
[see footnote 1]), arguing against gradual exhu-
mation or surface lowering since deposition.

Second, the former river channel connect-
ing Fossil Falls through the Little Lake narrows 
is inset below the Qt1 and Qt2 terraces up to 
~5 m above the modern lake level (Fig. 3). This 
channel and its margins are continuous through 
the narrows and connect drainage through the 
active wash downstream to Indian Wells Valley 
(Fig. 2). As discussed in the previous section, 
this inset channel is superimposed on surfaces 
and deposits likely formed during a larger, 
canyon wide erosion event at ca. 64 ka.

Several observations, however, point to some 
degree of channel overtopping and reworking of 
the inset Qt2 terrace surface and its compara-
tively patchy boulder cover. First, the elevation 
of this surface at its northern end is within a few 
meters of the fl oor of the active wash (Fig. 4B). 
As such, the Qt2 surface is vulnerable to drain-
age through Little Lake wash in the absence of a 
concealed channel now buried by young alluvial 
fans to the west. Exposure ages for the Qt2 boul-
ders also exhibit signifi cantly more scatter than 
Qt1 (Fig. 8), with two of four samples showing 
evidence of bias due to either erosion or inheri-
tance. The presence of two non-outlying ages, 
however, implies that LGM and younger drain-
age did not result in complete stripping of this 
surface. Given that the Qt1-Qt2 terrace riser 
consists of similarly sized boulders, we sug-
gest that postdepositional reworking was insuf-
fi cient to completely refresh this landform. As 
such, slip rates calculated using the composite 
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peak age of ca. 64 ka (0.6 ± 0.2 mm/yr) repre-
sent average values over this interval rather than 
absolute minimum constraints.

Implications for Eastern California 
Shear Zone Active Tectonics

The combined results of surfi cial mapping, 
surveying, and surface dating in Little Lake 
narrows suggest steady, modest rates of dextral 
slip averaging at least ~0.6–1.3 mm/yr over the 
past ~200 k.y. (Fig. 9). This rate is similar to 
previous estimates for the Little Lake fault (0.6 
mm/yr) based on K-Ar dating and geometric 
consideration of the offset Qb1 basalt (Roque-
more, 1980). Slip rates on the Little Lake fault 
also mirror Quaternary-integrated slip on the 
Blackwater fault in the northern Mojave Desert  
(Fig. 1) of ~0.5 mm/yr (Oskin and Iriondo, 
2004). Our results confi rm that slip on the Little 
Lake fault is outpaced by several-fold-faster 
rates on the conjugate Garlock structure (Fig. 9).

Similarity between slip rate measurements 
over the past ~64 k.y. and 200 k.y. restricts 
hypothesized temporal fl uctuations in slip on 
the Little Lake–Blackwater faults to occur over 
time intervals between ~101 and 103 yr (Fig. 9). 
Neither fault has produced a large, historical 
surface rupture, although numerous Holocene 
earthquakes are documented along the corre-
spondingly faster-slipping Garlock fault (Daw-
son et al., 2003). As such, our results leave open 
the possibility that anomalously fast interseismic 
velocities observed from geodetic data spanning 
the Little Lake fault (Hearn and Humphreys, 
1998; Gan et al., 2000; McClusky et al., 2001; 
Peltzer et al., 2001) are sustained over multiple 
earthquake cycles.

Updated interferometric synthetic aperture 
radar (InSAR) time-series data spanning the 
Little Lake–Blackwater fault, however, suggest 
a marked decrease in this interseismic veloc-
ity over the past decade (Peltzer et al., 2010). 
These authors attribute earlier, rapid fault load-
ing (consistent with a modeled slip rate of 7 ± 3 
mm/yr during 1992–2000; Peltzer et al., 2001) 
to a pulse of transiently increased strain fol-
lowing the 1992 Landers earthquake (Fig. 1). 
If true, this result indicates that elevated load-
ing along the Little Lake and Blackwater faults 
may be truly transient over comparatively short 
periods of time. Coupled with new geologic 
evidence for sustained, sub-millimeter-per-year 
dextral slip on the Little Lake fault (Fig. 9), 
such transients need not manifest as temporal 
fl uctuations in slip rate over geologic intervals. 
Although we do not discount earlier hypotheses 
related to temporal shifts in activity between the 
conjugate Little Lake–Blackwater and Garlock 
faults (Peltzer et al., 2001; Dolan et al., 2007), 

we fi nd no evidence for sustained rate changes 
over periods between ~104 and 105 yr.

Nevertheless, the possibility that the 1992 
Landers earthquake drove transient shear local-
ized about the Little Lake fault raises a number 
of intriguing questions about fault intercon-
nectivity and earthquake strain in the Eastern 
California shear zone. Chief among these is 
the possibility that transient, interseismic strain 
may somehow localize along intervening shear 
zones between earthquake ruptures, perhaps 
even over regional distances (Bodin and Gom-
berg, 1994). Such a localized zone of transient 
postseismic deformation at large distance from 
the Landers rupture suggests the existence and 
important role of narrow weak zones below the 
seismogenic crust not generally considered in 
postseismic model studies (Pollitz et al., 2000; 
Fialko, 2004; Freed and Burgmann, 2004). As 
discussed by Oskin and Iriondo (2004), such 
temporarily increased fault loading from the 
Landers and Owens Valley earthquakes (Fig. 1) 
could thus drive the Blackwater and Little Lake 
faults closer to failure, thus enhancing the near-
term seismic hazard associated with these struc-
tures. This work clearly shows the importance 
of multitemporal slip-rate data in detecting areas 
where interseismic strain exceeds time-averaged 
geologic slip rates.

CONCLUSIONS

The combined results of new geochronologic 
and survey measurements yield insights into 
Pleistocene tectonic, geomorphic, and vol canic 
interactions in the Little Lake area. A clear result 
from this work is the impact of nearby basaltic 
eruptions into the Owens River channel in infl u-
encing the pattern and timing of canyon ero-
sion and landform development. Newly revised 
chronologic constraints from 40Ar/39Ar and 10Be 
dating suggest avulsion of the Owens River chan-
nel to its present position between 212 ± 14 and 
197 ± 11 ka, and canyonwide erosion and out-
burst fl ooding following breach of an upstream 
lava dam at ca. 64 ka. We recognize at least four 
episodes of pluvial drainage through the Little 
Lake channel, the youngest associated with com-
paratively modest erosion of Fossil Falls follow-
ing the LGM. Although suffi cient discharge to 
create these fl ows largely depends on the prevail-
ing climatic conditions, the geomorphic develop-
ment of this portion of the Pleisto cene Owens 
River strongly refl ects the timing and impact of 
intracanyon volcanic eruptions.

Modest and steady dextral slip along the Little 
Lake fault averages between ~0.6 and 1.3 mm/yr 
over these cycles of canyon erosion. Although 
we lack constraints on this rate over the time 
scales corresponding to earthquake clusters in 

the Eastern California shear zone (~103 yr; Rock-
well et al., 2000; Dawson et al., 2003), we fi nd 
no evidence for fl uctuations in slip that approach 
the comparatively fast interseismic loading rate 
observed from early geodetic studies. Instead, 
rapid interseismic strain along the Little Lake 
fault appears to be truly transient over short 
periods, possibly related to the 1992 Landers 
earthquake rupture (Peltzer et al., 2010). The 
way in which such localized strain is transmitted 
over ~100 km across the Garlock fault remains 
an outstanding research question. Nevertheless, 
our well-constrained slip rates for the Little Lake 
fault indicate that such transients may elevate 
interseismic strain well above the background 
loading rate, and may temporarily increase the 
likelihood of fault rupture.
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