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INTRODUCTION

The signifi cance of the Kern Canyon fault as 
a fi rst-order geologic structure within the south-
ern Sierra Nevada has been recognized for over 
a century (Lawson, 1904; Webb, 1946; Ross, 
1986). More recent work has focused on the role 
of the Kern Canyon fault in accommodating Late 
Cretaceous ductile deformation within the Sierra 
Nevada arc (e.g., Busby-Spera and Saleeby, 1990; 
Nadin and Saleeby, 2008) and later brittle remobi-
lization of the Kern Canyon fault in the Neogene 
(Nadin and Saleeby, 2008; Saleeby et al., 2009). 
Quaternary activity, however, was precluded by 
the seminal work of Webb (1946), who reported 
the presence of an undeformed basalt-capped ter-
race, later dated at 3.5 Ma using K-Ar techniques 
(Dalrymple, 1963), overlying the Kern Canyon 
fault. Renewed interest in the activity of the Kern 
Canyon fault, related to its presence beneath the 
Lake Isabella Auxiliary Dam (Fig. 1) challenges 

Webb’s original interpretation and demonstrates 
clear displacement of this basalt fl ow (Page, 
2005, personal commun.), confi rming the Kern 
Canyon fault as a primary seismogenic source 
in the southern Sierra Nevada. Because of the 
importance of the Kern Canyon fault to nearby 
engineered facilities, a detailed and comprehen-
sive assessment of the fault characteristics has 
been conducted to determine the rate, timing, and 
sense of Quaternary displacement on the Kern 
Canyon fault (Kelson et al., 2010).

As part of the seismic safety study of the Lake 
Isabella dams, the U.S. Army Corps of Engineers 
commissioned an airborne lidar survey to col-
lect high-resolution topographic data spanning 
the entire ~140 km length of the Kern Canyon 
fault. These data were used to aid paleoseismic 
investigations along the fault, to be summarized 
in a later paper, and to identify and characterize 
displaced late Quaternary geomorphic surfaces 
and/or sediments within the remote, rugged ter-

rain of northern Kern Canyon. Despite well-pre-
served bedrock scarps along much of the Kern 
Canyon fault (Ross, 1986; Saleeby et al., 2009), 
vigorous erosion within the Kern Canyon and a 
general lack of suffi ciently old deposits to record 
faulting have hindered efforts to locate reliable 
Quaternary offsets. In this paper, we describe a 
site along the northern Kern Canyon fault (Soda 
Spring, Fig. 1), where displaced glacial moraines 
provide defi nitive evidence for late Pleistocene 
movement along the Kern Canyon fault. These 
landforms serve as ideal geomorphic piercing 
lines to reconstruct and quantify fault displace-
ment using the lidar topography. Detailed geo-
morphic mapping and analysis of the lidar data 
reveal a clear and consistent sense of normal 
offset for each of three generations of nested 
terminal moraines at the Soda Springs site. Cos-
mogenic 10Be dating of moraine boulders on the 
youngest of these landforms yields an estimate 
of the fault slip rate over the late Quaternary. 
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ABSTRACT

The Kern Canyon fault represents a major tectonic and physiographic boundary in the southern Sierra Nevada of east-central California. Previ-
ous investigations of the Kern Canyon fault underscore its importance as a Late Cretaceous and Neogene shear zone in the tectonic develop-
ment of the southern Sierra Nevada. Study of the late Quaternary history of activity, however, has been confounded by the remote nature 
of the Kern Canyon fault and deep along-strike exhumation within the northern Kern River drainage, driven by focused fl uvial and glacial 
erosion. Recent acquisition of airborne lidar (light detection and ranging) topography along the ~140 km length of the Kern Canyon fault pro-
vides a comprehensive view of the active surface trace. High-resolution, lidar-derived digital elevation models (DEMs) for the northern Kern 
Canyon fault enable identifi cation of previously unrecognized offsets of late Quaternary moraines near Soda Spring (36.345°N, 118.408°W). 
Predominately north-striking fault scarps developed on the Soda Spring moraines display west-side-up displacement and lack a signifi cant 
sense of strike-slip separation, consistent with detailed mapping and trenching along the entire Kern Canyon fault. Scarp-normal topographic 
profi ling derived from the lidar DEMs suggests normal displacement of at least 2.8 +0.6/–0.5 m of the Tioga terminal moraine crest. Cosmo-
genic 10Be exposure dating of Tioga moraine boulders yields a tight age cluster centered around 18.1 ± 0.5 ka (n = 6), indicating a minimum 
normal-sense fault slip rate of ~0.1–0.2 mm/yr over this period. Taken together, these results provide the fi rst clear documentation of late 
Quaternary activity on the Kern Canyon fault and highlight its role in accommodating internal deformation of the southern Sierra Nevada.
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Considered in the larger tectonic framework 
of the region, our results suggest that the Kern 
Canyon fault contributes to regional deformation 
patterns in the southern Sierra Nevada.

STUDY AREA

The northern Kern River canyon represents 
a remarkable physiographic and geomorphic 
feature bisecting the southern Sierra Nevada 
and separating the Great Western Divide from 
the Kern Plateau to the east (Fig. 1). Soda 
Spring is situated at the fl oor of the northern 
Kern River canyon at an elevation of ~2000 m, 
near the confl uences of Coyote and Golden 
Trout Creeks (Fig. 2). This location marks the 
geomorphic boundary between the relatively 
broad, U-shaped glacial valley of the northern 
Kern River canyon and the comparatively nar-
row gorge to the south. North of Soda Spring, 
the U-shaped Kern River canyon is inset within 
a series of relict, low-relief upland erosion sur-
faces below the surrounding peaks of the high 
southern Sierra Nevada (Lawson, 1904; Mat-

thes, 1937; Webb, 1946; Clark et al., 2005) (e.g., 
the Chagoopa Plateau; Fig. 3A). Total relief 
between these surfaces and the river below is 
~500–600 m in the vicinity of Soda Spring.

Detailed mapping of glacial deposits and 
landforms at Soda Spring was completed using 
color orthophotos and hillshade images derived 
from the lidar topography (Fig. 2). This map-
ping reveals three generations of nested terminal 
and recessional moraines and associated out-
wash surfaces, as well as extensive late Pleisto-
cene alluvial fans, fl uvial terraces, and colluvial 
deposits (Fig. 2). Moraine loops at Soda Spring 
consist of unsorted glacial till derived primar-
ily from felsic plutonic rocks in the upper Kern 
River headwaters. Relatively younger moraines 
are inset within older moraine loops, resulting 
in a south-to-north age progression from oldest 
to youngest (Fig. 2). Geomorphic characteristics 
of these moraines vary according to their rela-
tive age, and the degree of erosional reworking, 
modifi cation, channelization, and moraine crest 
diffusion increases for relatively older moraine 
loops. Qualitatively, the surface frequency of 
large boulders up to several meters in diameter 
also varies according to this pattern, with sig-
nifi cantly rockier moraine crests associated with 
the younger moraines. Inset recessional moraine 
loops are present within the two oldest moraine 
sets at Soda Spring. Erosion by the Kern River 
has removed recessional moraines from the 
youngest, northernmost loop (Fig. 2).

Glacial features at Soda Spring were fi rst 
identifi ed by Lawson (1904) and later described 
by Matthes (1960), who correlated them with 
the Wisconsin, or Last Glacial period. The rela-
tive size, geomorphic character, and position 
of these features within the landscape support 
correlation of the Soda Spring moraines with 
the Tioga, Tahoe, and pre-Tahoe glaciations 
(Fig. 2), using the existing nomenclature of gla-
cial subdivisions in the Sierra Nevada (e.g., Gil-
lespie and Zehfuss, 2004).

QUANTIFYING FAULT OFFSET FROM 

LIDAR DATA

Lidar data spanning the length of the Kern 
Canyon fault was collected and processed by 
Towill, Inc., to provide a comprehensive topo-
graphic model along the surface trace of the 
fault. The lidar data set encompasses the entire 
~140 km length of the Kern Canyon fault in a 
swath 1–5 km wide. Airborne surveying of the 
Soda Spring site was completed in July 2008. 
Bare-earth topography was constructed from 
the raw laser returns by fi ltering out nonground 
returns using methods proprietary to the ven-
dor. The spatial density of ground returns varies 
throughout the data set and is generally greatest 

in areas of swath overlap and for terrain charac-
terized by sparse vegetation and relatively low 
topographic relief. The ground return density 
for the data tiles encompassing the rugged and 
forested Soda Spring site averages 3.24 returns 
m–2. Regularized grids were created from the 
ground returns using natural neighbor interpola-
tion in the 3D Analyst extension of ArcGIS. A 
grid spacing of 0.61 m (2 ft) was chosen for the 
resultant DEMs to optimize data accuracy and 
fi le size. The accuracy of the bare-earth model 
grids was assessed through comparison with 
stereo photogrammetry performed in conjunc-
tion with the lidar surveying tied to surveyed 
ground control points and airborne Global Posi-
tioning System (GPS). The stated root mean 
square errors for the vertical and horizontal 
accuracy of the model grids are <15 cm and 
<30 cm, respectively.

At Soda Spring, hillshade images computed 
from the bare-earth lidar topography reveal 
roughly north-south–striking scarps along the 
Kern Canyon fault directly west of the Kern 
River (Figs. 2A, 3B, and 3C). In the southern 
part of the map area, the fault abuts a linear bed-
rock ridge impounding the southern half of the 
Coyote Creek fan (Fig. 2). Northward, younger 
fan materials bury the Kern Canyon fault trace 
except along an older, isolated fan remnant 
adjacent to Soda Spring. Where it intersects 
the Tahoe moraine loop, the fault trace has an 
average strike of ~N10°E before branching into 
two subparallel, north-striking splays crossing 
the Tioga moraine (Fig. 2). These fault strands 
are relatively subtle in the aerial photos and 
when viewed using the fi rst-return lidar data. 
The bare-earth hillshade image (Figs. 3B and 
3C), however, reveals both strands as prominent 
lineaments forming ~3–5-m-high, east-facing 
scarps where they intersect the Tioga moraine. 
The westernmost of these splays juxtaposes an 
isolated bedrock knob against moraine material, 
while the eastern strand displaces the moraine 
crest before disappearing beneath active Kern 
River alluvium to the north (Figs. 2 and 3C). 
Continuity of both the Tahoe and Tioga moraine 
loops across the fault (Fig. 2B) also suggests 
that slip on the northern Kern Canyon fault is 
predominantly normal, with little or no lateral 
component of displacement. Overall, the rela-
tively straight map pattern of the fault trace at 
Soda Spring and its intersection with the rug-
ged topography north of Lake Isabella suggests 
a steep eastward dip for the Kern Canyon fault 
in the shallow subsurface (Fig. 2).

The lidar topography provides a means to 
quantify fault displacement from the offset Soda 
Spring moraine crests. We follow the method-
ology outlined by Thompson et al. (2002) for 
calculating vertical separation, fault slip, slip 
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rate, and the associated uncertainties from topo-
graphic profi les extracted from the bare-earth 
topography. These calculations depend on lin-
ear regressions through the moraine crests on 
both sides of the fault, as well as through the 
scarp face (Fig. 4), in addition to estimates of 
fault dip and position and the age of the off-
set moraine. Monte Carlo simulations sample 
probability distributions associated with these 
input variables to generate the most likely value 
of vertical separation, fault displacement, fault 
slip rate, and the associated 95% confi dence 
intervals (Thompson et al., 2002). The Monte 
Carlo approach presents the distinct advantage 
of enabling parameterization of each input vari-
able in our calculations as an individual prob-
ability distribution. In this routine, standard 
errors calculated for regression slopes and inter-
cepts along the topographic profi les are mod-
eled as normally distributed. Because the fault 
plane is nowhere exposed at Soda Spring, we 
rely on observations of fault dip from trench-
ing elsewhere along the Kern Canyon fault and 
the intersection of the fault with topography to 
qualitatively constrain the fault as steeply east-
dipping. We modeled the fault geometry in the 
Monte Carlo simulation accordingly, using a 
uniform distribution assigning equal likelihood 
to fault dips between 60° and 90°. Fault dis-
placement also depends on the location of inter-
section between the fault plane and the scarp 
face (Fig. 4). As such, we used a trapezoidal dis-
tribution of fault positions maximized between 
one third and one half of the total scarp height 
to approximate observations of fault position for 
other studied normal faults (McCalpin, 1987).

Reported values of vertical separation, fault 
displacement, and slip rate refl ect the modes and 
95% confi dence intervals of histograms result-
ing from 100,000 trial outputs from the Monte 
Carlo simulation.

The Tioga moraine crest provides the best 
piercing line across the Kern Canyon fault at 
Soda Spring. An abundance of large boulders and 
the consistency of geomorphic slopes directly 
adjacent to the fault (Fig. 4A) indicate that this 
part of the moraine crest is relatively intact 
and unaffected by erosion or reworking. Topo-
graphic profi ling across the eastern fault strand 
where it intersects the moraine crest suggests 
2.6 ± 0.4 m of vertical separation, corresponding 
to 2.8 +0.6/–0.5 m of normal fault slip given a 
range of dips from 60° to 90° (Fig. 4A). Given 
the lack of intact moraine crests preserved across 
the adjacent western fault strand, this value rep-
resents a minimum estimate of total fault dis-
placement. The approximately accordant height 
of Tioga moraine material on either side of the 
western fault strand (Fig. 3C) indicates that the 
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Figure 3. (A) Oblique aerial image of the Soda Spring site near the intersection of the 

northern Kern Canyon fault with the Tioga and Tahoe moraines. The fault trace continues 

northward from Soda Spring along the fl oor of the U-shaped northern Kern Canyon. Total 

relief between the Chagoopa Plateau and the Kern River Canyon fl oor is approximately 

500–600 m near Soda Spring. (B–C) Oblique perspective view of the offset Tioga moraine 

crest from bare-earth lidar hillshade images. Scale varies in this perspective, but the 

scarp profi le in C is ~90 m long; 5 ft elevation contours are also shown in each image. 

CRN—cosmogenic radionuclide.
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displacement here is not likely greater than that 
observed for the eastern splay (~3 m).

The relatively eroded nature of both the 
Tahoe and pre-Tahoe moraines at Soda Spring 
prevents accurate estimates of fault displace-
ment on the Kern Canyon fault from these fea-
tures. Intact portions of the moraine crests do, 
however, provide some constraints on the total 
vertical separation across the fault. For the Tahoe 
moraines, remnants of the western moraine crest 
are correlated with topographically subdued, 
partially buried portions of the moraine crest 
east of the fault (Fig. 2). These portions of the 
moraine crest are also separated by a relatively 
intact topographic scarp (Fig. 4C) similar in 
scale to that observed for the eastern fault strand 
cutting across the Tioga moraine (Fig. 4A). Iso-
lated remnants of the intact Tahoe crest mea-
sured from the lidar DEMs suggest a minimum 
vertical separation of ~7.5 m across the fault 

(Fig. 4B). This height difference corresponds to 
a displacement of at least ~7.8 m for an assumed 
range of fault dips between 60° and 90°.

Examination of the map pattern of pre-Tahoe 
moraines suggests that the fault-bounded bed-
rock ridge effectively split the terminus of the 
Kern glacier (Fig. 2). As such, an unknown 
percentage of the total height between moraine 
remnants on either side of the fault (~40 m) 
refl ects some original elevation difference 
between these features. This uncertainty pre-
cludes conversion of the observed height differ-
ence of pre-Tahoe moraine crests to an accurate 
value of fault displacement.

10Be EXPOSURE DATING AND FAULT 

SLIP RATES

The late Quaternary slip rate along the Kern 
Canyon fault was calculated using measure-

ments of cosmogenic 10Be from six granitic 
boulders on the displaced Tioga moraine. Three 
large and intact boulders were sampled on each 
side of the fault to minimize the effects of post-
depositional erosion, modifi cation, or burial. 
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 Be carrier, quartz was dis-
solved in an HF/HNO

3
 solution. The solution 

was dried down to remove Si as SiF
6
, and fumed 

several times with HClO
4
 to evaporate residual 

fl uorides. Be was separated using ion exchange 
column procedures similar to Stone (2004) with 
anion exchange using HCl and cation exchange 
and dilute H

2
SO

4
 and HCl (Ditchburn and 

Whitehead, 1994). Be was then precipitated as 
beryllium hydroxide, ignited to beryllium oxide, 
mixed with niobium powder, and loaded into 
stainless-steel cathodes prior to measurement.

Exposure-age calculations were made with 
the CRONUS-Earth online exposure age cal-
culator, version 2.2, 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). All model 
exposure ages assume zero boulder erosion. 
Table 1 summarizes sample information, 10Be 
concentrations, and calculated exposure ages. 
Additional information on the quartz and car-
rier mass, carrier concentration, and measured 
isotope ratios is provided in the supplementary 
materials.1 The calculated exposure ages form 
a relatively tight cluster, ranging between 17.4 
± 0.4 and 18.7 ± 0.4 ka. A composite prob-
ability distribution function of the six exposure 
dates reveals an approximately normally dis-
tributed spread of ages centered on a mean of 
18.1 ± 0.5 ka (Fig. 5A). This composite age 
is similar to other cosmogenic measurements 
reported for Tioga moraines elsewhere in the 
eastern Sierra Nevada (Phillips et al., 2009). 
Use of a nonconstant production rate for these 
samples yields a <5% (or <1 k.y.) difference in 
the calculated exposure ages.

Incorporation of the measured age distribu-
tion from the offset Tioga moraine crest into the 
Monte Carlo simulation yields a normal-sense 
slip rate for Kern Canyon fault of 0.15 +0.04/
–0.02 mm/yr at 95% confi dence (Fig. 5B). Rather 

A. Tioga moraine profile

0 10 20 30 40 50 60 70 80 90
1986

1988

1990

1992

1994

1996

1998

2000

E
le

va
tio

n 
(m

) Vertical separation = 2.6 ± 0.4 m 

V.E. = 2x 

5.8°

6.3°

Slip = 2.8 +0.6/-0.5 m

Profile distance (m)

Profile distance (m)

3.3°

2.1°

Vertical separation = 7.5 +0.6/-0.5 m
Slip = 7.8 +1.2/-0.7 m

1920
1930
1940
1950
1960
1970
1980
1990

2010

0 200 400 600 800 1000

E
le

va
tio

n 
(m

) 

V.E. = ~3.5x Kern River 

intact moraine crest2000

0 

B. Tahoe moraine profile

400 410 420 430 440 450 460 470 480 490
1956

1958

1960

1962

1964

1966

1968

1970

E
le

va
tio

n 
(m

)

Profile distance (m)

V.E. = 2x 

C. Tahoe moraine scarp

2.1°

intact moraine crest

Figure 4. Topographic profi les extracted from the lidar topography showing regressions through 

intact portions of the (A) Tioga and (B) Tahoe moraine crests used in estimating vertical separa-

tion and displacement of these features across the Kern Canyon fault. (C) A topographic scarp, 

shown at the same scale as A, separates uplifted Tahoe moraine to the west from relatively 

subdued moraine topography across the fault to the east. V.E.—vertical exaggeration.

1GSA Data Repository Item 2010266, Table DR1, ad-
ditional information on 10Be sample processing and 
analysis, is available at www.geosociety.org/pubs/
ft2010.htm, or on request from editing@geosociety
.org, Documents Secretary, GSA, P.O. Box 9140, Boul-
der, CO 80301-9140, USA.
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than pure uplift or extension, this value represents 
the most likely rate of fault slip resolved on a pla-
nar, steeply east-dipping normal fault dipping 
anywhere between 60° and 90°. For the Tahoe 
and pre-Tahoe moraines at Soda Spring, a lack of 
quantitative age data precludes slip-rate estimates 
from these features. We do note, however, consis-
tency between the predominately normal offset 
of these features and the sense of displacement 
of the Tioga moraine crest.

DISCUSSION

The validity of our estimates of vertical sep-
aration, displacement, and fault slip rate for the 
northern Kern Canyon fault strongly depends 
on the accuracy of the lidar topography in rep-
resenting the ground surface at Soda Spring. 
Although the area immediately surrounding 
the location of our scarp profi le shows only 
sparse ground cover and few tall trees (Fig. 3A), 

the bare-earth DEM refl ects some degree of 
smoothing of the raw laser returns in represent-
ing the ground surface. This smoothing is evi-
dent in the topographic profi le along the Tioga 
moraine crest (Fig. 4A), which shows relatively 
few variations greater than ~1 m in spite of the 
presence of large ~2 m boulders on this land-
form. Nevertheless, the scarp height represented 
by the topographic profi les corresponds well 
with our fi eld observations of the prominent, 
~4-m-high fault scarp developed on the other-
wise continuous Tioga moraine crest (Fig. 3A). 
Given the comparable ground cover on both 
sides of the scarp, the degree of smoothing is 
likely similar along the length of this profi le and 
does not infl uence the regression slopes used to 
measure fault displacement and separation.

Fault dip represents the greatest contribution 
to the uncertainties in our Monte Carlo error 
simulations. Given the overall linearity of the 
Kern Canyon fault trace at Soda Spring and else-

where in Kern Canyon, the fault is either verti-
cal or steeply east-dipping. This observation 
is confi rmed in other locations along the Kern 
Canyon fault, where detailed fi eld mapping in 
rugged topography and multiple trench expo-
sures reveal vertical to steeply east-dipping fault 
planes. Our treatment of fault dip as a uniform 
distribution from 60° to 90° most likely encom-
passes the reasonable range in this parameter. 
Notably, the estimated slip rate of ~0.15 mm/yr 
at Soda Spring represents a minimum value due 
to an unknown amount of slip along the second-
ary western fault strand (Figs. 2 and 3).

Active normal faulting on the Kern Can-
yon fault is consistent with current patterns 
of seismogenic deformation in the southern 
Sierra Nevada. Earthquakes in this region, 
notably the Durrwood Meadows swarm in the 
early 1980s (Jones and Dollar, 1986), suggest 
a localized zone of active horizontal extension 
and vertical crustal thinning centered over the 
Kern Plateau (Fig. 1) and high southern Sierra 
Nevada (Unruh and Hauksson, 2009). Crustal 
thinning and extension in the southern Sierra 
Nevada are largely attributed to mantle buoy-
ancy forces related to downwelling lithosphere 
beneath the adjacent Central Valley (e.g., Ducea 
and Saleeby, 1996). In this framework, inter-
nal deformation of the southern Sierra Nevada 
is driven by upwelling asthenospheric mantle 
adjacent to the zone of foundering lithosphere 
(Saleeby et al., 2009), potentially promoting 
reactivation of the Kern Canyon fault and nor-
mal faulting at Soda Spring.

Rates of normal fault slip on the northern 
Kern Canyon fault measured at Soda Spring are 
comparable to Holocene vertical slip rates of 
~0.2–0.3 mm/yr measured for the Sierra Nevada 
frontal fault (Le et al., 2007) bounding Owens 
Valley to the northeast (Fig. 1). Contemporary 
vertical deformation values from continuous 
GPS measurements also suggest on the order of 
~0.5 mm/yr of motion for the southern Sierra 
Nevada (Bennett et al., 2009), although the con-
tribution of postseismic effects from nearby his-
toric earthquakes to this signal remains unclear 
(Fay et al., 2008). The presence of both the Kern 
Canyon fault and the Sierra Nevada frontal fault 
in the area south of latitude ~36.5°N supports 
an interpretation that the Sierran block may be 
composed of at least two distinct, west-tilted 
subblocks (Mahéo et al., 2009; Saleeby et al., 
2009). Although comparatively little is known 
about rates of deformation along the Sierra 
Nevada frontal fault in the latitude range of the 
Kern Canyon fault, an abundance of continuous 
relatively young normal scarps along both the 
Sierra Nevada frontal fault and the Kern Can-
yon fault, and comparable slip rates for these 
two structures (Le et al., 2007) suggest that both 
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TABLE 1. 10Be CONCENTRATIONS AND EXPOSURE AGES FOR SODA SPRING MORAINE BOULDERS

Sample 
name 

Latitude
(DD)
(°N)

Longitude
(DD)
(°W)

Elevation
(m)

Thickness
(cm)

Shielding
correction*

[10Be]
(×103 atoms g–1)†

Exposure age
(ka)§

NF-CRN-01 36.3534 118.4073 2001 4 0.976 307.2 ± 7.4 17.4 ± 0.4
NF-CRN-02 36.3533 118.4073 2001 5 0.976 316.5 ± 5.6 18.1 ± 0.3
NF-CRN-03 36.3532 118.4073 2002 3 0.976 324.9 ± 9.5 18.3 ± 0.5
NF-CRN-04 36.3526 118.4071 1997 4 0.976 329.5 ± 6.2 18.7 ± 0.4
NF-CRN-05 36.3526 118.4069 1999 4 0.976 322.0 ± 6.7 18.3 ± 0.4
NF-CRN-06 36.3527 118.4069 1988 3 0.976 313.4 ± 7.5 17.8 ± 0.4

*Ratio of the production rate at the shielded site to that for a 2π surface at the same location calculated using 
the CRONUS-Earth Geometric Shielding Calculator, version 2.2.

†Calculated using 07KNSTD 10Be measurement standard and calibration (Nishiizumi et al., 2007).
§Model exposure age assuming no inheritance, zero erosion, density 2.7 g/cm3 and standard atmosphere 

calculated with the CRONUS-Earth 10Be–26Al exposure age calculator (Balco et al., 2008), version 2.2, using a 
constant production rate model and scaling scheme for spallation of Lal (1991) and Stone (2000). This version 
of the CRONUS calculator uses a reference spallogenic 10Be production rate of 4.49 ± 0.39 atoms g–1 yr–1 

(±1σ, sea-level, high-latitude) and muonogenic production after Heisinger et al. (2002a, 2002b). The quoted 
uncertainty is the 1σ internal error, which refl ects measurement uncertainty only.

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/2/6/411/3037898/411.pdf
by Western Washington University user
on 30 January 2020



LITHOSPHERE | Volume 2 | Number 6 | www.gsapubs.org 417

Late Quaternary slip rate on the Kern Canyon fault | RESEARCH

fault systems contribute to active westward tilt-
ing of the southern Sierran block.

Recognition of late Quaternary normal fault-
ing on the Kern Canyon fault, and the develop-
ment of a well-constrained post-Tioga slip rate 
from this analysis highlight a number of outstand-
ing questions. Importantly, our understanding of 
the forces driving extensional deformation in the 
southern Sierra Nevada remains incomplete. The 
nature of slip-rate variations along the ~140 km 
length of the Kern Canyon fault is also unknown. 
Preliminary results of trenching at several sites 
on the Kern Canyon fault suggest the occurrence 
of multiple surface-rupturing earthquakes dur-
ing the Holocene (Kozaci et al., 2009). Whether 
these ruptures also occurred at Soda Springs is an 
important element in characterizing local seismic 
hazards (Kelson et al., 2010) and remains a focus 
of ongoing research in the area.

CONCLUSION

Measured displacement values and cosmo-
genic exposure dating of the Tioga moraine crest 
at Soda Spring provide defi nitive evidence for 
late Quaternary activity and the fi rst late Qua-
ternary slip-rate estimate on the northern Kern 
Canyon fault. This result highlights the utility 
of lidar topography in identifying and quanti-
fying fault offsets in remote or forested areas 
and in locations where Quaternary fault offsets 
have remained cryptic or elusive. The reported 
normal-sense fault slip rate of ~0.1–0.2 mm/yr 
suggests that the northern Kern Canyon fault 
accommodates substantial strain within the 
Sierra Nevada block, and may play an impor-
tant role in regional deformation patterns in the 
southern Sierra Nevada.
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