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Abstract 

The Quaternary active Ione Valley fault (IVF), Ravenswood fault (RWF), Western 

Toiyabe Range fault zone (WTRFZ), Southwest Reese River Valley fault (SWRRF), and 

Eastern Shoshone Range fault zone (ESRFZ) comprise a belt of north-northeast striking, 

range-bounding, dip-slip faults in the Basin and Range province in west-central Nevada. 

The southern extent of this belt intersects the central Walker Lane in the vicinity of the 

Mina Deflection. To the northwest, a parallel belt of historical earthquakes in the Central 

Nevada Seismic Belt (CNSB) were associated with both normal and dextral 

displacements indicating that part of the ~8 mm/yr of Pacific/North America relative 

shear is transferred to the western Basin and Range.  Although historical earthquakes 

have not occurred southeast of or adjacent to the CNSB, tectonic geomorphic features 

along most ranges indicate active Quaternary deformation.  This thesis presents 

Quaternary geologic mapping along four major ranges southeast of the CNSB based on 

evaluation of Google Earth satellite imagery, NAIP imagery, SRTM 1/3 arc-second 

imagery, aerial photography, and field reconnaissance.  The distribution of old, 

intermediate, and young alluvial fans as well as the location and relative height of fault 

scarps are used to assess the pattern of late Quaternary deformation and develop seismic 

hazard parameters. Results indicate that the lateral extent of zones of active faulting 

diminish to the north and south of each range and overlap with adjacent ranges 

potentially constraining the length of paleo ruptures. Zones of north-east and range 

parallel fault splays that branch from the range front occur along the southern IVF, central 

WTRFZ, and central RWF. The SWRRF and WTRFZ are connected by a zone of fault 

splays that displace young and intermediate aged alluvial fans and form a structural 



ƛƛ 
 

linkage between adjacent ranges across Reese River Valley. These zones of northeast 

trending fault splays may suggest a shift in active deformation from north-northeast to 

north-east in the late Quaternary. Efforts at selected sites along each range include 

assessing slip rates based on (1) quantifying vertical separation across fault scarps and (2) 

dating of faulted surfaces based on optically stimulated luminescence and soil carbonate 

development. These data are used to constrain slip-rates for a series of fault zones in 

central Nevada. These results have implications for estimating maximum earthquake 

rupture lengths, magnitudes, and displacements and contribute towards a better 

understanding of seismic hazards and strain partitioning in the western Basin and Range.   
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Introduction 

The Walker Lane is a major northwest trending tectonic belt dominated by right-

lateral slip that extends along the boundary between the Sierra Nevada and the western 

Basin and Range in California and Nevada (Figure 1). The Mina Deflection is located at 

the transition of the southern and central Walker Lane and represents a major right step in 

the structural grain of the Walker Lane where the overall slip across the central Walker 

Lane is dispersed across a broad zone of faults. The occurrence of historic ruptures within 

the Central Nevada Seismic Belt (CNSB), a zone of normal faults that extend northeast 

from the Mina Deflection suggests that slip may be transferred from the Walker Lane to 

the Basin and Range (Figures 1 and 2). I hypothesize that this transfer of slip is 

responsible for the physiographic expression of ranges and the distribution of low-slip 

rate faults in the western Basin and Range which in turn drives the evolution of fan 

morphology and faulting patterns located along these fault systems. This study aims to 

use detailed geologic mapping of Quaternary stratigraphy, and soil characteristics in 

conjunction with geochronologic and paleoseismic techniques to assess the relative 

activity of individual faults and examine the role that the Mina Deflection plays in 

transferring strain from the central Walker Lane to the northeast into the western Basin 

and Range through slip partitioning. 

Slip accomodation on fault systems located hundreds of kilometers inland of 

major plate boundaries challenges our understanding of plate tectonics and limits our 

ability to constrain regional slip distributions and seismic hazard. In western North 

America, relative plate motion between the Pacific and North American plates based on 



н 
 

observed geodetic strain accumulation is ~50 mm/yr of right-lateral shear (Bennett et al., 

2003; Thatcher et al., 1999), of which ~70% (~35 mm/yr) is accommodated by the San 

Andreas Fault (SAF) system (Wesnousky, 2005a) (Figure 3). Up to an additional ~25% of 

right-lateral shear is accommodated east of the SAF system in the Eastern California 

Shear Zone (ECSZ) and the Walker Lane systems (Hammond and Thatcher, 2007; Oldow 

et al., 2001; Wernicke et al., 2000; Wesnousky, 2005a) (Figure 4). While the majority of 

slip accommodation can be tied to the SAF (San Andreas fault), ECSZ (Eastern 

California Shear Zone), and the Walker Lane, > 5% of the slip remains poorly 

constrained and is likely accommodated on faults east of the Walker Lane (Wesnousky, 

2005a; Hammond et al., 2011; Figure 4). Much of the missing ~5% of slip may be 

contained in the CNSB, a ~300-km long, relatively continuous belt of historical 

earthquakes (Bell et al., 2004) (Figure 1). The CNSB, located in the western Basin and 

Range east of the northern Walker Lane, is a relatively narrow zone of temporally 

clustered high magnitude (6.1-7.7 magnitude) historic surface ruptures along strike-slip, 

oblique, and normal faults that occurred between 1915-1954 (Bell et al., 2004).  

Slip rates of right-lateral faults in the southern Walker Lane exceed 5 mm/yr while 

right-lateral faults in the central Walker Lane have slip rates between 0.2-1.0 mm/yr 

(Reheis, 1994; Sawyer and Adams, 1998; Angster et al., 2019). The distribution of slip in 

the central Walker Lane is more dispersed than the southern Walker Lane with ~10 mm/yr 

in the south decreasing to 6Ñ2 mm/yr in the north based on geodetic observations (Oldow 

et al; 2001; Thatcher et al., 1999; Bormann, 2013) (Figure 2). The reduced slip of the 

central Walker Lane and proximity to the historic ruptures of the CNSB suggests that slip 
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may be transferred (to the northeast) from the central/northern Walker Lane to range-

bounding normal faults in the western Basin and Range.  

Accommodation of slip transferred from the Walker Lane system to the northeast 

into the Basin and Range is likely focused over a broader region than is currently defined 

by the CNSB historic ruptures. Southeast of the CNSB multiple along-strike fault 

systems terminate against the central Walker Lane east of the Mina Deflection (Figures 1 

and 2). These faults, and other along-strike faults to the northeast, form belt-like systems 

parallel to the CNSB that exhibit Quaternary geomorphology indicative of active 

deformation. One of these belt-like systems of along-strike fault structures includes, from 

south to north, the Ione Valley fault (IVF), the Iron Mountain fault (IMF), the Eastern 

Shoshone Range fault zone (ESRFZ), and the Ravenswood fault (RWF). Other belts of 

active faults farther east include the Southwest Reese River Valley fault, Western Toiyabe 

Range fault zone, the Toiyabe Range/Simpson Park Mountains fault, and the Toquima 

Range fault/Hickison Summit fault zone, and the Monitor Range/Monitor Valley 

fault/Grimes Hills fault systems. While fault belts that exist southeast of the CNSB have 

not generated historic ruptures, their proximity and orientation relative to the CNSB and 

presence of Quaternary scarps suggest that these belts have a history of progressive active 

deformation. Thus, this project examined the tectonic geomorphology and assessed the 

relative slip rates along fault belts southeast of and parallel to the CNSB. The Information 

has implications for the assessment of seismic hazards in the region and the partitioning 

of strain southeast of the CNSB at the latitude of the Mina Deflection. 
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The project goals are to (1) refine the mapping of fault locations and alluvial 

surfaces along range bounding fault belts located to the southeast of the CNSB, (2) 

evaluate the relative age of displaced alluvial surfaces, (3) establish slip rates for 

individual faults, (4) convert established geologic slip rates to horizonal extension rates to 

compare to known geodetic extension rates in order to assess and infer how slip is 

transferred from the Walker Lane to the western Basin and Range through slip 

partitioning, (5) assess possible kinematic linkages between IVF, IMF, ESRFZ, SWRRF, 

WTRFZ, and RWF through detailed geologic mapping, (6) assess the structural role of 

NE trending piedmont faults connecting adjacent range-bounding normal faults in the 

western Basin and Range, (7) assess if extension in the western Basin and Range is 

shifting from an east-west direction to a northwest-southeast direction as a result of the 

overprinting of right-lateral shear in the Walker Lane related to North American-Pacific 

plate motion, (8) assess paleoseismic parameters of potential ruptures in the study area 

using updated scaling relations, and (9) assess the utility of using Google Earth satellite 

imagery as a tool to produce high resolution topographic profiles for paleoseismic 

investigations. Chapter I of this dissertation addresses goals 1-5, Chapter II addresses 

goals 6-8, and Chapter III addresses goal 9. 

To address these goals, I collected and analyzed high resolution imagery including 

satellite imagery, SRTM 1/3 arc second DEMs (digital elevation models) with ~10-meter 

resolution, National Agriculture Imagery Program (NAIP) 1-meter resolution aerial 

imagery, and low angle aerial photography to update mapping of fault traces and alluvial 

units for fault belts southeast of the CNSB. Slip rates for individual faults were 
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established from observations of offset amounts and ages of displaced Quaternary 

surfaces determined from geomorphic relationships, soil characteristics, and/or 

geochronologic techniques. Structural analyses of faults in the study area were conducted 

using mapping relationships in QGIS in conjunction with stereonet plots produced in 

Stereonet 11. Paleoseismic parameters were established using updated scaling relations 

developed by Stirling et al., (2023). Finally, the utility of Google Earth satellite imagery 

was assessed by comparing topographic profiles of fault scarps generated remotely in 

Google Earth to profiles in the same locations surveyed in the field with a GNSS device. 

Tectonic/geologic background and previous/existing work 

 The ~1000-km-wide Pacific-North American plate boundary located in the 

western United States at the latitude of the San Andreas fault system spans from the San 

Andreas fault in the west to the Wasatch front in Utah and includes the ~700 km wide 

Great Basin in Nevada and Utah (Koehler and Wesnousky, 2011; Wesnousky 2005a, 

2005b, 2005c). This plate boundary is characterized as a broad diffuse zone of distributed 

deformation on strike-slip and dip slip faults (Koehler and Wesnousky, 2011; Wesnousky, 

2005a, 2005b, 2016). The cumulative Late Pleistocene extension across the Great Basin 

interior estimated by paleoseismology is around ~1 mm/yr (Koehler and Wesnousky, 

2011). Historically, paleoearthquakes are not distributed evenly across the Great Basin 

where the majority of the active deformation occurs on the western and eastern margins 

(Friedrich et al., 2004; Hammond et al., 2014). The western margin of the Great Basin in 

the Walker Lane tectonic province accommodates ~10 ï 12 mm/yr of transtensional 

shear, while the eastern margin near the Wasatch fault zone in Utah accommodates ~3 ï 
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04 mm/yr of east-west extension (Hammond and Thatcher, 2004; Hammond et al., 2011, 

2014; Thatcher et al., 1999) (Figures 3 and 4). Hammond et al., (2014) suggests that the 

entire Basin and Range crust is deforming all the time with the dominant signal of motion 

in Nevada expressed as distributed shear consistent with Pacific-North American relative 

plate motion and demonstrating that stresses are transferred through the crust up to 800 

km or more from the active plate boundary on the west coast.  

The CNSB represents a transition of slip between the dip-slip normal dominated 

western Basin and Range and the dextral transtensional Walker Lane tectonic province 

(Wesnousky et al., 2012). Hetland and Hager (2003) used a viscoelastic postseismic 

relaxation model of the four largest earthquakes in the CNSB, and suggested that after 

removing the postseismic contribution, the Basin and Range is stable east of the CNSB 

and is undergoing rapid dextral shear to the west of the CNSB. Geodetic extension rates 

for the CNSB indicate 2 ï 3 mm/yr of extension; however, most parallel fault structures 

to the east and west of the CNSB have not generated historic surface rupturing 

earthquakes (Koehler and Wesnousky, 2011). This could be attributed to long recurrence 

intervals for these Basin and Range faults on the order of thousands of years to tens of 

thousands of years between major earthquake events (Wallace, 1978, 1977,1987; Bell et 

al., 2004). Bell et al., (2004), compared geologic and geodetic slip rates for the CNSB 

and suggested that geologic extension rates (0.59 ï 1.37 mm/yr) are 2-5 times lower than 

geodetic rates (2.20 ï 3.13 mm/yr). This discrepancy between geologic and geodetic slip 

rates was inferred to be related to post-seismic strain, and/or off-fault deformation 

unaccounted for in geologic studies (Bell et al., 2004). A model proposed by Wallace 
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(1984, 1987) for fault behavior in the CNSB suggests that temporally linked tectonic 

pulses potentially migrate regionally and trigger combinations of belt-like Quaternary 

faults according to an unknown pattern. 

The temporal and spatial clustering of large earthquakes is evidenced in the 

paleoseismic record along faults with irregular recurrence intervals including faults in the 

Basin and Range province such as historic ruptures of the CNSB (Wallace, 1987; Grant 

and Sieh, 1994; Friedrich et al., 2003; McCalpin and Nishenko, 1996; Marco et al., 1996; 

Rockwell et al., 2000). Wallace (1987) argued that major earthquakes in most of the 

Basin and Range donôt adhere to simple models of recurrence and tend to migrate onto 

different faults over time, while ruptures on a particular fault may cluster in time. Along 

the Wasatch fault, on the eastern margin of the Basin and Range province in Utah, 

evidence from paleoseismic studies suggests that large earthquakes have occurred in 

clusters with intracluster repeat times of a few thousand years separated by intercluster 

periods of tens of thousands of years (Kenner and Simons, 2005; Wallace 1978, 1987; 

Friedrich et al., 2003). The observed temporal variations suggest that the analysis of 

geodetic data for seismic hazard estimation may be related to the recent seismic history of 

a given fault and result in differences in geodetic and geologic slip-rate measurements 

made over different time intervals for a given fault (Kenner and Simons, 2005).  

The Ione Valley fault, Southwest Reese River Valley fault, and Western, Toiyabe 

Range fault zone extend northeast from the Mina deflection, a major right step in the NW 

structural grain of the central Walker Lane that accommodates ~8 mm/yr of the 

geodetically measured Pacific/North America relative shear (Hammond and Thatcher, 
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2004; Oldow et al., 1994, 2001; Pierce et al., 2021; Thatcher; 1999; Wesnousky, 2005a) 

(Figures 1 and 2). These northeast trending faults of the western Basin and Range are 

subparallel, and southeast of the CNSB, and are part of a series of other parallel faults 

that project to and terminate against the Walker Lane (Koehler and Wesnousky, 2011). 

Three different mechanisms for active strain release have been identified in spatially 

distinct zones of deformation within the central Walker Lane based on paleomagnetic and 

neotectonic observations including (1) sinistral faulting and clockwise block rotations in 

the Mina Deflection, Bodie Hills, and Carson Domain, (2) dextral slip on northwest 

trending strike-slip faults along the eastern margin of the Central Walker Lane, and (3) 

extension and possible clockwise block rotations across left-stepping en-echelon normal 

fault-bounded basins between Walker Lake and Lake Tahoe (Pierce et al., 2021; 

Wesnousky, 2005a; Wesnousky et al., 2012; Bormann et al., 2016). The boundary 

between the Walker Lane and Basin and Range represents a transition from Pacific-North 

American relative plate motion to the southwest and extensional deformation to the east-

northeast (Koehler and Wesnousky, 2011). Part of the regional strain is transferred from 

the Walker Lane to faults of the western Basin and Range as evidenced by historical 

earthquakes within the Central Nevada Seismic Belt (CNSB) that are associated with 

both normal and dextral displacement (Koehler and Wesnousky, 2011).  

While the Ione Valley fault (IVF), Iron Mountain fault (IMF), Eastern Shoshone 

Range fault zone (ESRFZ), Ravenswood fault (RWF), Southwest Reese River Valley 

fault (SWRRF), Western Toiyabe Range fault zone (WTRFZ) have not generated historic 

ruptures, their proximity and orientation relative to the CNSB and presence of active 
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tectonic geomorphology expressed along strike suggest that these faults have a history of 

progressive active deformation. These faults form a series of parallel and/or along-strike 

systems of faults from west to east that strike north-northeast similar to the CNSB. 

Because of the long recurrence intervals for Basin and Range faults, the slip rates for 

faults in this study are low and difficult to characterize. Due to a general absence of late 

Pleistocene lacustrine deposits in the study area, establishing chronologies for active 

faulting based on paleo-shorelines is not applicable for the study area, which combined 

with the relatively low slip rates of faults in the region poses difficulties in establishing 

late Quaternary slip rates for these faults. 

The relative role of these faults in accommodating regional shear is largely 

unknown and the earthquake history, faulting behavior, and slip rates for the IVF, IMF, 

ESRFZ, RWF, SWRRF, WTRFZ are poorly characterized. The earthquake activity of 

active faults is founded upon established slip rates, allowing for the assessment of seismic 

hazard for a region based on probabilistic estimates for the magnitude and timing of 

future earthquake events (Baker et al., 2021; McCalpin, 2009). Probabilistic seismic 

hazard analysis (PSHA), attempts to quantify uncertainties related to earthquakes such as 

location, size, and resulting shaking intensity for future earthquakes, in order to produce a 

specific description of potential future shaking that could occur at a given site (Baker et 

al., 2021; McCalpin, 2009). PSHA is integral in mitigating financial loss due to damage 

to buildings and infrastructure, as well as mitigating loss of life or harm to humans. Thus, 

establishing slip rates for the faults in this study contributes towards better characterizing 

the timing of earthquakes and slip rate for the region. These data are important for 
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regional seismic hazards models and have implications to better understand regional 

tectonic processes such as the partitioning of strain across the Basin and Range/Walker 

Lane transition at the latitude of the Mina Deflection. 

Summaries of chapters 

 Chapter I: Quaternary stratigraphy and tectonic geomorphology along active 

faults of the Western Basin and Range. This chapter presents observations on tectonic 

faults and alluvial surfaces in the field area based on field and remote mapping, and 

geochronologic and analytical analyses. I use data taken from geologic and geomorphic 

techniques including detailed geologic mapping of faults and alluvial fan surfaces, 

geomorphic observations of fan morphology, and relative surface age based on soil 

development and carbonate accumulation, and various absolute geochronologic dating 

techniques to develop data related to the relative slip history and slip rates for the selected 

faults. The analysis also utilizes scarp profiles and diffusion modeling of fault scarps. The 

estimated surface ages help to constrain the minimum age of abandonment for displaced 

surfaces. Various ages are used to produce geologic slip rates; providing a more complete 

record of long-term fault behavior. I produced fault scarp profiles using differential GPS 

to produce profile lines for key areas along fault scarps cutting piedmont surface deposits. 

Scarp profiles were used to make precise measurements of scarp characteristics and 

vertical separation. Diffusion modeling was used to estimate the age of most recent 

faulting activity for several single-event fault scarps. These data provide a more complete 

picture of slip behavior for faults in the region important for seismic hazard assessments 

and have implications for better understanding how strain may be transferred from the 
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central Walker Lane to the western Basin and Range at the latitude of the Mina 

Deflection. 

The calculated slip rates represent refinement in the characterization of fault in 

which the late Pleistocene slip rates and faulting behavior are poorly characterized. The 

results suggest a preferred slip rate of 0.016 ï 0.046 mm/yr for the Ione Valley fault based 

on an alluvial fan that is displaced 8 m across the fault. The results also suggest a slip rate 

for the RWF of 0.1 ï 0.17 mm/yr based on an intermediate aged alluvial fan with 

carbonate stage II+ soil development estimated by OSL to be ~38.2 ka that is displaced 4 

ï 6 m across several fault strands. Carbonate stage II+ soil development at this site 

suggests that the surface may be up to 50 ï 175 ka suggesting a slip rate of 0.02 ï 0.12 

mm/yr. The results for estimated horizontal extension rates for the IVF and RWF are 0.01 

ï 0.03 mm/yr and 0.01 ï 0.09 mm/yr, respectively. Estimates of recurrence for the IVF 

and RWF range between 21,739 ï 93,750 years and 8,823 ï 125,000 years, respectively. 

Chapter II: Synthesis of paleoseismic parameters, and structural relationships of 

fault systems in the western Basin and Range. This chapter presents a discussion and 

synthesis of the data developed in Chapter I with particular focus on paleoseismic 

parameters. This includes a discussion about estimated surface rupture length scenarios 

and associated magnitudes, and estimates of magnitude based on measurements of 

minimum, maximum, and average displacement using scaling relationships from the 

literature. In general, these scaling relations agree with parameters for historic ruptures 

and provide a reasonable estimation for magnitude, and displacement for hypothetical 

ruptures along faults in the study area. Additionally, I provide a structural analysis of 
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fault orientations based on improved mapping of surface fault traces to show that in 

general, range front fault traces exhibit more north-northeast trends while alluvial fault 

traces exhibit more northeast trends. This suggests that the locus of deformation may 

have shifted in the late Quaternary from east-west directed to more northwest-southeast 

directed extension related to the migration of the Pacific/North American plate boundary 

and evolution of the Walker Lane. 

Chapter III: Using Google Earth as a tool to produce fault scarp profiles 

remotely as compared to producing fault scarp profiles using GNSS devices in the field. 

This chapter discusses the utility of using current (2024) Google Earth satellite imagery 

as a tool for producing high resolution profiles for paleoseismic investigations in 

locations where higher resolution data sets such as LiDAR are not available. I 

demonstrate how Google Earth can be used as a tool to produce sufficient topographic 

profiles that can be used to take measurements for paleoseismic investigations, including 

limitations, uncertainty, and potential applications. Co-located topographic profiles 

surveyed in the field with a portable GNSS device are used to verify and validate the 

Google Earth profiles. The results suggest that using the Google Earth profile tool in 

conjunction with methods outlined in Chapter III is an effective tool for producing scarp 

profiles with sufficient accuracy to take vertical separation measurements within ~0.5 m 

of measurements taken with a GNSS device. Elevation measurements are generally 22 ï 

23 m higher in the Google Earth profiles than the GNSS profiles and can be corrected by 

subtracting 22.5 m from the elevation data of the profile. Thus, although the use of 

Google Earth profiles for strict elevation accuracy is not recommended, the internal 
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accuracy of the profile datasets demonstrates that the method is an accurate tool for 

reconnaissance estimates of vertical separation across faults. 
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Figure 1: Regional map showing the western Basin and Range, central and southern Walker 

Lane, and Sierra Nevada. Faults shown are taken from the USGS Quaternary fault and fold 

database and a colored according to age (USGS, 2017). Historic CNSB (Central Nevada Seismic 

Belt) ruptures are labeled and shown by red (historic) fault traces. Basin and Range faults that 

are the focus of this study are labeled. The Mina deflection is shown as a blue arrow. Map inset 

shows the study area as a yellow box. Labeled slip rates taken from USGS Quaternary fault and 

fold database (Reheis, 1994; Sawyer and Adams, 1998; USGS, 2017). Extent of figure 2 shown 

as black box. Major faults in this study are in bold. IVF, Ione Valley fault; IMF, Iron Mountain fault; 

ESRFZ, Eastern Shoshone Range fault zone; RWF, Ravenswood fault; SWRRF, Southwest 

Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, Toiyabe Range fault 

zone; SPMFZ, Simpson Park Mountains fault zone; TRF, Toquima Range fault; WMRFZ, Western 

Monitor Range fault zone; NMVF, Northern Monitor Valley fault; HSFZ, Hickison Summit fault 

zone; and GHF, Grimes Hills fault.  
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Figure 2: Cartoon model showing strain transfer from the southern Walker Lane to the eastern 

central Walker Lane through the Mina Deflection (blue arrow). Strain is also transferred to the 

northeast into the western Basin and Range (green arrows). Labeled slip rates and fault traces 

taken from USGS Quaternary fault and fold database (Reheis, 1994; Sawyer and Adams, (1998), 

USGS, 2017). Dashed black line with arrows represents the distribution of slip across the central 

Walker Lane (Hammond and Thatcher, 2004; Oldow et al., 1994, 2001; Pierce et al., 2021; 

Thatcher; 1999; Wesnousky, 2005a). Major faults in this study are in bold. IVF, Ione Valley fault; 

SWRRF, Southwest Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, 

Toiyabe Range fault zone; TRF, Toquima Range fault; WMRFZ, Western Monitor Range fault 

zone. 
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Figure 3: Map of GPS derived crustal velocity vectors for the Western United States referenced 

to the North American plate. Blue arrows show observed geodetic velocities and red arrows show 

model prediction velocities from Zeng and Shen (2018) where differences signify areas of 

predicted movement. Extent of figures 1 and 4 shown as black boxes. Figure modified from Zeng 

and Shen (2018). 
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Figure 4: Map of horizontal crustal velocities for northwestern Nevada and eastern California 

using North America-fixed reference frame (NAM08). Simplified trace of faults in this study shown 

as black lines. Velocities indicate an increase in slip moving westward. Figure modified from 

UNAVCO (2020). PVF, Pleasant Valley fault; DVF, Dixie Valley fault; IVF, Ione Valley fault; 

SWRRF, Southwest Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, 

Toiyabe Range fault zone; TRF, Toquima Range fault; WMRFZ, Western Monitor Range fault 

zone. 
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Chapter I: Quaternary stratigraphy and tectonic geomorphology along active faults 

of the Western Basin and Range 

Abstract 

 Observations on a series of tectonic faults and alluvial surfaces in the western 

Basin and Range based on field and remote mapping, geomorphic techniques, and 

geochronologic analyses are used to develop data related to the relative slip history of 

each fault and slip rates for the Ione Valley and Ravenswood faults. Estimated surface 

ages and displacements used to estimate paleoseismic parameters (geologic slip rates and 

recurrence). The results suggest a preferred slip rate of 0.016 ï 0.046 mm/yr for the Ione 

Valley fault based on an alluvial fan that is displaced 8 m across the fault. The results also 

suggest slip rates for the RWF of 0.1 ï 0.17 mm/yr based on an intermediate aged alluvial 

fan estimated by OSL to be ~38.2 ka that is displaced 4 ï 6 m across several fault strands 

and 0.02 ï 0.12 mm/yr based on stage II+ carbonate soil development at the same site. 

The results for estimated horizontal extension rates for the IVF and RWF are 0.01 ï 0.03 

mm/yr and 0.01 ï 0.09 mm/yr, respectively. Estimates of recurrence for the IVF and RWF 

are 21,739 ï 93,750 years and 8,823 ï 125,000 years, respectively. Diffusion modeling of 

surveyed fault scarps was used to estimate the ages of the most recent faulting events 

including 16.7 ka and 17.6 ka for the IVF and RWF, respectively. These data provide a 

more complete record of long-term slip behavior for faults in the region important for 

seismic hazard assessments and have implications for better understanding how strain 

may be transferred from the central Walker Lane to the western Basin and Range at the 

latitude of the Mina Deflection. 
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Introduction 

 The Walker Lane, a major northwest trending tectonic belt dominated by right-

lateral slip, extends along the boundary between the Sierra Nevada and the western Basin 

and Range in California and Nevada (Figure 1). At the junction of the southern and 

central Walker Lane lies the Mina Deflection, a major right step in the structural grain of 

the Walker Lane. Here, the overall slip across the central Walker Lane is dispersed across 

a broad zone of faults. Slip may be transferred from the Walker Lane to the Basin and 

Range based on the occurrence of historic ruptures within the Central Nevada Seismic 

Belt (CNSB), a zone of normal faults that extend northeast from the Mina Deflection 

(Figures 1 and 2). The transfer of slip from the Walker Lane system to the northeast into 

the Basin and Range is likely directed over a more extensive region than is currently 

defined by the CNSB historic ruptures. Multiple along-strike fault systems that terminate 

against the central Walker Lane east of the Mina Deflection are located to the southeast of 

the CNSB and are the focus of this study (Figures 1 and 2).  

Monitored plate motion between the North American and Pacific plates is 

measured at ~50 mm/yr with about 70% (35 mm/yr) accommodated along the dextral San 

Andreas fault (Wesnousky, 2005a; Bennett, 2003; Thatcher,1999) (Figure 3). Up to 25% 

of the remaining slip is accommodated to the east of the rigid Sierra Nevada block in the 

Walker Lane, a diffuse zone of strike-slip and dip-slip faults that overall mimics dextral 

San Andreas fault motion. >5% of slip is accommodated to the east of the Walker Lane in 

the Basin and Range province which extends across Nevada to the Wasatch fault in Utah 

(Wesnousky, 2005a; Hammond et al., 2011).  
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The study area consists of a series of north-northeast trending parallel and/or on-

strike and dominantly normal dip-slip fault systems located in the western Basin and 

Range province (Figure 1). These faults are located parallel to and southeast of the 

CNSB, a zone of historic high-magnitude earthquakes that ruptured in a belt-like pattern 

between 1915 and 1954 (Bell et al., 2004). The CNSB remains the only set of historic 

data points for high magnitude earthquakes occurring in the Basin and Range and poses 

the question of the possibility of similar high-magnitude earthquakes occurring on other 

range-bounding fault structures parallel to the CNSB and located along the Walker 

Lane/Basin and Range boundary in western Nevada. The southernmost of these fault 

systems (IVF, SWRRF, WTRFZ, and TRFZ) truncate against the Walker Lane near the 

Mina Deflection. Here, northwest trending dextral strike slip faults from the northern 

section of the southern Walker Lane with slip rates ranging from 1 ï 5 mm/yr take a right 

step at the Mina Deflection. Northwest trending dextral strike slip faults continuing in the 

central Walker Lane dramatically reduce in slip rates to 0.2 ï 1.0 mm/yr and the total 

average slip is spread across a diffuse zone of active faults. Adjacent to the Walker Lane, 

within the study area, faults generally have slip rates of <0.2 mm/yr (USGS, 2017); 

however, detailed studies have not been previously conducted. 

This chapter presents the methodology (geologic mapping and geochronological 

techniques) and observations on the Quaternary stratigraphy, tectonic geomorphology and 

paleoseismology for each fault in the study area. The results for each fault including 

newly calculated vertical and horizontal slip rates and estimates of recurrence are 

discussed in the context of seismic hazards and potential implications towards 
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understanding the transfer of slip (slip partitioning) from the central Walker Lane to the 

western Basin and Range at the latitude of the Mina Deflection. Additionally, potential 

pathways for belt-like earthquake activity, similar to the historic events in the CNSB, is 

explored based on the relative activity and distribution of the examined faults. 

Methodology 

Geologic mapping 

 I conducted detailed geologic mapping of various faults and adjacent alluvial and 

bedrock units highlighting fault scarps and the surfaces they displace at various scales to 

produce Quaternary geologic strip maps along selected faults. The mapped area is 

approximately 150 km long and between 10 ï 25 km wide and has an estimated total area 

of >3,000 km2. Mapping was generally done at 1:12,000 scale. I determined the relative 

ages of alluvial units through geologic mapping and identification of geomorphic 

characteristics. Mapping techniques include identifying primary vs secondary fault traces 

based on the presence of scarps, grabens, and range front morphology such as triangular 

facets, wineglass canyons, and over-steepened range front margins. Additionally, I 

mapped fault contacts using a confidence rating for individual fault traces showing weak, 

distinct, and strong confidence ratings as well as sections of faults that are interpreted as 

being buried by younger alluvial material. Mapping of fault traces included revisions to 

previous mapped traces from the USGS Quaternary fold and fault database through 

smaller scale mapping of the fault, as well as adding unmapped fault traces to, or 

omitting fault features determined to not be tectonic (i.e. irrigation lineaments). 

Geomorphic indicators such as active channels, fan lobes and margins, cross-cutting 
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relations, and relative incision were used to differentiate the Quaternary stratigraphy in 

the study area. The distribution and relative age of alluvial fan units is based on the 

relative amount of incision and rounding of surface morphology, the degree of maturity 

of surfaces as shown by the rounding of clasts, surface features suggesting active 

alluviation, crosscutting depositional and inset relationships, amount of offsets across 

fault scarps, variations in elevation between adjacent surfaces, color, texture, and 

character of incision in imagery, and soil development including carbonate development 

in soils (Koehler and Wesnousky, 2011; McCalpin, 2009, Peterson, 1981). These 

techniques allowed the differentiation of relatively young (Qy), intermediate (Qi), and old 

(Qo) alluvial surfaces which is standard chronology in the Basin and Range (Koehler, 

2009; Koehler and Wesnousky, 2011; Wesnousky and Caffee, 2011; Bell et al., 2004, 

Angster et al., 2019).  Mapping was done remotely and in combination with field 

mapping utilizing the highest resolution imagery available for each area including 

satellite imagery, SRTM 1/3 arc second digital elevation models (DEMs), NAIP 1-meter 

aerial imagery, and low-angle aerial photography.  

Geochronology 

Luminescence geochronology 

 Luminescence dating techniques have advanced in their development and 

application in the past several decades and provide age control for a variety of 

applications in archaeology and geology including mineral and glass properties, Earth 

surface processes, and past exposure to light, heat, and ionizing radiation (Mahan et al., 

2022). In geomorphology, sediments that are transported by wind, water, or ice are 
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exposed to sunlight which resets any previously inherited luminescence signal in 

individual grains (Utah State Luminescence Laboratory, 2024). Luminescence dating is 

important because it can provide and estimation for the age of sediment deposition which 

can be used to calculate rates and recurrence intervals of natural hazards and surface 

processes (Rittenour, 2018). Once the sediment is deposited, buried, and cut off from 

sunlight, it is exposed to natural background radiation from the surrounding sediment. A 

luminescence signal is acquired in quartz and feldspar grains as ionizing radiation excites 

electrons within the nuclei of atoms in the crystal lattice (Aitken, 1998) (Figure 5). A 

percentage of those electrons become trapped in defects within the crystal lattice of 

quartz and feldspar over time and can be measured as the luminescence signal (Aitken, 

1998). In a laboratory, the sediments are exposed to blue-green light for quartz or infrared 

light for feldspar which releases the electrons trapped in the crystal lattice (Utah State 

Luminescence Laboratory, 2024). 

Absolute dating of fluvial and alluvial deposits is crucial because those deposits 

can yield important insights into past climatic and tectonic events; however, in Nevada 

deposits are commonly devoid of organic material that can be used for radiocarbon dating 

(Kenworthy et al., 2012). Additionally, radiocarbon dating is only effective in analyzing 

deposits that are younger than ~40 ka. Luminescence dating has become more widely 

used as a Quaternary dating technique because it uses sand and silt-sized quartz and 

feldspar grains which are commonly found in fluvial and alluvial deposits, it can 

successfully date deposits up to ~100 ï 300 ka, and it provides an estimate on the timing 

of deposition as opposed to a minimum age provided by cosmogenic nuclide surface 
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exposure dating or the dating of pedogenic carbonates using uranium-series dating 

(Kenworthy et al., 2012). Luminescence dating generally has good agreement with age 

correlations to samples with known ages as well as ages obtained from other methods 

such as radiocarbon dating and is an effective method for dating sediment up to ~200,000 

years old (Rhodes, 2015; Rhodes et al., 2003; Murray and Olley, 2002; DRI 

Luminescence Laboratory, 2020). Previous luminescence dating studies generally suggest 

that the best results are obtained using thick (>60 cm) layers comprised of sand sized or 

smaller grains (Kenworthy et al., 2012). Alluvial deposits tend to lack these thick layers 

of sand sized or smaller grains that are ideal for luminescence dating, and instead tend to 

exhibit thin sheets of pebbles and cobbles with a sandy matrix that generally lack sand 

lenses. Recent advances in luminescence dating of fluvial deposits have improved the 

accuracy and precision of using luminescence dating for gravel-rich deposits, and the 

lack of sand lenses is becoming less of an issue if there are sufficient sand-sized grains of 

feldspar or quartz in the clasts themselves or in the matrix (Kenworthy et al., 2012). 

Kenworthy et al., (2012) demonstrated that using luminescence dating can yield 

successful results when applied to coarse-grained deposits that are difficult to date with 

other absolute dating techniques; however, additional work is still required to improve 

our understanding and application of using luminescence dating in coarse-grained 

deposits.  

Luminescence dating provides the age of the last exposure to light of the sampled 

sediment, and thus serves as a burial age for the sample (DRI Luminescence Laboratory, 

2020). Sample preparation involves removing carbonates and organic material from the 
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sample and isolating the targeted mineral grains (quartz or feldspar). The outer surfaces 

of grains affected by alpha radiation are etched using hydrofluoric acid (HF) and mounted 

on stainless steel or aluminum discs that hold the samples within the luminescence reader 

(DRI Luminescence Laboratory, 2020). Each sample is calibrated for its equivalent dose 

(De) and dose rate (Dr) to determine the relationship between luminescence brightness 

and radiation dose and the radiation dose received per year by the sample (DRI 

Luminescence Laboratory, 2020).  

In this study, alluvial surfaces were selected for dating analyses based on their 

potential to date alluvial fan surfaces offset by faults and their potential to better constrain 

tectonic activity and slip rates for those faults. Additionally, knowing the age of a surface 

has the potential to inform the age of other nearby surfaces by geomorphic comparison. 

Ideal locations for sampling are stratigraphic horizons containing quartz or feldspar sand 

grains from natural exposures that havenôt been affected by bioturbation. 

Sediments were collected for luminescence dating (optically stimulated 

luminescence (OSL)/infrared stimulated luminescence (IRSL)) from soil pits in sandy 

stratigraphic horizons by hammering ~10 inch PVC tubes horizontally into natural 

exposures or in soil pit walls, removing the sample from the wall, and capping the ends to 

ensure no light exposure to the sample. The thickness of any removed material was noted 

and marked on the tube. Luminescence samples were analyzed at the DRI Luminescence 

Laboratory.  

The following laboratory procedures for the preparation and analyses of samples 

for this study are taken from the official DRILL report (personal communication, 
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Christina Neudorf, 2024). Laboratory procedures were conducted under dim red (>660 

nm) lighting conditions. Approximately 3 cm of sediment in both ends of the sample tube 

was removed and used for dose rate and water content measurements, and a reserve 

portion of the sample was removed and stored in safe light conditions. The remainder of 

the sample was prepared using a treatment of sodium pyrophosphate decahydrate to 

deflocculate, isolation of targeted grain sizes (180 ï 250 Õm) by wet sieving, removal of 

carbonates using a 10% HCl solution, removal of organics using a 30% H2O2 solution, 

separation of magnetic grains using a hand magnet, and finally mineral density separation 

with heavy liquid (lithium heteropolytungstate) to isolate potassium (K) feldspar with 

density less than 2.58gcm-3. Measurements were made on Risß TL/OSL readers model 

DA-20 and a Lexsyg Research reader using continuous wave measurements of the 

luminescence signal. Infrared stimulation (IR) was made with a cluster of Vishay TSFF 

5210 IR diodes with peak emission at 870 nm and maximum power of 115 ï 145 

mW/cm2 at the sample position. Feldspar luminescence (410 nm) was detected through 

Corning/Kopp 7-59 and Schott BG39 filters. The luminescence dating used multi-grain (2 

mm diameter) aliquot feldspar (K-rich feldspar) measurements, each containing ~50-60 

grains and following a modified SAR protocol for feldspar (Murray and Wintle, 2000; 

2003) (Appendix B). Refer to Appendix B for additional methodology used in the OSL 

analyses performed by DRILL. 

Soil geochronology 

The progressive development of soils especially in B-horizon clays and pedogenic 

carbonates, increases with time and can be used to place broad age constraints on 
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displaced alluvial surfaces and estimates for the maximum age for observed offsets 

(Birkeland, 1991, 1999; Bachman and Machette, 1977, Koehler and Wesnousky, 2011). 

In addition to geochronologic techniques, estimations of soil ages can be inferred by 

identifying carbonate stage development and other time dependent soil characteristics as 

summarized in Harden, (1982); Harden and Taylor, (1983); Machette, (1985); Birkeland 

(1991) and (1999), and Bachman (1977) (Figure 6 and Table 3). The rate of soil 

carbonate development is a function of time, parent material, climate, biota, topography, 

and other local or regional factors such as dust or salt input (Jenny, 1941; Redwine et al., 

2020; Birkeland et al., 1991; Birkeland, 1999; personal communication, Steve Bacon). 

For example, alluvial fans deposited from a volcaniclastic source will develop soil 

carbonates at a much lower rate than alluvial fans that are deposited from a carbonate rich 

source like limestone (personal communication, Steve Bacon). Previous studies have 

related carbonate stage development to independent estimates of deposit age and provide 

broad age ranges for various stages of carbonate development in soils (Redwine, 2003; 

Redwine et al., 2020; Kurth et al., 2011; Harden 1982; Harden and Taylor, 1983; Harden 

et al., 1991; Machette 1985; McFadden 1988; Reheis et al., 1995 and 1996; Reheis and 

Sawyer, 1997; Slate 1992; Treadwell-Steitz and McFadden, 2000). The timing of 

carbonate stage development in soils is broadly constrained as: Stage I (0 ï 10 ka, and up 

to ~16 ka), Stage II (10 ï 175 ka), Stage II+ (50 ï 175 ka), Stage III (175 ï 500 ka), Stage 

III+ (250 ï 650 ka), and Stage IV (Ó500 ka, but younger ages have been reported ~70 ï 

200 ka) (Redwine et al., 2020; Kurth et al., 2011; Harden 1982; Harden and Taylor, 1983; 

Machette 1985; McFadden 1982 and 1988; Reheis et al., 1995 and 1996; Reheis and 
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Sawyer, 1997; Ruleman et al., 2013; Slate 1992). The age bounds for various stages of 

carbonate development are summarized in Table 3. 

I described and logged soil stratigraphy and soil characteristics in excavated soil 

pits including grain size distribution, soil structure, friability, cohesion, color, texture, 

consistence, horizonation, and carbonate development using standard methods and 

nomenclature (Schoenberger et al., 2012; Sion et al., 2022; Machette, 1985; Birkeland, 

1991 and 1999; Bachman and Machette, 1977; and Redwine et al., 2020). The 

characteristics of soils from soil pits can be used to correlate similar fan surfaces 

distributed across the region that exhibit similar geomorphic and soil characteristics, and 

source materials and be used to infer broadly constrained relative ages. 

Laser particle size analysis of sediment taken from soil pits excavated on alluvial 

surfaces in the study area provides quantitative data related to the distribution of grain 

sizes with depth in the soil pits. Soil samples were taken every ~10 ï 20 cm from the soil 

pit walls based on textural and compositional soil horizons found in the soil pits. Samples 

were removed from the pit wall using a scraping tool and placed into plastic bags and 

then sent to the Desert Research Institute Soil Characterization and Quaternary Pedology 

Laboratory where they were analyzed by the laser particle size analysis (LPSA) technique 

using a Malvern Mastersizer 3000. Results from these analyses are provided later in 

Chapter I. 
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Additional absolute geochronological methods 

10Be and other isotopes accumulate in surficial boulders over time as they are 

exposed to cosmic radiation at the surface. Sampling of boulders for cosmogenic 10Be 

found in the quartz fraction of the sample can provide an age of exposure to cosmogenic 

radiation at the earthôs surface and constrain the minimum age of surface abandonment. 

Ideally, boulders sampled for 10Be analyses should be selected preferentially based on 

size (>50 cm diameter) and height relative to the surrounding surface (>30 cm exposed) 

(Wesnousky, 2015). Once collected, samples can be processed and analyzed using 

standard methods of quartz isolation, dissolution, chromatography, isolation of Be, and 

preparation of BeO (Kohl and Nishiizume, 1992). Using accelerator mass spectrometry, 

the ratio of 10Be/9Be is measured and surface ages can be calculated using the CRONUS 

10Be-26Al exposure age calculator (Balco et al., 2008).  

In this study, large stable quartz rich boulders were found on several alluvial 

surfaces in the study area. These include boulders on Qi surfaces along the IVF. Boulder 

samples were collected from the top of stable boulders using a chisel and sledgehammer 

and placed into sample bags. The locations of the boulders were photographed and 

logged using GPS in Avenza Maps. Due to budget constraints, boulder samples that were 

collected for cosmogenic analysis were not processed. However, the samples are archived 

at the Quaternary Geology and Geologic Hazards Laboratory in the NBMG for future 

analyses. 

The analysis of radiometric carbon from detrital charcoal fragments is an ideal 

geochronological method for dating relatively young sediments and could prove to be 
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useful for producing an approximation of surface age that could be used in a slip rate 

calculation. This method is dependent on the preservation of detrital charcoal which can 

be difficult to preserve in the region. Additionally, the method is age restrictive and only 

useful for samples up to ~50,000 years due to the 5,730 year half-life of 14C (OxCal, 

2022). The applicability of this method depends on the presence of detrital charcoal 

preserved in the sediments. In this study, the soil pits and natural exposures were 

examined for the presence of detrital charcoal fragments within stratigraphic units; 

however, none were found, and thus this method was not utilized in this study. 

Diffusion modeling and scarp profile analysis 

I used the morphology of single-event earthquake scarps to estimate the age of the 

earthquake that produced the scarps in several locations. I produced high resolution scarp 

profiles using differential GPS. Following Koehler and Wesnousky (2011), scarp retreat 

following earthquakes can be described with a diffusion equation (Hanks, 2000; Hanks 

and Andrews 1989; Hanks and Wallace, 1985; Wallace, 1977; Bucknam and Anderson, 

1979b; Wesnousky, 2005) (Figure 7). 

du/dt = k(d2u/dx2) 

u is the relative elevation of a point on the scarp as a function of the horizontal distance 

perpendicular to the scarp (x) and time (t), and (k)is a diffusivity constant with the units 

of m2/ky. The equation states that elevation (u) is a function of distance (x) and time (t) 

(Hanks; 2000, Hanks and Wallace, 1985). More specifically, it states that the rate of 

change of elevation (du/dt) is proportional to its curvature (d2u/dx2) (Hanks; 2000). If the 
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curvature is positive (concave up), such as in the case with depositional basins, u will 

increase with t. If the curvature is negative (concave down), such as with a ridge crest, u 

will decrease with t (Hanks, 2000). Diffusion modeling of fault scarps has a number of 

associated uncertainties including the determination of kt, the k value that reduces kt to 

an estimated age, and the pertinence of k to the scarp in question (Hanks, 2000; Koehler 

and Wesnousky, 2011). The value of k can vary based on lithology, carbonate 

accumulation, rainfall, vegetation, and other factors (Koehler and Wesnousky, 2011). 

Therefore, it is important to use a k value that was determined in a similar environment. 

Values of k for the Basin and Range previously determined in diffusion studies of fault 

scarps in unconsolidated alluvial material as well as shoreline scarps of Lake Lahontan 

and Lake Bonneville range between ~0.9 and 1.2 m2/ky (Hanks, 2000; Hanks and 

Wallace, 1985). Because the validity of k values for Pleistocene scarps older than 10-15 

ky is poorly constrained (Wesnousky et al., 2005, Koehler and Wesnousky, 2011), I 

applied diffusion modeling on relatively young scarps in this study. 

To produce one dimensional morphological diffusion models for transport-limited 

single-event fault scarps, I used the Penck1D software in MatLab developed by Ramon 

Arrowsmith (Hilley and Arrowsmith, 2006). I used scarps located on relatively young 

(Qy and Qi) alluvial surfaces with smaller offsets and morphologies that indicated they 

were likely produced from a single surface rupturing event (i.e. lack of bevels). High 

resolution scarp profiles were produced using an Arrow Gold GNSS device in 

conjunction with ArcGIS Field Maps program on an iPad to plot and store the data. In 

terms of the Peneck1D software, the term one dimensional means elevation (H) as a 
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function of distance along a profile (x), and transport-limited means that there is 

sufficient transportable material necessary for erosion coming from the application of the 

mass continuity equation, i.e. the transport capacity is equal to the sediment supply 

(Arrowsmith, 2023). The transport capacity is scaled by the slope of the profile at a 

constant k to produce diffusion-like behavior (Arrowsmith, 2023). I used a value of 1.1 

m2/ky for k for the Basin and Range (Hanks, 2000; Hanks and Wallace, 1985; Personal 

correspondence with Ramon Arrowsmith, 2024). The results from the diffusion modeling 

of single-event fault scarps from this study are presented later in Chapter I for the IVF 

and RWF. 

Single-event fault scarp diffusion modeling provides the estimated age of the 

earthquake that produced the fault scarp, essentially the timing of the most recent event 

on individual faults in the study area. These data can be used to assess the spatial pattern 

of the most recent surface ruptures in the region based on the assumption that the 

morphology of the initial scarp degrades systematically over time based on the initial 

scarp height (Bucknam and Andersen, 1979; Wallace 1977; Hanks and Wallace, 1985). 

Additionally, the ages of the most recent event that produced a fault scarp can yield an 

open-ended maximum slip rate for a single event; however, because this estimated slip 

rate represents a maximum rate, the true slip rate would likely be much lower (Personal 

communication with Richard Koehler and Steven Bacon, 2022 ï 2024). Comparing those 

maximum slip rates to slip rates calculated using soil ages from the analysis of carbonate 

stage development could provide insight towards understanding the recurrence activity 

along individual faults. 
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Methods for estimating slip rates and recurrence 

Vertical slip rates for various faults in the study area were calculated by dividing 

absolute or relative ages of offset alluvial surfaces by the vertical separation and 

expressed in mm/yr. These rates represent minimum slip rates for individual fault traces. 

Surface ages used in slip rate calculations were based on mapping relationships of 

alluvial fan units, comparisons of fan characteristics, extrapolation of relative ages from 

better characterized fan surfaces, relative age dating based on soil characteristics and 

carbonate stage development, absolute geochronologic dating methods (OSL), and 

relative age dating from scarp diffusion equation modeling of single-event fault scarps. 

Inherent error associated with slip rate calculations depends on the resolution/error of 

dating methods used for surface age calculations, deflation of dated alluvial fan surfaces, 

and degradation of fault scarp morphology.  

Vertical slip rates calculated in this study were converted to horizontal extension 

rates following methods in Personius et al., (2017) using the equation: 

E = Vs/tan ɗ. 

E is extension, Vs is vertical separation, and ɗ is the dip angle of the fault (Table 6). In 

general, regional geodetic extension rates are assumed to be higher than geologic slip 

rates; however, individual faults may have geologic slip rates greater than geodetic rates 

because of the temporal variation between short- and long-term rates (Kenner and 

Simmons, 2005). Slip rates and the timing of the most recent faulting activity assist in 

establishing which fault zones may be more active than others in the study area. 
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Comparison of extension rates to geodetic slip accumulation for the region can be used to 

estimate how much slip is being accommodated in the study area.  

 The relationship between single-event and multiple-event fault scarps is an 

important tool in understanding faulting behavior along a given fault. Multiple-event fault 

scarps or compound/composite fault scarps are produced by more than one rupture event 

(McCalpin, 2009). In a compound fault scarp, the scarp face commonly contains multiple 

breaks in slope, or older beveled scarps that each represent a different rupture event that 

produced them (McCalpin, 2009). McCalpin (2009) mentions that if inflection points on 

compound scarps are sharp and the profile is composed of multiple linear segments, then 

it may be possible to distinguish single-event displacements on a compound fault scarp. 

However, not all large fault scarps that are known to be produced from multiple 

displacements exhibit multiple discernable breaks in slope (McCalpin, 2009). Thus, 

understanding the distribution of compound fault scarps can lead to insight into 

earthquake recurrence.  

In this study, a crude estimation of recurrence for various faults was produced 

through analyses of detailed mapping and measurements of displacement along strike 

where multiple-event scarps are present. Vertical slip rates for single-event scarps and 

measurements of vertical displacement are used to provide estimates of recurrence using 

the empirical relationship of slip rate, recurrence, and displacement by the following 

relationship: 

SR (slip rate) * RI (recurrence interval) = D (displacement) 
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where SR is slip-rate (mm/yr), RI is recurrence interval (years), and D is displacement 

(mm).  

Study areas and observations 

General Quaternary stratigraphy for the entire area 

   Quaternary alluvial surfaces in the study area are defined by a series of relative 

ages of units based on physical characteristics observed from satellite imagery as well as 

in the field. The stratigraphy is defined by 7 major units. Qa deposits represent active 

alluvium and is the youngest stratigraphic unit shown in the mapping. They are generally 

whitish to light tan in color in satellite imagery, although in some areas appear green due 

to the amount of vegetation and presence of water. The Qa is generally restricted to the 

main north-south trending river drainages found in the center of each basin. Qy deposits 

represent young alluvium or young alluvial fans. In many cases Qa and Qy are 

contemporaneous in depositional age. The Qy are generally restricted to active drainages 

near the mountain front and distributed deposits across lower elevation piedmont areas. 

They tend to be gray to light grayish brown in color and have anastomosing active 

channel networks with sharp margins. Intermediate aged alluvial fan surfaces are divided 

into three units (Qi1 ï Qi3). Qi1 surfaces make up the majority of Qi surfaces in the 

mapping area and are expressed as large broad fan surfaces exhibiting gentle ridge and 

swale morphology with smoothed margins. These surfaces are largely abandoned and 

incised by Qy surfaces or drainages. They have light brownish surface colors in satellite 

imagery. Qi2 surfaces are more deeply incised than Qi1 surfaces and are also light 

brownish in surface color. Qi3 surfaces generally have higher vertical separation across 
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faults and are higher in elevation when compared to adjacent Qi2 surfaces. Qi2 and Qi3 

surfaces are relatively similar in color on imagery and in the field, and have similar 

morphology; however, are differentiated based on textural differences in satellite 

imagery, the relative degree of incision, and/or differences in vertical separation across 

fault segments. Qo1 alluvial surfaces are the oldest set of alluvial surfaces in the study 

area. They are texturally different from the Qi alluvial surfaces, having deeper incision 

along channels that extend long distances up the surfaces. Interfluves form broad gently 

rounded surfaces. Qo1 surfaces exhibit the greatest amount of vertical separation across 

faults that cut them. There are likely multiple ages of Qo1 surfaces, however, due to the 

degree of deflation related to their relatively old age and similar characteristics, Qo1 

surface were lumped into a singular unit and were not dated. In general, this study 

focuses on the relationships between Qy and Qi alluvial surfaces and the faults that 

displace them.  

Bedrock in the study area was not differentiated and was mapped as a single unit 

labelled Br. In general, bedrock in the mapping area consists of various Tertiary volcanic 

rocks especially in the southern section of the mapping area within both the Shoshone 

Mountains and Toiyabe Range (Stewart and Carlson, 1978). In the northern Shoshone 

Mountains along the Ravenswood fault, a series of Paleozoic sedimentary and 

metasedimentary rocks consisting of limestone and quartzite are exposed in the 

mountains. Detrital clasts from the units occur on the surfaces of the alluvial fans 

shedding from the eastern Shoshone Mountains along the Ravenswood fault (Stewart and 

Carlson, 1978).  
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Ione Valley fault 

The Ione Valley fault is 76 km long, north-northeast striking, range-bounding, 

down-to-the-west dip-slip normal fault that bounds the western margin of the Shoshone 

Range (Figures 1, 2, 8, and 9). The slip rate of the IVF has been estimated to be less than 

0.2 mm/yr (Sawyer and Lidke, 1998a). I conducted Quaternary geologic mapping along 

the Ione Valley fault to develop information to guide more detailed investigation along 

the fault. The observations indicate the presence of faulted alluvial surfaces of different 

ages and with varying scarp heights, supporting a history of progressive active 

deformation. The northern section of the IVF bounds the western flank of the Shoshone 

Mountains where it is characterized by weak range front morphology and a lack of 

uplifted Quaternary surfaces (Figure 8). West of the northern section of the IVF in Smith 

Creek Valley is a dry lakebed called Smith Creek Dry Lake with multiple concentric 

paleo-shorelines (Figure 8). The shorelines do not exhibit cross cutting relationships with 

the IVF and cannot be used to bracket geochronology for the northern IVF.  

Mapping of the IVF was focused on the southern section of the fault in Ione 

Valley particularly where the fault splays away from the range front and exhibits a series 

of en-echelon fault traces (Figure 8 and 9). These traces cut across alluvial fan surfaces of 

various ages on the piedmont and in some cases cut Qi surfaces with single event fault 

scarps. The large fault scarps (especially those with greater than 4 m of vertical 

separation) that cut these surfaces represent multiple paleoearthquake events. In the 

southern section, the fault is expressed as a series of left and right stepping strands that 

displace relatively old alluvial surfaces. The southern scarps cut piedmont deposits 



оу 
 

inferred to be middle to late Pleistocene in age. The scarps are up to 26 m high and have 

rounded crests with smooth debris and wash slopes and well-developed vegetation. These 

fault scarps cut the oldest, most dissected, and incised alluvial surfaces (Qo1) (Figures 10 

ï 12). North of Mission Canyon, the fault is expressed as a prominent range front trace 

and up to 8 m high piedmont scarps across two different aged intermediate alluvial fans 

(Qi2 and Qi3) exhibiting a lesser degree of incision and dissection as compared to Qo1 

surfaces (Figures 17 ï 19). Scarps across young alluvial fans were not observed 

suggesting that the most recent event predates the Holocene. 

The southern Ione Valley fault (IVF) is defined as a main range front trace with a 

right-stepping fault that splays from the range front fault near Mission Canyon (Figures 8, 

9 and 17). Here, the splay trends parallel to the range front and bounds a series of Qi2 and 

Qi3 surfaces that are uplifted and abandoned. A small remnant Qi2 surface sits north of, 

adjacent to, and 1 ï 2 meters lower in elevation than the rest of the Qi3 in this area. South 

of Mission Canyon, the splay branches to the west from the range front and displaces a 

Qo1 surface where the vertical separation increases dramatically near Cottonwood Creek 

(Figures 10 ï 12). South of Cottonwood Creek, the surfaces gradually become younger, 

and the vertical separation decreases progressively as measured vertical separation 

becomes relatively low and fault traces die out to the south. Many of these southern fault 

strands that are included in the right stepping splay are not mapped on the USGS 

Quaternary fault and fold database and are included in the mapping conducted for this 

study. 
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The Qo1 surfaces in Ione Valley between Cottonwood Creek and Mission Canyon 

are composed of fine-grained sediments consisting of clay, silt, and sand, is grayish tan in 

color, and is mantled with angular to subangular clasts of assorted fine grained volcanic 

rocks with dominantly rhyolitic composition ranging from pebble to cobble sized and 

some boulders up to 0.5 ï 0.75 meters across (Figures 15 and 16). The surface of the Qo1 

is deeply incised by Cottonwood Creek and has a smooth rounded surface with incised 

channels that extend all the way to the range front. The Cottonwood Creek fault scarp is 

well vegetated and has an abundance of moderate sized trees growing on the scarp face 

(Figures 11 and 12). 

The Qi surfaces (Qi1, Qi2, and Qi3) in Ione Valley are texturally similar and are 

grayish tan containing fine grained silts and sands with clays mantled with pebble sized 

subangular to angular clasts of dominated by rhyolitic volcanics (Figures 24, 25, and 33). 

Occasional cobble sized clasts are present, however, the Qi surface is overall mantled 

with smaller clasts than the Qo1 surface. At Merritt Canyon, the Qi1 surface is similar to 

the Mission Canyon surface except with generally slightly smaller grains overall and less 

cobbles. The Qo1 surface is smooth and rounded and moderately incised. Incised 

channels do not deeply incise the surface like they do in the Qo1 surface, and the 

channels do not extend up the Qi surface. The Mission Canyon fault scarp is well 

vegetated with sage brush and contains a few scattered moderate sized trees, however, 

significantly less than the Qo scarps. The scarp face contains large rhyolitic boulders >1 

m in diameter that protrude from the surface (Figure 24). The presence of these boulders 

in the Qi is likely related to the close proximity of the Mission Canyon fault scarp to the 
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range front as compared to the Cottonwood Creek or Merritt Canyon scarps. Additionally, 

at IVF Site B, the Qi2 surface adjacent to the drainage has boulders while the Qi3 surface 

does not which is likely attributed to Qi2 being adjacent to the deeply incised channel 

north of Mission Canyon leaving those boulders on the Qi2 surface during the deposition 

of that surface that postdates the uplift of the Qi3 surface that separates the Qi2 and Qi3 

by about 2 meters. 

Two topographic profiles were surveyed across a Qo1 surface near Cottonwood 

Creek at IVF Site A (Figures 10 and 13). These scarps show a long history of progressive 

deformation indicated by the significant height of the fault scarp and record many events 

to produce a scarp with over 20 meters of vertical separation. IVF Profile 1 shows a west 

facing scarp with 20 meters of vertical separation (Figures 10 ï 13). IVF Profile 2, 

located ~ 80 m south of IVF Profile 1, shows 26 meters of vertical separation. The 

difference in vertical separation between IVF Profiles 1 and 2 is likely related to 

increased surface deflation of the margins of the Qo1 surface adjacent to the deeply 

incised Cottonwood Creek. These scarps represent a long history of progressive 

deformation and are the largest of the piedmont fault scarps found along the Ione Valley 

fault. Additionally, IVF Profiles 1 and 2 show an oversteepened base characterized by a 

bevel and change in slope as compared to the upper part of the scarp. This suggests that 

the base of the scarp was refreshed by at least one, but likely several more recent events 

with a total vertical separation of about 6 ï 7 m. 

Profiles IVF Profile 3 and IVF Profile 6 were surveyed across a fault splay north 

of Mission Canyon at IVF Site B where the fault displaces Qi2 and Qi3 surfaces (Figures 
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15 ï 19). IVF Profile 3 shows up to 8 meters of vertical separation while IVF Profile 6 

shows about 6 m of vertical separation. The scarps at IVF Site B record multiple events 

based on the height of the scarps and the presence of two different intermediate alluvial 

surfaces exhibiting differences in vertical separation. Overall, the Qi2 surface has 6 m of 

vertical separation while the Qi3 surface has 8 m of vertical separation. The Qi2 surface 

occurs along a large unnamed drainage north of Mission Canyon and represents a 

younger pulse of alluvial material that postdates an earlier faulting event that uplifted and 

abandoned the Qi3 surface adjacent to it leaving the Qi2 and Qi3 surfaces with different 

offsets. Additional earthquakes likely have continued to uplift both the Qi2 and Qi3 

surfaces as younger Qi1 fan surfaces were deposited based on the amount of vertical 

separation across the fault representing several earthquake events. Continued incision of 

the modern drainages that transport material west to Ione Wash in the center of Ione 

Valley have left the Qi surfaces abandoned above the modern base level. 

Profiles IVF Profile 5 and IVF Profile 7 were surveyed across the fault south of 

Mission Canyon at Remi Canyon (IVF Site C) where a remnant Qi2 surface is nested 

along the margin of a Qo1 surface (Figures 24 ï 27). IVF Profile 5 shows up to 4 m of 

vertical separation across the Qi2 surface and IVF Profile 7 shows at least 10 m of 

vertical separation across the adjacent Qo1 surface (Figures 26 ï 28). The Qi2 surface 

represents a younger pulse of alluvial deposition that postdates the uplift and 

abandonment of the Qo1 surface along the southern fork of Remi Canyon. IVF Profile 5 

shows similar although slightly less offset than the Qi2 surface found in IVF Site B. IVF 
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Profile 7 shows the Qo1 surface has at least half the amount of vertical separation (10 m) 

as the Qo1 surfaces to the south along Cottonwood Creek in IVF Site A (20 ï 26 m). 

South of Cottonwood Creek, the Qo1 forms a broad continuous piedmont and the 

IVF trends further to the southwest away from the range front. The age of the alluvial 

surfaces transition from Qo1 to Qi3 based on a drop in elevation of the surface as well as 

a change in texture and degree of incision on the surface. Two profiles were surveyed 

across the fault scarp at Merritt Canyon (IVF Profile 8 and IVF Profile 4) (Figures 29 ï 

31). Along the north side of the canyon, IVF Profile 8 shows 4.5 m of vertical separation 

across a Qi3 surface. IVF Profile 4 surveyed across a Qi1 surface along the south side of 

the canyon shows 1.5 m of vertical separation across the surface. This scarp has 

morphologic characteristics of a single-event scarp (i.e. small displacement and smooth 

unbeveled scarp face) and is used in diffusion modeling in this study. The Merritt Canyon 

drainage just to the north of IVF Profile 4 contains an unfaulted Qfy surface supporting a 

lack of Holocene rupture along the IVF. This indicates a significant amount of time has 

elapsed since the rupture that created the IVF Profile 4 scarp. This is further supported by 

results from the diffusion modeling addressed later in this section. 

IVF geochronology ï OSL at Mission Canyon Pit #1 (IVF-OSL 1) 

 A soil pit (Mission Canyon Soil Pit #1) was excavated to the north of Mission 

Canyon (IVF Site B) on a Qi3 surface near IVF Profile 3. The soil in the pit became 

incredibly difficult to excavate after about 20 cm depth due to a high degree of carbonate 

development. The pit was excavated to a total depth of 75 cm. The soil description is 

shown in Table 2. The top 0-6 cm of the pit was characterized as an Av horizon with 
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sandy clay loam texture, subangular blocky structure, and very friable consistence, 

containing few very fine roots and common fine pores. From 6 ï 12 cm depth the soil 

was characterized as a Bw horizon with clay loam texture, subangular blocky structure, 

and very friable consistence, containing few very fine roots, trace fine roots, and few fine 

pores. From 12 ï 30 cm depth the soil was characterized as a 2Bt horizon with silty clay 

loam texture, subangular blocky structure, friable consistence, some clay films and pores, 

and generally lacked carbonate development. From 30 ï 40 cm depth the soil was 

characterized as a 2Bk1 horizon with sandy clay texture, angular blocky structure, friable 

consistence, and a significant degree of carbonate development completely coating clasts. 

This horizon was mostly clast supported cobbles, boulders, and gravel coated in 

carbonate rinds. The bottom horizon in the IVF pit was from 40 ï 75+ cm depth and 

characterized as a 2Bk2 horizon with loamy sand texture, lacked structure, and had non-

coherent consistence. It generally contained more gravels and cobbles than the 2Bk1 

horizon and had a higher degree of carbonate stage development with carbonate rinds up 

to 2 mm thick completely coating clasts on all sides. The 2Bk2 horizon was well 

cemented but scrapable with a knife. The carbonate accumulation in the 2Bk2 horizon is 

consistent with carbonate stage III development indicating a range of 175 ï 500 ka 

(Tables 2 and 3). Results from the soil grain size analysis show the high percentage of 

gravels in the 2Bk2 horizon and a decrease in clay percentage below 40 cm depth (Figure 

21).  

An OSL sample (IVF-OSL 1) was collected at 25 cm depth within the 2Bt horizon 

in Mission Canyon Soil Pit #1. The sample was collected from the 2Bt horizon because 
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of its low percentage of carbonate. Below 25 cm depth, the high degree of carbonate 

development posed issues for sampling because it was well cemented with CaCO3 and 

would have been extremely difficult to hammer a steel pipe into the wall to get a cohesive 

sample. Additionally, the high percentage of carbonate posed potential issues of having to 

remove the bulk carbonate from the sample to be analyzed and it wasnôt clear that it 

would contain sufficient grains to be analyzed effectively. IVF-OSL 1 yielded an age of 

13.72 Ñ 1.45 ka (Table 1).  

The relatively young age obtained from sample IVF-OSL 1 is in contrast to the 

geomorphic expression of the Qi3 surface and its relative height above the modern stream 

channel. Several issues could be responsible for the relatively young age. The relatively 

shallow depth of the sample could affect the age due to pedoturbation and mixing of 

partially bleached grains related to bioturbation or particle infiltration from overlying 

material because of surface waters percolating downward during rain events (Bateman et 

al., 2003). Although minor carbonate development was present at ~25 cm depth in the 

2Bt horizon, it is entirely possible that the sample was taken in an active soil and 

susceptible to the introduction of recent light-exposed grains to the sample from grain 

mobility due to dust accumulation, root penetration, burrowing animals and insects, and 

percolation and translocation during rain events (Personal communication with Christina 

Neudorf, 2024). Another potential issue could be an overestimate of the measured dose 

rate used for the age model which would lead to an under-estimate in the resulting age 

(Personal communication with Christina Neudorf, 2024). If the dose rate of the 

underlying carbonate rich unit is lower, it would affect the age by a small degree, but not 
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likely more than 1 ï 2 thousand years. Based on the development of stage III carbonate in 

the soil which generally takes a minimum of 175 ky to form, I expected the age to be 

significantly older than the 13.7 Ñ 1.4 ka result. I also expected a much older age based 

on the size of the fault scarp (8 m) cutting the Qi3 surface near Mission Canyon. 

Additionally, to the south near the Merritt Canyon drainage a diffusion model age for a 

single-event scarp displacing a Qi1 unit yielded an age of 16.7 ka for the most recent 

event (see next section). Assuming the scarp at Mission Canyon was part of the last major 

earthquake along the IVF, an age of 13.7 ka for a Qi3 surface is not feasible. Thus, I infer 

that the sample was taken too close to the surface and was affected by partial mixing of 

bleached grains yielding an age of 13.7 Ñ 1.4 ka that underestimates the age of the 

soil/surface. While luminescence dating is an effective method for dating sediments in 

alluvial fans, the inferred effects of pedoturbation on the age of the IVF Mission Canyon 

OSL-1 sample suggests that OSL sampling should be conducted at depths deeper than 25 

cm. 

IVF geochronology ï Diffusion modeling 

 One scarp profile along the Ione Valley fault was used for scarp diffusion 

modelling. IVF Profile 4 defines a fault scarp cutting across a Qi1 surface and indicates 

1.5 m of vertical separation. Geomorphically, the fault scarp has a smooth crest, face, and 

base and is not beveled consistent with formation in a single earthquake. Diffusion 

modeling was performed using the Penck1D software in MatLab developed by Ramon 

Arrowsmith (Hilley and Arrowsmith, 2006). I used a value of 1.1 m2/ky for k for the 

Basin and Range (Hanks, 2000; Hanks and Wallace, 1985; Personal correspondence with 
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Ramon Arrowsmith, 2024). Results of the IVF Profile 4 diffusion model yield a best fit 

value for kT of 18.39 m2. These data yield an age for the formation of the scarp of about 

16.7 ka for an offset of 0.9 m (Figure 32). Models for kT=10 m2, 18 m2 (best fit), and 30 

m2 were also run and are shown in the bottom plot of figure 32. 

IVF slip rates 

A slip rate for the IVF fault was calculated by dividing the vertical separation 

measurement of 8 m from IVF Profile 3 by estimates of the age of the surface from the 

OSL burial age and soil carbonate stage development in IVF Mission Canyon soil pit #1 

(Table 4). The resulting slip rate using the OSL age of 13.72 Ñ 1.45 ka is 0.5 mm/yr. This 

rate is much higher than other similar faults in the region and likely is not a reliable 

estimate. This provides partial confirmation that the age of IVF-OSL 1 greatly 

underestimates the age of the surface. 

Using the carbonate stage III soil development as a proxy for the age of the 

surface abandonment suggests a surface age of 175 ï 500 ka and yields a slip rate 

between 0.016 ï 0.046 mm/yr (Table 4). This range is reasonable for faults in the central 

Basin and Range but is considered a minimum rate because 1) it is possible that the soil is 

slightly younger (~100 ka) and 2) the offset of 8 m is a minimum due to burial of the 

hanging wall by a younger deposit. These factors would result in a slightly faster rate.  

An additional slip rate estimate was calculated from the age of the most recent 

event (16.7 ka, scarp diffusion model) and a range of offsets according to diffusion model 

measurements (0.9 m) and a vertical separation measurement of 1.5 m from IVF Profile 
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4. The resulting maximum slip rate ranges between 0.05 ï 0.08 mm/yr (Table 4). 

Although this rate is an open-ended estimate, it is not unreasonable for the region. 

Ravenswood fault 

The RWF is a 39 km long, relatively continuous, northeast-striking, down-to-the-

east fault zone that bounds the eastern margin of the northern Shoshone Range (Lidke, 

2000b, Figures 1, 2, 34, and 35). Bedrock in the northern Shoshone Range contains 

Tertiary volcanics generally dominated by felsic compositions, and also contains 

Paleozoic sedimentary or metasedimentary rocks. The fault is expressed by range-

bounding faults and local fault scarps, as well as mostly east-facing scarps cutting 

Pleistocene piedmont-slope and piedmont deposits within Reese River Valley (Lidke, 

2000b). West facing faults are also present in the piedmont deposits, and likely represent 

grabens in the central section of the fault (Lidke, 2000b). Lidke (2000b) suggests there is 

evidence for at least one faulting event ranging between late Pleistocene (<130 ka) and 

Holocene in age. A lack of basal fault facets along the fault zone suggests relatively low 

rates of slip during the Quaternary (Lidke, 2000b). I conducted detailed mapping of the 

RWF, refining the location and extent of fault traces and identified relative age 

differences in alluvial surfaces based on fan morphology and surficial characteristics in 

satellite imagery (Figure 35). I identified a large horst or push-up structure in the northern 

section of the RWF containing west and east facing scarps up to 10 and 20 meters high, 

respectively cutting a Qo1 aged fan surface (Figure 39) and numerous scarps cutting Qi 

surfaces. 
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The northern half of the Ravenswood fault is expressed by a series of fault splays 

that branch to the northeast from the range front and cut across piedmont deposits 

(Figures 33 and 34). The piedmont faults branch to the east from the range front across Qi 

surfaces and continue northeast across a broad piedmont consisting of older Qo surfaces. 

The splays begin as a single strand but branch into multiple strands to the north, 

expressed as both east and west facing fault scarps, grabens, and horst structures. The 

fault scarps that cut the piedmont deposits generally decrease in height from north to 

south along the Ravenswood fault, with larger scarps across Qo1 surfaces in the north 

near Silver Creek, and smaller scarps across various aged Qi surfaces in the south. The 

southern half of the RWF is generally expressed as a singular range front trace with a lack 

of piedmont fault traces (Figures 33 and 34).  

An additional set of faults occur east of Reese River and cut across Qo1 surfaces 

that form a broad westward sloping piedmont sourced from the Toiyabe Mountains to the 

east. (eastern side of Figure 35). Although the relationship of these faults to the RWF is 

unclear, these piedmont faults appear to have the longest history of faulting in the area 

based on the height of the fault escarpments (estimated 20+ m), the highly incised and 

dissected geomorphic character of their surfaces, and bedrock exposed in some scarp 

faces. Due to the poor access to these faults, their locations were refined through remote 

mapping, but were not investigated further in this study. 

The Qo1 surfaces along the Ravenswood fault are heavily vegetated with 

sagebrush and are deeply incised up to 20 m by Silver Creek. The distal ends of the fan 

surfaces are truncated by the Reese River and have large fluvial escarpments greater than 
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20 meters high (Figures 37 and 38). The Qo1 surfaces have gentle slopes away from the 

range front except where incision or faulting have modified the surface. The Qo1 surfaces 

are buff to yellowish tan in color, soft at the surface and exhibit mud cracks from the wet 

2023 winter. Surface sediment consists of clays and fine-grained silts and sands as well as 

scattered angular to sub-angular small pebble to cobble sized clasts (5 mm up to 3 ï 5 cm 

in diameter) of rhyolitic volcanics, limestone, quartzite, chert, and jasperoids (Figure 42).  

South of Silver Creek, a Qo1 surface has been incised by a Qi3 surface (Figure 

38). The Qi3 surface is lower in elevation than the Qo1 surface and along the Reese River 

has an escarpment height of 7 m, about half as high as the Qo1 surface (Figure 38). Qi 

surfaces are extensively vegetated with sagebrush and are brown to tan in color (Figure 

46). These surfaces are lightly to moderately mantled with angular to subangular pebble 

and cobble sized clasts of quartzite, limestone, and volcanic fragments in a clay matrix 

(with mud cracks). Qi surfaces also contain boulder sized clasts in some areas.  

A series of scarp profiles were surveyed across faults that cut both Qi and Qo1 

surfaces spanning zones of faulting to be able to show cumulative offsets across the zone 

of piedmont fault scarps (Figures 42, 46, and 55). Scarps in the Qo1 surfaces are subdued 

and characterized by rounded crests and bases, lack free faces, and are typically 

associated with several subparallel splays. Accumulated colluvium mantles the scarp 

surfaces. RWF Profile 1 was surveyed orthogonal and across the entire zone of scarps 

cutting a Qo1 surface at RWF Site A (Figure 43). There, the westernmost scarp is east-

facing and 4 meters high (profile RWF Profile 1, section A) (Figure 39 and 40). To the 

east, along profile RWF Profile 1, section B, a north-south trending hill forms a west-
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facing escarpment with a vertical separation of 20 m (Figure 41). This hill is bounded by 

faults on both the western and eastern margins, consistent with a horst-like structure 

(Figure 43). The eastern side of the horst structure is an east facing scarp with 10 m of 

vertical separation (profile RWF Profile 1, section B) (Figure 39). 

Fault scarps that cut Qi deposits are similar to scarps on the Qo surfaces except 

with generally less vertical separation. The scarps are smooth with rounded crests and 

bases, lack free faces, and are heavily vegetated (similar to the Qi surfaces). In general, 

the scarps that cut Qi surfaces are east facing. Several profiles were surveyed across the 

Qi surfaces (RWF Profiles 2 ï 5; Figures 43, 44, 46, 52, 53, 54, and 55). At RWF Site B, 

the main east-facing scarp in the Qi ranges from 2.5 to 4.5 m high (RWF Profile 2 and 

RWF Profile 3) (Figures 46 and 55). A parallel east-facing scarp to the east of the main 

trace shows a small offset of 1.5 m (Figure 46). At RWF Site C, another profile (RWF 

Profile 5) shows 5 m of vertical separation across a scarp that splays from the range front 

to the northeast (Figures 52 ï 55). This fault appears to be one of the more dominant 

piedmont splays along the RWF based on the amount of vertical offset along strike. 

Additionally, it is along trend and projects towards the westernmost fault in RWF Site A, 

exhibiting a similar amount of vertical separation (Figures 43 and 57). 

RWF geochronology ï OSL and RWF Soil Pit #2 

A soil pit (RWF Soil Pit #2) was excavated and described on a Qi2 surface in 

RWF Site B (Figures 50 and 51). The pit was excavated to a depth of about 80 cm. A soil 

grain size depth profile is shown in Figure 50. The pit was characterized by an Av horizon 

between 0 ï 7.5 cm depth containing a thin silt cap at the top of the pit (Table 2). From 
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7.5 ï 14 cm depth the soil was characterized as a Bw1 horizon with sandy clay loam 

texture, subangular blocky structure, and non-cohesive to very friable consistence with 

common very fine roots, few fine roots, and few very fine pores. From 14 ï 22 cm depth 

the soil was characterized as a Bw2 horizon with sandy loam texture, subangular blocky 

structure, and friable consistence, containing few very fine roots, very few medium roots, 

trace coarse roots, and few very fine pores. The Bw1 and Bw2 horizons were mostly 

differentiated by subtle textural and compositional differences, most notably a slightly 

higher gravel percentage in the Bw2 horizon. From 22 ï 45 cm depth the soil was 

characterized as a 2Bt horizon with silty clay loam texture, subangular blocky structure, 

and firm consistence, containing very few very fine roots, common fine roots, and few 

very fine pores. Some carbonate accumulation was observed in this horizon but only as 

coating on the tops and bottoms of some clasts towards the bottom of the 2Bt horizon. 

Carbonate development is more pronounced in the 2Btk horizon between 45 ï 80+ cm 

depth. The 2Btk horizon is characterized by sandy clay loam texture, prismatic to angular 

blocky structure, and firm to very firm consistence, containing trace very fine roots. The 

carbonate was expressed as rinds up to 1 mm thick on the tops and bottoms of clasts as 

well as uncemented carbonate filaments and cemented gravels; however, they were knife-

able. This degree of carbonate accumulation is consistent with carbonate stage II+ 

development (Tables 2 and 3). The development of stage II+ carbonate in the soil 

generally takes between 50-175 k.y. to form and thus, the soil age represents a proxy for 

the minimum age of abandonment of the Qi2 surface at RWF Site B. 
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An OSL sample (RWF-OSL 2) was collected from RWF Soil Pit #2 at 55 ï 60 cm 

depth in the 2Btk horizon. Results from the dating analysis of RWF-OSL 2 yielded an age 

of 38.2 Ñ 2.5 ka. This age is close to the younger end of the age range (50 ï 175 ka) 

inferred from the stage II+ carbonate development in the soil. The sample was taken in 

the 2Btk horizon because while it did have some carbonate development it was still 

possible to hammer the sampling pipe into the pit wall. Although the effect of 

pedoturbation, mixing of partially bleached grains, and bioturbation are known to cause 

underestimation of OSL ages in alluvial fans (Bateman et al., 2003), based on the general 

agreement of the OSL and soil ages I infer that the depth of OSL sampling was sufficient 

to minimize the effects of soil processes and produce a reliable minimum age for the Qi2 

surface. Ideally, future sampling for OSL in alluvial fans in future studies should be 

sampled at greater depth especially if soil pits are able to be excavated using a backhoe or 

other large digging equipment that can more easily excavate soils with significant 

carbonate accumulation that is prohibitive for excavation by hand.  

RWF geochronology ï Diffusion modeling 

 Scarp diffusion modelling was performed along two scarp profiles across the 

Ravenswood fault. RWF Profile 3 has up to 2.5 m of vertical separation and RWF Profile 

4 has up to 1.5 m of vertical separation. Geomorphically, both fault scarps have a smooth 

crest and base and are not beveled suggesting that they are the result of a single 

earthquake. Results of the RWF Profile 3 diffusion model yield a best fit value for kT of 

19.35 m2. These data yield an age for the formation of the scarp at about 17.6 ka for an 

offset of 1.6 m (Figure 47). Models for kT=1 m2, 20 m2 (best fit), 30 m2, and 50 m2 were 
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also run for the diffusion model of RWF Profile 3 and are shown in the bottom plot of 

figure 47. Results of the RWF profile 4 diffusion model yield a best fit value for kT of 

9.68 m2. These data yield an age for the formation of the scarp at about 8.8 ka for an 

offset of 0.8 m (Figure 48). Models for kT=1 m2, 10 m2 (best fit), 20 m2, 30 m2, and 50 

m2 were also run and are shown in the bottom plot of figure 48. Given that Holocene 

deposits are not displaced along the RWF, the preferred age of the most recent event is 

inferred to be 17.6 ka. 

RWF slip rates 

Estimates of the slip rate for the Ravenswood fault were calculated based on the 

OSL and soil carbonate stage estimates for the age of the surface and vertical separation 

measurements from scarp profiles.  The Qi2 surface in RWF Site B is displaced across 

several parallel fault strands with a cumulative vertical separation of 4-6 m (RWF 

Profiles 2, 3, and 4).  Dividing this value by the OSL burial age for the Qi2 surface of 

38.2 ± 2.5 ka indicates a late Pleistocene slip rate of 0.1 ï 0.17 mm/yr (Table 4). Dividing 

the cumulative vertical separation (4 ï 6 m) by the age of the surface inferred from the 

carbonate stage II+ soil development (50 ï 175 ka) indicates a slip rate of 0.02 ï 0.12 

mm/yr (Table 4). In RWF Site C, RWF Profile 5 indicates a vertical separation of 5 m 

and a secondary splay indicates an additional 1 m of displacement across a Qi2 surface 

for a total of 6 m. This offset is essentially equivalent to the offset of the Qi2 surface in 

RWF Site B and assuming a similar age for the surface, based on similar geomorphic 

expression, results in a slip rate of 0.17 mm/yr (Table 4). These slip rate estimates are 
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considered a minimum because an unknown amount of displacement may be 

accommodated across the range front trace. 

Slip rate estimates were also generated using the two diffusion models from RWF 

Profile 3 and RWF Profile 4 (Table 4 and Figures 47 and 48). RWF Profile 3 produced an 

age estimate of the most recent event of 17.6 ka and yields a range of slip rates between 

0.09 ï 0.14 mm/yr. This range is based on considering offset measurements from the 

diffusion model (1.6 m) and the vertical separation from RWF Profile 3 (2.5 m). RWF 

Profile 4 produced an estimate of the most recent event at 8.8 ka and yields a slip rate 

range of 0.09 ï 0.17 mm/yr. This range is based on considering offset measurements from 

the diffusion model (0.8 m) and the vertical separation from RWF Profile 4 (1.5 m). The 

geologic slip rates calculated from the OSL and soil carbonate stage development 

estimates are preferred for use in this study and for seismic hazard assessment. The slip 

rates calculated from scarp diffusion model ages are considered open ended slip rates 

relative to the period between the most recent event and today and are not used in other 

calculations in this study. While they generally agree with slip rates produced from both 

OSL burial ages and soil carbonate stage surface age estimates, the rates calculated from 

diffusion ages have so much uncertainty related to only using the age of one 

paleoearthquake derived from diffusion modeling that the results are equivocal. 

Western Toiyabe Range fault zone 

 The Western Toiyabe Range fault zone extends along the western flank of the 

Toiyabe Range, and is a 131 km long, relatively continuous, down-to-the-west fault zone 

(Sawyer and Lidke, 1998c; Figures 1, 2, 58, and 59). The Toiyabe range exhibits normal 
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fault morphology including over-steepened basal slopes, wineglass canyons, and 

triangular facets along the range front (Figures 58 and 59). Based on the existence of fault 

scarps cutting Pleistocene and late Pleistocene surficial deposits and range front faults, 

the WTRFZ has experienced Quaternary fault movement (Sawyer and Lidke, 1998c). The 

WTRFZ has previously been divided into four sections defined by reconnaissance 

mapping, estimates of along strike vertical displacement rates (0.2 ï 1.0 mm/yr) and most 

recent fault movement (Sawyer and Lidke, 1998c). For the purpose of this study, I 

modified the sections of the fault described by Sawer and Lidke (1998c) based on the 

distribution of mapped fault traces, morphological differences of the range front, and the 

locations of specific field sites as shown on Figure 56 and described below. 

The northern most section (Northern Austin section) extends to the north from 

Austin, NV, generally trends north-south, and is defined by a dominant down-to-the-west 

range front trace with some localized piedmont fault scarps paralleling the range front. 

The Big Creek Section extends from Austin, NV along the range front to west-southwest 

of Big Creek Peak in the Toiyabe Range. This section of the fault is defined by a 

dominant north-northeast trending down-to-the-west range front trace and a series of 

branching en-echelon piedmont fault scarps that take a right-step from the range front. 

The range front in the Big Creek section has the highest relief relative to Reese River 

Valley. The Reese River Butte section extends from west-southwest of Big Creek Peak in 

the Toiybe Range to east-southeast of Reese River Butte and consists of a mostly 

continuous down-to-the-west range front fault and a series of en-echelon northeast to 

east-west trending right-stepping short branching and anastomosing faults cutting 
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piedmont slopes of the southern Reese River Valley. The Southern Reese River Valley 

section is defined as a set of discontinuous left-stepping down-to-the-west range 

bounding faults and a series of right-stepping northeast trending piedmont traces in the 

southernmost part of Reese River Valley. Here, the range front relief along the 

southernmost Toiyabe Range decreases in elevation. 

A surficial geologic map was produced along the WTRFZ (Figure 57). The Qi 

surfaces along the WTRFZ are similar to other Qi surfaces described along the IVF and 

RWF. In general, the surfaces contain fine grained sediments with clay to sand sized 

particles mantled with subangular to angular pebble sized clasts with varying 

compositions including volcanics and limestones (Figures 62, 67, and 68). These surfaces 

lack cobble sized clasts on the surface. The younger Qi surfaces tend to be more grayish 

tan, while older Qi surfaces tend to have more of a yellowish tan to brown color. The 

surfaces in the Reese River Butte section contain dense sagebrush vegetation. The Big 

Creek surfaces have less dense vegetation cover. 

Two sites that contain multiple clearly defined fault traces along the WTRFZ 

were investigated in detail including WTRFZ Site A and WTRFZ Site B (Figures 60 and 

64). WTRFZ Site A contains a series of fault segments parallel to the range front fault 

that cut across piedmont surfaces near Big Creek in the Big Creek section of the WTRFZ 

(Figure 60). These surfaces are cut off on their distal ends by Big Creek and have a 

significant river escarpment. The surfaces are smooth and rounded with moderately to 

deeply incised channels that extend far up the surface. These surfaces are mapped as Qi3 

surfaces based on their character and texture relative to other surfaces in the region. 
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Though the Qi3 surfaces here do look like they are relatively old surfaces, they are not as 

deeply incised as other Qo1 surfaces seen along the IVF and RWF from satellite and 

NAIP imagery and were mapped as older intermediate surfaces. Profile WTRFZ Profile 1 

was surveyed near Big Creek where a range-front parallel fault splay cuts relatively older 

Qi surfaces producing a 4.5 m high west-facing scarp (Figure 60, 61, and 63). Near this 

site, Koehler (2009) documented evidence for at least two late Pleistocene events based 

on a beveled 4 m scarp cutting an intermediate alluvial surface west of the range front 

near Big Creek.  

To the south, WTRFZ Site B contains a wide zone of discontinuous fault splays 

that cut across piedmont surfaces in southern Reese River Valley in the Reese River Butte 

section of the WTRFZ (Figure 64). These faults are oriented northeasterly and project 

towards the Southwest Reese River Valley fault suggesting a possible kinematic link 

between the two faults (Figure 64). The expression of these faults is poorly defined in the 

field and they generally lack vertical offset. They are strongly visible in satellite imagery 

and NAIP imagery, and some of the traces are mapped in the USGS Quaternary fault and 

fold database (2017); however, they do not produce well defined vertical scarps based on 

field observations. The scarps extend across Qi1 and Qi2 surfaces and possibly Qy 

surfaces (Figure 64).  The surfaces are smooth and flat lying and fan outward to the 

northwest. They contain some minor incision from active channels and some slightly 

older channels that donôt appear to be active. The surfaces are densely vegetated with 

sage brush. Some of the surfaces mapped as Qy could be younger Qi surfaces based on 

the active channels that cut them. WTRFZ Profiles 2, 3, and 4 were surveyed across 
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several scarps that cut Qi1 and Qi2 surfaces in WTRFZ Site B (Figures 64 ï 66, and 69). 

Analysis of the profile data indicates little to no vertical separation across the scarps. The 

lack of vertical displacement across the scarps may reflect erosion and deposition on the 

fan surfaces, a component of lateral motion, and/or deformation accommodated by 

tensional fracturing or fissuring. However, because the scarps extend oblique to the 

primary drainage direction, I infer that they are tectonic in origin.  

Southwest Reese River Valley fault 

 The Southwest Reese River Valley fault extends along the eastern flank of the 

Shoshone Mountains and is a sinuous 73 km long down-to-the-east, normal fault that 

bounds the range front and is expressed by short scarps cutting piedmont-slope deposits, 

and large range front fault facets (Sawyer and Lidke, 1998b, Figures 1, 2, 70, and 71). 

The timing of the most recent prehistoric faulting event is poorly constrained but is 

suggested by previous mappers to likely have occurred in the northern section of the 

SWRRF in the late Pleistocene based on a short scarp cutting a late Pleistocene deposit 

(10 ï 130 ka) (Sawyer and Lidke, 1998b). In the southern section of the SWRRF the most 

recent prehistoric faulting event is suggested to have occurred sometime in the 

Pleistocene (Sawyer and Lidke, 1998b). A series of fault traces exhibiting fault scarps 

that cut piedmont surfaces occur in the center of southern Reese River Valley. I produced 

a geologic map showing refined fault traces and the distribution and relative ages of 

alluvial units (Figure 71). In general, the SWRRF is defined as a range front trace. The 

USGS Quaternary fold and fault database shows a series of piedmont fault splays labeled 

as SWRRF located east of the Reese River drainage in the southern Reese River Valley 
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section of the WTRFZ. For the purposes of this study, I associate these faults with the 

WTRFZ because their location is in close proximity to the WTRFZ and the trace of their 

lineaments cut across alluvial surfaces sourced from the western flank of the Toiyabe 

Range. Their relationship with either the SWRRF or the WTRFZ and their tectonic origin 

is unclear. The features are essentially lineaments and do not show up well in available 

DEMôs due to low resolution. Remote reconnaissance with Google Earth imagery and 

profile tools was inconclusive and suggest that if the features are tectonic, vertical 

separation across them is less than a meter. Field reconnaissance was also inconclusive in 

locations where the lineaments cross accessible dirt roads. As such, the new mapping 

provides refined locations of the lineaments; however, they were not investigated further. 

Eastern Shoshone Range fault zone 

 The Eastern Shoshone Range fault zone (ESRFZ, unofficially named herein) 

extends discontinuously southwest along the eastern flank of the Shoshone Mountains, 

and consists of a series of northeast-striking, down to the southeast faults (Lidke, 2000c; 

Figures 1, 2, 72 and 73). In the USGS Quaternary fault and fold database the fault is only 

shown as traces and the fault zone is unnamed. In the southern and central zones south of 

US Highway 50 the faults juxtapose bedrock of the Shoshone Mountains against 

piedmont-slope deposits of the Reese River Valley and exhibits some east-facing scarps 

(Lidke, 2000c). North of US Highway 50, faults within the zone displace piedmont-slope 

deposits and contain west-facing scarps (Lidke, 2000c). Lidke (2000c) indicates evidence 

for at least one Quaternary faulting event that occurred as old as early Pleistocene or as 

young as late Pleistocene.  
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I produced a detailed surficial geologic map of the ESRFZ and established 

relative ages of alluvial surfaces based on remote mapping techniques (Figure 73). The 

map and field observations indicate that the range front is sinuous with weak poorly 

defined facets. The majority of the ESRFZ fault traces are discontinuous and generally 

poorly defined. South of Highway 50 alluvial fan deposits along the range front consist of 

Qi2 and Qi3 fans. Several discontinuous queried faults were mapped across Qi3 deposits 

in this area. North of Highway 50, alluvial deposits transition to relatively older Qo1 

deposits characterized by deeply incised surfaces with anastomosing channels that extend 

to the range front. The northern section of the ESRFZ cuts across piedmont surfaces with 

apparent displacement observed from high resolution satellite imagery. In this area a 

relatively continuous fault scarp was mapped across the Qo1 deposits based on satellite 

imagery observations, however these scarps were not clearly defined in the field. The 

subtle expression of the scarps could reflect subsequent burial and/or a long period of 

scarp diffusion. Based on the lack of displaced late Pleistocene deposits and 

discontinuous poorly defined scarps, I infer that the ESRFZ has a low slip rate and 

extremely long recurrence. The height of the range and weak tectonic geomorphology 

along the Shoshone Mountains range front supports a low rate of activity along the 

ESRFZ. 

Additional fault systems  

Iron Mountain fault 

The Iron Mountain fault zone is a relatively continuous 20 km long, north-

striking, down-to-the-west range front fault that extends along the western flank of the 
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Shoshone Mountains near Iron Mountain and juxtaposes bedrock of the central Shoshone 

Mountains against Quaternary aged piedmont-slope deposits (Lidke, 2000a, Figures 1, 2, 

and 5). Lidke (2000a) suggests the IMF exhibits evidence for at least one faulting event 

that occurred between the early and late Pleistocene; however, the timing of the most 

recent prehistoric faulting event is not well constrained. In the scope of this project, the 

IMF lies between and along strike of the IVF to the south and RWF to the north and may 

be an important structure that kinematically connects the two fault systems. Additionally, 

the IMF may rupture with the IVF and/or RWF in temporally spaced surface rupturing 

events similar to the historic CNSB ruptures. Preliminary mapping of the IMF based on 

Google Earth satellite imagery led to the observation of a possible piedmont fault trace in 

the northern section of the IMF; however, field reconnaissance and comparison with 

other high resolution satellite imagery and aerial photography did not reveal evidence for 

active faulting across the piedmont.  Despite the lack of piedmont faults, an over-

steepened basal contact and the presence of triangular facets along the western flank of 

the Shoshone Range indicate that the IMF is an active Quaternary structure. 

Toiyabe Range fault zone 

The Toiyabe Range fault zone extends along the eastern margin of the Toiyabe 

Range, and is a 116 km long and mostly continuous, steeply dipping, down-to-the-east 

dip-slip normal fault that bounds most of the range front exhibiting clear geomorphic 

features such as triangular facets, over-steepened basal slopes, and wineglass canyons 

(Sawyer and Lidke, 2011b; Figures 1 and 2, and 5). The fault zone places Quaternary 

deposits against bedrock and is expressed as short single and multiple-event fault scarps 
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up to 12 m high on piedmont deposits near the range front (Sawyer and Lidke, 2011b). 

Koehler and Wesnousky (2011) indicate that two surface rupturing earthquakes occurred 

along the northwest strand of the TRFZ following the deposition of an alluvial fan based 

on evidence from a paleoseismic trench. The fan age was suggested to be between late 

middle to late Pleistocene (~60 ï 100 ka) based on stage II+ carbonate development in 

the B horizon (Koehler, 2009). A slip rate of 0.04 and 0.08 mm/yr was inferred for the 

TRFZ based on the total surface offset and the age of the soil (Koehler, 2009). Using 

hillshades produced by SRTM 1/3 arc second DEMs, the morphology of the eastern flank 

of the Toiyabe Range looks similar in character to the range front of the Stillwater 

Mountains adjacent to Dixie Valley where the 1954 historic CNSB Dixie Valley rupture 

occurred. Based on this observation of range morphology and classical normal faulting 

range front features associated with the TRFZ, the TRFZ may be a dominant fault in the 

study area and could possibly have the highest late Quaternary slip rate in the study area. 

Synthesis of slip rates and recurrence 

Vertical slip rates calculated in this study provide updated constraints for Late 

Quaternary fault activity in the study area. For the Ione Valley and Ravenswood faults, 

various slip rates were developed utilizing estimates for the age of faulted deposits based 

on OSL, soil carbonate stage development, and the age of the last event according to 

scarp diffusion modeling. The slip rates developed for these faults are shown in Table 4. 

The estimated vertical slip rates for the IVF and RWF are 0.016 ï 0.046 mm/yr and 0.02 

ï 0.17 mm/yr, respectively. 
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The vertical slip rates for the Ione Valley and Ravenswood faults were converted 

to horizontal extension rates following methods in Personius et al., (2017),  The 

horizontal extension rates were calculated using a series of fault dips (45ę, 50ę, 55ę, 60ę, 

and 70ę) based on ranges of dips for historic normal fault ruptures discussed in 

Wesnousky (2008); however, I favor the use of 60ę fault dips in agreement with 

Andersonian mechanics for normal faults (Anderson, 1951). A summary of the horizontal 

extension rates is shown in Table 5. Horizontal extension rates for the IVF range between 

0.01 ï 0.21 mm/yr with a preferred rate of 0.01 ï 0.03 mm/yr based on a 60Á dip and 

stage III soil carbonate development at the site. For the RWF, horizontal extension rates 

range between 0.01 ï 0.16 mm/yr. The preferred rate for the RWF ranges between 0.01 ï 

0.09 based on a 60Á dip, stage II+ soil carbonate development, and an OSL age of ~38.2 

ka at the site. 

The vertical slip rates were used with observations of single event displacements 

to assess the rate of occurrence of surface rupturing earthquakes (recurrence interval) 

following the equation: 

SR (slip rate) * RI (recurrence interval) = D (displacement) 

A summary of the recurrence estimates is provided in Table 6. For the Ione Valley 

fault, a recurrence interval was estimated using the preferred vertical slip rate of 0.016 ï 

0.046 mm/yr derived from the soil carbonate age and the single event displacement of 1.5 

m measured from IVF Profile 4 and 1 m based on the diffusion model. The resulting 

recurrence interval ranges from 21,739 ï 93,750 years. 
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For the Ravenswood fault, single event displacements are inferred to be 2.5 and 

1.5 m based on single event scarp profiles RWF Profiles 3 and 4, respectively.  Using the 

OSL derived slip rate and these displacements yields a recurrence interval of 8,823 ï 

25,000 years.  Using the soil carbonate derived slip rates and these displacements yields a 

recurrence interval of 12,500 ï 125,000 years. 

Discussion 

 One of the primary goals of this study is to establish ages for faulted and 

displaced alluvial fan surfaces along individual faults with the objective of producing 

long term slip rates for these faults. The horizontal extension rates developed in this study 

can be compared with established extension rates from geodetic data in the region. In 

general, regional geodetic extension rates are assumed to be higher than geologic slip 

rates; however, individual faults may have geologic slip rates greater than geodetic rates 

because of the temporal variation between short- and long-term rates (Kenner and 

Simmons, 2005). Comparison of extension rates to geodetic slip accumulation for the 

region provides a means to evaluate how much slip is available to be released in 

earthquakes in the study area.  

Geologic extension rates for the CNSB range between 0.59 ï 1.37 mm/yr with 

individual faults in the belt having net slip rates of 0.09 mm/yr for the Fairview Peak 

fault to up to 0.2 ï 0.7 mm/yr for the Cedar Mountain fault (Bell et al., 2004). In general, 

individual faults in the CNSB have slip rates ranging between ~0.1 ï 0.6 mm/yr (Bell et 

al., 2004).  Bell et al., (2004) indicates that the calculated geologic extension rates of 0.59 

ï 1.37 mm/yr are significantly lower than the 2.20 ï 3.13 mm/yr geodetic rates for the 
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CNSB which is likely due to postseismic strain, or in the form of off-fault deformation. 

Thatcher et al., (1999) suggests that on the basis of geologic data, the cumulative vertical 

slip rate across the CNSB is ~1 mm/yr. The Pleasant Valley fault is suggested to have a 

slip rate of <0.2 mm/yr for all segments of the fault and a penultimate event estimated 

between 6.9 and 15 ka (Anderson and Machette, 2003; Bell et al., 2004). The Dixie 

Valley fault is suggested to have an estimated vertical slip rate of 0.5 mm/yr based on ~6 

m of vertical separation in the last ~12 ka (Bell et al., 2004). A trench site along the 

Rainbow Mountain fault yielded vertical slip rates of 0.17 ï 0.21 mm/yr and extensional 

slip rates of 0.11 ï 0.13 mm/yr (Bell et al., 2004). These estimates for vertical slip rates or 

horizontal extension rates are generally higher for the CNSB faults than estimates for slip 

rates or extension rates for faults in the study area or in other sections of the Basin and 

Range. The highest reported slip rate for the western Basin and Range province is the 

Genoa fault with an estimated Holocene slip rate of >2 ï 3 mm/yr (Ramelli et al., 1996; 

Bell et al., 2004). 

East of the CNSB and east of the field area, geologic slip rates can be inferred 

from studies by Koehler and Wesnousky (2011), Wesnousky et al., (2005), Personius et 

al., 2017, and Machette et al., 1991; and 2005; among others. Koehler and Wesnousky 

(2011) infer a series of east-west directed horizontal extension rates for the last ~20,000 

and ~60,000 years for numerous faults east of the CNSB ranging from 0.01 ï 0.12 mm/yr 

and 0.012 ï 0.12 mm/yr, respectively for individual faults. Wesnousky (2005) estimated a 

net extension rate of 0.65 over the past 20,000 years and 0.42 mm/yr over the past 45,000 

years across a 400 km transect north of 40ÁN. Another 265 km wide transect across 
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northwestern Basin and Range yielded average vertical slip rates for individual faults 

ranging from 0.1 ï 0.8 mm/yr and totaling ~2 mm/yr (Personius et al., 2017). Horizontal 

extension estimates for that study ranged from 1.3 ï 1.9 mm/yr which underestimated the 

modern rate of 2.4 mm/yr by ~21% ï 46% (Personius et al., 2017). The Clan Alpine fault 

in Nevada lies just to the east of the CNSB and bounds the eastern margin of the Clan 

Alpine Mountains and has an estimated slip rate of 0.025 ï 0.08 mm/yr and a long 

recurrence interval of Ó20,000 years (Machette et al., 2005). The Wasatch fault zone in 

Utah has several relatively active discrete segments with Holocene slip rates of 1 ï 2 

mm/yr and recurrence intervals of 2000 ï 4000 years, and several less active, mostly pre-

Holocene segments with slip rates of <0.5 mm/yr and recurrence intervals Ó10,000 years 

(Machette et al., 1991). 

The calculated vertical slip rates and horizontal extension rates determined in this 

study generally agree with other slip rates for the region. The range of estimated vertical 

slip rates (~0.02 ï 0.17) and preferred geologic extension rates (~0.01 ï 0.09 mm/yr) for 

faults in the study area are reasonable for the Basin and Range based on the published 

rates for other faults in the area described above. The rates are consistent with cumulative 

rates across the Basin and Range including ~1 mm/yr of strain accumulation measured 

geodetically (Hammond and Thatcher, 2004, Bennett et al., 2003), and the ~1 mm/yr late 

Pleistocene geologic extension (Koehler and Wesnousky, 2011; Wesnousky, 2005).  

Slip rate and recurrence interval are the two fundamental characteristics of paleo 

earthquake timing, and when combined with paleo earthquake magnitude estimates form 

the main end-products of a paleoseismic study (McCalpin, 2009). Slip rate is defined by 
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the amount of accumulated strain that is released in a given period of time across a fault 

(McCalpin, 2009). 

The estimates of recurrence intervals for the IVF and RWF shown in Table 6 

indicate long intervals between large events ranging from several thousand years to tens 

of thousands of years. For the IVF, the recurrence interval ranges between 21,739 ï 

93,750 years based on a carbonate stage III soil age of 175,000 ï 500,000 years. Based on 

evidence for progressive deformation of Quaternary alluvial fan surfaces and the 

relatively old age of the Qi3 surface the recurrence interval estimate is likely closer to the 

lower end of this range. The lower end of the recurrence range is similar but slightly older 

than the diffusion model age of 16.7 ka for the most recent event at IVF Profile 4. The 

displacement of 1.5 m at the site agrees well with the average vertical separation (1 ï 2 

m) generated in historic normal fault ruptures (Wesnousky, 2008). The presence of 

multiple-event fault scarps along the IVF suggests that several events occurred to produce 

those scarps based on the average of 1 ï 2 m of vertical separation per event. IVF Profile 

3 has 8 m of total vertical separation formed by at least 4 events and possibly more to get 

to 8 m of vertical separation. Using the minimum recurrence interval estimate of 21,738 

years, the surface displaced by the fault at IVF Profile 3 would require a minimum of 

86,952 years to exhibit 8 m of vertical separation. If correct, this implies that the estimate 

of the Qi3 surface age based on stage III soil carbonate development may overestimate 

the age of the surface and that the surface may possibly be closer to 100 ka consistent 

with other Qfi surfaces in the region.  
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For the RWF, the estimated recurrence interval ranges between 12,500 ï 125,000 

years based on carbonate stage II+ soil development. The older end of this range is likely 

too old because it is greater than the age of the surface. The recurrence interval estimate 

of 8,823 ï 25,000 years for the RWF based on the OSL age of ~38.2 ka is a reasonable 

estimate; however, the higher end of that range is more likely based on its similarity to 

the diffusion modelling age of the most recent event at RWF Profile 3 of 17.6 ka. RWF 

Profile 2 and 4 have a combined vertical separation of 6 m and likely would require a 

minimum of 3 events to form, suggesting a formation time between 26,469 ï 75,000 

years. Because the surface age for the Qi2 surface at RWF Site B is estimated by OSL to 

be ~38.2 ka and stage II+ soil carbonate suggest a minimum of 50 ka for abandonment, a 

recurrence interval estimate of  a recurrence interval estimate of ~20,000 ï 25,000 years 

is inferred to be the most reasonable value. 

The observations on slip rate and recurrence suggest that the seismic hazard for 

faults in the study is moderate to high. This is based on several factors including, similar 

slip rate estimates for individual fault strands as compared to other faults in the region, 

the long recurrence interval estimates in comparison to the relatively long periods of time 

since the most recent earthquake and lack of evidence for Holocene ruptures. The 

relatively high hazard in the study area is consistent with observations of evidence for 

progressive deformation in the Quaternary (oversteepended basal contacts, triangular 

facets, and wineglass canyons, and compound fault scarps) that support the occurrence of 

multiple late to latest Pleistocene earthquakes.  
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The orientation of faults within the study area parallels the CNSB and the 

character of faulted deposits suggests that belt-like rupture behavior may be possible 

(Figures 1 and 76). The distribution of active fault traces, slip rates, and the timing of the 

most recent faulting activity developed in this study provide information towards 

establishing which fault zones may be more active than others in the study area and a 

framework to propose a belt-like pathway for contemporaneous ruptures (Figure 76).  

The ESRFZ and IMF could possibly form kinematic links between the IVF and 

RWF; however, these faults have weak expression suggesting that they are not part of the 

dominant active tectonic pathway in the late Pleistocene and do not directly connect the 

IVF and RWF. Instead, it appears that active faulting along the IVF occurs along the 

southern IVF and then takes a right step to the SWRRF to the east instead of continuing 

north along the northern IVF. Although the northern IVF does exhibit some evidence of 

previous ruptures, it does not appear to be part of the dominant pattern of faulting, and 

thus not part of the favored pathway for belt-like behavior. The active pathway then takes 

another right step to the east from the SWRRF to the WTRFZ at the Reese River Buttes 

section of the WTRFZ until it gets to the latitude of the southern end of the RWF. There, 

the dominant fault activity takes a left step to the west to the RWF and continues along 

the extent of the RWF (Figure 76). It is important to note that the directivity of fault 

ruptures along this pathway could be north or south directed. This rupture pathway idea is 

based upon patterns of faulting and morphology along the range fronts in the study area 

and is also based on the assumption that locations along the faults that contain piedmont 

fault splays indicate a younger phase of tectonics as opposed to range front traces. While 
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the range fronts are generally still active based on normal fault range front 

geomorphology, the piedmont faults appear to be accommodating the majority of the 

deformation. Therefore, the IMF and/or ESRFZ do not appear to form a kinematic 

connection between the IVF and RWF and do not appear to be important fault structures 

in the proposed pathway. The similarity of the age of the most recent event (based on 

diffusion modelling) along the IVF (16.7 ka) and RWF (17.6 ka) provides partial support 

for the proposed pathway. This as well as similar scarp morphology along piedmont fault 

traces along all of the faults may indicate relatively contemporaneous rupture along 

adjacent faults. 

The transfer of slip from the Walker Lane to the Basin and Range has long been a 

debate as to how much slip is being transferred and where it is occurring. The presence 

faults in the southern Walker Lane with relatively high slip rates (1 ï 5 mm/yr) followed 

by a significant reduction in slip rates to the north of the Mina Deflection, the presence of 

high-magnitude historic ruptures in the CNSB, and a deficit in the slip budget for the 

western United States related to the North American and Pacific plate boundary to the 

west of the Basin and Range suggest that slip is being transferred to the western Basin 

and Range from the Walker Lane (Figures 1 and 2). In this study, evidence of Quaternary 

ruptures and a history of progressive deformation shown along faults in many locations 

throughout the study area suggests that slip is occurring in the western Basin and Range. 

Observations on the pattern of faulting in the study area shows that the faults may be 

capable of belt-like behavior similar to the historic CNSB ruptures (Figure 76). Slip is 

likely being transferred from the Walker Lane to the east into the Basin and Range 
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through slip partitioning and manifested as high-magnitude ruptures on faults with 

relatively low slip rates and long recurrence intervals on the order of tens of thousands of 

years.  

Conclusions 

New surficial geologic mapping was conducted along the Ione Valley, 

Ravenswood, Southwest Reese River Valley, Eastern Shoshone Range, and Western 

Toiyabe Range faults. Observations from remote and field investigations indicate that all 

of these faults exhibit evidence of progressive deformation in the Quaternary. Assessment 

of scarp diffusion models indicates the age of the MRE is about 16.7 ka for the IVF and 

17.6 ka for the RWF. The slip rate for the IVF is approximately between 0.016 ï 0.046 

mm/yr based on stage III carbonate soil development into a Qi3 surface with an 

approximate age range of 175 ï 500 ka. The slip rate for the RWF is between 0.1 ï 0.17 

mm/yr based on an OSL surface age of a Qi2 surface of 38.2 Ñ 2.5 ka but could be as low 

as 0.02 ï 0.12 mm/yr based on stage II+ carbonate soil development (~50 ï 175 ka). 

These geologic slip rate data are important for seismic hazard assessment and 

modeling and integral to mitigating and reducing the exposure of critical and societally 

important infrastructure and loss of life to earthquake hazards in the region. 

The relative activity and distribution of the faults in the study are consistent with 

slow extension in the western/central Basin and Range and support a potential pathway of 

relatively contemporaneous rupture potentially analogous to the belt-like historical 

ruptures in the CNSB. This has implications towards understanding the regional tectonics 
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related to the Pacific-North American plate tectonic boundary by highlighting how strain 

is distributed or transferred between the central Walker Lane and the western Basin and 

Range.  
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Table of OSL results 

Sample Depth 
(cm) 

N a OD b 

(%) 
Db(Gy) c Total 

Dose Rate 
d (Gy/ka) 

Uncorrected 
age (ka) 

Fading-
corrected 
age e (ka) 

IVF MC 
OSL 1 

25 30 
(34) 

29 62.22Ñ3.50 5.84Ñ0.32 10.66Ñ0.84 13.72Ñ1.45 

RWF 
OSL 2 

55-60 23 
(24) 

17 171.34Ñ3.97 4.49Ñ0.27 38.17Ñ2.46 N/A 

 

Table 1: Table of OSL results showing uncorrected and fading-corrected ages for K-rich feldspar 

separates. Table modified from official report of results from the DRI Luminescence Laboratory 

(DRILL), Luminescence dating of sediment from the Ione Valley and Ravenswood faults (2024) 

(Appendix A). 

a  ónô refers to the number of aliquots used in the age calculation; total number of aliquots 
measured is in brackets. 

b The OD (overdispersion) is the scatter in the De distribution due to environmental sources of 
error, such as incomplete bleaching of grains, mixing of sediments of different ages, and 
heterogeneity in the dose rate field. 

c Db refers to the burial dose calculated from De distributions in Figure 2. 
d Dose rates were calculated using measured sample water contents, and a grain internal K 

content of 12.5 Ñ 0.5 % following Huntley and Baril (1997). 
e The age of sample IVF MC OSL 1 was corrected for a measured fading rate of 2.81 Ñ 0.60 

%/decade using the model of Huntley and Lamothe (2001). Sample RWF OSL 2 
exhibited no fading. 
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Table of soil characteristics from IVF Mission Canyon Pit 1 and RWF Pit 2 

 

Table 2: Soil characteristics and descriptions from the IVF Mission Canyon Pit 1 and RWF Pit 2. Depth of OSL samples for each pit is found in 

bold under the notes section.
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Table of carbonate stage descriptions and ages 

 

Table 3: Table of soil carbonate stage ages. Descriptions of carbonate stage development 

adapted from Birkeland (1999). Ages adapted from (Redwine et al., 2020; Kurth et al., 2011; 

Harden 1982; Harden and Taylor, 1983; Machette 1985; McFadden 1982 and 1988; Reheis et al., 

1995 and 1996; Reheis and Sawyer, 1997; Ruleman et al., 2013; Slate 1992)

Carbonate 
Stage 

Description Age 
Range 

Stage I Few filaments or coating on sand grains CaCO3 0 ï 10 ka, and 

up to ~16 ka 

Stage II Few to common nodules; matrix between nodules slightly 
whitened by carbonate (15-50% by area), and the latter 
occurs in veinlets and as filaments; some matrix can be 
noncalcareous; about 10-15% CaCO3 in whole sample, 
15-70% in nodules 

10 ï 175 ka 

Stage II+ Common nodules; 50-90% of matrix is whitened; about 
15% CaCO3, in whole sample 

50 ï 175 ka 

Stage III Many nodules, and carbonate coats so many grains that 
over 90% of horizon is white; carbonate-rich layers are 
common in upper part; about 20% CaCO3 

175 ï 500 ka 

Stage III+ Most grains coated with carbonate; most pores plugged; 
>40% CaCO3 

250 ï 650 ka 

Stage IV Upper part of K horizon is nearly pure cemented carbonate 
(75-90% CaCO3) and has a weak platy structure due to 
the weakly expressed laminar depositional layers of 
carbonate; the rest of the horizon is plugged with 
carbonate (50-75% CaCO3) 

Ó500 ka, but 

~70 ï 200 ka 
has been 
reported 
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Table of geochronology and slip rates 

Location and 
Methodology 

Additional 
Information 

Age of Last 
Rupture Surface Age Offset* Slip Rate (mm/yr) 

IVF Mission Canyon Pit 1      13.7 +/- 1.4 ka 8 m (IVF Profile 3) 0.5 (maximum rate) 

(OSL)          

IVF Mission Canyon Pit 1 Carbonate stage III    175 ï 500 ka  8 m (IVF Profile 3) 0.016 ï 0.046 

(Soil carbonate stage)        

IVF Profile 4#   16.7 ka   1.5 m (IVF Profile 4) 0.08 

(Diffusion model)       0.9 m (diffusion) 0.05 

RWF Profile 3#   17.6 ka   2.5 m (RWF Profile 3) 0.14 

(Diffusion model)       1.6 m (diffusion) 0.09 

RWF Profile 4#   8.8 ka   1.5 m (RWF Profile 4) 0.17 

(Diffusion model)       0.8 m (diffusion) 0.09 

RWF Pit 2     38.2 +/- 2.5 ka 4.5 m (RFW Profile 2)  

(OSL)      2.5 m (RFW Profile 3)  

       1.5 m (RFW Profile 4)  

       5 m (RWF Profile 5)  

       Cumulative offset 4 ï 6 m 0.1 ï 0.17 

RWF Pit 2  Carbonate stage II+   50 ï 175 ka 4.5 m (RWF Profile 2)  

(Soil carbonate stage)      2.5 m (RWF Profile 3)  

       1.5 m (RWF Profile 4)  

       5 m (RWF Profile 5)  

        Cumulative offset 4 ï 6 m 0.02 ï 0.12 

*Cumulative offset of RWF estimated by summing displacements across multiple fault strands (see text). 

#Slip rates calculated from diffusion model ages that correspond to an estimation of the age of the most recent event represent open slip rates that act as a 

maximum rate. 

Table 4: Summary of the geochronology and slip rates for the study area. 
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Table of horizontal extension rates 

Fault 

Vertical 

Separation (Vs) 

(m) 

Extension (E) for 

60ę dip (m) 

Extension rate 70Á 

dip (mm/yr) 

Extension rate 60Á 

dip (mm/yr) 

Extension rate 55Á 

dip (mm/yr) 

Extension rate 50Á 

dip (mm/yr) 

Extension rate 45Á 

dip (mm/yr) 

IVF (OSL) (13.7 ka)               

IVF Profile 3 8 4.62 0.08 0.12 0.15 0.18 0.21 

IVF (Carbonate Stage III) 

(175 - 500 ka)               

IVF Profile  8 4.62 0.01 ï 0.02 0.01 ï 0.03 0.01 ï 0.03 0.01 ï 0.04 0.02 ï 0.05 

RWF (OSL) (38.2 ka)               

RWF Profiles 2 ï 4 4 ï 6  2.31 ï 3.46 0.04 ï 0.06 0.06 ï 0.09 0.07 ï 0.11 0.09 ï 0.13 0.1 ï 0.16 

RWF Profile 5 + splay 6 3.46 0.06 0.09 0.11 0.13 0.16 

RWF (Carbonate Stage 

II+) (50 - 175 ka)     

 

  

 

    

RWF Profiles 2 ï 4 4 ï 6 2.31 ï 3.46 0.01 ï 0.04 0.01 ï 0.07 0.02 ï 0.08 0.02 ï 0.1 0.02 ï 0.12 

RWF Profile 5 + splay 6 3.46 0.01 ï 0.04 0.02 ï 0.07 0.02 ï 0.08 0.03 ï 0.1 0.03 ï 0.12 

  

Table 6: Table of horizontal extension rates calculated using methods from Personius et al., (2017). Extension (E) is calculated using the 

equation E = Vs/tan(dip), (Vs; vertical separation). Fault dip of 60ę is preferred based on Andersonian mechanics for normal faults. A suite of 

extension rates were calculated for various other fault dips. 
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Table of recurrence intervals 

 
Fault 

 
Slip Rate (mm/yr) 

 
Displacement (m) 

 
Recurrence Interval (years) 

 
 

IVF (Carbonate Stage III) (175 
ï 500 ka) 

 
 

 
 

0.016 ï 0.046 

 
1 
 
 
1.5 

 
21,739 ï 62,500 

 
 

32,609 ï 93,750 
 

 
 
 

RWF (Carbonate Stage II+) (50 
ï 175 ka) 

 
 

 
 
 

0.02 ï 0.12 

 
 
1.5 

 
 
2.5 

 
 

12,500 ï 75,000 
 
 

20,833 ï 125,000 

 
 
 

RWF (OSL) (38.2 ka) 
 

 
 
 

0.1 ï 0.17 

 
 
1.5 

 
 
2.5 

 

 
 

8,823 ï 15,000 
 
 

14,705 ï 25,000 

 

Table 7: Table of recurrence interval estimates calculated using the equation SR (slip rate) * RI (recurrence interval) = D (Displacement). Slip 

rates used are from Table 5. Displacements include a range of possible single event displacements based on measurements from the study 

and agree with average single event displacements from historic normal fault ruptures. 
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Figure 1: Regional map showing the western Basin and Range, central and southern Walker 

Lane, and Sierra Nevada. Faults shown are taken from the USGS Quaternary fault and fold 

database and a colored according to age (USGS, 2017). Historic CNSB (Central Nevada Seismic 

Belt) ruptures are labeled and shown by red (historic) fault traces. Basin and Range faults that 

are the focus of this study are labeled. The Mina deflection is shown as a blue arrow. Map inset 

shows the study area as a yellow box. Labeled slip rates taken from USGS Quaternary fault and 

fold database (Reheis, 1994; Sawyer and Adams, 1998; USGS, 2017). Extent of figure 2 shown 

as black box. Major faults in this study are in bold. IVF, Ione Valley fault; IMF, Iron Mountain fault; 

ESRFZ, Eastern Shoshone Range fault zone; RWF, Ravenswood fault; SWRRF, Southwest 

Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, Toiyabe Range fault 

zone; SPMFZ, Simpson Park Mountains fault zone; TRF, Toquima Range fault; WMRFZ, Western 

Monitor Range fault zone; NMVF, Northern Monitor Valley fault; HSFZ, Hickison Summit fault 

zone; and GHF, Grimes Hills fault.  
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Figure 2: Cartoon model showing strain transfer from the southern Walker Lane to the eastern 

central Walker Lane through the Mina Deflection (blue arrow). Strain is also transferred to the 

northeast into the western Basin and Range (green arrows). Labeled slip rates and fault traces 

taken from USGS Quaternary fault and fold database (Reheis, 1994; Sawyer and Adams, (1998), 

USGS, 2017). Dashed black line with arrows represents the distribution of slip across the central 

Walker Lane (Hammond and Thatcher, 2004; Oldow et al., 1994, 2001; Pierce et al., 2021; 

Thatcher; 1999; Wesnousky, 2005a). Major faults in this study are in bold. IVF, Ione Valley fault; 

SWRRF, Southwest Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, 

Toiyabe Range fault zone; TRF, Toquima Range fault; WMRFZ, Western Monitor Range fault 

zone. 
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Figure 3: Map of GPS derived crustal velocity vectors for the Western United States referenced 

to the North American plate. Blue arrows show observed geodetic velocities and red arrows show 

model prediction velocities from Zeng and Shen (2018) where differences signify areas of 

predicted movement. Extent of figures 1 and 4 shown as black boxes. Figure modified from Zeng 

and Shen (2018). 
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Figure 4: Map of horizontal crustal velocities for northwestern Nevada and eastern California 

using North America-fixed reference frame (NAM08). Simplified trace of faults in this study shown 

as black lines. Velocities indicate an increase in slip moving westward. Figure modified from 

UNAVCO (2020). PVF, Pleasant Valley fault; DVF, Dixie Valley fault; IVF, Ione Valley fault; 

SWRRF, Southwest Reese River Valley fault; WTRFZ, Western Toiyabe Range fault zone; TRFZ, 

Toiyabe Range fault zone; TRF, Toquima Range fault; WMRFZ, Western Monitor Range fault 

zone. 
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Figure 5: Cartoon schematic outlining the basics of how Luminescence dating works. óAô shows 

the conceptual model for how a grain acquires a luminescence signal. óBô shows a stepwise 

pathway for producing a luminescence age date from a sample. Figure modified from Utah State 

Luminescence Laboratory (2024). 
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Figure 6: Cartoon diagrams with descriptions of carbonate stage development in coarse- and 

fine-grained soils adapted from Gile (1966); Machette (1985). 
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Figure 7: Geometric parameterization of scarp-like landforms, from Hanks (2000), itself mostly 

after Bucknam and Anderson (1979). 2a is the scarp offset and 2H is the scarp height, the 

amplitude measure used by Bucknam and Anderson (1979). qs is the scarp-slope angle, with 

tan(qs) = du/dx/x = 0 and qf is the far-field angle, with tan qf = b. 2H depends on qf; the scarp 

offset 2a does not.   
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Figure 8: Physiographic map of the Ione Valley fault. Black box shows the extent of Figure 9 

(Geologic Map of Southern Ione Valley fault). Fault traces taken from USGS Quaternary fault and 

fold database (USGS, 2017). Background DEM created from SRTM 1/3 arc-second imagery. 
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Figure 9 (previous page): Geologic map of southern Ione Valley Fault showing the distribution of 

Quaternary deposits and fault traces. Black boxes show the location of Figures 10, 15, 18, 24, 26, 

and 27. 
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Figure 10: Geologic map of IVF Site A at Cottonwood Creek showing detailed Quaternary 

mapping, the location of IVF Profile 1 and IVF Profile 2(black lines), and the location of 

photographs in Figures 11, 12, and 14. IVF Profile 1 and 2 are shown as black lines. Contacts 

shown between two units with the same relative age indicate subtle differences in morphology or 

texture, and/or boundaries between individual fans based on cross cutting relations.  
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Figure 11: Drone photographs of Quaternary surfaces (Qo1, Qi1, Qi2, Qi3, and Qy) and the 

surface trace of the IVF at Cottonwood Creek (IVF Site A) including (A, top) view to the southeast 

and (B, bottom) view to the northeast. Qo1 surfaces are irregular and deeply incised with 

drainages that extend long distances up the fan surface and with significant tree vegetation along 

the scarp and along drainages. Qi1 surfaces are smooth, flat, and lack deep incision. Locations of 

IVF Profile 1 and 2 are shown with yellow lines. The trace of the IVF is shown with a red line.  
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Figure 12: Field photograph of the displacement of the Qo1 surface across the IVF at 

Cottonwood Creek (IVF Site A). Cottonwood Creek is located approximately 200 m to the right of 

the photo (south). The vertical separation of the Qo1 scarp is 20 ï 26 m. The vertical separation 

of the IVF in IVF Profile 2 is 26 m. Locations of IVF Profile 2 is shown by a yellow line. The 

surface trace of the IVF extends between the red arrows. View to the east. 
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Figure 13: IVF Profile 1 and IVF Profile 2 surveyed across the displaced Qo1 surface near 

Cottonwood Creek (IVF Site A). The top panel shows IVF Profile 1. The fault in IVF Profile 1 has 

20 m of vertical separation and a west dipping fault. IVF Profile 1 is the bottom panel. The fault in 

IVF Profile 1 has 26 m of vertical separation and is west dipping. Both profiles show an inflection 

at the base of the scarp with a measured vertical separation of about 6 ï 7 m. Dashed black lines 

indicate far field projections of the surfaces. Schematic fault shown on both profiles by a red line 

and plotted at ~60Á in accordance with Andersonian mechanics for normal faults.  
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Figure 14: Field photograph showing the distribution of surficial sediments on the Qo1 surface 

near Cottonwood Creek (IVF Site A). Matrix is brownish dirt containing clay through sand sized 

grains, mantled with angular to sub-angular pebbles and cobbles dominated by felsic volcanics 

(rhyolitic), and containing boulders of rhyolite between to 0.5 ï 1.0 m in diameter.  
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Figure 15: Geologic map of IVF Site B at Mission Canyon showing detailed Quaternary mapping, 

the locations of IVF Profile 3 and IVF Profile 6 (black lines), IVF Mission Canyon Soil Pit #1 (OSL-

1) (green star), and the locations of photographs in Figures 16, 17, and 21-23 indicated by black 

arrows.  
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Figure 16: Drone photograph showing traces of the IVF, Quaternary surfaces (Qi1, Qi2 and Qi3), 

and profile locations at Mission Canyon (IVF Site B). Qi3 surfaces are irregular and deeply 

incised with drainages that extend partway up the fan surface and with significant tree vegetation 

along the scarp and along drainages. Qi1 surfaces are smooth, flat, and lack deep incision. 

Locations of IVF Profile 3 and 6 are shown with yellow lines. The location of IVF Mission Canyon 

Pit #1 and OSL 1 is shown with a green star. The trace of the IVF is shown with a red line. View to 

the east. 
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Figure 17: Photograph showing the fault scarp and progressive deformation of Quaternary 

surfaces at Mission Canyon (IVF Site B). Progressive deformation is indicated by different scarp 

heights on the QI2 and Qi3 surfaces. The vertical separation of the Qi2 scarp is 6 m while vertical 

separation of the Qi3 surface is 8 m. Locations of IVF Profile 3 and IVF Profile 6 are shown with 

yellow lines. The surface trace of the IVF extends between the red arrows. 
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Figure 18: Aerial photograph of IVF Site B. Traces of the IVF extend between the red arrows. 

The location of IVF Mission Canyon Pit #1 and sample OSL-1 are shown by the green star. IVF 

Profile 3 and IVF Profile 6 are shown by the yellow lines. Photograph is taken from the Nevada 

Bureau of Mines and Geology (NBMG) historic aerial photography collection and was flown June 

of 1954 (Photo 15351).  
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Figure 19: IVF Profile 3 and IVF Profile 6 surveyed across displaced Qi3 and Qi2 surfaces, 

respectively at Mission Canyon (IVF Site B). The top panel shows IVF Profile 3 and indicates a 

vertical separation of 8 m of vertical separation and a west dipping fault. IVF Profile 6 is shown in 

the bottom panel and indicates 6 m of vertical separation and a west dipping fault. Schematic 

fault shown on both profiles by a red line and plotted at ~60Á in accordance with Andersonian 

mechanics for normal faults. 
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Figure 20: Soil grain size analysis for IVF Mission Canyon Pit #1 in IVF Site B. 
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Figure 21: Photograph of IVF Mission Canyon Pit #1 (OSL-1; IVF Site B). The OSL-1 sample is 

located at 21 ï 25 cm depth in the 2Bt horizon marked by a yellow star. Red dashed lines and 

pink flags show approximate boundary between labeled soil horizons. Scale of pit is shown by 

tape measure.  
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Figure 22: Photograph of Qi2 surface at Mission Canyon (IVF Site B) near IVF Profile 6 showing 

a large rhyolitic boulder ~1 m in diameter. 
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Figure 23: Photograph showing the surficial sediment characteristics on the Qi3 surface at 

Mission Canyon (IVF Site B). Characteristics include a grayish brown topsoil with clay to sand 

sized particles mantled with angular to sub-angular pebbles of felsic volcanics (rhyolite) as well as 

rhyolitic cobbles. This photo was taken near the IVF Mission Canyon Pit #1 OSL-1 site. 
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Figure 24: Geologic map of IVF Site C near Remi Canyon showing detailed Quaternary mapping, 

the location of IVF Profile 5 and IVF Profile 7 (black lines), and the location of the photograph in 

Figure 25. IVF Profile 5 and IVF Profile 7 are shown by black lines. In this location a Qi2 surface 

is located adjacent to a Qo1 surface as seen in Figure 25. The Qi2 surface has a fault scarp with 

4 m of vertical separation while the adjacent Qo1 surface has ~10 m of vertical separation.   
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Figure 25: Field photograph of the displaced Qi2 and Qo1 surfaces south of Mission Canyon (IVF 

Site C). Vertical separation across the Qi2 fault scarp is 4 m while the vertical separation across 

the Qo1 fault scarp exceeds 12 m signifying a history of progressive deformation across the IVF. 

Location of IVF Profile 5 is shown by the yellow line. Surface trace of the IVF extends between 

red arrows. View to the east. 
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Figure 26: Aerial photograph of IVF Site C. Traces of the IVF extend between the red arrows or 

are marked by a dashed red line. IVF Profile 5 and IVF Profile 7 are shown by the yellow lines. 

Photograph is taken from the Nevada Bureau of Mines and Geology (NBMG) historic aerial 

photography collection and was flown June of 1954 (Photo 15351). 
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Figure 27: IVF Profile 5 and IVF Profile 7 surveyed across Qi2 surface south of Mission Canyon 

(IVF Site C). IVF Profile 5 shows 4 m of vertical separation of the Qi2 surface and is west dipping. 

IVF Profile 5 was generated using an Arrow Gold GNSS device and ArcGIS Field Maps 

application on iPad. IVF Profile 7 shows ~10 m of vertical separation and is west dipping. IVF 

Profile 7 was created using Google Earth using methods outlined in Chapter III. Schematic faults 

shown by red lines and plotted at ~60Á in accordance with Andersonian mechanics for normal 

faults. 
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Figure 28: Geologic map of IVF Site D near Merritt Canyon showing detailed Quaternary 

mapping, displacement of Qi3 and Qi1 surfaces, and the locations of IVF Profile 4 and IVF Profile 

8 (black lines), and Figure 29 and 32. The offset Qi1 surface features a fault scarp with 1.5 

meters of vertical separation and likely represents a single-event fault scarp. Merritt Canyon does 

not contain evidence of a rupture likely due to erosion or deposition. IVF Profile 4 and IVF Profile 

8 are shown by black lines. 

 

 



ммф 
 

 

 

Figure 29: Field photograph of the southern IVF, displaced Qi1 surface, and the location of IVF 

Profile 4 (yellow line) in IVF Site D. Vertical separation of the Qi1 scarp at this location is 1.5 m 

consistent with a single event scarp. The surface trace of the IVF extends between the red 

arrows. View to the east. 
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Figure 30: IVF Profile 4 and IVF Profile 8 surveyed across Qi1 surface in IVF Site D. The fault in 

IVF Profile 4 has 1.5 m of vertical separation and a west dipping fault. Based on the vertical 

separation of 1.5 m and the geomorphology of the scarp in IVF Profile 4, the displacement is 

inferred to be related to one event. IVF Profile 8 shows ~4.5 m of vertical separation displacing 

the Qi3 surface and has a west dipping fault. IVF Profile 8 was created using Google Earth. 

Schematic fault shown by red line and plotted at ~60Á in accordance with Andersonian mechanics 

for normal faults. 

  


