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CHAPTER 1

INTRODUCTION

Understanding spatial and temporal variations in strain accumulation and release
along plate bondaries is a fundamental problem in tectonics. Steonh and longerm
slip rates are expected to be equal if the regional stress field remains unchanged over
time, yet discrepancies between modern geodetic (decadal time scale) slip rates-and long
term g®logic (13-10° ka) slip rates have been observed on several major fault systems,
including parts of the Pacifilorth America plate boundary system (e.g. Bennett et al.,
2003; Dolan et al., 2007; Frankel et al., 2007a, 2011; Oskin et al., 2008). Slip rate
discrepancies have important implications for the evolution of faults and plate
boundaries. Discrepancies may imply that strain is transient and varies in time. For
example, clarifying longand shorterm slip rates may lead to a better understanding of
characteristic vs. clustered earthquake rupture behavior (e.g. Gold and Cowgill, 2011,
Wallace, 1987; Schwartz and Coppersmith, 1984). Or, discrepancies may imply that
strain is distributed neaniformly within a region of uniform far field stress (e.g.
Thatcher, 2009). However, it is not clear whether observed discrepancies are real or
simply a manifestation of insufficient dai&hile some discrepancies have been resolved
by careful reanalysisf data(e.g. Cowgill et al., 2009jhe slip rate discrepanay the
southern Walker Lane at ~37.5°N remains unresolved (e.g. Kirby et al., 2006; Frankel et

al., 2007; NagorseRinke et al., 2013).



The PacifieNorth American plate boundary is expressed in the western

U.S. as a broad region of deformation that aoowmdates ~51 mm/yr of righateral
motion between the two plates (DeMets et al., 2010). While ~35 mm/yr of motion is
accommodated in a discrete region along the San Andreas fault zone, the remainring right
lateral motion occurs further east where it igrthsited broadly across a complex array of
faults in the Walker Lane and Basin and Range. The Walker Lane, which lies east of the
Sierra Nevada on the western edge of the Basin and Range province, is206-k60
wide rightlateral shear zone composedotth-northwest striking dextral faults
connected by northeast striking normal fault step overs.

In this dissertation | use a variety of techniques to exaslipeates in the
southern Walker Lane over multiple time scales, spanning the middle Plegsttaten
Pleistocene, Holocene, and pres@ite goal of this research is to understand the causes
and implications of the observed discrepancy between bmyshorterm slip rates in
the southern Walker Lan€hapter 2 focuses on the collection, processand modeling
of GPS data. Chapter 3 focuses on the tectonic geomorphology of the White Mountains
fault zone, in particular it focuses on new fault slip rates based on geomorphologic
mapping, LIDAR data’Ar/3°Ar ages, and cosmogenic nuclide exposiges. Chapter 4
focuses on new extension rates on the Lone Mountain fault based on geologic mapping,
fault scarp surveying, and cosmogenic nuclide exposure @gapter 5 summarizes and
synthesizes the research | have done. Finally, Chapter 6 outlindissitteon of future

work that | propose.



CHAPTER 2
INSIGHTS INTO DISTRI BUTED PLATE RATES AC ROSS THE

WALKER LANE FROM GPS GEODESY

2.1ABSTRACT

Contemporary geodetic slip rates are observed to be ~2 times greater than late
Pleistocene geologic slip ratacross the southern Walker Lane. Using a dense GPS
network we compare the presafaty crustal velocities to observed geologic slip rates in
the region. We find that the Walker Lane is characterized by a smooth transition from
westward extension in the Bia and Range to northwestward motion of the Sierra
Nevada block. The GPS velocity field indicates that: 1) plate parallel iMBVelocities
define a velocity differential of 10.6 £ 0.5 mm/yr between the western Basin and Range
and the Sierra Nevada blqd) there is ~2 mm/yr of contemporary extension
perpendicular to the normal faults of the Silver Peake Mountain extensional
complex, and 3) most of the observed discrepancy in mg) shorterm slip rates
occurs across Owens Valley. We believediserepancy is due to distributed strain and

underestimated geologic slip rates.

2.2INTRODUCTION
The southern Walker Lane is a di$ke rightlateral shear zone comprising strike
slip faults and extensional stepers that extends from the Garlock Fandrth to the

Mina Deflection, and is thought to accommodate ~20% of the relative motion between



the North American and Pacific plat@okka and Travis199Q Bennett et al.2003
Wesnousky200%; Hammond and Thatche2007). However, within parts of the

southern Walker Lane the contemporary geodetic deformation rate is ~2 times higher

than the geologic fault slip rate over the late Pleistocene. We use GPS data from a dense

network of sites to determine specifically where theewved discrepancy occurs

between geologic and geodetic slip rates. In particular, we are testing the hypotheses that

1) some of the fAmissi ng o-LosdMoyntain exterisianale n
complex (SPLM) and 2) much of the discrepancy leetwgeodetic and geologic slip
rates occurs in Owens Valley, particularly on the White Mountain Fault (WMF).

The two main structures in the southern Walker Lane are the Northern Death
Valley-Fish Lake Valley Fault (DM-LVF) and the WMF [Eigure2.18), which
accommodate 2-8.5 and 0.3.4 mm/yr of slip, respectively, over geologic time scales.
(Frankel et al.201% Kirby et al, 200§. Shear zongarallel extension on normal faults
within the SPLM accommodate 6230 mm/yr(Reheis and Sawyet997 Hoeft and
Franke] 201Q Foy et al, 2012) Some dextral shear may also be acconatextion
normal faults west of the WMF, such as the Fish Slough Fault, the normal faults of the
Volcanic Tableland, and the Round Valley Fault. However, these are almost all normal
faults accommodating extension perpendicudahe strike of the shear zo(gheehan
2007) The Round Valley Fault shows evidence of rigiteral slip, but there is currently
no age constraint on the offset landfdifmillips and Majkowski201J. Thus, the total
late Pleistocene rigHateral slip rate summed across the southern Walker Lane at
~37.5°N is ~3.66.9 mm/yr, vhile the geodetic rate measured with GPS across the same

region was observed to be-39 mm/yr(Dixon et al, 200Q Bennett et aJ.2003.

up
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Previous studies have estimated the geodetic deformation rate across the evolving,
diffuse PacifieNorth American plate boutary east of the San Andreas Fault system.
Hearn and Humphrey4998 modeled VLBI and sparse GPS data to estimate a velocity
differential of 10.8 + 1.5+ mm/yr (no uncertainty reported; we estimated uncertainty from
original data) across the southern Walkane between the Owens Valley Radio
Observatory and the Garlock Faulan et al(2000)used a transect of GPS stations at
approximately 36.5°N to estimate a velocity differential across the Walker Lane of 10.3 +
4 mm/yr (our estimate of uncertainty finooriginal data). In estimating the rigidity and
motion of the Sierra Nevada blodRixon et al (2000 used several campaign sites at
~37.5°N, which we have subsequently resurveyed, to estimate a velocity differential
across the Walker Lane of 11 £ 1 mmMennett et al(2003 combined the GPS data of
Gan et al(2000)andDixon et al (2000 with GPS data from numerous sites in central
and northern Nevada to estimate a Walker Lane velocity of 9.3 = 0.2 nMc@affrey
(2005)estimated 11.3 £ 0.3 mm/gf relative motion across the eastern California shear
zone at 36°NHammond and Thatché2007) used campaign GPS data along a transect
at ~38.5°N to estimate ~10 mm/yr (no uncertainty reported) of deformation across the
Walker Lane. Further north, at 93\, Wesnousky et a(2012 estimate right lateral

shear of % mm/yr along a 128m-long transect across the Walker Lane.

2.3DATA
We surveyed 48 campaign monuments across the southern Walker Lane in 2010,
2011, and 2012 using Trimble R7 receivers pratision fixedheightspikemounts

(0.500 m) (Table 2). Campaign monuments included 26 Mobile Array of GPS for



Nevada Transtension (MAGNET) monuments, 12 existing monuments that were
surveyed as early as 1994, and 10 new monuments installed for tlyisRasurveying
existing campaign monuments extends station time series, which improves velocity
estimates. Monuments were observed for a minimum of 72 hours in each campaign. We
combined these new campaign data with newly processed data from 28 Pladarigoun
Observatory (PBO) continuous GPS stations to create a dense GPS network of 76 sites
with an average spacing of ~10 kkidure2.19. GPS data were processed using
GIPSY/OASIS Il softwarevith precise point positioningZamberge et al1997). All

velocities are calculated in ITRF2005 relative to stable North America, with an Euler
pole of-6.8, -84.8 rotating 0.189 My (NA-ITRF2005,DeMets et a| 201Q. The

location, velocity, and uncertainty for all GRites ar@resented in Table.2.
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We evaluated the horizontal component of the GPS velocities relative to the strike
of plate motion between the Sierra Nevada block and the western Basin and Range
(3239, which coincides with the strike of the BM.VF (Bennett et a).2003. In
addition, we evaluated the SPLM velocity field relative to the direction of extension on

SPLM normal faults striking ~15°.

24RESULTS

The projected velocity fieldd=igure2.18 show characteristic patterns of
distributed shear zone deformation. From east to west across the southern Walker Lane,
velocities increase in magnitude and rotate from wwesthwest to northwest, reflecgra
large diffuse fault zone demarking the transition from Basin and Range to Sierra Nevada
block. The northwestward velocity reaches a maximum for sites located on the rigid
Sierra Nevada block that are moving nearly uniformly to the northiesbdn et al,
2000. When GPS velocities are reprojected to the local plate m@&31, the fault
parallel velocities across theuigbern Walker Lane steadily increase along a plate
perpendicular transect from northeast to southwest as the sites are located progressively
further onto the Pacific plate side of the diffuse boundBigure2.1b). Although the
transect crosses the ERLVF, the WMF, and the SNFF, the velocity profile is broad and
smooth and contributions of individual faults are obscured by close spacing between
faults, as we discuss below.

Dislocation modeling of slip on individual faults in the Walker Lane requires a

sdution that combines interseismic contributions from several faults. With current station
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spacing, the velocity gradient across the Walker Lane appears too smooth to identify
deformation signals from multiple adjacent faults. We used a modified form of the
Savage and Burfor(d973 vertical strikeslip dislocation model that includes the
contribution of individual offset faultg&e.g.Dixon et al., 1999, to account for locking

across each the SNFF, WMF, and BYVF. Because of the proximity of faults, uskefu
solutions for locking depths were not possible, and hence we fixed the value to be 15 km
for all faultsi the depth above which 99% of all observed seismicity in the region has
been observe(ANSS Worldwide Earthquake Catalcaccessed April 22, 201L3For
comparison we also model the béssolution for a single fault, also with a 15 km

locking depth. A slight positive apparent shift of the models relative to the southwestern
limb is the result of increased data density near the center and nortinéasgtekVhile

the solutions for both models are equivalent away from the faults, finding a far field
velocity of 10.6 + 0.5 mm/yr, the distributed faults model more closely matches the
approximately linear trend in the near field GPS daigure2.1b). The modeled far field
velocity (10.6 = 0.5 mml/yr) is slightly higher than the observed maximum GPS offset
(9.7 £ 0.3 mml/yr, see below) because the model predicts modest interseismic strain
accumulation outside the most distal data points we measured. \Wet dige the

measured far field velocity to constrain our model because it would require an
unreasonably shallow locking depth. When the San Andreas Fault is included in the
dislocation model, its interseismic strain accumulation does not affect oundites

Walker Lang(Figure2.2).
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Figure 2.2.Plate parallel velocity profile dislocation models across most of the Pacifidorth America
plate boundary. Black filled circles and black error bars are data from this study. The profile crosses
the San Andeas Fault (SAF), the Sierra Nevada Frontal Fault (SNFF), the White Mountains Fault
(WMF), and the Death Valley-Fish Lake Valley Fault (DVFLVF). The dislocation model is similar to
those described in the main text, but here includes the SAF. The solid blaline is the bestfit model,
with 1 km locking depth of the SAF and 15 km locking depth on the SNFF, WMF, and DVFLVF; the
dashed black line is the solution for 15 km locking depth on all faults. The sharp gradient across the
SAF is due to the proximity 1o the creeping Parkfield section, which contributes coseismic slip to our
measurements of interseismic strain. The dislocation model requires an unreasonably shallow
apparent locking depth to account for the coseismic contributions. Our GPS velocities arelative to
North America using the Euler pole from the MORVEL reference frame DeMets et al.,2010]. The
absolute amplitude of the displacement field will be shifted ~0.5 mm/yr to the southeast if we use the
GEODVEL reference frame [Argus et al.,2010]. For comparison, we also show profile #4 from
McCaffrey [2005] (gray filled circles, gray error bars, and gray curve)Mc C a f & [2085] @rofile
crosses the plate boundary further south, at ~36°N, and shows deformation spread over a wider
region and a lesdlistinct plateau of velocities across the Sierra Nevada block.
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The average velocity of six continuous GPS sites (P245, P305, P512, P629, P725,
and MUSB) located on the interior of the Sierra Nevada block is 13.5 £ 0.5 mm/yr
toward N50°W relative to NortAmerica, which we use to define the rigid Sierra Nevada
block. This velocity encompasses the complete available translation rate expected across
the Walker Lane and Basin and Range. The total velocity gradient across the southern
Walker Lane at ~37.5°Nafculated from the difference in plate parallel velocity between
P305 and SANAKigures2.1aand?2.1b), the two most distal sites perpendicular to plate
motion, is 9.7 = 0.3 mm/yr towal@R3°. Removing the Walker Lane vector from the
Sierra Nevada vectotigids the remaining velocity between the central Basin and Range
(site SANA) and North America, ~4.5 mm/yr toward N76{MQure2.1c).

Subsets of the velocity field, which sample narrower swaths, define details of
plateparallel andnormal velocity profes perpendicularly across the southern Walker
Lane(e.gFigure2.3). The velocity profile irFigure2.3ais the longest profile across the
southern Walker Lane and includes sites on the interior of the Sierra Nevada block. The
velocity gradient has nearbpnstant velocity at either end of the profile, smooth
transitions at <60 km and ~10 km, and a steep velocity gradient across the middle of the
profile. Additional subset velocity profiles can be fdun Figures 2.4 an®.5. A notable
feature of almosall the subset profiles is the nearly linear velocity gradient across the

shear zone.
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Figure 2.3.Plate-parallel (a) and plate normal (b) velocity profiles across the Walker Lane along
transects perpendicular to plate motion, from a subset of the totalata set. Dashed vertical lines
represent the location of major faults across the transect. Solid curve and dashed curve are the same
solutions as shown in Fig2.1. SNFFi Sierra Nevada Frontal Fault; WMF 7 White Mountains Fault;
DV-FLVF T Death Valley-Fish Lake Valley Fault.
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Figure 2.4.Walker Lane GPS velocity field with sited colored by transect. Colorsarrespond to
profiles in Figure 2.5. CVF i Clayton Valley Fault; DV-FLVF i Death Valley-Fish Lake Valley
Fault; EIF 7 Eastern Inyo Fault; EPFT Emigrant Peak Fault; LMF i Lone Mountain Fault; LVC
Long Valley Caldera; SNFFi Sierra Nevada Frontal Fault; SPLM i Silver PeakLone Mountain
extensional complex; WMFi White Mountains Fault.
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Figure. 2.5.Additional plate-parallel and plate-normal velocity profiles along transects

perpendicular to plate motion. Figures in the second row are duplicated from Figur@.3 and are
included here for completeness. Circle colors correspond to circle colors on Fig. S2. IBYVF 1

Death Valley-Fish Lake Valley Faul; EIF T Eastern Inyo Fault; LVC T Long Valley Caldera; SNFF
1 Sierra Nevada Frontal Fault; SPLM i Silver PeaklLone Mountain extensional complex; WMFi

White Mountains Fault.
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Viewing the SPLM GPS velocities reprojecte&6°, the direction of extensi
perpendicular to the average strike of normal faults, illuminates the nearly linear velocity
gradient increasing from SE to N{igure 2.6). This increase in velocity in the direction

of extension suggests the SPLM is undergoing active diffuse extension.
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Figure 2.6.(top) Shaded relief map of the SPLM showing GPS velocities and location of transect
perpendicular to the strike of SPLM normal faults (~15°). (bottor) SPLM extensionparallel velocity
profile corr esponding to transect line in top figure Velocity profile shows extensiofparallel velocity
increasing toward N75°W, suggesting that there is active extensional deformation occurring across
the SPLM. CVF i Clayton Valley Fault; EPF T Emigrant Peak Fault; LMF 7 Lone Mountain Fault.
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2.5DISCUSSION

Understanding geodetic rates of deformation at higher spatial resolution has
implications for resolving the discrepancy between slaord longterm slip rates in the
southern Walker Lane. By estimating deformation in smaller regions or across individua
faults, we can see where geodetic rates are elevated and predict where geologic rates are
likely underestimated. Geologic slip rates can underestimate the strain field in a number
of ways. For example, deformation may be distributed off major faultshvwéads to
underestimated offsets. In addition, some deformation, whether distributed or
concentrated on faults, may not be preserved in the geologic record when erosion or scarp
degradation occurs. This is particularly problematic in large basinsiitad
unconsolidated alluvium, as in the Basin and Range.

Late Pleistocene geologic extension rates across the SPLM inclutle3 Grim/yr
on the Emigrant Peak FauRé€heis and Sawyet997%, 0.1:0.4 mm/yr on the Lone
Mountain Fault Hoeft and Frankel2010, and 0.20.3 mm/yr on the Clayton Valley
Fault Foy et al, 2012, for a total sum of 0-2.0 mm/yr. This wide range of possible
rates makes it difficult to constrain the discrepancy between &myshorterm rates,
but the maximum is remarkably similar to the ~2 mm/yr of contemporary extensional
deformationwe observedFigure2.6). Thus, if we assume the maximum extension rates
on these faults reflect the true slip rates, our data suggest that distributed extension in the
SPLM is likely not causing the majority of the observed discrepancy in &mtyshor
term slip rates. Instead, we find the discrepancy exists across Owens Valley. The plate
parallel GPS velocity gradient across Owens Valley is ~2 mm/yr, while the sum of the

late Pleistocene rigHateral slip rates is 0-8.4 mm/yr(Kirby et al, 2009. Lee et al.
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(20019) estimated rightateral slip on the Owens Valley Fault (OVF) toh8-3.6 mm/yr

over the Holocene, and proposed that Fgkeral slip from the OVF was transferred to

the WMF further northKirby et al (2008 estimated even faster late Pleistocene fight
lateral slip rates on the OVF between 2.8 and 4.5 mm/yr. If OlgRrahsfers north to

the WMF, then the discrepancy may range from zero (fully reconciled) to as much as
~4.0 mm/yr of slip that is not accounted for at the latitude of the WMF. The discrepancy
here between longnd shorterm rates can be the result ef/eral possible factors: 1)
geologic slip rates are underestimated, 2) deformation in Owens Valley is distributed
among many small structures and a complete record of slip is not preserved, 3) transfer of
slip to the west or northwest (egagorserRinkeet al [2013]) or 4) Owens Valley is
currently experiencing a transient increase in strain. Since #&mgshorterm slip rates
agree in other parts of the Walker Lane, suggesting an absence of transient strain, we
favor some combination of the first #& factors rather than transient increases in strain
rate as an explanation for the discrepancy
term record is more likely broadly distributed deformation on small or poorly preserved
structurege.g.Foy et al, 2012, or underestimated on known structures. The scarcity of
quantitative slip rate estimates on the WMF makes it difficult to evaluate the accuracy of
previous estimates there, but geomorphic evidesuggests that the west side of the

White Mountains has experienced significant tectonic activity. Furthermore, the smooth
GPS velocity gradient across the White Mountains block suggests slip is partitioned
nearly equally on either side. Yet, righterd slip rate estimates at the same latitude on

the FLV, which bounds the east side of the White Mountains, are considerably higher
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(2.53 mm/yr[Frankel et a] 2011) than the rate on the WMF (684 mm/yr[Kirby et

al., 2006). Thus, late Pleistocene slip rates on the WMF are likely underestimated.
Other factors may contribute to the discrepancy indamg shorterm slip rates.

For example, postseismic effects of the 1872 Mw7.6 Owens Valley earthquake may

increase the observed contemporary geodetic slip rates because strain accumulation is

faster at the beginning of the earthquake cgelg.Hammond et a].2009 Dixon et al,

2003). However, while some layered viscoelastic dislocation models can account for

postseismic relaxation and predict slip rates that agree withtéonggeologic slip rates

(e.g.Savage and Lisowski9998, we believe postseismic effects are not contributing

much to the discrepancy because other regions of the Walkeelstern California

shear zone that should bengarly affected exhibit no discrepancy between loagd

shortterm slip rates. Furthermore, the long time series from continuous GPS stations in

the region show a clear linear trend in displacement over at least the last ~10 years.

2.6 CONCLUSIONS

Using a dense GPS network across the southern Walker Lane, we investigate the
previously observed discrepancy in leagd shorterm slip rates. We find that the
southern Walker Lane at ~37.5°N accommodates 10.6 + 0.5 mm/yr cfaigtdl slip
along the loal plate motion direction &23° the SPLM is currently undergoing ~2
mm/yr of extensional deformation towa285° and Owens Valley accommodates ~2
mm/yr of contemporary rigHtateral deformation, compared to 0.4 mm/yr of slip during
the late Pleistocen We conclude that contemporary rates of extension across the SPLM

are equivalent to maximum late Pleistocene rates of extension, and that the observed
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discrepancy between contemporary geodetic andtemg geologic slip rates across the
southern WalkekLane is occurring somewhere in Owens Valley. The discrepancy is
likely a combination of underestimated geologic slip rates on the WMF and broadly

distributed deformation in Owens Valley that is not well preserved in the geologic record.
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CHAPTER 3
QUATERNARY SLIP RATES ON TH E WHITE MOUNTAINS
FAULT ZONE, EASTERN CALIFORNIA: IMPLICAT IONS FOR
COMPARING GEOLOGIC T O GEODETIC SLIP RATE S ACROSS

THE WALKER LANE

3.1ABSTRACT

The White Mountains fault zone, California is one of the major Hlgfletral faults
thataccommodates righateral shear across the southern Walker Lane. We oembi
field geomorphologic mapping amagh-resolution airborne LIDAR digital elevation
models with*Ar/**Ar geochronologyand*°Be cosmogenic nuclide exposure ages to
calculate new naidle Pleistocene, late Pleistocene, and Holocenelaggal slip rates
on the White Mountains fault zone. A shutter ridge containing 755 + 7 ka Bishop tuff ash
has been righlaterally offset 854 + 20 m, constraining the middle Pleistocene slip rate to
1.1 + 0.1 mm/yr. Alluvial fans with ages of 94.0 +1818/.8 ka, 38.4 + 9.0 ka, and 6.2 £
3.8 ka have been righaterally displaced 175+ 20m, 73+3 m,and, 11+ 1 m
respectively, yielding slip rates of 1.9 +GGA mm/yr, 1.9 +0.50.4 mm/yr, and 1.8
+2.8+0.7 mm/yr. These new slip rates elucidate the slip history of the White Mountains
fault zone at several time scales, and help resolve the kinematics of the complex Pacific
North American plate boundary. Our results suggest that slip on the Whited#msun
fault zone has remained remarkably constant from theRi@idtocene through the

Holocene. These results also help reconcile a portion of the observed discrepancy
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between geodetic strain rates and known late Pleistocene slip rates in the soutkern Wal
Lane. In particular, the sum of late Pleistocene slip rates across faults at ~37.5°N latitude
in the southern Walker Lane projected to the plate motion accoumsfed.1/0.6

mm/yr, approximately ~@% of the observed geodetic slip rate of 10.6 S 1@m/yr.

3.2INTRODUCTION

Understanding spatial and temporal variations in strain accumulation and release
along plate boundaries is a fundamental problem in tectonics-t8horaind longerm
slip rates are expected to be equal if the regional dteddsemains unchanged over
time, yet discrepancies between modern geodetic (decadal time scale) slip rates-and long
term geologic (1810° ka) slip rates have been observed on several major fault systems,
including parts of the Pacifilorth America plée boundary system (e.g. Bennett et al.,
2003; Dolan et al., 2007; Frankel et al., 2007a, 2011; Oskin et al., 2008). Slip rate
discrepancies have important implications for the evolution of faults and plate
boundaries. Discrepancies may imply that straimansient and varies in time. For
example, clarifying longand shorterm slip rates may lead to a better understanding of
characteristic vs. clustered earthquake rupture behavior (e.g. Gold and Cowgill, 2011,
Wallace, 1987; Schwartz and Coppersmitt84)9 Or, discrepancies may imply that
strain is distributed neaniformly within a region of uniform far field stress (e.g.
Thatcher, 2009). However, it is not clear whether observed discrepancies are real or
simply a manifestation of insufficient data.l@dating new slip rates (e.g. Frankel et al.,
2011) and revisiting existing slip rates (e.g. Cowgill et al., 2009) have helped reconcile

some slip rate discrepancies, however the slip rate discrepancy in the southern Walker
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Lane at ~37.5°N remains unregedl (e.g. Kirby et al., 2006; Frankel et al., 2007;
NagorserRinke et al., 2013).

The southern Walker Lane is a diffuse ri¢diteral shear zone comprising strke
slip faults and extensional steper normal faults that is thought to accommodate ~20%
of the relative motion between the North American and Pacific plates (Bennett et al.,
2003; Wesnousky, 20@5Hammond and Thatcher, 2007; Leelet20093 (Figures3.1
and3.2). However, within parts of the southern Walker Lane the contemporary geodetic
defamation rate is twice as high as the geologic deformation rate averaged over the late
Pleistocene. The two main riglatteral structures in the southern Walker Lane are the
Fish Lake Valley fault (FLVF) and the White Mountains fault zone (WMFgure3.2).

The FLVF accommodates up to 3.3 +607X mm/yr of rightlateral motion since ~70 ka
(Ganev et al., 2010; Frankel et al., 2011), while the 4lafietral slip rate on the WMFZ is
~0.30.4 mm/yr since ~22 ka (Kirby et al., 2006). To the east of Fish LaKey faults

in the Silver Pealkone Mountain extensional complex (SPLM) accommodate shear
zoneparallel motion through extension, much like other-ste@r faults in the Walker
Lane such as the Quewalley fault (Lee et al., 2009aDeep Springs faullLge et al.,
2001b), and Tin Mountain faultRigure3.2). Within the SPLM, Emigrant Peak fault,
Clayton Valley fault, and Lone Mountain fault accommodatel03lmm/yr (Reheis and
Sawyer, 1997), 0-0.3 mm/yr (Foy et al., 2012), and @4 mm/yr (Hoeft andrrankel,
2010) of slip since the late Pleistocene, respectively. In order to compare geologic slip
rates to geodetic slip rates, we reproject all geologic slip rates to the direction of plate
motion,323°(Bennett et al., 2003; Lifton et al., 2013) (TaBl#). The total late

Pleistocene righlateral slip rate summed across the southern Walker Lane at ~37.5°N is
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6.1 +1.0/0.5 mm/yr, ~60% of the geodetic rate of 10.6 £ 0.5 mm/yr (Lifton et al., 2013)

measured by GPS across the same @ralale 3.1)
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Figure 3.1.Regional tectonic map of the western United States showing physiographic provinces,
plate boundaries, and relative plate motion between North American and Pacific plates. ECSZ
eastern California shear zone.
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Figure 3.2.Shaded relief map ofthe southern Walker Lane showing major Quaternary faults. White
filled circles are locations of slip rates (white text). Bar and ball is located on the hanging wall of
normal faults; arrow pairs indicate relative motion across strikeslip faults. AV i Adobe Valley;
BMF i Black Mountain fault; BRF i Benton Range fault; CFi Coaldale fault; CV i Clayton Valley;
CVF i Clayton Valley fault; DSF i Deep Springs fault; DVFi Death Valley fault; EPFi Emigrant
Peak fault; ESFi Eureka-Saline fault; EV i Eureka Valley; FSFi Fish Slough fault; FLV T Fish
Lake Valley; FLVF i Fish Lake Valley fault; HCF i Hilton Creek fault; HVF i Huntoon Valley
fault; LM 1 Lone Mountain; LMF i Lone Mountain fault; LVC 1 Long Valley Caldera; OV i Owens
Valley; OVF 1 Owens Valley fault QVF i Queen Valley fault; RVFi Round Valley fault; SPT

Silver Peak Range; TMFi Tin Mountain fault; VT i Volcanic Tableland; WMFZ i White
Mountains fault zone.
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While postseismic relaxation and other earthquake cycle effieety skew the
observed geodetic slip rate, these effects are likely not of high enough magnitude to
explain the twefold discrepancy between geologic and geodetic slip rates. We believe
that the previously calculated late Pleistocene slip rate on the WM8&B0.4 mm/yr;

Kirby et al., 2006) is significantly underestimated given the high slip rates on the Owens
Valley fault (up to 3.6 £ 0.2 mm/yr; Lee et al., 2@0Kirby et al., 2008).

Slip rate estimates for the Owens Valley fault (OVF) vary from 1.84m/yr
to 3.6 £ 0.2 mm/yr during the Holocene (Lee et al., 2D81.2.84.5 mm/yr during the
late Pleistocene (Kirby et al., 2008). Lee et al. (20@hd Sheehan (2007) hypothesized
that slip from the Owens Valley fault continues north onto the Whdariains fault
zone. However, the estimated late Pleistocene slip rate on the White Mountains fault zone
is 0.30.4 mm/yr (Kirby et al., 2006), ~1P0% of the rightateral slip rate along the
OVF. This discrepancy in fault slip rates suggests that tiraasd slip rate along
WMFZ is too low and/or transfer of righateral fault slip from the OVF is, at least in
part, partitioned northward into the Volcanic Tableland (NageRieke et al., 2013).

Reheis and Dixon (1996) hypothesized that the northweetkdse in slip rate from the

OVF to the WMFZ may be attributed to slip transfer to the FLVF via the Deep Springs
normal fault. However, based on geodetic data, Lifton et al. (2013) suggested that most of
the observed discrepancy between taangd shorterm slip rates at latitude of ~37.5°N

may be occurring across Owens Valley. Thus, the WMFZ is an excellent candidate for
reevaluating geologic slip rates.

In this study we evaluate (1) the tiad discrepancy in modern geodetic and late

Pleistocene geolagslip rates, and (2) the discrepancy between the predicted transferred
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from the OVF to the WMFZ. We calculate four new ridgiteral slip rates on the WMFZ
using detailed field geomorphologic mapping, hrgkolution LIDAR digital elevation
models*°Ar/**Ar geochronology, antfBe terrestrial cosmogenic nuclide (TCN)

exposure ages.

3.2.1Tectonic and Geologic Setting

The White Mountains are a notiorthwest striking crustal block within the
western boundary of the Basin and Range physiographic proiimree3.2). The
northern edge of the range is bound by the northeast striking Queen Valley normal fault
and the southern edge of the range is adjacent to and continuous with the Inyo Range, but
separated by the northeast striking Deep Springs normiial Tae range is bound on the
east side by the nortorthwest striking Fish Lake Valley righdateral fault, and on the
west by the rightateral WMFZ. Exposed within the range are Precambrian and
Paleozoic metasedimentary rocks and Mesozoic metasedmnanthmetavolcanic rocks
intruded by numerous Mesozoic plutons related to the arc magmatism that created the
Sierra Nevada batholith (Stockli et al., 2003; McKee et al., 1982; Hanson et al., 1987;
Crowder et al., 1973; Krauskopf, 1971). The location amalt of the WMFZ appears to
be controlled to some extent by a-grasting Mesozoic shear zone along the western
margin of the northern White Mountains (Stockli et al., 2003).

Thermochronologic data from Stockli et al. (2003) suggest that normal faoiting
the WMFZ began ~12 Ma with the inception of eastt extension, causing uplift and
eastward tilting of the White Mountains block. At ~@Ma, rightlateral strikeslip
displacement began along the FLVF on east side of the White Mountains, accompanied

by the formation of a shedirected pulapart basin in Fish Lake Valley (Stockli et al.,
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2003; Reheis and Sawyer, 1997). Normal faults of the WMFZ were reactivated as right
lateral strikeslip faults beginning ~3 Ma, accompanied by extension on QuedsyVal

and Deep Springs faults steper transfer zones (Stoclt al., 2003; Lee et al., 2009a

Lee et al., 2004). Kirby et al. (2006) proposed that slip rates along the WMFZ decreased
by a factor of 24 sometime between ~755 ka and ~70 ka. Historicaligctin the

WMFZ includes the July 1986 M6.2 Chalfant Valley earthquake sequence, which
produced small rightateral oblique surface fractures along the WMFZ and within the
Volcanic Tableland (Lienkaemper et al., 1987; dePolo and Ramelli, 1987; and 8dith a
Priestley, 2000). Aftershocks in the sequence appear to trend northwesterly obliquely
across Owens Valley, suggesting a possible kinematic link between the WMFZ and faults
to the west.

Pliocene and Quaternary alluvial fan deposits along the westierofsine White
Mountains are cut by a complex array of faults comprising the WNFigi(e 3.3). Well
developed strikaslip geomorphic features, such as linear fault scarps, aabivest
facing fault scarps, offset alluvial fans, deflected drainagesedldepressions, ponded
alluvium, and shutter ridges from Black Canyon to Piute Cregju(e3.3), indicate

active rightlateral strikeslip along the WMFZ.
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Figure 3.3.Simplified geologic map along the central WMFZ showing major fault scarps cutting
alluvial fan surfaces, location of the Estates and Rudolph sites, and major canyons in the White
Mountains. Alluvial fan stratigraphy is generalized.
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3.3GEOLOGICAL MAPPING

Based on our mapping along the length of the WMFZ, we identified two sies, th
Rudolph site and the Estates site, near the mouths of Coldwater Canyon and Piute Creek,
respectively [Figures3.2 and3.3), for detailed geologic and geomorphic mapping to
document Pleistocene and Holocene slip rates. Mapping was done at 1:10,000 and
1:6,000 scales on lowunangle airphotos and LiDAR hillshade digital elevation model
(DEM) basemaps, respectivel¥igures3.4, 3.5 and3.6). Alluvial fan units were
differentiated and placed in a chronostratigraphic framework following the criteria of
Bull (1991). These criteria include height above stream channels, degree of dissection,
stratigraphy, soil profile development, degree of varnish, and pavement development.

Airborne laser swath mapping (ALSM) data were collected along a swath
covering a portin of the White Mountains fault zoifeigure3.4). Data were collected
by the National Center for Airborne Laser Mapping (NCALM) on July 4, 2012 using an
Optech Gemini Airborne Laser Terrain Mapper. The swath covered an area of 440 km
with a point densit of 9.6 points/metér Data were processed to point cloud and 1
resolution DEM by NCALM. Point cloud and DEM data are available through the

OpenTopography data portaktp://www.opentopography.org
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Figure 3.4.Hillshade map of airborne LIDAR swath, with the locations of the Estates and Rudolph

sites outlined.
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Figure 3.5.(a) Low sun angle aerial photograph (not orthorectified) of the Rudolph site with faults
and fan unit contacts. Scale is approximat. (b) Geologic map of displaced alluvial fans at the
Rudolph site. White arrows are offset markers for Q2c fan; gray arrows are offset markers for PQf

fan.
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Figure 3.6.(a) Low sun angle aerial photographs (not ortheectified) of the Estates site withfaults
and fan unit contacts. Scale is approximate. (b) Geologic map of displaced alluvial fans at the Estates
site.
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3.3.1Alluvial Fan Stratigraphy

3.3.1.1POf Alluvial Fan Unit

The PQf alluvial fan is composed of moderately west tilted PlicCaregenary
alluvial fan depositsKigure3.5). These deposits are composed of pebble to cealibdel,
angular clasts dominated by phyllite and are locally interbedded with 10s of cm thick
tuffaceous sand composed of pumice fragments, feldspar, and quartZacebus sand
supported alluvial fan deposits. Exposed in the lower part of the unit @ Bick
horizon of reworked medium gray, fhggained pumiceous lithified tephra with fine
grained metapelitic lithic (Paleozoic) fragments which grades upwawdthim typical
angular clast metapelite alluvial fan deposit. A layer of unconsolidated volcanic ash
outcrops on a small stream terrace (location of sample WMFZ05RIg§une3.5)
developed into PQf and is therefore younger than the PQf deposits. TharRQE is
deeply dissected and has a ridgetravine morphology typical of a mature fan surface.
This surface sits up to 55 m above the active channel. Desert pavement is absent from the

PQf surface.

3.3.1.201a Alluvial Fan Unit

Q1a surfaces are highdissected into a ridgandravine morphology. The degree
of dissection ranges from meters to tens of meters. Qla surfaces appear light in color in
aerial photographs due to the lack of rock varnish. In some localities, desert pavement
remnants exist othe apex of ridges, but diffusive processes have degraded them. Soils

within Q1a units generally have &54cm thick Av horizon immediately below the
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surface. Below the Av horizon, pebbte cobblesized grains have thick pedogenic

carbonate coatings. @mnate stringers appear throughout the soil profile.

3.3.1.302c Alluvial Fan Unit

The Q2c alluvial fan surface is planar with <10 cm of bar and swale topographic
relief. The surface is from ~12 m to as much as ~30 m above the most recently active
streamchannel. Desert pavement is not well developed; instead, the surface is composed
of a thin, norinterlocking veneer of angular to subangular graetd clasts. Clast
lithology is primarily finedgrained metasedimentary rock, limestone, and occasional
vein quartz. Little to no varnish has developed on surface clasts. Abundant silt underlies,
and fills in spaces between, surface clasts. Small shrubs, <1 m in height, are spaced ~3 m
apart. While individual clasts in this deposit do not have pedogenic eaebomatings,
the deposit contains a thin layer of pedogenic carbonate at ~100 cm depth. The deposit
also contained several cobldezed clasts composed entirely of pedogenic carbonate that

were transported to their current location from a source upstream.

3.3.1.403a Alluvial Fan Unit

The Q3a alluvial fan surface is planar, with no distinguishable bar and swale
topographic relief. A moderately interlocking desert pavement of coabtegravel
sized clasts has developed on this surface. Clasts are netyglgeahished and rubified,
and are composed of firgrained metasedimentary rock, limestone, and vein quartz.
Vegetation on the surface consists of -<€b@®tall shrubs, spaced ~2m apart. The
surface is ~1415 m above the modern stream channel. Modegrdleloped pedogenic

carbonate coatings occur on some clasts throughout the deposit, but are thickest between
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60 cm and 120 cm depth. The deposit is moderately cemented between 60 cm and 120

cm depth.

3.3.1.504 Alluvial Fan Unit

The Q4 alluvial fan suéfce is relatively planar. Bar and swale is present, but very
subdued and has ~10 cm of topographic relief. The surfacedsn-above the most
recently active stream channel. The surface has abundant silt and sand, with a thin veneer
of noninterlocking gavetsized clasts composed of figeained metasedimentary rock,
vein quartz, and limestone. Desert pavement and desert varnish are absent. Large sage
shrubs, ~32 m in height, are spaced ~3 apart across the surface. Some clasts have a thin
pedogenic cardmate coating, however these may be relict coatings from previous

residence of sediment in earlier fan deposits.

3.4GEOCHRONOLOGY

3.4.1%Ar/*°Ar Dating

We constrained the age of the PQf fan deposits At >°Ar dates on sanidine
crystals from two tghra horizons, one interbedded with the deposits (sample
WMFZ05.06A) and another an unconsolitated ash deposit unconformable on top of the
PQf deposits (sample WMFZ05.08) (d6gure3.5 for sample locations and Tal8e
for analytical data). Total fusioof sanidine grains from sample WMFZ05.06A yields a
mean probability distributiof’Ar/**Ar age of 1. 2 1HgurdB.7)farthel 8 Ma
interbedded tephra horizon. Total fusion of sanidine grains from sample WMFZ05.08

yields a mean probability distributidfAr/*®Ar age 0. 755 Hyur€3.7007 Ma
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indicating this tephra depositiBishop ash (cf. Sarrd/ojcicki et al., 2000). Thus, the

PQf fan surface has been offset sometime after 0.755 Ma.
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Figure 3.7.Plots of %*Ar (a), K/Ca ratio (b), individual sanidine grain ages (c), and probability
density plot of sandine*®Ar/ *°Ar ages (d) from two tephra layers, WMFZ05.06A and WMFZ05.08,
interbedded in PQf fan unit. MSWD, mean square weighted deviation; n = number of sanidine
grains analyzed.
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3.4.2TCN Exposure Dating

To determine exposure ages for Q2c, Q3a, and Q4 alluvial fan surfaces we
completed depth profiling dfBe, a terrestrial cosmogenic nuclide (TCN). TCN
exposure dating is based on the accumul at.
of cosmogenic ntlides, which are produced when cosmic rays interact with atomic
nuclei in minerals (Lal, 1991; Gosse and Phillips, 2001). Exposure age is a function of
several factors, including production rate (which varies with latitude and elevation),
radioactive decarate of the nuclide, and erosion of the surface. In depositional
environments, such as alluvial fans, some TCNs may have accumulated in the sediment
before it was deposited in the fan. This additional TCN concentration is referred to as
inheritance andan be addressed through depth profiling (Anderson et al., 1996), in
which TCN concentration is measured at increments below the surface. TCN production
decreases quaskponentially with depth below the surface and is effectively zero at a
depth of ~23 meers. Thus any TCN accumulation below the penetration depth of cosmic
rays is inherited from previous exposure and can be treated appropriately when modeling

ages.

3.4.3TCN Sample Collection

We dug ~2 m deep soil pits to sample TCNs in three alluviaddsiaces: Q2c,
Q3a, and Q4Kigures3.5 and3.6). Each pit was located on stable, rbarizontal
surfaces away from risers and gullies that are affected by diffusive sediment transport
processes. Five to seven samples of sediment were taken-ft@en®thick surface
parallel horizons at different depths. Samples within a given pit were collected from a

single massive debris flow deposit; we avoided sampling across unconformities.
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In addition to subsurface samples, we also collected an amalgamatee surfa
sample of quartzich clasts from each of the fan surfaces immediately surrounding the
soil pits. The amalgamations consist of 34, 35, and 139 clasts for Q2c, Q3a, and Q4
surfaces, respectively. Surface clasts ranged in mass from 5 to 27 grams, with

appoximate dimensions of 3 cm by 3 cm by 3 cm.

3.4.4TCN Sample Preparation

Samples were prepared at the Georgia Tech TCN Geochronology Lab following
standard methods (e.g. Kohl and Nishiizumi, 1992). Depth profile samples were sieved to
isolate the approfate size fraction. The25® 00 em si ze fraction 1s
profile analysis, but in some cases we expanded the range of grain size in order to retain
enough material for analysis. We usedthe3260 e m si ze fraction f o
profile, the2507 1 0 e m si ze fraction for-71i6ee@38ai dep
fraction for the Q4 depth profile. Surface clasts were crushed and mixed into a single
amalgamation for each surface, and then sieved to isolate tf#@3D e m si ze fr ac
Quatz was isolated and purified with a series of HF leaches in heated ultrasonic tanks.
After dissolution, Be was extracted from the quartz by ion exchange chromatography,
then precipitated as Be(OFgnd oxidized to BeO. The BeO was mixed with niobium
powderand packed in a target. THBelBe ratio of each sample waseasured by
accelerator mass spectrometry at the Center for Accelerator Mass Spectrometry at
Lawrence Livermore National Laboratory (CAMENL). Isotopic ratios were
normalized to standard 07K8TD3110 with a value of 2.85 x 1®(Nishiizumi et al.,

2007). TCN ample data can be found in TaBI8.
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3.4.5TCN Exposure Age Modeling

We followed the methods of Hidy et a20(10) to model our depth profiles and
calculate exposure ages. The Hidy et al. (2010) model is a Monte Carlo simulator that
takes into account sigpecific geological constraints to find the most probable age,
erosion rate, and inheritance, while propagatincertainty for each. For our age models
we used a sea level, high latitudBe production rate of 4.76 atoms g*, scaled for our
locations (Lal, 1991; Stone 2000; Nishiizumi et al., 2007). Since the horizon was less
than 12° in all directions, esamples did not require a topographic correction and we
used a shielding factor of 1. We allowed sediment density in the model to vary within a
reasonable range for alluvial sediment, from 1.8 §cn2.4 g/cmi. Erosion rate varied
between3 and 3 cm/&, while net erosion varied betwe&® and 50 cm, with negative
values representing aggradation. We allowed the inheritance values in the model to vary
from a maximum equal to the concentration of the deepest sample, to a minimum equal to
half of that valie.

We excluded three samples (30 cm, 45 cm, and 70 cm depth) from our model of
the Q2c depth profile because they appear to have undergone mixing and they do not
follow the expected theoretical relationship betw¥&e concentration and depth. The
remahning three depth profile samples and one surface sample from the Q2c fan did not
pass the chsquare test at the 95% confidence interval window, and thus we could not
rigorously constrain the exposure age of that fan. However, by increasing the size of the
confidence interval window of the model fi
age of 94.0 +18.316.8 ka Figure3.8). While this provides a reasonable estimate of the

fan exposure age, we emphasize that this age and its associated uncertaintgis n
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constrained. We used a second method, the CROBHJtH calculator (Balco et al.,
2008), for estimating the exposure age of the Q2c fan. This method uses the surface
amalgamatiori®Be concentration minus tH&88e concentration of the deepest sanagld
yielded a model age of 83.1 + 10.4 ka. This is the same, within uncertainty, as our
estimate from depth profile modeling and provides support for a Q2c exposure age in the
70-115 ka range.

We modeled exposure ages that passed thegelare test at €195% (2sigma)
confidence interval window for the Q3a and Q4 fans. The Q3a depth profile consists of
four subsurface samples and one surface sa
uncertainty for the Q3a fan is 38.4 £ 9.0 kag(ire3.8). The Q4 depth jrfile consists of
six subsurface samples and one surface sample. We excluded from our model the sample
at 38 cm depth because it does not follow the theoretical relationship béf®een
concentration and depth. The fordhe@®4fands expos
6.2 + 3.8 kaigure3.8).

Our fan exposure ages overlap, within uncertainty, with several published fan
exposure ages in the Walker Lane, eastern California shear zone, and Death Valley

region lending confidence to the accuracy of oyposure ages—{gure3.9).
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Figure 3.9.(a) Ages from this study (blue) compared to setted alluvial fan ages and uncertainties

reported in the eastern California shear zone, Walker Lane, and Death Valley region. Dashed

vertical lines correspond to our ages and thegrayshadd r egi ons coruneedaptien d t o t
associated with thoseages. (b) Probability density function (PDF) of published ages (excluding ages

from this study). Grey curves are individual age PDFs and black curve is total PDF. Note th#the

uncertainty for all ages is uniform when calculating the PDF to avoid biasinthe total PDF toward

ages with low uncertainties.
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3.5FAULT GEOMETRY, GEOMORPHOLOGY, SLIP MAGNITUDE,
AND SLIP RATES

The WMFZ is approximately 560000 m wide and consists of up to four
subparallel strands that cut through the alluvium along the wesigge front of the
White Mountains. The average strike of fault zone is ~353°; the average strike at the
Estates site is ~348° and the average strike at the Rudolph site is ~351°. WMFZ fault
scarps are generally west facing, although in several plagetateseast. The alternation
between west and east facing scarps along short section of the fault scarp suggests that
apparent vertical offset is the result of lateral displacement of high topography juxtaposed
against low topography. Scarps range in higiighm 1-4 m.

The WMFZ cuts and offsets PQf, Q2c, and Q3a, and Q4 alluvial fans surfaces at
both field sitesKigures3.5 and3.6). Fault displacement measurements were made from
the m-resolution LIDAR DEM using the Lateral Displacement Calculator (CzDz)
MATLAB software package (Zielke and Arrowsmith, 2012). LaDiCaoz treats the-cross
sectional profiles of stream channels or fan risers as waveforms. The user defines a fault
plane, a crossectional profile of the offset stream channel on each sitteedéult, and
the angle that the offset channel projects onto the fault. One channel profile is stretched,
vertically shifted, and horizontally translated along the fault plane relative to the second
profile in order to get the best fit between offsedruels. We used channels, channel
walls, and alluvial fan risers as offset markers when backslipping the Fegutr¢3.10).
LaDiCaoz calculates a Goodness of Fit parameter when matching channel profiles, but it

does not explicitly calculate uncertaintiagdisplacement measurements. Therefore, we
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estimate uncertainties in displacement measurements based on the range of values that

provide a reasonably good reconstruction of offset markers.
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Figure 3.10.An example of application of the Lateral Displaement Calculator (LaDiCaoz). (a) tm
resolution LiDAR hillshade model of the Q3a showing 45 + 3 m righlateral offset of channel wall
and the Estates site. Cyan line is the fault plane; yellow lines define the trend of the channel wall
projected onto thefault; red and blue lines are channel wall profiles. (b) 4m resolution LiDAR
hillshade model backslipped 45 m to restore the channel wall.
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At the Rudolph site, we document displacement of the PQf and Q2c alluvial fans.
The PQf fan at the Rudolph sitertsists of a prominent, high shutter ridge that has been
dissected and rounded by diffusive processes. We use a large channel that has been
deeply incised through the shutter ridge as an offset marker for the PQf fan. Matching
this channel on the west sidéthe fault to the only stream channel on the east side of the
fault large enough to cut through the shutter ridge results in right lateral displacement of
854 = 20 m (see gray offset marker arrowEigures 3.5 and3.11). Our estimate of
uncertainty fo this measurement is based on the obliquity of the channel projection onto
the fault planeVariations in our reconstruction of the channel and its trend result in a
range of offset values that vary by + 20 m. We measure displacement of the Q2c fan by
redoring the northern and southern edges of two small exposures of the fan on either side
of the fault (see white offset marker arrows-igures 3.5 and3.11). The Q2c fan is right
laterally displaced 175 + 20 m. The uncertainty of this measurement is due t
anthropogenic disruption of the original fan surface on the west side of the fault that
obscures the edge of the fan.

At the Estates site the WMFZ displaces Q3a and Q4 alluvial fans. The Q3a
surface is deeply incised by three SMiving channels, and tfet of these channel walls
provide robust markers for measuring offset. At least four strands of the fault cut the Q3a
fan, however offset markers are only preserved along two strands. We measured three
channels incised into the Q3a fan of that are +igtarally displaced 35 + 3, 45 + 3 m,
and 28 + 3 mKigures 3.6 and3.12). The 35 + 3 m offset occurs where a previously
continuous northwedacing channel wall has been righterally offset and the fan on

the eastern side of the fault has been paytialried by younger Q3b fan deposits. The
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eastern channel wall remains exposed above the Q3b deposits and can be restored back to
its original position. The 45 + 3 m offset occurs where a soutfi@eésg channel wall

has been displacel®aving a downstam-facing scarp that has been shielded from

erosion Figures3.6, 3.10,and3.12). Diffusive processes have deposited some material

in the shielded corner behind the scarp, but the scarp is clearly expressed and the
projection of the unaltered channel wialio the scarp is also clear. The 28 + 3 m offset
also occurs where an offset southdastng channel wall has created a downstream

facing shielded scarp. The maximum displacement on the two fault strands is additive
and thus our estimate of the minimuainsplacement of the Q3a fan is 45 + 3 m plus 28 +

3 m, or a total of 73 £ 3 m. Our estimate of uncertainty for this measurement is dictated
by our ability to locate the channel walls. This displacement measurement is a minimum
because additional unmeasudisplacement has occurred on the adjacent fault strands.
An incised ephemeral stream channel records-tagbtal displacement of the Q4 fan
(Figures3.6 and3.13). The offset occurs near the bifurcation of the fault into two
subparallel strands. The fais expressed as a small (~1 m) wiegting scarp in the Q4
alluvial fan. We use the thalweg of the deflected stream channel to determine total Q4
fan displacement of 11 + 1 m. Because this channel is small, the uncertainty of this
measurement is dicted by our ability to estimate the location of the channel on-tne 1

resolution LIDAR DEM.
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Figure 3.11. (§ Geologic map of displaced alluvial fans at the Rudolph site. White arrows are offset
markers for Q2c fan; gray arrows are offset markers for PQ@ fan. (b) Backslipped geologic map
showing 854 + 20 m restoration of a channel that incises the PQf surfa¢e) Backslipped geologic
map showing 175 + 20 m restoration of offset Q2c fan surface.
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Figure 3.12. (3 Geologic map of displaced alluvial fangt the Estates site(b) Backslipped geologic
map showing restored Q3a alluvial fan surface. The Q3a alluvial fan surface is displaced a total of 73
+ 3 m by two strands of the WMFZ (see Figre 3.10for an example of Q3a offset). A small

abandoned channeln the Q4 fan surface is offset 11 + 1 m (see kig 3.13for details of Q4 offset).
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Figure 3.13.Hillshade topographic map derived from tm resolution LIDAR data showing fault
scarp and 11 + 1 m offset of ephemeral stream channel. White dashed lisghe channel thalweg; red
dashed lines define the trend of the thalweg projected onto the fault.
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We calculated righlateral fault slip rates using the methods of Zechar and
Frankel (2009), in which ages and displacements are treated as probabdity den
functions (PDF). This probabilistic approach explicitly propagates the uncertainty of each
measurement through the slip rate calculation. We treat the displacement measurements
as Gaussian PDFs because we assume symmetric uncertainty for thosemssdasure
However, the age PDFs produced by the Hidy et al. (2010) model are asymmetric, so we
treat those as arbitrary PDFs in the Zechar and Frankel (2009) model.

Given the displacements and ages described above, we calculatatacddtslip
rates of 11 + 0.1 mm/yr, 1.9 +0.50.4 mm/yr, 1.9 +0.50.4 mm/yr, and, 1.8 +2.4).7
mm/yr along the WMFZ for the PQf, Q2c, Q3a, and Q4 fan surfaces, respedtigglye(
3.14and Table3.4). When estimating slip rates on faults cutting alluvial fans, we make
three important assumptions: (1) the alluvial fan was deposited in one event that occurred
instantaneously; (2) accumulation of TCNs began as soon as the alluvial fan was
deposited; and (3) the fault displaced the alluvial fan soon after it was depositgtgsol
the fan surface from further deposition and allowing it to be preserved. In other words,
the exposure age of the fan is a maximum age for fault offset since it is possible the fault
offset the fan long after the fan was abandoned. As a result efabssmptions, and the
fact that all but the Q4 displacement measurements are minima, the slip rates we estimate

are minima.
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Figure 3.14.Slip rate probability density functions for offset PQf (a), Q2c (b), Q3a (c), and Q4 (d)
alluvial fans. Uncertaintiesar e reported at the 10 | evel. Vertical
gray box represents the 10 uncertainty interval.
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3.6 DISCUSSION

We doawment four righilateral slip rates spanning the middle Pleistocene through
the Holocene that suggest remarkably constant strain release on the WMFZ. The slip
rates presented here are minima for two primary reasons: (1) displacement measurements
are minimabecause offset markers were not observed on all strands of the fault, and
therefore we cannot account for all the displacement across the WMFZ; and (2) fan
exposure ages are maxima because we assume displacement of alluvial fans occurred
shortly after depsition, but the duration of displacement may have been shorter. In some
cases our slip rates are minima for a third reason: lateral fluvial erosion of channel walls
erases the markers of true offset and the resulting displacement measurements are
minima.

Our results have implications for longs. shoriterm slip rates across the Walker
Lane. At ~36.5°N latitude, the sum of let&yrm geologic slip rates is the same, within
error, to the shoiterm geodetic slip rates (cf. Bennett et al., 2003; Lee,e2G09a). In
contrast, there has been a significant discrepancy observed in the southern Walker Lane
at ~37.5°N latitude between loitgrm geologic slip rates and shtgtm geodetic slip
rates. The sum of published late Pleistocene slip rates, projeataditthe plate motion
direction 0f323°, across this part of the Walker Lane is 6.1 +0.8/mm/yr Figure 3.15,
Table3.1) (Kirby et al., 2006; Frankel et al., 2011; Reheis and Sawyer, 1997; Foy et al.,
2012; Hoeft and Frankel, 2010). However, dislamatnodels constrained by GPS data
predict a longterm slip rate at ~37.5°N latitude of 10.6 + 0.5 mm/yr (Lifton et al., 2013).
Many hypotheses have been invoked to explain this discrepancy, including transient

strain (Frankel et al., 2011), postseismiaxakion following the 1872 Iy7.6 Owens
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Valley earthquake (Hammond et al., 2009; Dixon et al., 2003), or distributed strain across
the region (Frankel et al., 2011; Foy et al., 2012; Nageiseke, 2013). Including our
new~38 kaslip rate estimatéor the WMFZ in asummationof plate motiorparallelslip
(toward323°) across this part of the Walker Layields a total of7.5 +1.1/0.6 mm/yr

(Figure 3.15Table 3.1)

We consider several hypotheses to account for the remaining difference between
long- andshortterm slip rates. First, some proportion of strain may be accommodated off
of primary faults in a distributed fashion. This may result in deformation that is
unrecognized because it is too small to rupture the surface or because small surface
rupturesthat occur in unconsolidated basin fill are not preserved in the landscape.
Distributed deformation has been proposed as a possible source of uncertainty in geologic
slip rates (e.g. Foy et al., 2012), and has potential to account for significant\&teain.
observed evidence of displacement on other fault strands in the WMFZ that we were
unable to quantify due to a lack of offset markers. Since our slip rates, and those
published by others, are minima, the leagd shordterm discrepancy could potentially
be resolved by accounting for strain that we are currently unable to quantify. Distributed
deformation is extremely difficult to quantify, but future applications of high resolution
LiDAR data may provide a means to estimate the proportion of strainrimgraff

faults.
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Figure 3.15. Velocity diagram of the Walker Lane at ~37.5°N. The long line (10.6 + 0.5 mm/yr) is the
short-term, far-field velocity determined by GPStoward 323° (Lifton et al., 2013). Individual long-
term fault contributions are summed and compared to the shoriterm rate. See Table 3.1 for
additional information.
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Second, slip may be accommodated within Owens Valley and further west across
the Fish Slough fault, the Volcanic Tableland, and Round Valley fault (e.g. Nagorsen
Rinke etal., 2013). This westward routing would allow for transfer of slip from the
Owens Valley fault into the Adobe Hills, located in the southwestern part of the Mina
Deflection (NagorsefRinke et al., 2013). While rigHateral slip rates are not well
documeted on these faults, there is evidence to suggest they may be accommodating
right-lateral displacement. The 1986 M6.2 Chalfant earthquake and 1986 M5.2 White
Mountains earthquake caused minor rifgiteral surface fractures, and the seismicity and
fault plane surface projection trend NNW from the White Mountains range front toward
the Volcanic Tableland (Lienkaemper et al., 1987; dePolo, 1989; Stockli et al., 2003).
Bateman (1965) suggested that the en echelon geometry of faults across the Volcanic
Tablelard and adjacent broad folds were the result of figteral shear. In addition,
NagorserRinke et al. (2013) made two important observations: (a) most of the normal
faults across the Volcanic Tableland strike clockwise with respect to the relative motion
between the Sierra Nevada and North America, thus defining releasing steps in a right
lateral slip system, and (b) some of the normal faults curve into parallelism with Sierra
Nevada and North America relative motion implying they record a-fagétal
component of slip. Phillips and Majkowski (2011) documented rigtdral displacement
along the Round Valley fault, which was previously considered to accommodate only
normal dipslip displacement. Geodetic measurements suggest that several mm/yr of

right-lateral deformation is being accommodated between the White Mountains and the
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Sierra Nevada range (Dixon et al., 2000; Phillips and Majkowski, 2011; Lifton et al.,
2013)

A third hypothesis to explain the slip discrepancy is that slip is transferred to the
NE of the White Mountains into the SPLM (e.g. Frankel et al., 2011). Extension on the
SPLM normal faults is approximately parallel to the direction of shear in the Walker
Lane. The SPLM may act as an extensional-eteg (e.g. Oldow et al., 1994; Dixon et
al., 1995; Reheis and Dixon, 1996), in much the same way as Qabdey fault (Lee et
al., 20093, Deep Springs fault (Lee et al., 2@),1and Tin Mountain fault. The SPLM
provides a potential route for strain to transfer from the southern Walker Lree to
central Walker Lane while bypassing the Mina Deflection. Evidence of distributed
deformation across the SPLM (e.g. Foy et al., 2012) suggests that the extensional zone
might be accommodating more strain than is documented. Furthermore, there iseevidenc
for accelerating extension across the SPLM (Reheis and Sawyer, 1997; Hoeft and
Frankel, 2010; Lifton et al., in prep.), implying that this region may be an important
region for accommodating strain in the southern Walker Lane.

Our results also suggesiat slip rates on the WMFZ have remained nearly
constant since at least the late Pleistocene, and perhaps since the middle Pleistocene. The
Q4, Q3a, and Q2c fan surface slip rates are the same within uncertainty, suggesting that
the slip rate on the WMFZas not changed over the last 100 ky. The PQf fan surface slip
rate is slower, but is constrained by a reworked layer of Bishop tephra. The fact that the
tephra has been reworked from its original deposit allows for the possibility that PQf fan
displacementould be younger than 755 ka and thus the slip rate could be faster than 1.1

+ 0.1 mm/yr. Regardless of the slip rate since deposition of the Bishop tephra, the WMFZ
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shows remarkably constant slip rates since ~100 ka, in contrast to previous hypotheses
that slip rates have been variable on the WMFZ during the Pleistocene (e.g. Kirby et al.,
2006). Kirby et al. (2006) used the Bishop tephra to constrain a middle Pleistocene right
lateral slip rate of 0-0.8 mm/yr, but found that the late Pleistocene (f&ihd + 1.5 ka)
right-lateral slip rate was significantly slower at-@.3 mm/yr. That study suggested that

a major change in the local stress field sometime before ~70 ka caused slip rates on the
WMFZ to slow dramatically. Our results contradict thosKiolby et al. (2006) and

suggest that either slip rates on the WMFZ have remained constant since the middle
Pleistocene, or that slip rates have varied on time scales shorter than the ~70 k.y.
hypothesized by Kirby et al. (2006). Given the strikingly cantsséip rates over the last
~755 k.y., we believe that slip at these locations on the WMFZ has indeed remained

constant.

3.7CONCLUSIONS

We present new geologic mapping, higisolution LIDAR data®°Ar/*°Ar dates,
and'®Be TCN exposure dates to estimfater rightlateral slip rates on the WMFZ over a
wide range of time scales spanning middle Pleistocene to Holocene. Alluvial fans with
ages of >755 + 7 ka, ~7015 ka, 38.4 =+ 9.0 ka, and 6.2 + 3.8 ka have beenlagtrally
displaced by a minimum of 85420 m, 175+ 20 m, 73 + 3 m, 11 + 1 m, respectively,
yielding minimum geologic slip rates of 1.1 + 0.1 mm/yr, 1.9 +0.8/mm/yr, 1.9 +
0.5+0.4 mm/yr, and 1.8 +2.8).7 mm/yr. These results have implications for the
constancy of slip and lorgs. shot-term strain accommodation. Our results suggest that

slip rates on the WMFZ have remained nearly constant from the middle Pleistocene
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through the Holocene. These new slip rates, when added to previously published rates
across the southern Walker Lane, goni.5 +1.1/0.6 mm/yr of slip directed toward

323°. This accounts for 780% of the observed geodetic slip rate of 10.6 £ 0.5 mm/yr
(Lifton et al., 2013). We hypothesize that
accommodated: (1) in a distributed fashadong the major righfateral faults in this part

of the Walker Lane; (2) to the west of the WMFZ in the Volcanic Tableland and Sierra
Nevada frontal faults; and/or (3) to the east of the FLVF via accelerating extension of the

SPLM.
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CHAPTER 4
LATEST PLEIS TOCENE AND HOLOCENE EXTENSION RATES
ON THE LONE MOUNTAIN FAULT: EVIDENCE FOR
ACCELERATING SLIP IN THE SILVER PEAK -LONE MOUNTAIN

EXTENSIONAL COMPLEX

4.1 ABSTRACT

The Silver Pealk.one Mountain extensional complex (SPLM) is a zone
dominated by dowto-the-northwest normal faults, including the Emigrant Peak,
Clayton Valley, and Lone Mountain faults, that accommodates strain within the southern
Walker Lane. We combine detailed field geomorphologic mapping, topographic
surveying, and’Be cosmogenic nuclide pasure ages to calculate new late Pleistocene
and Holocene extension rates on the Lone Mountain fault. Alluvial fans with ages of 14.6
+ 1.0 ka and 8.0 £ 0.5 ka were horizontally displaced 12.2 m and 5.6 m, respectively,
yielding slip rates of 0.8 £ 0.1 migr and 0.7 £ 0.1 mm/yr. These slip rates are
significantly faster than rates from earlier in the Pleistocene, defining a pattern of
accelerating slip on the Lone Mountain fault. We hypothesize that the modern SPLM is a
kinematic link between the southeand central Walker Lane, transferring slip between
the Fish Lake Valley fault and the Benton Springs and Petrified Springs faults. The
possibility of accelerating extension rates across the SPLM helps reconcile the observed

discrepancy between longnd slort-term slip rates in this region.
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4.2INTRODUCTION

The PacifieNorth American plate boundary accommodates ~51 mm/yr of relative
motion across a wide zone along the southwestern margin of North America (DeMets et
al., 2010). Approximately 20% of thatation is accommodated in the Walker Lane, a
diffuse, ~50100-km-wide right lateral shear zone (Fi#§1; Dixon et al., 2000;
Wesnousky, 2005; Lifton et al., 2013). Strain is transferred through the Walker Lane
primarily through nortinorthwest striking rigt-lateral strikeslip faults, such as the
Death Valley fault, Fish Lake Valley fault, Owens Valley fault, and White Mountains
fault zone. Strain is transferred between these subparalletslipkiaults by northeast
striking extensional stepvers fauls, such as Tin Mountain fault, Deep Springs fault
(Fig.4.1; Lee et al., 2001) Queen Valley fault (Lee et al., 2009) (Oldow et al., 1994;
Dixon et al., 1995; Reheis and Dixon, 1996).

Oldow et al. (1994, 2009) proposed that the Silver Reale Mountain
extensional complex (SPLM) is one such extensionaletey, transferring strain from
the Fish Lake Valley Fault to the Benton Springs and Petrified Springs fault zones in the
central Walker Lane to the northeast (Hd.). Similarly, Frankel et al. (200@nd
Frankel et al. (2011) proposed that the northward decrease in slip rate on the Fish Lake
Valley fault is the result of distributed strain across the SPLM. The SPLM consists of a
series of northeast trending normal faults, including Emigrant Peako@l&glley, and
Lone Mountain faults, which all have Quaternary displacements4HRig.Reheis and
Sawyer (1997) report the vertical slip rate on the Emigrant Peak fault since ~6.5 ka to be
3.4 +1.8/0.9 mm/yr, which we convert to a horizontal rate & £20.7/0.5 mm/yr toward

315°, assuming a fault dip of 60°. Foy et al. (2012) report a horizontal extension rate on
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the Clayton Valley since ~17 ka to be-@.B mm/yr toward 320°. Hoeft and Frankel
(2010) report horizontal extension rates across the Mmetain fault to be 0:0.4
mm/yr toward 300° since ~17 ka. We evaluate these extension rates along the SPLM
relative to the local plate motion direction (323® understand their contribution to the
overall plate boundary strain field. The sum of asten directed toward 323° across the
SPLMis 2.6 +0.70.5 mm/yr.

Using geologic and geomorphologic mapping and terrestrial cosmogenic nuclide
(TCN) geochronology Hoeft and Frankel (2010) were able to suggest that extension rates
on the Lone Mountain fauhad increased between 92 ka and 17 ka. We test the
hypothesis that extension rates on the Lone Mountain fault continued to increase from
latest Pleistocene through the Holocene, and that the SPLM may be accommodating a
larger portion of plate boundaryfdemation than previously known. We calculated
extension rates by combining measurements of extensiort®#HTCN exposure ages

from two displaced alluvial fan surfaces.

72



Figure 4.1.Shaded relief map of the southern Walker Lane showing simplified may faults. Light
gray shaded region is the Silver Peakone Mountain extensional complex. BMHA Black Mountain
fault; BM 1 Black Mountain fault (Death Valley); BRF i Benton Range fault; BSFH Benton Springs
fault; CF i Coaldale fault; CVF i Clayton Valley fault; DSF i Deep Springs fault; ECSZi Eastern
California Shear Zone; EIF 1 Eastern Inyo fault; EMF i Excelsior Mountains fault; EPF1 Emigrant
Peak fault; ESFi Eureka-Saline fault; EV i Eureka Valley; FSFi Fish Slough fault; FLV i Fish
Lake Valley; FLV F i Fish Lake Valley fault; GF i Garlock fault; HCF i Hilton Creek fault; HMF i
Hunter Mountain fault; HVF 1 Huntoon Valley fault; LM i Lone Mountain; LMF i Lone Mountain
fault; LVC T Long Valley Caldera; NDVF i Northern Death Valley fault; OV i Owens Valkey; OVF
i Owens Valley fault; PSFi Petrified Springs fault; PVF i Panamint Valley fault; QVF 7 Queen
Valley fault; RFF T Rattlesnake Flat fault; RVF 7 Round Valley fault; SDVF i Southern Death
Valley fault; SLF i Silver Lake fault; SNFF i Sierra Nevada frontal fault; SP 1 Silver Peak Range;
SPLM i Silver PeakLone Mountain extensional complex; TMFi Tin Mountain fault; TPF i Towne
Pass fault; VTT Volcanic Tableland; WM 7 White Mountains; WMFZ i White Mountains fault
zone; WFi Wassuk Range fault.
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4.2.1Tectonic and Geologic Setting

The SPLM is bounded on the west by the Fish Lake Valley fault, on the south by
the Sylvania Mountains and the Montezuma Range, and on the north by the Candelaria
Hills and Monte Cristo Range. The eastern boundary is not effied!, but lies east of
Lone Mountain (Oldow et al., 2008).
Extension in the SPLM initiated at ~B?Ma as a northwestipping detachment and was
active until ~3 Ma, when 2880° of clockwise verticahxis rotation created long
wavelength (2680 km), hidh amplitude (22 km) folds in the detachment, which
eventually locked motion on the fault (Oldow, et al., 2008). The detachment is now
exposed in the Silver Peak Range and at Lone Mountain, where it separates deformed
amphibolite facies rocks in the lowgiate from Cenozoic volcanics and Mesozoic
intrusive rocks in the upper plate (Oldow et al., 2008). As the SPLM detachment shut
down, the Mina deflection became the active slip transfer system connecting the southern
and central Walker Lane (Oldow, et &Q08).
Prominent Quaternary scarps are exposed on Emigrant Peak, Clayton Valley, and Lone
Mountain faults. Reheis and Sawyer (1997) estimated vertical slip rates on the Emigrant
Peak fault of 0.20.5 mm/yr during the late Pleistocene to-2.8 mm/yr duing the
Holocene. We convert their vertical rates to horizontal rates by assuming a fault dip of
60°, yielding 0.4 + 0.1 mm/yr since 5® ka and 2.0 +0.70.5 mm/yr since 6.5 + 1.5 ka.
The late Pleistocene horizontal extension rates on the Clayton ‘allielyong Mountain
faults were recently determined to be-0.3 mm/yr (Foy et al., 2012), and @4 mm/yr

(Hoeft and Frankel, 2010), respectively.
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The Lone Mountain fault is a northeast striking denwthe-northwest normal fault that
bounds the northweside of Lone Mountain and the Weepah Hills (Eig). Along its
southwestern portion, the Lone Mountain fault cuts the low hills and broad alluvial
piedmont of the Weepah Hills. The fault is expressed as scarps that progressively
increase in height withge, ranging from ~1 m to ~17 m in height. Along its northeastern
portion the fault delineates the bedraaluvium interface, offsetting young, steep

alluvial fans and in some cases offsetting bedrock. To the northeast, the Lone Mountain
fault divergesfom the range front, offsetting alluvial fans and its surface expression dies
out. Hoeft and Frankel (2010), Hoeft (2010), and Hoeft and Frankel (2012) mapped the
southwest portion of Lone Mountain fault through the alluvial piedmont of the Weepah
Hills and Lone Mountain range front, and estimated cosmogenic nuclide exposure ages
for three alluvial fans displaced by the fault. We expand upon the work of Hoeft and
Frankel (2010) by mapping part of the northeast portion of the Lone Mountain fault and
estimatng cosmogenic nuclide exposure ages on two alluvial fans displaced by the fault.
This work not only expands the spatial extent of mapping of the Lone Mountain fault, but

also extends the temporal range of fault slip rate estimates.
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Figure 4.2.Shaded rdief map of Lone Mountain (LM) and Weepah Hills (WH) showing the Lone
Mountain fault (LMF) and locations of detailed alluvial fan maps. PCFi Paymaster Canyon fault.
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4.3ALLUVIAL FAN MAPPING

We mapped alluvial fan units and fault scarps at two sitegyghe Lone
Mountain fault (Figs4.2, 4.3, and4.4). Mapping was done on U.S. Department of
Agriculture Em-resolution color orthorectified aerial photograph basemaps at scales of
1:5000 and 1:8000. Alluvial fan units were organized into the chrongs#liic
framework of Bull (1991), in which fan units are differentiated by criteria such as
elevation above the active channel, extent of pavement and varnish development, bar and
swale morphology, and degree of surface dissection. Below we describditiduial

displaced alluvial fan units we mapped.

4.3.1Descriptions of Alluvial Fan Units

4.3.1.10Q3a Alluvial Fan

The Q3a alluvial fan is preserved in only a few locations in our mapping area, and
we were not able to quantify its displacement. Thishi@na subdued bar and swale
morphology with vertical relief of the surface of less than 1 m. The surface is undissected
and relatively planar. Desert pavement and desert varnish are moderately developed,
giving the surface a darker color than the Q3b tafase. The Q3a fan surface elevation

is ~23 m above the active channel.
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Figure 4.3.Surficial geologic map showing location of Q3b alluvial fan offset by Lone Mountain fault
and sample locations (blue triangles). Red line is location of topographicqdile across the fault scarp
(Fig. 4.8a).
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Figure 4.4.Surficial geologic map showing location of Q3b and Q3c alluvial fans offset by Lone
Mountain fault and sample locations (blue triangles). Red lines are locations of topographic profiles
across thefault scarp (Fig. 4.8b and 4.8c).
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4.3.1.20Q3b Alluvial Fan

The Q3b alluvial fan has subdued bar and swale morphology with vertical relief
of less than 1 m. The surface has moderately developed pavement, with swale areas
composed of a loosely interlockipavement of gravelnd cobblesized clasts with
some sand and minor silt, and bar areas composed of eabbteclasts and rare
bouldersized clasts. The lithology of sediment is primarily granitic intrusive rock, which
weathers to grus. Some clasts aroderately weathered. Boulders and cobbles have
moderately developed varnish and rubification, and clasts on this surface and generally
lightly weathered. The Q3b has a ~df-thick Av horizon with some vesicles. The
elevation of the Q3b surface is ~2afove the active channel. Sparse vegetation is

present on the surface, consisting of ~75 cm tall shrubs spaceddpart.

4.3.1.30Q3c Alluvial Fan

The Q3c alluvial fan has prominent bouldery bar and swale morphology that is
beginning to diffuse. The band swale morphology has a wavelength of ~3 m and
amplitude of ~12 m. Desert pavement is poorly developed, and varnish and rubification
is absent to moderately developed on boulders and cobbles. Sediment is primarily
granitic intrusive rock. Some clasiee lightly to moderately weathered. The Q3c fan is
more bouldery than the Q3b surface, which we attribute to it being closer to the source
area. This fan has a poorly developed,-mesicular Av horizon that is ~5 cm thick.

Some portions of the fan haaewvelldeveloped biotic crust that appears darker than the
rest of the fan surface. The elevation of the Q3c surface Zsmhbove the active

channel.
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4.3.1.404b Alluvial Fan

The Q4b alluvial fan unit is the most recently active stream channel. It is
composed of boulders, cobbles, and gravel within channels incised into surrounding fans.
Bar and swale morphology is prominent. Desert pavement and varnish are absent, and
clasts are generally fresh and unweathered. Q4b deposits are lighter coloreddahan old

deposits.

4.4COSMOGENIC NUCLIDE EXPOSURE AGES

We estimated fan surface exposure ages e TCN dating. Boulders
embedded in the alluvial fan surface are exposed to cosmic rays, which interact with Si
and O atoms in minerals and proddi®e nucldes. The concentration 8Be nuclides is
a function of exposure time, rock density, radioactive decay, erosion, and inheritance
from previous exposure (Lal, 1991; Gosse and Phillips, 2001).

We sampled 7 boulders from the Q3b surface and 7 bouldersHeo@®3c
surface (see Fig4.3 and4.4 and Tablet.1 for locations). Samples were collected from
the upper O5 c¢cm of the top of each boul der
of being in place and exposed at the surface since deposition. In particular, we chose
boulders that were located on flatfewes, away from the fan surface edges where
diffusive processes can move sediment. We also chose boulders that were not weathered,
that had desert varnish on the top of the boulder only, and that did not appear to be
exhumed (Fig4.5). Since the fans agd the range front and the tributaries delivering
sediment are very steep, boulders had short transport times and previous exposure and

TCN production (inheritance) is minimized.
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Each surface sample was prepared and measured separately following the
metlods of Kohl and Nishiizumi (1992). Samples were crushed, pulverized, and sieved to
isolatethe256 00 em si ze fraction. Quartz was 1 so
leaches in heated ultrasonic tanks. After dissolution, Be was extracted frooattely
ion exchange chromatography, then precipitated as Be@id)oxidized to BeO. The
BeO was mixed with niobium powder and packed in a target'°Be#Be ratio of each
sample wasneasured by accelerator mass spectrometry (AMS) at the Purdue Rare
Isotope Measurement Lab (PRIME). Isotopic ratios were normalized to standard
07KNSTD3110 with a value of 2.85 x 1®(Nishiizumi et al., 2007). Results are reported
in Table4.1.

Exposure ages for each sample are modeled using the CR@hittSage
calculaor (Balco et al., 2008), using a tirrevariant sea level, high latitudéB8e
production rate of 4.76 atomd g*, scaled for our locations (Lal, 1991; Stone 2000;
Nishiizumi et al., 2007). Ages and their associated uncertainties are combined in a
probab | ity density function (PDF) to deter mi:i
uncertainty for each fan.

The exposure ages of individual boulders fall into several distinct clusters. On the
Q3b fan, two boulders are ~14 ka, one boulder is ~31 ka, amdrttaning four boulders
are ~45 ka. On the Q3c fan, three boulders are ~8 ka, three boulders are ~15 ka, and one
boulder is ~45 ka (Figl.6). The older exposure ages of some boulders reflect a more
complex history of deposition and exposure in an oldey femobilization and transport,
and finally deposition and exposure in the current fan deposit. Because boulders can

contain inherited’Be from previous exposure prior to deposition in their present
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locations, we assume that the youngest clusters sfaagehe best representation of the
exposure age of the current alluvial fans. We calculated the weighted mean average of
each cluster of ages (Fig6). The'®Be exposure age of the Q3b fan is 14.6 + 1.0 ka, and
the'%Be exposure age the Q3c fan is 8.0.5 ka (Tablet.2). The Q3b fan age is the

same, within uncertainty, as a nearby Q3b fan dated to 16.5 + 1.2 ka by Hoeft and
Frankel (2010). Our fan exposure ages also overlap with many other reported fan ages in

the Walker Lane, eastern California sheane, and Death Valley region (F&7).
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Figure 4.5.Photograph of a boulder sampled for°Be exposure dating. Criteria for selecting boulders
include development of desert varnish and rubification, presence of interlocking desert pavement,
and location away from channels or fan edges.
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Figure 4.6.Probability density function (PDF) of ‘°Be exposure ages from (a) 7 boulder samples on

the Q3b fan surface, and (b) 7 boulder samples on the Q3c fan surface. Gray curves are individual

PDFs for each boutler; black curve is the combined PDF for all ages. Vertical gray bands represent

the 10 uncertainty interval for the weighted mean
clusters between the two fans.
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4.5HORIZONTAL DISPLA CEMENT

We measured topographic profiles across fault scarps using a Trimble GeoXH
handheld Global Positioning System (GPS) unit. Differential corrections were made in
post processing with data from nearby Continuously Operating Reference Station
(CORS) sies. Profiles are orthogonal to the fault where they cross the scarp and follow
the fan surfaces along the apextoe fall line. All of our profiles were measured where
the original fan surface is preserved in both the footwall and hangingwall. Topographic
profiles across the fault scarp are presented indl8gWe fit linear regressions to the
footwall and hangingwall surfaces and projected them to the scarp, then measured the
vertical offset between the surfaces at the center of the scarp. We caleytatesion
with a range of possible fault dips, from 40° to 60° (T&ki. However, our preferred
extension is calculated with a 40° dip because we observed sseatgsal exposure of
the main Lone Mountain fault dipping 40° (see also Hoeft and Fre2k&0). The
extension magnitudes and rates discussed below assume a dip of 40°. We measured
vertical offset of the Q3b fan surface in two locations (Fd%.4.4, and4.8). The
location at which we sampled the Q3b surface is vertically offset 2.4m,0ahich
corresponds to 2.9 =+ 0.3 m of horizontal displacement (Ei§saand4.8a). However, we
measured a combined vertical offset of 10.2 + 0.3 m across two closely spaced faults
offsetting the Q3b fan, which corresponds to 12.2 + 0.3 m of horizasfdhdement,
preserved in a correlative Q3b fan nearby (Mgéand4.8b). We are confident the two
Q3b surfaces are the same and we use the maximum displacement to calculate the
extension rate. The Q3c surface is vertically offset 4.7 + 0.3 m, whiobspands to 5.6

+ 0.3 m of horizontal displacement (Figs4 and4.8c). Uncertainties in vertical
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displacement measurements are estimated from the precision of the differential corrected
GPS positions in our topographic profiles.

The relatively small digacement of the Q3c fan raises the possibility that it
records only a single fault rupture event. If that is the case, then any slip rate we calculate
will be meaningless because the duration of time for our slip rate will not include a full
earthquake ayte and the true long term slip rate is not known. However, based on
historical data from similar normal faults in the Basin and Range and empirical scaling
relationships, we believe the Q3c scarp may represent two or more rupture events. The
1983 M, 7.3 Borah Peak earthquake produced &B#long surface rupture, with a
maximum vertical displacement of 2.7 m (Crone and Machette, 1984). This observation
may represent a typical maximum vertical displacement on a Basin and Range normal
fault of approximatelghe same length as the Lone Mountain fault. There is evidence for
larger local maximum displacements, for example the largest historic vertical offset in the
Basin and Range occurred during the 1915 M Pleasant Valley earthquake, which
produced a 66m-long surface rupture with a maximum vertical displacement of 5.8 m
(dePolo et al., 1991). However, this appears to be exceptional and the scaling relationship
developed for normal faults by Wells and Coppersmith (1994) predicts a maximum

displacement of 2 m for 3Gkm-long fault rupture.

88



(0002 “'Te 18 uoxig) uonow are|d eaLBWY YLON-JI10ed 01 |9|[eted parenoed ajel dijs 4

TO+.0 TO*L.0 S0¥08 ove 20+¥L¢ 70+ 9'S E0FLY 0

T0+80 T0+¥80 OT+9VvT ove 20+¥6'S A4 €0+20T aed

. Ajww] [Aww] [ex] [seaibap] [w] [w] [w] nusodag
-EZE premo dig .or arey aby uoisualx3 did .09 dig .ov 19S50 ued [eIAn|)y

arey diis diis wnwiuiy JO uondalg uoisuaIxg uoIsuaxg [eamiaA

Jo apnuubey  jo sapnuubep

"suej [elIAn|e pade|dsip 1o} alel uoIsualxa pue ‘abe 189S0z’ ¥ a|qel

89



Lifton et al. (submitted) - P —a— =
Berry (1997)
Foy et al. (2012) + —a— H—a—a+—
Frankel et al. (2007a) A —a— —8—
Frankel et al. (2007b) I —a—t
Frankel et al. (2011) - HH HH M
Ganev et al. (2010) + 0
Hoeft and Frankel (2010)
Kirby et al. (2006) - — — o
Le et al. (2007) P —a— —a— -]
Lee et al. (2001) ]
Lee et al. (2009a) —a— -
Lee et al. (2009b) ] | L]
Reheis et al. (1993) 4 [ ]
Zehfuss et al. (2001) e W e .

|

160 140 120 100 80 60 40 20 0
Age (ka)

Figure 4.7. Compilation of published alluvial fan ages in the Walker Lane, eastern California shear
zone, and Death Valley.
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Figure 4.8. Topographic profiles across the Lone Mountairfault scarp in the (a) Q3b alluvial fan, (b)
Q3b alluvial fan (double scarp), and (c) Q3c alluvial fan.
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4.6 HORIZONTAL EXTENSION RATES

We used the methods of Zechar and Frankel (2009) to calculate extension rates.
This probabilistic approach treats ttisplacement, age, and extension rate as probability
density functions and propagates uncertainties of each measurement through the
calculation of sliprateAl | sl i p rates are reported with
horizontal displacement of 12.2 + 0.3 m with the exposure age of 14.6 £ 1.0 ka yields a
horizontal extension rate of 0.8 £ 0.1 mm/yr for the the Q3b fan. Combining the
horizontal displacemermif 5.6 £ 0.3 m with the exposure age of 8.0 + 0.5 ka yields a
horizontal extension rate of 0.7 £ 0.1 mm/yr for the the Q3c fan 4Ey. These rates are
minima because the fan exposure ages we use represent the earliest possible time that the

fan was dsplaced, allowing for the possibility that the fans were displaced more recently.

4.7DISCUSSION

Our results suggest that extension rates on the Lone Mountain fault were
significantly faster during the latest Pleistocene and Holocene than during theé peri
prior to ~17 ka. The extension rate since 14.6 £ 1.0 ka is 0.8 + 0.1 mm/yr, and the
extension rate since 8.0 £ 0.5 ka is 0.7 £ 0.1 mm/yr. These rates are significantly faster
than the late Pleistocene slip rates on the Lone Mountain fault estimatexttiyakid
Frankel (2010) (0-D.4 mm/yr), but complement their conclusion that slip on the Lone
Mountain fault is increasing (Fig.10). The accelerating slip rates that we observe on the
Lone Mountain fault also agree with the pattern of increasingatigs observed
elsewhere in the SPLM, in particular on the Emigrant Peak fault (Reheis and Sawyer,

1997). Reheis and Sawyer (1997) presented data that suggest the Emigrant Peak fault
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horizontal extension rate was 0.4 £ 0.1 mm/yr sinc€®@a, and then imeased to 2.0
+0.7£0.5 mml/yr since 6.5 + 1.5 ka (extension rate estimates are our calculations from the
original vertical slip rate data assuming a fault dip of 60°).

The possibility of accelerating extension across the SPLM has implications for the
evoluion of the Walker Lane. In particular, it is important for understanding how the
Walker Lane accommodates strain, and for comparing lamg) shorterm slip rates
across the Walker Lane. The SPLM transferred slip between the southern and central
Walker Lane via a dowato-the-northwest detachment system from the Miocene to early
Pliocene (Oldow et al., 2008). At ~3 Ma, this slip transfer configuration shut down and
the Mina deflection began accommodating slip transfer between the southern and central
Walker Lane via leftlateral slip and verticadxis block rotation (Oldow et al., 2008;
Wesnousky, 2005). Reactivation of this structural pathway suggests that extension in the
SPLM is a fundamental mechanism for slip transfer between the southern and central
Walker Lane.

Accelerating slip rates also have important implications for comparing éomy
shortterm slip rates across the Walker Lane. A discrepancy betweetdongeologic
slip rates and sheterm geodetic slip rates has been observed acrossélkeMlane at
~37°N latitude (Bennett et al., 2003; Kirby et al., 2006, 2008; Frankel et al 2007, 2011,
Lifton et al., 2013). The sum of published late Pleistocene slip rates, projected toward the
plate motion direction of 323°, across this part of thek&falane is 7.5 +1.940.6 mm/yr
(Lifton et al., in prep.). However, dislocation models constrained by GPS data predict a
regionally averaged shei@rm rightlateral displacement rate at ~37.5N° latitude of 10.6

+ 0.5 mm/yr (Lifton et al., 2013). The polssity that the SPLM is accommodating an
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increasing portion of shear zedeected slip might help reconcile the discrepancy. If our
new Holocene extension rate of 0.7 + 0.1 mm/yr represents the Lone Mountain fault, the
new sum of slip across the Walkemeatoward the plate motion direction of 323° is 7.8
+1.1£0.6 mm/yr. This is still ~2.5 mm/yr slower than the geodetic slip rate of 10.6 £ 0.5
mm/yr (Lifton et al., 2013), however the results of Foy et al., (2012) suggest that
significant strain is broadlglistributed and that extension rates in the SPLM might be
significantly faster than documented. Furthermore, the Holocene extension rate on the
Clayton Valley fault is not known, but if it has experienced similar accelerated slip to the
Emigrant Peak andone Mountain faults then its more recent extension rate may be
significantly faster.

Our results, in combination with observations of slip occurring both east of the
Fish Lake Valley fault (e.g. Reheis and Sawyer, 1997; Ganev et al., 2010; Foy et al.,
2012; Hoeft and Frankel, 2010) and west of the White Mountains fault (Lienkaemper et
al., 1987; dePolo and Ramelli, 1987; Phillips and Majkowski, 2011; Nag&isde et
al., 2013), support the hypothesis of Frankel et al. (2011) that the Walker Lane south of
the Mina deflection is accommodating strain in a broader region than previously
suspected. In other words, rather than strain being restricted to a narrow zone of right
lateral slip on the White Mountains and Fish Lake Valley faults (Reheis and Dixon,
199%), slip is diffused across a broader region as it moves northward toward the Mina

deflection.
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Figure 4.10. Compilation of extension rates on the Lone Mountain fault over time. Horizontal error
bars represent reported age uncertainties; vertical error bars represent reported extension rate
uncertainties. Circles are data from this study; triangles are data from Hoeft and Frankel (2010).
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4.8CONCLUSIONS

We estimate extension rates during the latest Pleistocene and Holocene on the
Lone Mountain fault, which is a dowto-the-northwest normal fault in the Silver Peak
Lone Mountain extensional complex. Geologic mapping and topographic surveying yield
horizontal displacements of 12.2 m and 5.6 m for the Q3b and Q3c fans, respectively.
The extension rate since 14.6 + 1.0 ka is 0.8 £ 0.1 mm/yr, and the extension m&&inc
+ 0.5 ka is 0.7 £ 0.1 mm/yr. These rates, in combination with previously published data
(Hoeft and Frankel, 2010), suggest that extension on the Lone Mountain fault has
accelerated during the late Pleistocene and Holocene4(E@). We hypothesizthat the
modern SPLM is transferring slip to the central Walker Lane via normal faulting in a
style similar to the prMina deflection SPLM detachment system. Our results support
Frankel et al . 6s (2011) hypot hedstribsitedt h at
across a wider region than previously suspected as it moves northward toward the Mina
deflection. The possibility of accelerating extension rates across the SPLM helps
reconcile the observed discrepancy between-lang shorterm slip ratesn this region,

especially if distributed deformation has resulted in undocumented displacement.
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CHAPTER 5

CONCLUSIONS

In this work, luse GPS geodesy, geologic and geomorphologic mapping, high
resolution LIDAR geodetic imaging, and geochronology torete fault slip rates across
the Walker Lane over a range of time scalgsekent results that help elucidate the
temporal and spatial distribution of strain accumulation and release across a diffuse,
evolving plate boundary. | use these results toesidthe observed discrepancy between
long- and shorterm slip rates in the southern Walker Lane.

GPSresultssuggest: (1)hat the southern Walker Lane at ~37.5°N accommodates
10.6 £ 0.5 mml/yr of rightateral slip along the local plate motion directmr823°, (2)
the SPLM is currently undergoing ~2 mm/yr of extensional deformation to2&&?l
and(3) Owens Valley accommodates ~2 mm/yr of contemporary-tegatal
deformation, compared tbe reportedate Pleistocene sligate 0f0.4 mm/yr.l conclude
that the observed discrepancy between contemporary geodetic asidriongeologic
slip rates across the southern Walker Lane is occurring somewhere in Owens Valley. The
discrepancy is likely a combination of underestimated geologic slip rates on tike WM
and broadly distributed deformation in Owens Valley that is not well preserved in the
geologic record.

Along the White Mountains fault zondwvial fans with ages of >755 + 7 ka,
~70-115 ka, 38.4 + 9.0 ka, and 6.2 + 3.8 ka have beenlatgrally dispaced by a
minimum of 854 + 20 m, 175+ 20 m, 73+ 3 m, 11 £ 1 m, respectively, yielding

minimum geologic slip rates of 1.1 + 0.1 mm/yr, 1.9 +@%/ mm/yr, 1.9 + 0.50.4
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mm/yr, and 1.8 +2.80.7 mm/yr. These results suggest that slip rates on the W# h

remained nearly constant from the middle Pleistocene through the Holocene. These new

slip rates, when added to previously published rates across the southern Walker Lane,

sum to 7.5 +1.10.6 mm/yr of slip directed toward 323°. This accounts feB@% of the

observed geodetic slip rate of 10.6 + 0.5 mn{llyiton et al., 2013)The remaining

Ami ssingo slip may be accommodated: - (1) in
lateral faults in this part of the Walker Lane; (2) to the west of the WMFEZe Volcanic

Tableland and Sierra Nevada frontal faults; and/or (3) to the eastistheake Valley

fault via accelerating extension of the SPLM.

Finally, | estimate extension rates during the latest Pleistocene and Holocene on
the Lone Mountain falt, which is a dowsto-the-northwest normal fault in the Silver
PeakLone Mountain extensional complex. Geologic mapping and topographic surveying
yield horizontal displacements of 12.2 m and 5.6 m for the Q3b and Q3c fans,
respectively. The extension eagincel4.6 + 1.0 ka is 0.8 + 0.1 mm/yand the extension
rate since8.0 + 0.5 ka is 0.7 + 0.1 mm/yFhese extension rates, in combination with
previously published extension rates (Hoeft and Frankel, 2010), suggest that extension on
the Lone Mountaindult has accelerated during the late Pleistocene and Holdeignes(

4.8). |1 hypothesize that the modern SPLM may be transferring slip to the central Walker

Lane via normal faulting in a style similar to the{Mea deflection SPLM detachment

systemMyr esul ts support Frankel et al . o6s (201
Walker Lane is distributed across a wider region than previously suspected as it moves

northward toward the Mina deflectioRasterextension rates across the SPLM hétps
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recancile the observed discrepancy between {@mgl shorterm slip rates in this region,
especially if distributed deformation has resulted in undocumented displacement.

Taken together, my results suggest that3at. 5°Nthe Walker Lane
accommodates straacross a wide zone that extends well outside of the swath defined by
the White Mountains and Fish Lake Valleyits. | hypothesize that strain is
accommodated to the east of Fish Lake Valley fault in the SPLM and to the west of the
White Mountains faultn Owens Valley, the Volcanic Tableland, and the Sierra Nevada

frontal faults.
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CHAPTER 6

FUTURE WORK

Based on the results of my research, | propose several avenues for future work
First, measurement of the present day deformation field couldgreved.The
campaign monuments in the GPS network we have established shoeiibvey
periodically in the future. Extending the time series that we developed from these stations
will reduce uncertainties in velocity and provide a more accurate medsrestal
velocity. Several monuments in the network were surveyed as early as 1994, so they
provide a valuable opportunity to create very long time series. Similarly, the new
monuments that we installed in 2010, which have only been surveyed 3 times, will
become important foundations when researchers survey this network in the future. In
order to better resolwbe extent and pattern distributed deformation, | propose
establising a transect oflosely spaced monumerasross Owens Valleyrom the
interior of the White Mountains blodo theinterior of theSierra Nevadan addition to
GPS geodesy, it would be worthwhile to explore the application of interferometric
synthetic aperture radar (INSAR) to horizontal crustal deformation in the Walker Lane.
Secondmore work could be done on tli¢hite Mountaindault zone. In
particular, geologic field mapping could betenedeastward into foothillsn order to
constrainthe offset of older(e.g. 1.2 Ma and 2.1 Ma) tephra layers. Documenting offset
of thesdayers would provide constraints on sigies at an older time scale. Slip rates
during the ~2 Ma time scale are not well characterized, butngartant for

understanding the early phase of ritfteral slip on the WMFZ. | also propose more
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geochronabgic work on the WMFZ. Out’Be depth profile samples showed significant
disturbance in the upper ~75 cm of the fan surfaces, which made age modeling difficult.
Different geochronologic methods, sucha3h datingof pedogenic carbonate or

optically stimdated luminescence dating, would imprdlie age®f alluvial fans in

Owens Valley These methods have the advantage of being unaffected by inheritance,
which we showed to be a significant issue in Owens Valley.

Third, extension rates on the other fauitshe SPLM (e.g. the Emigrant Peak and
Clayton Valley faults) need to be quantified over the same range of time scales as the
Lone Mountain faultin order to test the hypothesis that slip is accelerating across the
SPLM, it is critical to have slip rastimates over a wide range of time scalés
Holocene extension rate on the Clayton Valley feuttot known The extension rates on
the Emigrant Peak fauftave been estimaténioady, butthey could be improved with
cosmogenic, OSL, or{h dating tehniques.

Fourth, it is importanto identify and quantify slip rates on faults that might be
routing strain to or around the Mina deflection. | hypothesized that strain may be
accommodated east of the Fish Lake Valley faatn the SPLM tahe Bettles VeIl and
Petrified Springs faultsand to the west of the White Mountains fault in the Volcanic
Tableland and on the Sierra Nevada frontal fault. These faults not only represent a much
wider zone of deformation than the faults bounding the White Mountauns|so
provide potential routes for strain to transfer from the southern Wadker to the central

Walker Lane
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APPENDIX A

WHITE MOUNTAIN FAULT ZONE TERRESTRIAL LID AR

In this appendix, | document supplemengatestrialLiDAR data collected along
theWhite Mountains fault zonat the Estates sitdhese data were collected with a
tripod-mounted Reigl V2400 scanner between 01 July and 08 Juy,22 The data set
consists of 13cans tied together with 24 unique reflector tie poifie resulting poin
cloud covers 560,000km?. These data were not used in the final mapping and channel
offset measurements used in this dissertation, however because they were collected at the
same time as the airborne LIDAR data they present a unique opportunity toreompa

airborne and terrestrial data. | plan on pursuimg work in the future.
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Figure Al.1. Hillshade map of the Estates site showing approximate extent (white rectangle) of the
terrestrial LIDAR coverage.
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