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ABSTRACT

We integrated high-resolution bare-earth
airborne light detection and ranging (LiDAR)
imagery with field observations and modern
geochronology to characterize the Tahoe-
Sierra frontal fault zone, which forms the
neotectonic boundary between the Sierra
Nevada and the Basin and Range Province
west of Lake Tahoe. The LiDAR imagery
clearly delineates active normal faults that
have displaced late Pleistocene glacial mo-
raines and Holocene alluvium along 30 km
of linear, right-stepping range front of the
Tahoe-Sierra frontal fault zone. Herein, we
illustrate and describe the tectonic geomor-
phology of faulted lateral moraines. We have
developed new, three-dimensional modeling
techniques that utilize the high-resolution
LiDAR data to determine tectonic displace-
ments of moraine crests and alluvium. The
statistically robust displacement models
combined with new ages of the displaced
Tioga (20.8 + 1.4 ka) and Tahoe (69.2 =+
4.8 ka; 73.2 + 8.7 ka) moraines are used to
estimate the minimum vertical separation
rate at 17 sites along the Tahoe-Sierra frontal
fault zone. Near the northern end of the study
area, the minimum vertical separation rate
is 1.5 = 0.4 mm/yr, which represents a two-
to threefold increase in estimates of seismic
moment for the Lake Tahoe basin. From this
study, we conclude that potential earthquake
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moment magnitudes (M,) range from 6.3 +
0.25 to 6.9 + (.25. A close spatial association
of landslides and active faults suggests that
landslides have been seismically triggered.
Our study underscores that the Tahoe-Sierra
frontal fault zone poses substantial seismic
and landslide hazards.

INTRODUCTION

The Lake Tahoe basin, California and Ne-
vada, is a tectonically active graben located
between the Sierra Nevada microplate on the
west and the Basin and Range Province to the
east. The Tahoe-Sierra frontal fault zone, west
of Lake Tahoe, was recognized over a century
ago by early geologic investigators (Russell,
1885; Lindgren, 1896, 1897) from its topo-
graphic expression, but the locations of basin-
bounding normal faults have remained elusive
due to difficult access and dense vegetative
cover in mountainous terrain. Schweickert et al.
(2000, 2004) mapped the principal faults of the
Tahoe-Sierra frontal fault zone along the steep,
linear range front west of the lake. However,
because complex tectonic geomorphology has
been formed by normal faulting of glacial land-
forms and because dense vegetation obscures
the morphology, the fault zone has remained
controversial and was omitted from the state
of California’s seismic hazard risk assessment
(UCERF2, 2007). This report documents the
tectonic geomorphology of faulted moraines,
establishes limiting ages of faulted late Pleisto-
cene glacial and alluvial deposits, and quanti-
fies the minimum vertical separation rate and
extension rate along the Tahoe-Sierra frontal

fault zone; it demonstrates that the Tahoe-Sierra
frontal fault zone is an important seismic source
for the region.

Bare-earth airborne light detection and
ranging (LiDAR) imagery has revolutionized
geomorphic mapping in densely vegetated,
mountainous, and otherwise inaccessible ter-
rain (Fig. 1). Recent studies of known fault
zones (Hudnut et al., 2002; Frankel et al., 2007,
Oskin et al., 2007; Prentice et al., 2009; Arrow-
smith and Zielke, 2009; Zielke et al., 2010)
and discoveries of previously unknown fault
zones in densely vegetated terrain (Haugerud
et al., 2003; Hunter et al., 2011) have exploited
bare-earth airborne LiDAR imagery for fault-
zone characterization. Utilizing new bare-earth
LiDAR imagery (see GSA Data Repository
for a discussion of the LiDAR data used in
this study') we have identified, visualized, and
mapped faults within late Quaternary glacial,
colluvial, and alluvial deposits and granitic
bedrock along 30 km of range-front faults that
comprise the central portion of the Tahoe-Sierra
frontal fault zone (Fig. 2). We analyzed the
LiDAR imagery using pseudo—sun angles, ver-
tical exaggeration, and oblique perspectives and
extracted profiles to facilitate geologic interpre-
tation and to reveal (and in many cases confirm)

!GSA Data Repository item 2012192, includes
supplementary discussions of the airborne LiDAR
data, late Pleistocene glacial deposits and stratigra-
phy, geochronology of Tioga and Tahoe deposits,
Emerald Bay bathymetric data, mathematical model-
ing of planes and vectors, Root-Mean-Square error
estimates, modeled tectonic displacements, DR Fig-
ures 1-16 and DR Tables 1-6, is available at http://
www.geosociety.org/pubs/ft2012.htm or by request to
editing @ geosociety.org.
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Figure 1. Comparison of color aerial photography with airborne light detection and ranging (LiDAR) imagery. (A) Color
aerial orthophoto for part of range front along eastern base of Mt. Tallac with geomorphic features obscured by dense
forest cover. See Figure 2 for location. (B) Same scene, first-return LiDAR imagery. (C) Same scene, last-return (bare-earth)
LiDAR imagery showing range-front fault scarp (between white arrows) cutting colluvium, alluvium, and Tioga moraine.

See Mt. Tallac segment for discussion.

tectonic features. These features include linear
scarps in unconsolidated alluvium, colluvium,
and glacial moraines; triangular facets in uncon-
solidated glacial till; linear side-slope troughs
aligned with scarps in moraine crests; antithetic
scarps; closed depressions; hanging-wall gra-
bens; back-tilted moraine crests; and saddles in
ridgelines.

Most of the localities and features described
in this paper had previously been studied in
the field prior to acquisition of the LiDAR
data, and preliminary interpretations had been
made (Schweickert et al., 2000, 2004; Howle,
2000). Despite difficult access in steep densely
vegetated terrain, our detailed field mapping
(1:12,000 scale) led to the recognition of nu-
merous scarps cutting glacial moraines and
tectonic geomorphic features such as those just
listed. Dense forest cover in most areas meant
that conventional aerial photography was of
little use (Fig. 1).

Acquisition of the LiDAR data has enabled
bare-earth visualization of key tectonic features
and confirmation of most features originally
mapped. The bare-earth LiDAR data have im-
proved and clarified the original mapping and
have led to identification of some features not

originally recognized in the field, such as low-
relief scarps on moraine side slopes and land-
slide deposits. Importantly, the high-resolution
topography has been used for robust three-
dimensional quantification of tectonic displace-
ment across individual fault strands.

GEOCHRONOLOGY OF
FAULTED DEPOSITS

In the central and southern Sierra Nevada,
many detailed studies have presented age limits
for the glacial chronology (Gillespie, 1984; Gil-
lespie et al., 1984; Phillips et al., 1990, 1996,
2009; Bursik and Gillespie, 1993; Clark and
Gillespie, 1997). In the northern Sierra Nevada,
however, modern analytical age determina-
tions are few. Correlations of glacial moraines
based on relative weathering criteria are com-
plicated by differences in precipitation, types of
boulders, and the effects of wildfires on boul-
der spalling due to differences in fuel weights
(Burke and Birkeland, 1979).

To estimate maximum and minimum limiting
ages of glacial deposits displaced along faults in
the study area, we established age limits for the
Tahoe and Tioga glaciations using new '"Be and
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Al terrestrial cosmogenic nuclides (TCN) and
optically stimulated luminescence (OSL) age
dates. We then correlated these new data from
the study area with other data from the Lake
Tahoe region, geochronologic data from the
southern Sierra Nevada, and the global marine
isotope stages (MIS).

During the late Pleistocene, the Crystal
Range, southwest of Lake Tahoe, was covered
by a broad ice cap centered over Rockbound Val-
ley. This ice cap extended east across the Sierran
crest (McAllister, 1936; Wahrhaftig and Curtis,
1965) and fed outlet glaciers into the Tahoe
Basin (Fig. 2). The outlet glaciers emerged from
the deep canyons, crossed range-front faults
of the Tahoe-Sierra frontal fault zone, and de-
posited prominent lateral and medial moraines
that extend 2.5-7 km beyond the range front.
Morainal deposits from the late Pleistocene
Tahoe and Tioga glacial stages have been dis-
placed by the Tahoe-Sierra frontal fault zone
and provide a record of post-depositional strain,
which, combined with the glacial chronology,
define tectonic slip rates for the Tahoe-Sierra
frontal fault zone. See GSA Data Repository for
descriptions of the Tahoe- and Tioga-age glacial
deposits and stratigraphy (see footnote 1).
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Figure 2. Shaded relief map of western part of the Lake Tahoe basin,
California. Map shows area of airborne LiDAR coverage, mapped
faults, and selected geographic locations discussed in text. Faults
are dashed where approximately located, dotted where concealed,
bar and ball on downthrown side. Heavier line weight shows prin-
cipal range-front fault strands of the Tahoe-Sierra frontal fault
zone (TSFFZ). Opaque white boxes indicate approximate segment
boundaries and right steps in range front separating principal fault
strands. Mapped faults are modified from Schweickert et al. (2000).
BRP—Basin and Range Province; BW—Blackwood Creek; CL—
Cascade Lake; CR—Camp Richardson; DP—Dollar Point; EB—
Emerald Bay; ELP—Ellis Peak; EP—Echo Peak; EPF—Echo Peak
fault; ES—Echo Summit; FLL—Fallen Leaf Lake; GC—General
Creek; MC—Meeks Creek; McK—McKinney Creek; MT—Mt.
Tallac; NTFZ—North Tahoe fault zone; OS—Osgood Swamp;
RL—Round Lake; RP—Rubicon Peak; RV—Rockbound Valley;
SNP—Sierra Nevada microplate; SR—Stony Ridge; SV—Squaw
Valley; TC—Tahoe City, California; TW—Twin Peaks; WC—Ward
Creek; WTDPFZ—West Tahoe-Dollar Point fault zone.
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Limiting Ages of the Tioga
Maximum Moraines

Our new TCN exposure age of 20.8 = 1.4
ka for the largest and longest Tioga moraine
(Tioga maximum) at Meeks Creek (see TCN
discussion in GSA Data Repository and Data
Repository Table DR1 [see footnote 1]) is
consistent with radiocarbon age control at a
site ~30 km southeast, where the Tioga maxi-
mum had previously been dated at >20.5 +
0.6 ka (Clark et al., 2003). In the Bear River

drainage, ~60 km northwest of Meeks Creek,
the Tioga maximum occurred at 18.6 + 1.2 ka
(James et al., 2002). These data from the Lake
Tahoe region indicate that the Tioga maximum
advance occurred between ~ca. 19 and 21 ka,
which correlates well with the Tioga 2 stage of
Phillips et al., 2009 (see Table 1, this paper).
In the central and southern Sierra Nevada, the
Tioga maximum is correlated with the Tioga 1
stage between 25.2 + 2.5 ka (Bursik and Gil-
lespie, 1993) and 26.5 + 1.7 ka (Phillips et al.,
2009). In this study, we have considered the
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possibility that the highest Tioga moraines in
other valleys between Fallen Leaf Lake and
McKinney Creek, where we do not have site-
specific chronology, may have been deposited
during the older Tioga 1. Therefore, for calcu-
lation of tectonic slip rates along the Tahoe-
Sierra frontal fault zone, we use the >20.5 ka
age (Clark et al., 2003) as a minimum bound
and the 26.5 ka age (Phillips et al., 2009) as a
maximum bound and use the average value of
23.5 + 3 ka as a broad and conservative estimate
for the age of the Tioga maximum moraines.
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TABLE 1. STRATIGRAPHIC RELATIONSHIPS OF SELECTED QUATERNARY
MAP UNITS SHOWN IN FIGURES AND DISCUSSED IN TEXT, CORRELATION TO
MARINE ISOTOPE STAGES (MIS), AND PUBLISHED AGE ESTIMATES

Glaciation and map unit

MIS stage and published age estimates (ka)

Tioga deglaciation
(Maximum limiting age of post-Tioga deposits; Qal)

Tioga glaciation
(Qti)
Tioga 2

Tioga 1

Tahoe glaciation
(Qta)
(Tahoe II)

Pre-Tahoe
(pQta)
(Donner Lake ?)

141 +1.5*
14.5 + 0.5

MIS 2 (13-32)8

Ca. 19-21#
18.6+1.2*
>20.5 + 0.6
26.5+1.7¢
<25.2 + 2.5

MIS 4 (64-75)8
65.855
Ca. 70 £ 5%
64.0 + 3.5-76.4 + 3.8"
>MIS 6 (128-195)8

Ca.>131***
Ca. 400 to 600"

*James et al. (2002).

fClark and Gillespie (1997).

SShackleton and Opdyke (1976).

“Phillips et al. (2009).

**Clark et al. (2003).

TBursik and Gillespie (1993).

SSPhillips et al. (1990), maximum age, n= 6.
#Gillespie (1991).

**Yount and LaPointe (1997).

Birkeland (1964).

Age Determinations for the
Tioga Deglaciation

The Tioga deglaciation has been estimated at
14.5 +0.5kaand 14.1 + 1.5 ka in the central and
northern Sierra Nevada, respectively (Clark and
Gillespie, 1997; James et al., 2002; Table 1).
Paleo-lake-level data from the terminus of the
Truckee River (Lake Tahoe) drainage, which
serves as a proxy for Tioga deglaciation, indi-
cate that deglaciation occurred by 13.3 + 0.3 ka
(Benson et al., 1990). For this study, we have
assumed that the Tioga deglaciation was con-
cluded by 14.0 + 1.0 ka.

Limiting Ages for the Tahoe Moraines

Our new analytical data for Tahoe moraines
at Meeks Creek (TCN exposure age of 69.2 +
4.8 ka; Table DRI [see footnote 1]) correlate
with the early Wisconsin (MIS 4) or younger
Tahoe II glaciation (Gillespie, 1984). Our expo-
sure age is corroborated by new optically stimu-
lated luminescence (OSL) age data from Fallen
Leaf Lake, where silty lacustrine sediment that
underlies a Tahoe terminal moraine provides a
maximum limiting age of 73.2 + 8.7 ka for the
Tahoe glaciation in the type locality (see OSL
discussion in GSA Data Repository [see foot-
note 1]). In the Bear River drainage, TCN expo-
sure ages of 64.0 + 3.5 and 76.4 + 3.8 ka have

been reported for the highest and presumably
oldest late Pleistocene till (James et al., 2002).
These ages closely bracket the (64—75 ka) limit-
ing bounds of MIS 4 (Shackleton and Opdyke,
1976; Table 1). On the basis of the coherence of
these data with the MIS 4 boundaries, we use
the 64-76 ka ages for the probable age range
of the Tahoe moraines in the study area and use
the average value of 70 + 6 ka for calculating
tectonic slip rates along the Tahoe-Sierra frontal
fault zone.

TAHOE-SIERRA FRONTAL
FAULT ZONE

The LiDAR imagery confirms that the Tahoe-
Sierra frontal fault zone is the westernmost fault
zone in the Lake Tahoe basin and forms the
true neotectonic boundary between the Sierra
Nevada microplate and the Basin and Range
Province between 38°48'N and 39°18N latitude
(Schweickert et al., 2000, 2004). The prominent
east-side-down range-front normal faults ex-
tend 45 km from Round Lake, 7 km south of
Echo Summit, to Ward Canyon on the north,
where less prominent faults continue northwest
in bedrock (Fig. 2). At Fallen Leaf Lake, Em-
erald Bay, McKinney Creek, and Blackwood
Creek, the range-front faults make en echelon
right steps, where the eastern strands typically
overlap for ~5 km or more with the western
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strands, and both sets of faults gradually lose
displacement and topographic expression in
the overlap areas. The segmented range-front
fault zone includes five active fault segments,
here named after the highest peaks in the cor-
responding footwall blocks. The segments from
south to north are: Echo Peak, Mt. Tallac, Rubi-
con Peak, Ellis Peak, and Twin Peaks (Fig. 2).
The segment boundaries are primarily defined
by the right steps, which vary in width between
1 and 4 km and correspond with changes in the
geomorphic character of the range-front fault
and with changes in the trend of the range front.
Across each step, the eastern strands strike
slightly more northerly than the western strands,
so that the zone broadens northward. Our analy-
sis focuses on the Mt. Tallac and Rubicon Peak
segments, where offsets in late Pleistocene gla-
cial and Holocene alluvial deposits afford the
best opportunity to characterize separation rates
along the Tahoe-Sierra frontal fault zone.

Mt. Tallac Segment

The Mt. Tallac fault bounds the >1-km-high
range front between Fallen Leaf Lake and Em-
erald Bay and extends 20 km from the south
side of Fallen Leaf Lake through the headwaters
of Meeks Creek west of Stony Ridge (Fig. 2;
see GSA Data Repository Fig. DR1 for geologic
map [see footnote 1]). The LiDAR imagery re-
veals a 5-km-long fault scarp from the south-
west corner of Fallen Leaf Lake to the south
shore of Cascade Lake (Figs. 3 and 4). On the
north side of Cascade Lake, subtle scarps ex-
tend up the side slope to a 3-m-high scarp in the
Tioga moraine crest (Figs. 4D and 4E). North-
west of this point, the fault is marked by offsets
in undifferentiated colluvium and bedrock, and
then it continues beneath historic rockslides at
the head of Emerald Bay. On the north side of
Emerald Bay, the Mt. Tallac fault has displaced
a left-lateral moraine of Tioga age and then lies
within a deep bedrock gully along the southwest
buttress of Stony Ridge (Fig. 5B). From there,
it controls the northwest-trending headwaters
of Meeks Creek west of Stony Ridge (Fig. DR2
[see footnote 1]).

At Tallac Creek, 1.5 km northwest of Fallen
Leaf Lake (Figs. 1 and 3; Fig. DR3 [see foot-
note 1]), we used the three-dimensional (3-D),
point-cloud LiDAR data along with a new 3-D
technique to measure the latest Pleistocene—
Holocene vertical separation and extension
on the Mt. Tallac fault. At this site, horizontal
alluvium impounded by a Tioga-age terminal
moraine (McCaughey, 2003) has been offset
by the prominent Mt. Tallac range-front fault.
Six topographic profiles across the offset post-
Tioga alluvium were extracted from the LIDAR
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Figure 3. Oblique bare-earth LiDAR image of Mt. Tallac range-front fault. (A) View is to the west-southwest extending from
Fallen Leaf Lake to the Cascade Lake right-lateral moraine, a horizontal distance of ~4.5 km along the base of the range front.
Vertical exaggeration is 1.75. Hand icon shows illumination direction. (B) Detail of fault scarp above Fallen Leaf Lake. (C) Detail
of diffuse ground-rupture traces and hairline scarps southeast of Cascade Lake. (D) Annotated view in A, showing the nearly
continuous, 4.5-km-long range-front scarp of the Mt. Tallac fault, and selected geographic features. Faults are dashed where ap-
proximately located, bar and ball on downthrown side. Note the linear, evenly graded (unfaulted) Tioga and Tahoe moraines north
of Fallen Leaf Lake. See Figure DR1 for geologic map of the Mt. Tallac range front (see text footnote 1).

data and modeled for vertical separation and
extension (see Figs. DR3B and DR3C [see foot-
note 1]). We constructed these profiles, rang-
ing from 69 to 159 m in length, by extracting
a 2-m-wide swath of the LiDAR point cloud
data and projecting the points into the vertical

planes of the profiles (Fig. DR3 [see footnote
1]). This swath-sampling technique effectively
integrates several closely spaced profiles from
the point cloud into a single profile with greater
data density. On the basis of 3-D modeling of
fault planes in the study area (see Fig. DR4 [see
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footnote 1]), the Mohr-Coulomb failure cri-
teria for normal faults (McCalpin, 1996), and
field observations of dips of range-front faults
in the Basin and Range Province (Slemmons,
1957; Bateman, 1965; Wallace, 1977; Clark
et al., 1984), we modeled fault planes with dips



of 50°, 60°, and 70°. The modeled fault planes,
which are perpendicular to the profiles, intersect
the midpoint of the steepest slope segment in the
scarp profile. If the extracted profile were linear
between the scarp crest and toe, then modeled
fault planes would intersect the midpoint of the
linear segment (Bursik and Sieh, 1989). Then,
we modeled LiDAR ground points in the hang-
ing wall and footwall of the profile as best-fit
vectors using a linear regression (Fig. DR3E
[see footnote 1]). Intersections between the far-
field vectors and modeled fault planes define
piercing points from which the vertical separa-
tion and extension were extracted (Figs. DR3C
and DR3F [see footnote 1]).

Analysis of the six profiles at Tallac Creek
produced an average vertical separation of 3.8 +
0.9 m and an extension of 2.2 + 0.7 m, assuming
the fault dips 60°. It is assumed that the age of
the Tioga deglaciation (14.0 + 1.0 ka) represents
amaximum limiting age for the impounded allu-
vium and for the tectonic displacement; this age
produces a minimum vertical separation rate of
0.3 £ 0.1 mm/yr and a minimum extension rate
of 0.2 £ 0.05 mm/yr. Alternatively, if the im-
pounded alluvium is significantly younger than
the Tioga deglaciation, then Holocene separa-
tion rates may be higher.

A larger scarp in the Tioga moraine ex-
ists along strike, 150 m north of the displaced
alluvium (Fig. DR3B [see footnote 1]). Model
results from three topographic profiles across
the scarp in the Tioga moraine indicate that an
average 7.2 + 0.9 m of vertical separation and
4.1 = 0.5 m of extension have occurred since
the Tioga moraine was deposited (23.5 + 3 ka).
These results give a vertical separation rate of
0.3 £0.1 mm/yr, i.e., the same rate as that deter-
mined in the adjacent alluvium, suggesting that
a relatively constant strain rate has prevailed in
the latest Pleistocene—Holocene.

Rubicon Peak Segment

At Emerald Bay, the Tahoe-Sierra frontal
fault zone makes a 1.8-km-wide, en echelon
right step to the northeast to the Rubicon Peak
fault (Figs. 2, 4, and 5). This fault extends from
~2 km southeast of Cascade Lake toward the
northwest at least as far as the head of Squaw
Valley, a distance of 36 km (Fig. 2). Near the
southeast end of the Rubicon Peak fault, late
Pleistocene—Holocene displacement has been
relatively small and has formed extensional
fault-propagation folds in the Emerald-Cascade
medial moraines (Fig. 5). However, 1.6 km
along strike to the northwest, on the north side
of Emerald Bay, displacement is greater, and
the left-lateral Tioga and Tahoe moraines there
are clearly displaced. New high-resolution digi-
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Figure 4 (on following page). Oblique bare-earth LiDAR image of Cascade Lake and Emerald
Bay, showing Mt. Tallac, Stony Ridge, and Rubicon Peak faults. (A) View to the west-southwest,
showing fault-bounded range front from Cascade Lake right-lateral moraines to the south
end of Stony Ridge, 1.8 km en echelon right step to Rubicon Peak fault, and high-resolution
bathymetry of Emerald Bay (see GSA Data Repository regarding the new digital bathymetry
[see text footnote 1]). Distance along bottom of image is 4.3 km. Hand icon shows illumination
direction. Vertical exaggeration is 1.5 for all images. (B) Annotated view of A: MTF—MLt. Tallac
fault zone; SRF—Stony Ridge fault; RPF—Rubicon Peak fault zone. (C) Scarp in Cascade Lake
right-lateral Tioga moraine. (D) Tectonic geomorphology discussed in text. (E) View to the south-

southeast showing tectonic features in D.

tal bathymetry of Emerald Bay reveals scarps
that displace post-Tioga landslide deposits on
the bottom of the bay (Figs. 4 and 5). These
scarps align with those in the left-lateral Tioga
and Tahoe moraines (Fig. 5; Fig. DR2 [see foot-
note 1]). North of Emerald Bay, the Rubicon
Peak fault forms the steep, linear, and 900-m-
high, northwest-trending range front, where,
along the oversteepened slope at the base of
Stony Ridge, scarps are within colluvium and
landslide deposits (Fig. 5; Fig. DR2 [see foot-
note 1]). Along strike northwest of Rubicon
Peak, the fault crosses the heads of Meeks,
General, and McKinney Creeks, where bedrock
spurs are truncated and triangular facets are
near the contacts with the morainal complexes
(Fig. 6; Fig. DR5 [see footnote 1]). North of
McKinney Creek, where the fault continues into
the footwall of the Ellis Peak segment, displace-
ment decreases abruptly. As far northwest as
Squaw Valley, however, the Rubicon Peak fault
forms steps and saddles in ridgelines and deep
gullies in the side slopes of valleys.

Two kilometers north of Emerald Bay, the
Rubicon Peak fault splays into several north-
west-striking faults that are subparallel to and
east of the range front (Fig. 2; Figs. DR2 and
DRS5 [see footnote 1]). Where these faults cut
the glacial moraine complexes of Meeks, Gen-
eral, and McKinney Creeks, the bare-earth
LiDAR imagery exposes a classic array of
tectonic geomorphic features in tectonically
disrupted lateral moraines. These features in-
clude side-slope troughs aligned with scarps
in moraine crests, tectonically rotated (back-
tilted) moraine crests, hanging-wall grabens,
extensional fault-propagation folds, and tec-
tonic reversal of the crests of Tioga and Tahoe
moraines across the range-front faults (Figs. 6
and 7).

TECTONIC GEOMORPHOLOGY OF
FAULTED LATERAL MORAINES

Classical scarp morphology of normal faults
along range-front settings has long been rec-
ognized and documented throughout the Basin
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and Range Province (Gilbert, 1890; Slemmons,
1957; Witkind, 1964; Wallace, 1977; among
others). The tectonic geomorphology of glacial
moraines that have been disrupted by normal
faults, however, has received far less attention.
In this section, we describe distinctive tectonic
landforms along the Tahoe-Sierra frontal fault
zone. Some of these tectonic features, especially
those east of the range front, are subtle and dif-
fuse in nature, owing to their development in
relatively thick unconsolidated deposits above
an imbricate bedrock fault zone. Important geo-
morphic differences exist between range-front
faults cutting colluvial/alluvial deposits and
the tectonic features where normal faults cut
lateral moraines. While most of these tectonic
features in faulted glacial moraines have been
documented elsewhere in the eastern Sierra Ne-
vada, they have not been imaged as clearly as
they are here.

Fault Scarps in Lateral Moraines

Crests of unfaulted lateral moraines are gen-
erally linear and evenly graded with the crest
sloping 2°-3° down canyon (note the smooth
and linear crests of the unfaulted Tioga and
Tahoe moraines in Fig. 3D). A primary indica-
tor of fault disruption of a moraine crest is the
abrupt termination and offset of the crest, with a
scarp separating the two undisturbed segments
(Figs. 7A and 7B; Fig. DR6 [see footnote 1]).
Scarps are commonly best preserved along the
moraine crests, compared to other landforms,
because the coarse and poorly sorted deposits
retain steep slopes for relatively long periods
of time (Bursik and Sieh, 1989; Berry, 1997).
Cobble- to sand-sized particles eroded from a
scarp, crossing a moraine crest, typically do
not collect at the base of the scarp but rather
are shed onto the side slopes of the moraine,
preserving the scarp form. Scarps typically
are held up and armored by concentrations of
boulders, exposed as the sandy matrix of the
moraine is eroded and shed downslope. Thus,
fault scarps in moraines commonly have more
boulders than the rest of the crest.
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Figure 5. Oblique bare-earth
LiDAR image of Stony Ridge
and bathymetry of Emerald
Bay. (A) View is to the west-
northwest, showing en echelon
right step in range front, lin-
ear fault-bounded range front
north of Emerald Bay, tectonic
geomorphology, and selected
geographic features discussed
in text. Hand icon shows illumi-
nation direction. Vertical exag-
geration is 1.4. Distance across
bottom of image is 2.4 km.
(B) Faults discussed in text;
dashed where approximately
located, bar and ball on down-
thrown side. MTF—MLt. Tallac
fault zone; RPF—Rubicon
Peak fault zone; SRF—Stony
Ridge fault; WTDPFZ—West
Tahoe-Dollar Point fault zone.
(C) Detail of scarp in Tahoe
moraine.

Where fault displacement produces large,
dip-slip separations (tens of meters), triangu-
lar facets typically separate the offset moraine
crests (Fig. 7A). Oblique separation of moraine
crests may form trapezoidal facets and offset
side slopes (Fig. DR7A [see footnote 1]). Scarps
in unconsolidated (cohesionless) moraines may
display a “simple” scarp form at one location,
whereas nearby along strike, there may be a
complex, stepped scarp or a scarp with localized
back-tilting (sag) and/or hanging-wall graben,
similar to features in faulted alluvium/collu-
vium along range-front settings (Gilbert, 1890;

Scarp in Tahoe

moraine cresq

Howle et al.

Stony Ridge _.«
L

-

P

Bedrock scarps

Slemmons, 1957; Witkind, 1964; Wallace,
1977). Where the deformation is distributed
or in younger moraines with smaller displace-
ments, the moraine crest may be draped or
warped (e.g., Wallace, 1977).

Extensional Fault-Propagation Folds
in Moraines

Most fault segments in the Tahoe-Sierra
frontal fault zone have displacement gradients,
with displacement approaching zero near fault
tips. Near the tips of fault strands and segments,
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where displacement is small, monoclinal or ex-
tensional fault-propagation folds are commonly
seen in the unconsolidated glacial cover, above
a blind bedrock fault at depth (Figs. SA and 7E).
The displacement gradient along a fault may
produce a spectrum of structures, ranging from
a gentle monoclinal warp, to a more pronounced
step-like fold with footwall antiform and hang-
ing-wall synform (Fig. 7E), to a fully breached
monocline where the moraine crest is truncated
and the footwall antiform and hanging-wall
synform have been offset and are separated by
a scarp (Fig. 7A; Fig. DR8A [see footnote 1];
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Figure 6. Tectonic geomorphol-
ogy of faulted glacial moraines.
Oblique bare-earth LiDAR im-
age looking northwest across
the faulted lateral and medial
morainal complexes of Meeks
Creek, General Creek, and
McKinney Creek showing tec-
tonic geomorphology discussed
in text. Hand icon shows illumi-
nation direction. Vertical exag-
geration is 1.75. Distance across
the bottom of the image is 1.5 km.
See Figure DRS for geologic map
(see text footnote 1).

/

Truncated
bedrock
spurs

Fraser et al., 1964; Hardy and McClay, 1999).
Extensional fault-propagation folds are some-
times referred to as drape folds (e.g., Howard
and John, 1997).

A fault-propagation fold may in some cases
be distinguished from a moraine deposited
across a preexisting scarp by the slopes and
trends of the moraine crest segments on both
sides of the inflection. The slopes of the crest
segments on opposite sides of a fault-propaga-
tion fold are typically subparallel (except where
the hanging wall has been back-tilted) and the
crest segments are collinear (i.e., an initial lin-
ear feature deformed over a relatively short
distance; Fig. 7E). In contrast, where a moraine
was deposited over a preexisting topographic
step (fault scarp), the moraine crest commonly
veers inward toward the valley as the hanging
wall is approached. This primary deflection of
the moraine crest is a function of the discharge
equation

Q=AxYV, (1)
where A is the cross-sectional area of the glacier
perpendicular to the flow path, V is the velocity
of the glacier along the flow path, and Q is the
ice-volume discharge. These relations and the
conservation of ice mass over short distances
require that, where a glacier flows down across
a topographic step, the velocity increases, caus-
ing the cross-sectional area to decrease, and the
glacier to constrict into the valley. In the case
of a medial moraine separating two glaciers
flowing down across a step, a single moraine is
deposited on the footwall. Where the adjacent
glaciers flow across the preexisting scarp (or
step), the single medial moraine bifurcates into
two lateral moraines with diverging crests. This
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depositional morphology occurs in the Tioga
medial moraine between Cascade Lake and
Emerald Bay (Fig. DR1 [see footnote 1]) and in
the Tahoe medial moraine between Meeks and
General Creeks (Fig. DRS [see footnote 1]).

Additionally, a fault-propagation fold typi-
cally displays a smooth transition from footwall
antiform to hanging-wall synform (Fig. 7E),
whereas a moraine that was deposited during
glacier flow over a preexisting scarp commonly
has a sharp inflection point.

Side-Slope Troughs

In numerous places along the Tahoe-Sierra
frontal fault zone, side-slope troughs are aligned
with fault scarps in moraine crests (Fig. 7).
These troughs are linear and are typically nar-
row and anomalously deep. Where the deforma-
tion was distributed across several fault strands,
side-slope troughs may be broad swales. In
some cases, troughs along the trace of a dipping
fault conspicuously cut diagonally across the
side slope (Fig. DR8A [see footnote 1]). Side-
slope troughs are interpreted to have formed
primarily from tectonic processes. Fault rupture
at depth may produce a void in unconsolidated
surficial deposits due to a listric fault geometry
or fault-plane refraction (steepening) above the
bedrock-till interface (Slemmons, 1957; Wit-
kind, 1964; McCalpin, 1996). Coseismic open-
ing of a void in unconsolidated surficial deposits
sometimes causes rotational slumping of the
hanging-wall deposits into the void and forms a
depression along the strike of the fault (Gilbert,
1890; Slemmons, 1957; Witkind, 1964). Rota-
tional slumping of unconsolidated hanging-wall
deposits is analogous to Slemmons’ (1957)
“subsidence zone” and has also been referred to
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as “sag” (Fraser et al., 1964; Swan et al., 1980;
Figs. DR6 and DROYF [see footnote 1]). Once a
linear depression has been formed in the side
slope of a moraine, slope processes such as dry
ravel, sheetwash, grain flow, and debris flow
operate along and within the side-slope trough,
accentuating the feature.

Back-Tilted Moraine Crests

Throughout the Lake Tahoe basin, fault-
bounded blocks are tilted westward toward
east-dipping normal faults. At Fallen Leaf Lake
and Cascade, Meeks, General, and McKinney
Creeks, fault-bounded sections of colluvium
and lateral moraines, which originally were
deposited with an easterly gradient, are tectoni-
cally back-tilted toward the west or southwest
(Figs. 4D, 6, and 7D; Fig. DR9YA [see foot-
note 1]). Commonly, east-side-down scarps
along faults bound the back-tilted sections. In
some cases, long segments of moraine crests
have zero gradient or 1°-2° slopes up-canyon.
Tectonically back-tilted lateral moraines at or
near the range front have been documented in
at least six other locations in the eastern Sierra
Nevada (Clark, 1967; Bursik and Sieh, 1989;
Berry, 1997).

Lateral and medial morainal complexes typi-
cally have a triangular cross-sectional shape.
Where the moraine complex has been tec-
tonically back-tilted toward a normal fault, the
topographically lower, up-valley part may be
narrower than the topographically higher, down-
valley part, which may be anomalously wide.
This relationship is displayed by the back-tilted
Tahoe-age moraines on both sides of Meeks
Creek between faults D and E (Fig. DRS [see
footnote 1]).
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Figure 7. Examples of tectonic geomorphology along the Tahoe-Sierra frontal fault zone. See discussion regarding tectonic geomorphology
of the Tahoe-Sierra frontal fault zone. Vertical exaggeration is 1.5 in all images unless otherwise noted. Hand icons show illumination direc-
tion. See Figure DRS for geologic map and locations of insets (see text footnote 1). (A) Oblique view of medial moraine complex at Meeks
and General Creeks highlighting various fault scarp morphologies discussed in text. View is to the west-northwest. Horizontal distance
along Meeks Creek left-lateral Tioga moraine is ~450 m. (B) Oblique view of fault scarp and side-slope trough in Meeks Creek right-lateral
Tioga moraine at fault E. View is to the south-southwest. Distance along offset Tioga moraine crest is ~200 m. (C) Plan view of NW-trending
side-slope troughs in pre-Tahoe moraine on the south side of Lonely Gulch. (D) Horizontal perspective looking northwest at Meeks Creek
right-lateral Tahoe moraine where it abuts bedrock, showing range-front tectonic features discussed in text and location of terrestrial cosmo-
genic nuclide (TCN) sampling sites. Vertical exaggeration is 1.25. (E) Horizontal perspective looking northwest at medial Tahoe moraine of
McKinney Creek—-General Creek, showing extensional fault-propagation fold. Width of image is ~700 m.

The absence of pre-Tahoe moraines along
the range front, and their exposure at down-
valley locations are also attributed to tectonic
back-tilting (Fig. 6; Fig. DRS [see footnote 1]).
This relationship, where older, more extensive
moraines have been tectonically down-dropped
at the range front and subsequently buried be-
neath younger, less extensive moraines, has also
been documented at seven other locations in the
Sierra Nevada (Clark, 1967, 1972, 1979; Bur-
sik and Sieh, 1989; Kelson et al., 1995; Berry,
1997). We consider this relationship to be com-
pelling evidence of large displacements along
the Tahoe-Sierra frontal fault zone during the
Pleistocene.

Hanging-Wall Graben

Hanging-wall grabens are common along
the Tahoe-Sierra frontal fault zone and vary in
width from 30 to over 350 m (Figs. 4D, 4E,
6, and 7D; Figs. DR9A, DR10B, and DR11A
[see footnote 1]). Most of the hanging-wall gra-
bens along the Tahoe-Sierra frontal fault zone

are closely associated (spatially and kinemati-
cally) with back-tilted moraines. As noted al-
ready, displacement on a curviplanar normal
fault produces a near-surface void beneath the
unconsolidated hanging wall. In some cases, a
wedge-shaped section of the hanging wall col-
lapses back into the void along antithetic or
conjugate normal faults and produces a hang-
ing-wall graben. Rotational displacement of a
hanging-wall wedge on antithetic faults may
decrease the amount of back-tilting (Swan et al.,
1980). Consequently, hanging-wall grabens in
lateral moraines may be expressed as sections of
moraine crest with less back-tilt than is observed
to the east of an antithetic structure (Fig. DRO9A
[see footnote 1]). Hanging-wall grabens also
are expressed as broad low saddles with level
moraine crests (Figs. 6 and 7D; Fig. DROA [see
footnote 1]). Hanging-wall grabens in lateral
moraines at or near range-front faults have been
documented in at least five other locations in the
eastern Sierra Nevada (Clark, 1967; Bursik and
Sieh, 1989; Berry, 1997); these are analogous to
Slemmons’ (1957) “gravity grabens.”
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Tectonic Reversal of Primary Depositional
Position across a Range-Front Fault

Anomalous relationships exist between the
heights of the Tioga- and Tahoe-age moraines
on both sides of the range-front fault at Cascade
Lake and Meeks and General Creeks. At these
locations, in the footwall of the range front, the
Tahoe moraines stand higher than the younger
Tioga moraines, reflecting the primary deposi-
tional position of the moraines due to the greater
thickness of the Tahoe glaciers compared to the
Tioga glaciers (Birkeland, 1964; Clark, 1967).
In the hanging wall across the range-front fault,
however, the primary depositional position is
reversed, and Tioga crests are topographically
higher than Tahoe crests (Fig. 6; Figs. DROA
and DROC [see footnote 1]). This reversal of the
primary depositional position of the crests is at-
tributed to two processes: tectonic displacement
during the Tahoe-Tioga interglacial period that
down-dropped the Tahoe moraine in the hang-
ing wall, and aggradation in the hanging-wall
valley. During the advance of the Tioga maxi-
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mum glacier, the Tioga moraine crest on the
hanging wall was deposited over, and partially
buried, the down-dropped Tahoe moraine. The
sum of the differences in elevation between the
Tahoe and Tioga crests on both sides of the fault
approximates the tectonic displacement (verti-
cal separation) during the interglacial period
(Clark, 1972; Berry, 1997). Tectonic range-front
reversals of moraine crests have been docu-
mented in at least six other eastern Sierra Ne-
vada locations (Clark, 1972, 1979; Bursik and
Sieh, 1989; Berry, 1997).

Narrower Width of Moraine Complexes
in the Hanging Wall

Down valley from the range front, where
normal faults displace morainal complexes, dip-
slip displacement causes the moraine complex
to be narrower in the hanging wall than in the
footwall over relatively short distances. In plan
view, this is similar in appearance to an anticline
cut by a transverse normal fault. In this case,
topographic contours on the footwall block step
inward along the fault and then continue along
the hanging wall. This morphology is well
exposed in the medial moraine complexes be-
tween Cascade Lake and Emerald Bay along the
Stony Ridge fault (Fig. 4A) and in the Meeks
Creek right-lateral moraine complex at fault F
(Fig. DRS [see footnote 1]).

NEW METHODS FOR MODELING
TECTONIC DISPLACEMENTS OF
FAULTED LATERAL MORAINES

The late Pleistocene moraines straddling
the Tahoe-Sierra frontal fault zone are ideal
geomorphic strain markers because the lateral
moraines were originally linear and had contin-
uous, evenly graded crests (note the smooth and
linear crests of the unfaulted Tioga and Tahoe
moraines in Fig. 3D). To model the tectonic
displacement of moraine crests, we developed
a new, three-dimensional (3-D), moraine-crest-
reconstruction technique that utilizes the linear,
far-field trend and the triangular cross-section
geometry of lateral moraines. From the high-
resolution 3-D LiDAR data, we reconstructed
moraine crests on both sides of faults and used
these crests as piercing lines (see Fig. DR7 [see
footnote 1]).

A juvenile lateral moraine has a very sharp,
linear crest and steep side slopes. As finer-
grained till is gradually eroded from the crest
and shed down the side slopes, the moraine crest
is broadened, and the side slopes become less
steep (Zreda et al., 1994; Putkonen and Swan-
son, 2003; see supplementary Glacial Deposits

and Stratigraphy section [see footnote 1]). It is
reasonable to assume, as in previous studies,
that rates of moraine crest erosion and reduction
of the side-slope angle are equal on both sides of
a fault. This assumption is reasonable because
the slope aspects on opposite sides of a moraine
crest are the same on both sides of a fault and
also because long-term precipitation is unlikely
to vary significantly over the nominal distance
that the footwall and hanging-wall sections are
modeled. This assumption means that moraine
crests on both sides of a fault will be lowered
at the same rate over time, but the vertical sepa-
ration between the moraine crests across fault
scarps should only vary as a function of tectonic
displacement.

In the moraine-crest-reconstruction method,
piercing-line vectors are mathematically defined
by the intersection of best-fit planes to the side
slopes of the moraines (Fig. DR7 and see sup-
plementary Mathematical Modeling of Planes
and Vectors section [see footnote 1]). The pierc-
ing-line vectors are projected to intersect with
fault planes dipping 50°, 60°, and 70°, defining
coupled pairs of piercing points for each modeled
fault plane. From these statistically significant
piercing points, we extract the vertical separation
and extension (Fig. DR7J [see footnote 1]).

In cases where the footwall or hanging-
wall moraine lacks planar side slopes and the
technique just described cannot be used, we
employed an alternative technique, in which
a piercing-line vector is fit to LiDAR ground
points along the moraine crest with a linear re-
gression. We refer to this method as a vector-fit
model. See supplementary Mathematical Mod-
eling of Planes and Vectors for a comparison of
the moraine-crest-reconstruction and vector-fit
techniques (see footnote 1).

In cases where the footwall and/or hanging
wall have been rotated or where a piercing-line
vector cannot be extracted from the landform,
neither technique may be used. A less rigor-
ous approach is to use the elevation difference
between horizontal projections of footwall and
hanging-wall strain markers to define the net
tectonic vertical separation (e.g., Swan et al.,
1980). This approach is independent of fault dip
and provides only a rough estimate of the verti-
cal separation.

Wherever possible, we employed both the
moraine-crest-reconstruction and vector-fit
techniques to determine a range of possible dis-
placements. These values were then propagated
into the error estimates of separation rates. The
epistemic error estimates in separation rates
reported in this study reflect (1) the range of
displacement solutions determined by different
modeling techniques, whenever possible, (2) a
20° range of assumed fault dips, and (3) a broad
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and conservatively estimated range of limiting
ages that are not skewed toward a minimum.
See GSA Data Repository for the calculation
of root-mean-square error estimates (1 standard
deviation) reported as +1 standard deviation in
this study (see footnote 1).

SUMMARY OF TECTONIC
DISPLACEMENTS AND RATES ALONG
THE RUBICON PEAK SEGMENT

On the basis of the geomorphic criteria and
limiting ages described herein, and using our
new techniques for modeling the cumulative
tectonic displacement of lateral moraines, we
determined the vertical separation rate and
the extension rate at 15 locations along the
Rubicon Peak segment (see supplementary
Modeled Tectonic Displacements section for
details of individual offsets [see footnote 1]).
At three locations along the Rubicon Peak seg-
ment, we summed the model results across the
width of the zone, yielding aggregate vertical
separation and extension rates that provide a
first-order approximation of the seismic mo-
ment (Fig. 8; see Table DR3 for summaries
[see footnote 1]).

The maximum late Pleistocene-Holocene
vertical separation rate along the Rubicon Peak
segment was determined at the Meeks Creek—
General Creek medial moraine complex. There,
the offset Tioga moraines on both sides of the
complex define an average aggregate verti-
cal separation rate of 1.5 + 0.4 mm/yr and an
extension rate of 0.8 + 0.2 mm/yr since 23.5 +
3.0 ka. The rates decrease along strike to the
northwest and southeast (Fig. 8). The Tahoe-age
strain markers in the General Creek—-McKinney
Creek medial moraine to the north and the
Meeks Creek right-lateral moraine to the south
both yield aggregate vertical separation rates of
0.9 + 0.3 mm/yr and extension rates of 0.5 + 0.2
mm/yr since 70.0 £ 6.0 ka.

At Emerald Bay, fault displacement of the
left-lateral Tioga moraine along the Rubicon
Peak fault defines a vertical separation rate of
0.6 = 0.1 mm/yr and an extension rate of 0.4 +
0.1 mm/yr since 23.5 + 3.0 ka.

The vertical separation and extension rates
presented herein are considered minimum es-
timates because (1) the limiting ages represent
a broad and conservatively estimated range that
is not biased toward a minimum, (2) mapped
faults in bedrock, across which we have no
strain markers, are not included in the estimates,
and (3) some faults that displace the glacial
deposits cannot be evaluated with the airborne
LiDAR imagery due either to resolution of the
data or to complex morphology that precludes
displacement analysis.



POTENTIAL EARTHQUAKE
MAGNITUDES ALONG THE TAHOE-
SIERRA FRONTAL FAULT ZONE

Using published relationships between sub-
surface-rupture area and observed earthquake
magnitudes (Wells and Coppersmith, 1994),
we estimated a range of potential earthquake
moment magnitudes (M,,) that could be gen-
erated by future earthquakes along the Tahoe-
Sierra frontal fault zone. Variables incorporated
into these rupture scenarios include estimated
surface-rupture lengths of 0.7, 0.8, 0.9, and 1.0
times our total mapped fault lengths and depths
to the base of the seismogenic zone ranging
from 10 km (Hawkins et al., 1986) to 18 km
(Smith et al., 2004).

The range-front sections of the Echo Peak
and Mt. Tallac faults may have ruptured co-
seismically in the latest Pleistocene—Holocene
time frame, based on 3 m of vertical separa-
tion in the Tioga moraine at Osgood Swamp
(McCaughey, 2003; Fig. 2), 3.8 + 0.8 m verti-
cal separation south of Fallen Leaf Lake (Fig.
DR12 [see footnote 1]), 3.8 + 0.9 m vertical
separation at the Tallac Creek site (Fig. DR3
[see footnote 1]), and the youthful appear-
ance of the fault scarps at all of these sites.
The combined length of the range-front sec-
tions of the Echo Peak and Mt. Tallac faults is
~27 km (Fig. 2), which yields a range of poten-
tial earthquake magnitudes from 6.5 + 0.25 to
6.7 £ 0.25. If only the Mt. Tallac fault (with a
length of 20 km) were to rupture, earthquake
magnitudes could range from 6.3 + 0.25 to
6.6 = 0.25 (see Table DR4 [see footnote 1]).

As previously noted, the southern half of the
Rubicon Peak segment displaces late Quater-
nary deposits from southeast of Cascade Lake
to the north side of McKinney Creek, a distance
of 18 km. North of McKinney Creek, the Rubi-
con Peak fault projects into the bedrock foot-
wall of the Ellis Peak segment and continues to
at least Squaw Valley, another 18 km northwest.
Two scenarios for the Rubicon Peak segment
are considered herein: rupture of the southern
half alone and rupture of the entire mapped
length. The first scenario, which considers only
that part of the range-front Rubicon Peak fault
(fault A; Figs. DR2 and DRS [see footnote 1])
with evidence of late Quaternary displacement
(Iength of 18 km), yields earthquake magnitudes
from 6.3 + 0.25 to 6.6 + 0.25 (Table DR5 [see
footnote 1]). This part of the Rubicon Peak seg-
ment includes the fault splays parallel to the
range-front fault (faults B, C, D, and E in Fig.
DRS [see footnote 1]) that we interpret as the
complex surface rupture of two or more bedrock
faults beneath the unconsolidated piedmont
cover. The second scenario, which assumes that
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Figure 8 (on following page). Summary of vertical separation rates and extension rates along
Tahoe-Sierra frontal fault zone. Vertical separation rates (VSR) and extension rates (EXR)
discussed in text for major fault strands of the Mt. Tallac and Rubicon Peak segments of
the Tahoe-Sierra frontal fault zone (TSFFZ), plotted on U.S. Geological Survey 10 m digital
elevation model. Colored fault segments indicate the age of the faulted deposit, and line
weights indicate the relative magnitude of the slip rate (see inset legend). Refer to GSA Data
Repository Table 3 and Data Repository text for details of individual offsets (see text foot-
note 1). CL—Cascade Lake; EB—Emerald Bay; EP—Echo Peak; EPF—Echo Peak fault;
FLL—Fallen Leaf Lake; HWF—Homewood fault; MT—Mt. Tallac; MTF—Mt. Tallac
fault; QLF—Quail Lake fault; RP—Rubicon Peak; RPF—Rubicon Peak fault.

the entire mapped length of the Rubicon Peak
fault ruptures (length of 36 km; Fig. 2), produces
earthquake magnitudes between 6.6 + 0.25 and
6.9 + (.25 (Table DRS5 [see footnote 1]).

Comparison of the relatively fresh appear-
ance of post-Tioga side-slope scarps along the
Mt. Tallac segment (Fig. 4C) to the degraded
and subdued appearance of post-Tioga side-
slope scarps along the Rubicon Peak segment
(Fig. DROE [see footnote 1]) suggests that the
two segments probably did not rupture coseis-
mically during the last ground-rupturing earth-
quake along the Mt. Tallac segment. A future
coseismic rupture scenario cannot be ruled out,
however, because the en echelon right step is
<2 km in width (Harris and Day, 1999; Wes-
nousky, 2006). This scenario has the longest
rupture length considered herein but may not be
a maximum because we do not include the West
Tahoe—Dollar Point fault zone (Fig. 2). The total
rupture length of the combined Mt. Tallac and
Rubicon Peak faults is 42 km. This surface-
rupture length produces a range of earthquake
magnitudes from 6.5 + 0.25 to 6.9 + 0.25 (Table
DR6 [see footnote 1]).

POSSIBLE EARTHQUAKE-TRIGGERED
LANDSLIDES ALONG THE
TAHOE-SIERRA FRONTAL

FAULT ZONE RANGE FRONT

Rotational landslides and translational rock-
slides in close proximity to the mapped Mt. Tal-
lac fault occur along the Mt. Tallac range front
at the heads of Fallen Leaf Lake, Cascade Lake,
and Emerald Bay (Fig. DR1 [see footnote 1]).
Similarly, from Emerald Bay northwest along
the oversteepened slope at the base of the Rubi-
con Peak range front, numerous landslides
straddle and/or lie adjacent to the mapped
range-front fault (Figs. DR2 and DRS [see foot-
note 1]). In several places, fault scarps coincide
with landslide head scarps, and in other places,
the landslide deposits have been displaced by
the Rubicon Peak fault. The close proximity of
these mass-wasting features with mapped faults
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strongly suggests that they have been triggered
by strong ground motion during earthquakes
along the Tahoe-Sierra frontal fault zone.

CONCLUSIONS

The bare-earth LiDAR topography reveals
a broad array of tectonic geomorphic features
along the Tahoe-Sierra frontal fault zone west
of Lake Tahoe, demonstrating late Pleistocene
to Holocene activity along the fault zone and
validating earlier mapping of the fault zone
(Schweickert et al., 2000, 2004). This study
utilized bare-earth LiDAR data, together with
field data to identify, visualize, and character-
ize faults in a mountainous and heavily forested
region. The tectonic geomorphic features of
faulted lateral moraines described herein and
illustrated with the bare-earth LiDAR imagery
provide clearly defined examples for studies of
range-front lateral moraines displaced and dis-
rupted by normal faults elsewhere. The exam-
ples highlight the unique geomorphic features
that develop in relatively thick unconsolidated
lateral moraines above an imbricate bedrock
fault zone away from the range front. This study
also presents new three-dimensional methods
utilizing the bare-earth LiDAR point cloud data
for modeling tectonic displacements of range-
front alluvium, colluvium, and glacial moraine
crests. These methods have yielded statistically
robust estimates of vertical separation and ex-
tension across fault arrays at 17 locations.

New terrestrial cosmogenic nuclide and opti-
cally stimulated luminescence age data from the
study area have been combined with regional
age data to establish limiting ages for the Tioga
(23.5 = 3 ka) and Tahoe (70 + 6 ka) glacia-
tions in the Lake Tahoe region, which correlate
with marine isotope stages MIS 2 and MIS 4,
respectively.

We coupled these numerically robust dis-
placement models with the new age estimates
to define vertical separation and extension rates
at numerous localities for the past ~70 k.y. This
data set on vertical separations and extensions
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is much larger than that of any previous study
in the region and allows a more complete char-
acterization of the displacement and slip-rate
histories of entire fault segments. The right-
stepping, en echelon range-front segments of
the Tahoe-Sierra frontal fault zone have pro-
gressively greater slip rates along strike to the
northwest, an observation that is consistent
with greater extension and structural relief in
the northern part of the Lake Tahoe basin. The
minimum vertical separation rate of 1.5 + 0.4
mm/yr, along the Rubicon Peak segment, calcu-
lated herein, is two to three times greater than
previously published “basinwide” estimates
of vertical separation rates, which disregarded
the Tahoe-Sierra frontal fault zone (Kent et al.,
2005; Dingler et al., 2009). This study has also
yielded a two- to threefold increase in the esti-
mate of potential seismic moment in the Lake
Tahoe basin, which highlights the importance
of the Tahoe-Sierra frontal fault zone. This fault
zone, which is potentially capable of generat-
ing moment magnitude 6.3 + 0.25 t0 6.9 = 0.25
earthquakes, represents a substantial seismic
hazard to the region. Numerous landslides and
rockslides near mapped faults likely were trig-
gered by earthquakes, implying that an asso-
ciated coseismic mass-wasting hazard exists
along the steep Tahoe-Sierra frontal fault zone
range front.
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