
ABSTRACT 

Selecting Locations for Future Geophysical Surveys in Search of the Dog Valley Fault 

Using Earthquake, LiDAR, and GPS Data 

Catherine Hobart, M.S.  

Advisor: Vincent Cronin, Ph.D. 

I used the seismo-lineament analysis method to define the area where the ground-

surface trace of the Dog Valley fault (DVF) – responsible for the M6 Truckee earthquake 

of 1966 – might be located. The best-fit plane through the aftershock locations reported by 

Greensfelder (1968) and Ryall et al. (1968) fall within the composite seismo-lineament. A 

set of structural-geomorphic lineaments along two parallel trends were located on hillshade 

images from a LiDAR-based 1-m DEM. The more southerly trend passes under or 

immediately adjacent to Stampede Dam. Youthful geomorphic features along both trends 

support the interpretation of late Quaternary faulting. Both trends are plausible ground-

surface traces for the DVF. I selected geophysical survey locations along each trend to 

investigate. Both trends intersect the Polaris fault near Prosser Creek Dam, so this active 

conjugate system threatens several local dams whose failure would be disastrous to 

downstream communities along the Truckee River. 
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CHAPTER ONE 

 

Introduction 

 

 

Historical Overview 

 

A magnitude 6.0 (M6.0) earthquake occurred near Truckee, California, on September 

12, 1966.  This event is generally called the Truckee earthquake, and is still the largest 

instrumentally-recorded earthquake to occur in the Truckee Basin, north of Lake Tahoe. 

The duration of shaking was about 20-30 seconds, followed by at least 7800 aftershocks 

that were recorded in the Truckee Basin by September 30 (Kachadoorian et al., 1967;  

Greensfelder, 1968;  Ryall et al., 1968).  

The Truckee earthquake caused slope and soil failures as well as damage to structures 

throughout the area, extending as far as Carson City, Nevada, 42 km (26 miles) southeast 

of the epicenter (Kachadoorian et al., 1967). Buildings and homes that were built on 

alluvial sediments were particularly susceptible to damage to their roofs and plaster 

sidewalls due to ground shaking.  At least one structure had to be demolished due to the 

damage. Interstate 80 was damaged by boulders that fell from road cuts and by slumps of 

artificial fill along a 4.8 km (3-mile) section of highway southeast of Boca Reservoir. The 

Southern Pacific Railroad lines were displaced vertically and horizontally over loose fill in 

the area where the outflow channel from Boca Reservoir meets the Truckee River, and 

several buried pipelines were ruptured in the vicinity. The earthfill structure of Prosser 

Creek Dam sustained axial cracking on both the upstream and downstream sides. Minor 
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cracking was also observed along the crest of Boca Dam, which is another earthfill 

structure (Kachadoorian et al., 1967).  

The Truckee earthquake was attributed to a previously unknown fault, later named 

the Dog Valley fault (DVF).  In the aftermath of the earthquake, several researchers 

conducted seismological and field studies (to be discussed in subsequent sections), but no 

coherent surface rupture was observed (Kachadoorian et al., 1967). The slipped patch along 

the DVF does not seem to have reached the ground surface during the 1966 event. The 

ground-surface trace of the DVF was inferred to be within a zone of ground breakage and 

subparallel drainage lineaments that spatially correlates with the area where most of the 

aftershock epicenters were located. The exact location of the trace of the DVF remains 

uncertain to this day.  

The Martis Creek and Stampede Dams were completed in the Truckee area after the 

Truckee earthquake occurred. Stampede Dam is an earthfill structure that was completed 

in 1970 using United States Bureau of Reclamation (USBR) plans developed prior to the 

1966 earthquake (DWR, 2017). Stampede Dam impounds more than a quarter-million 

acre-feet of water (DWR, 2017). Earthfill dams are particularly vulnerable to seismic 

activity, so it is notable that Stampede Dam was built either on or immediately adjacent to 

the exposed fault that had been identified by Kachadoorian et al. (1967) immediately after 

the Truckee earthquake.  

A recently completed USBR project that sought to improve the safety of Stampede 

Dam raised the crest by 11.5 feet to prevent potential overtopping during a flood (USBR, 

2011). The plan did not address issues related to seismic safety, because of an engineering 

assessment that the dam is not subject to a significant seismic risk of failure (USBR, 2011; 
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Schmidt et al., 2012). This assessment is inconsistent with a seismic safety report prepared 

for the City of Truckee by Early et al. (2006), in which the maximum credible earthquake 

along the DVF is estimated to be a magnitude 6.75 event. An earthquake similar to the 

1966 event on the DVF could result in a cascading failure of Stampede Dam and 

subsequent failure of Boca Dam downstream (Early et al., 2006). Any significant release 

of water and sediment from failure of these two reservoirs would inundate the Truckee 

River Valley from Boca through Reno.  

In an environmental impact report (EIR) written in support of a project to increase 

the height of Stampede Dam, Schmidt et al. (2012, p. 1-7) of the USBR wrote "...the 

possibility of a seismic induced failure is extremely remote."  They did not discuss the fact 

that the dam was built on or immediately adjacent to an active fault capable of generating 

a M6+ earthquake.  In response to a question from the Truckee River Watershed Council 

about the lack of a seismic risk assessment in the EIR, Schmidt et al. (2012, p. C52) stated 

that "...many of the reports developed from seismic studies directly refer to the 

consequences of dam failure resulting from extreme seismic events and, as a result, detailed 

reports will not be made available to the public."  This omission seems inconsistent with a 

prior statement in the same EIR, that "...there were approximately 148,400 people living 

downstream from the [Stampede] dam who would be impacted in the event of dam failure.  

This included a large portion of the city of Reno." (Schmidt et al., 2012, p. B14-B15). 

The DVF intersects the active Polaris fault, which was discovered in 2008 (Hunter et 

al., 2011, 2018). The Polaris fault was discovered using LiDAR imagery of the area around 

Martis Creek Dam that revealed laterally continuous geomorphic lineaments related to 

right-lateral strike slip motion of 0.4 +/- 0.1 mm/year (Hunter et al., 2011, 2018). The 
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Polaris fault intersects the left-lateral DVF in the vicinity of Prosser Creek Reservoir, 

forming an active conjugate fault pair. The orientation of this conjugate fault pair is 

consistent with the regional tectonic setting and current stress regime (Hunter et al., 2011). 

Similar conjugate or orthogonal fault systems have generated sequences of coupled or 

triggered earthquakes as in the Superstition Hills-Elmore Ranch earthquake sequence in 

1987 (Hanks and Allen, 1989) and the Ridgecrest earthquake sequence in 2019 (Fielding 

et al., 2020). These sequences demonstrate that significant slip on a fault can induce 

movement on its conjugate. Thus, the Polaris fault poses a non-trivial role in assessing the 

risk of the DVF. 

 

Previous Work 

 

USGS geoscientists Reuben Kachadoorian, Bob Yerkes, and A.O. Waananen 

conducted three days of field work in the epicentral area beginning late on the day after the 

main shock. They discovered a 10-mile long, N30oE-trending zone of discontinuous 

ground breakage and slumps, extending from a point west of Prosser Creek through Hoke 

Valley and ranging in width "from about 75 ft near Prosser Reservoir and Hoke Valley to 

about 1 mile in Russel Valley" (Kachadoorian, 1967). They attributed all of these ground 

effects to shaking during the main earthquake on September 12. At the Stampede Dam site, 

Kachadoorian et al. (1967) mapped a fault exposure whose orientation of ~N30E, 70NW 

was coincident with the "zone of ground breakage" during the Truckee earthquake, but 

noted that "a thin veneer of undisturbed soil overlying the fault trace indicates that 

movement did not occur here during the earthquake."   

 Initial locations and magnitude estimates for the Truckee earthquake were provided 

by the U.S. Coast and Geodetic Survey, California Institute of Technology, and University 
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of California at Berkeley (Kachadoorian et al., 1967).  Ryall et al. (1968) determined a 

focal mechanism and an improved hypocenter location for the Truckee earthquake, using 

records from regional seismographs. Tsai and Aki (1970) used additional data to improve 

the focal mechanism solution of the Truckee earthquake, while retaining the hypocenter 

location determined by Ryall et al. (1968).   

Aftershocks were recorded using local networks organized by the USGS and the 

Stanford Research Institute (Greensfelder, 1968) and, separately, by the Mackay School of 

Mines at the University of Nevada-Reno (Ryall et al., 1968). The USGS group recorded 

aftershocks from September 14 through 25 and published hypocentral locations for 146 

events recorded by their array (Greensfelder, 1968). The University of Nevada group 

reported hypocentral locations for 108 aftershocks among the several thousand that they 

detected from September 13 through 22 (Ryall et al., 1968).    

A seismotectonic report by the US Bureau of Reclamation reviewed the earthquake 

history of the Truckee-North Tahoe area to assess the seismic hazards associated with four 

USBR dam structures:  Stampede, Prosser Creek, Boca, and Lake Tahoe (Hawkins et al., 

1986).  In describing the only known exposures of the DVF, Hawkins et al. (1986, p. 67) 

wrote "Exposure of a northeast-trending fault in the left [north] abutment of Stampede Dam 

during excavation for the cutoff trench disclosed no distinct lithologic contrast on opposite 

sides of the fault, which was marked by 3 to 9 m of clayey gouge." USBR dug two 

exploratory trenches along geomorphic lineaments suspected to be related to the DVF:  one 

in Hoke Valley about 3.1 km northeast of Stampede Dam and the other about 3.5 km 

northwest of Prosser Creek Reservoir. No evidence of faulting was found in either trench 

(Hawkins et al., 1986).   
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Grose (2000) noted left-lateral offset of Jurassic volcanic bedrock units to the 

northeast of Stampede Dam. Olig et al. (2005) summarized knowledge of the seismogenic 

faults that could affect Stampede, Prosser Creek, or Boca Dams in a report commissioned 

by the USBR, but this assessment was prepared before aerial LiDAR data of the area were 

available and before the Polaris fault was discovered (Hunter et al., 2011, 2018).  Mapping 

of the DVF in the report by Olig et al. (2005) was similar to that of Hawkins et al. (1986).   

The Seismo-Lineament Analysis Method (SLAM) was developed by Vince Cronin 

as a survey tool to correlate to the ground-surface traces of faults to the earthquakes that 

produced them (e.g., Cronin et al., 2008; Cronin, 2014). SLAM involves use of the focal 

mechanism of a well-located earthquake, projects the uncertainty volume of the fault-plane 

solution to the ground surface to define a seismo-lineament (the area where the seismogenic 

fault is likely to be found at the ground surface), close inspection of the seismo-lineament 

to identify possible structural-geomorphic lineaments that might be associated with 

faulting, and field work to search for fault exposures along the lineaments. Several of Dr. 

Cronin’s students have employed SLAM and field investigations to analyze the DVF zone. 

Recent fieldwork identified a series of faults exposed along the north abutment of the 

Stampede Dam (Lindsay, 2012; Reed, 2014; Ashburn, 2015; Strasser, 2017) and on the 

south abutment near the spillway (Strasser, 2017).  Strasser also observed small faults in 

roadcuts on both sides of Stampede Dam Road, ~1 km north-northwest of the north end of 

Stampede Dam, that seem to be on-trend with the faults exposed at the dam.  The definitive 

trace of the DVF has not yet been identified. 
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Tectonic Setting 

 

The Dog Valley and Polaris faults are located within the northern Walker Lane 

between the Sierra Nevada-Great Valley (SNGV) block to the southwest and the Basin and 

Range Province to the northeast (Fig 1.1). The SNGV block moves northwest in a similar 

direction but at a slower rate than the Pacific Plate, relative to the cratonic interior of the 

North American plate. The Walker Lane is the transition zone between the SNGV block 

and the Basin and Range, extending from the Garlock Fault and Death Valley north into 

the Tahoe area, where it bends to the northwest between the Sierra Nevada and the Modoc 

Plateau and Cascade Range. About 20-25% of the motion along the broad boundary zone 

between the Pacific and North American Plates is accommodated by right-lateral shear 

along Walker Lane and the Basin and Range, while the remaining 75-80% is 

accommodated by the San Andreas fault system (Wesnousky, 2005A, B; Hammond and 

Thatcher, 2007).  

The northern Walker Lane (NWL) extends perhaps 200 km northwest from the Lake 

Tahoe-Carson City-Reno area toward Mt. Lassen, separating the northern Sierra Great 

Valley Block from the Modoc Plateau and Cascade Mountains (Fig. 1.1). The NWL is 

considered here to be the broad zone bounded by parallel northwest-trending right-lateral 

fault zones: the Mohawk Valley fault zone (MVFZ) and the Honey Lake fault (HLF) – 

Warm Springs Valley fault (WSVF).  
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Figure 1.1.  Tectonic setting of the study area (enclosed by red lines, west of Reno) in the 

northern Walker Lane. GPS station velocities shown as arrows are expressed relative to 

the cratonic interior of North America.  Speeds are scaled relative to the black arrow in 

the lower left corner of the map.  From the UNAVCO GPS Velocity Viewer. SF=San 

Francisco; MVFZ=Mohawk Valley fault zone; HLF=Honey Lake fault; P=Polaris fault; 

DVF=Dog Valley fault; T=Lake Tahoe. Base from GeoMapApp. Other data are from 

Kreemer et al. (2009) and Gold et al. (2014). 

 

The interior structure of the NWL might be interpreted as similar to a Riedel array 

developed in a brittle right-lateral shear zone (Cloos, 1928; Riedel, 1929; Tchalenko, 1968, 

1970; Tchalenko and Ambraseys, 1970; Logan et al., 1979; Faulds et al., 2005;  

Wesnousky, 2005 A, B).  Within a right-lateral Riedel shear zone, a set of right-lateral 

faults that are subparallel to the zone boundaries might be conjugate to a set of left-lateral 



9 

 

faults, in the same way that the Polaris fault is conjugate to the Dog Valley fault. Some of 

the blocks between these faults might be subject to clockwise vertical axis rotation, perhaps 

accommodated through bookshelf-style faulting (e.g., Cashman and Fontaine, 2000, 

Freund, 1974; Garfunkel, 1974; Garfunkel and Ron, 1985; Green et al., 2014; La Femina 

et al., 2002; Luyendyk, 1991; Luyendyk et al., 1980; Mandl, 1987; Nicholson et al., 1986, 

1994; Reiser et al., 1993; Ron et al., 1984; Tapponnier et al., 1990; Wesnousky, 2005 A, 

B).  

 

Purpose and Objectives of Project 

 

This project is a contribution to the effort seeking to identify the ground-surface trace 

of the Dog Valley fault (DVF), which generated the M6 Truckee earthquake of 1966. This 

research was conducted during the COVID pandemic when university travel restrictions 

effectively prevented field work in the Truckee Basin area.   

The results of this project are intended to facilitate geophysical exploration of 

structural-geomorphic lineaments that might have developed along the surface trace of the 

active DVF. Toward that end, a set of higher-priority survey sites are identified, along with 

a larger suite of other secondary sites on public lands that are interpreted to be located 

along a strand of the DVF. The hope is that future geophysical exploration that indicates a 

possible fault along a given lineament will be followed by paleoseismic trenching 

conducted under the auspices of the State of California, the US Bureau of Reclamation, the 

US Geological Survey, or other public agencies. 
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CHAPTER TWO 

 

Primary Data and Methods 

 

 

This research project is an implementation of the seismo-lineament analysis method 

(SLAM) in reconnaissance for the ground-surface trace of the Dog Valley fault that caused 

the Truckee earthquake (Cronin et al., 2008; Cronin, 2014).  Here, SLAM is augmented by 

using [1] focal mechanisms from three additional well-located earthquakes to produce a 

composite seismo-lineament; [2] a best-fit-plane analysis of available aftershock data;  [3] 

relevant field observations published by others (e.g., Kachadoorian et al., 1967; Lindsay, 

2012; Ashburn, 2015; Strasser, 2017);  and [4] a crustal strain analysis of the area using 

GPS velocity data from the MAGNET and NOTA networks (Blewitt et al., 2018). 

 

 

Primary Data from Truckee Earthquake 

 

The best available hypocenter location of the 1966 Truckee earthquake is by Ryall et 

al. (1968):  latitude 39.438°N, longitude 120.160°W, depth 10 km (Figure 2.1).  Ryall et 

al. (1968) did not publish estimates of uncertainties for that hypocenter, so a horizontal 

uncertainty of 1 km in all directions and a vertical uncertainty of 2 km were assumed for 

use in the SLAM code (Cronin, 2014; Hobart, 2021).  The hypocenter computed by Ryall 

et al. (1968) was used by Tsai and Aki (1970) to derive an improved focal mechanism 

solution. The inferred fault plane had a strike and dip of N44°E, 80°SE and a rake of 0°.  

Tsai and Aki (1970) stated that the fault plane orientation by Ryall et al. (1968) had a strike 

uncertainty of 16° and a dip angle uncertainty of 21°, which were described as being larger 
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than the uncertainties in the recomputed fault-plain solution; however, they did not publish 

their uncertainty estimate. Uncertainties of 10° were assumed for the dip trend, dip angle, 

and rake of the slip vector. 

 

 

Figure 2.1.  Epicenter and focal mechanism for M6 Truckee earthquake of 1966 (Ryall et 

al., 1968; Tsai and Aki, 1970).  Reservoir labels are Stampede (S), Boca (B), and Prosser 

Creek (P).  Focal mechanism diagram created using Scherbaum et al. (2009). 
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Aftershock hypocenter locations associated with the Truckee earthquake were 

reported by Greensfelder (1968) Table 2 and by Ryall et al. (1968) Table 2 (Hobart, 2021). 

The epicenter data in both tables are expressed in geographic (latitude, longitude) 

coordinates and are presumed to be based on the North American Datum of 1927 (NAD27), 

which is the datum used by the 1:62,500 and 1:24,000-scale USGS topographic quadrangle 

maps of the epicentral area that were available in 1966-68. Locations in both papers were 

expressed using degrees and decimal minutes to two places past the decimal, for a 

resolution of approximately 18.5 m N-S and 14.3 m E-W at north latitudes 39.366° to 

39.502°, using a mean Earth radius of 6371.0 km (Yoder, 1995).  Greensfelder (1968) 

estimates the standard error in aftershock epicenter location to be around 0.4 km, and the 

standard error in the focal depths to be 0.4 to 1.4 km.  Ryall et al. (1968) estimates the 

epicentral location error for the aftershocks to be about 0.6 to 1.8 km, with a focal depth 

error estimated at 0.7 km.  

The most current USGS topographic maps in the epicentral area are based on the 

North American Datum of 1983 (NAD83), World Geodetic System of 1984 (WGS84).  

The LiDAR dataset used in this thesis (2014 USFS Tahoe National Forest Lidar) uses the 

NAD83 datum (2011 realization) with locations expressed in UTM coordinates, Zone 10N, 

EPSG: 26910. The hypocenter locations from Greensfelder (1968) and Ryall et al (1968) 

were converted from geographic coordinates expressed in the NAD27 horizontal datum to 

UTM coordinates in NAD83 (2011) using the NGS Coordinate Conversion and 

Transformation Tool (NCAT), which is accessible via https://www.ngs.noaa.gov/NCAT/.  

The result was a set of hypocenter location data expressed in a Cartesian coordinate system 

in meter units. 



13 

 

 

Figure 2.2.  Epicenters of aftershocks reported by Greensfelder (1968) and Ryall et al. 

(1968).  The black cross is the epicenter of the Truckee earthquake, from Ryall et al. 

(1968). 

 

The ground effects of the Truckee earthquake were located in a sketch map by 

Kachadoorian et al. (1967, Plate 1), which appears to have been based primarily on the 

Truckee and Loyalton 15-minute (1:62,500 scale) topographic quadrangle maps that were 
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first published by the USGS in 1955 and are currently accessible as GeoPDF files via 

https://ngmdb.usgs.gov/topoview/viewer/. The mapped features that are of primary interest 

in locating the Dog Valley fault are the areas of "broken ground" and the single fault 

exposure mapped at the Stampede Dam site (Figure 2.3).   

 

 

Figure 2.3.  Ground-surface effects of the 1966 Truckee earthquake transcribed onto 

bare-Earth LiDAR hillshade map, from Plate 1 of Kachadoorian et al. (1967).  Ground 

effects are broken ground (G), damaged bridge (Bc), damaged dam (D), rockfall (R), 

slump in natural slope (Sn), and slope in artificial fill (Sa).  Fault exposed in north 

abutment of Stampede Dam. 

 

The orientation of that fault, as mapped by Kachadoorian et al. (1967), is N~30°E, 

70°NW. The field observations of Kachadoorian et al. (1967) provide additional guidance 
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about where the ground-surface trace of the fault responsible for the Truckee earthquake is 

likely to be found. 

 

More Recent Primary Data 

Earthquake Data 

 

Focal mechanisms and hypocenter locations for significant earthquakes reported in 

the study area after 1967 that might correlate spatially with the Truckee earthquake fault-

plane solution were obtained from the Northern California Earthquake Data Center 

(NCEDC) Mechanism Catalog (http://www.ncedc.org/ncedc/catalog-search.html).  

Earthquakes were chosen from the NCEDC Mechanism Catalog that had epicenters within 

the study area and nodal planes that were similar to the fault-plane solution of the Truckee 

earthquake (Tsai and Aki, 1970):  nodal planes that are steeply dipping and strike toward 

the northeast/southwest (Tables 2.1 & 2.2). The Double-Difference Catalog of relocated 

earthquakes (Waldhauser and Schaff, 2008; Waldhauser, 2009) managed by the NCEDC 

supplied relocated epicenters for earthquakes reported after 1984 (Figure 2.4).  

 

Table 2.1 Origin and magnitude of earthquakes used in this study. 

 

 

 

 

 

 

 

Year Mag Latitude Longitude Depth 

(km) 

Horiz. 

error 1 

Horiz. 

error 2 

Eh 1 

Azimuth 

Vert. 

Error 

1966 

1977 

1983 

2004 

6.0 

3.0 

4.0 

3.7 

39.438 

39.4087 

39.4122 

39.4047 

-120.16 

-120.1918 

-120.2063 

-120.2107 

10 

8.3 

8.73 

7.292 

2 

0.5 

0.3 

0.032 

2 

0.5 

0.3 

0.021 

1 

1 

1 

74 

2 

0.6 

0.8 

0.033 
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Table 2.2 Focal-mechanism solutions of earthquakes used in this study. 

 

 

 

Figure 2.4.  Epicenters and focal mechanisms for the four earthquakes used to produce 

the composite seismo-lineament. 

Year Mag Dip 

trend 

Dip 

angle 

Rake 

angle 

Dip 

trend 

90% CI 

Dip 

angle 

90% CI 

Rake 

90% CI 

1966 

1977 

1983 

2004 

6.0 

3.0 

4.0 

3.7 

134° 

120° 

300° 

145° 

80° 

65° 

80° 

75° 

0° 

-10° 

20° 

-20° 

10° 

20° 

8° 

8° 

10° 

43° 

13° 

40° 

10° 

50° 

30° 

35° 
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Map Data 

 

The hillshade map used as the base map for the seismo-lineament projections and the 

best-fit plane evaluations has the following characteristics: 9.3-m resolution, horizontal 

datum is NAD83, UTM Zone 10N, easting 734200mE to 759571mE, northing 4357573mN 

to 4385291mN, and was created from a digital elevation model (DEM) obtained from the 

US National Elevation Dataset circa 2009 by Ryan Lindsay. Illumination is from an 

elevation of 20° and an azimuth of 310°. The coarse resolution of this DEM facilitated the 

computation process.   

The structural-geomorphic analysis used a hillshade map based on a higher-

resolution (1-meter) DEM constructed from aerial LiDAR data.  This DEM is expressed in 

the NAD83 horizontal datum and NAVD88 vertical datum (OpenTopography.org, 2020). 

The hillshade map used to identify lineaments is a mosaic of multiple overlapping panels 

that are 4142 m wide E-W and 6663 m wide N-S. Illumination is from an elevation of 30° 

and an azimuth of 130°. The panels were produced by OpenTopography.org from aerial 

LiDAR data collected by the National Center for Airborne Laser Mapping for the 2014 

USFS Tahoe National Forest Lidar Survey. 

 

Relevant Fieldwork 

 

Kachadoorian et al. (1967) described and mapped the only documented surface 

effects of the Truckee earthquake within the Truckee Basin.  Subsequent field mapping of 

fault exposures within the DVF trend are by Lindsay (2012), Ashburn (2015), and Strasser 

(2017).  Travel restrictions during the pandemic prevented additional fieldwork. 
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GPS/GNSS Network Data 

The GPS site location and velocity data relative to a fixed North American plate were 

obtained from the Nevada Geodetic Laboratory (NGL) at the University of Nevada-Reno 

(Table 2.3;  Blewitt et al., 2018), and are from the MAGNET network and the Network of 

the Americas (NOTA;  Figure 2.5).  MAGNET is operated by NGL and NOTA is operated 

by UNAVCO on behalf of the National Science Foundation.  NOTA is a combination of 

GPS/GNSS stations from the Earthscope Plate Boundary Observatory in North America, 

COCONet in and around the Caribbean Sea, and TLALCONet in Mexico.  The locations 

and velocities of the GPS sites used in this project are given in Table 2.3 and shown 

graphically in Figure 2.5. 

 

Table 2.3 Locations and velocities for GPS stations used in this study. 

 

Station 

ID 

Latitude Longitude E 

velocity 

(mm/yr) 

E velocity 

uncertainty 

(mm/yr) 

N velocity 

(mm/yr) 

N velocity 

uncertainty 

(mm/yr) 

GIRL 

VRDE 

BOOM 

SARD 

BOCA 

BHIL 

BVAL 

HW89 

PERA 

PENT 

TRUC 

P149 

P150 

39.628 

39.524 

39.476 

39.513 

39.411 

39.379 

39.565 

39.556 

39.488 

39.419 

39.296 

39.602 

39.292 

-120.005 

-119.962 

-119.956 

-120.146 

-120.045 

-120.118 

-120.237 

-120.340 

-120.332 

-120.323 

-120.228 

-120.105 

-120.034 

-7.73 

-8.29 

-7.83 

-8.81 

-8.64 

-8.80 

-8.54 

-8.58 

-9.74 

-9.87 

-8.76 

-8.22 

-8.88 

0.48 

0.53 

0.18 

0.47 

0.32 

0.16 

0.48 

0.44 

0.59 

0.34 

0.44 

0.27 

0.23 

7.40 

6.55 

7.61 

7.40 

7.81 

8.00 

7.18 

8.01 

8.36 

8.64 

8.47 

7.43 

8.17 

0.51 

0.43 

0.22 

0.50 

0.27 

0.16 

0.45 

0.40 

0.58 

0.38 

0.33 

0.20 

0.20 
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Figure 2.5.  Total site instantaneous velocity vectors for GPS sites used in this research, 

expressed relative to the cratonic interior of the North American Plate for GPS (Blewitt et 

al., 2018).  GPS/GNSS data are from the Nevada Geodetic Laboratory online catalog 

(NGL, 2021).  The mapped extent of the Dog Valley fault trend is adapted from Hawkins 

et al. (1986) and the Polaris fault trace is from Hunter et al. (2011).  Labeled lakes are 

Independence (I), Donner (D), Stampede (S), Boca (B), and Prosser Creek (P). 
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Methods Used to Analyze Primary Data 

 

 

SLAM Analysis 

 

The most current version of the SLAM code (Cronin, 2020; Hobart, 2021) was used 

to delineate the boundaries of the seismo-lineament for each earthquake focal mechanism 

used in this study (Table 2.1 and Table 2.2). The seismo-lineament associated with a given 

earthquake indicates the area where the ground-surface trace of the fault that generated that 

earthquake is most likely to be located (Cronin, 2014), assuming that the fault surface is 

planar. SLAM uses the latitude, longitude, depth, horizontal and vertical uncertainties, and 

the dip trend and dip angle of the fault surface (i.e., the orientation of the fault-plane 

solution) and associated dip uncertainties to generate the seismo-lineament (Figure 2.6). 

The specifics of the process of defining the boundaries of a seismo-lineament are described 

elsewhere (e.g., Cronin et al., 2008; Cronin, 2014; Worrell, 2014).  

Using Adobe Illustrator, the seismo-lineament boundaries of each earthquake were 

transferred onto a higher-resolution hillshade map that was illuminated at a low angle 

approximately perpendicular to the Dog Valley fault trend.  The areas outside of the 

seismo-lineaments were partly obscured with a transparent overlay as a way of 

highlighting the interior of the seismo-lineament. The focal mechanism diagrams for the 

thesis figures were created with assistance from Scherbaum et al. (2009) in Wolfram 

Demonstration Projects. 
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Figure 2.6.  Geometry of seismo-lineament. The seismo-lineament is defined as the area 

between the planes inclined at the dip angle minus uncertainty (yellow) and dip angle 

plus uncertainty (blue), plus and minus the strike uncertainty. This example is based on 

the 1966 M6.0.0 Truckee earthquake. After Reed (2013). 
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Locating Geomorphic Lineaments Within the Composite Seismo-lineament 

 

The visual geomorphic analysis was conducted within the composite seismo-

lineament for the four earthquakes listed in Table 2.1 and Table 2.2. The hillshade map 

used for the geomorphic analysis was produced from the 1-meter DEM that was derived 

from the 2014 USFS Tahoe National Forest Lidar survey.  The methodology outlined in 

Hunter et al. (2011), which entails the use of pseudo-sun angles and oblique perspectives 

to highlight lineaments, was employed to identify the geomorphic lineaments. 

A structural lineament is a geomorphic lineament that developed along an exposed 

fault, joint, fold, or other physical artifact of deformation. Some of the features considered 

to be "geomorphic lineaments" are included in the following list: 

•  Apparent lateral deflection of an incised stream channel or floodplain (Fig. 2.7A); 

•  Lower-order stream channel aligned across a higher-order stream channel (Fig. 2.7B); 

•  Stream channels that are aligned on opposite sides of a drainage divide (Fig. 2.7C); 

•  An anomalously straight segment of a stream channel (Fig. 2.7D); 

•  Aligned straight segments of one or more stream channels (Fig. 2.7E); 

•  Lower-order stream channel whose trend is directed upstream relative to the higher-order 

stream it intersects, so that water flowing from the smaller stream into the larger 

stream must change directions at an acute angle (Fig. 2.7F); 

•  Abrupt changes in gradient across a stream channel; 

–  A stream channel that steps down in the direction of flow, indicated by a knickpoint 

(e.g., rapids, waterfall); 

–  A stream channel that steps up in the direction of flow, indicated by a pool or 

localized wetland along a stream; 
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•  Abrupt changes in gradient along a ridge crest; 

–  A ridge that steps down abruptly in the direction of decreasing elevation; 

–  A ridge crest that steps up in the direction of decreasing elevation; 

–  A saddle in the ridge crest; 

•  Apparent lateral deflection of a ridge crest; 

•  Abrupt changes in the gradient of a surface localized along a narrow linear step or scarp; 

•  Benches or faceted spurs at the base of ridges that are apparently unrelated to coastal or 

fluvial erosion; 

•  A set of ridges or open joints in an en echelon array that might be localized above a non-

emergent fault; 

•  A topographic basin along a linear trough (e.g., a pull-apart basin or sag pond); 

•  A topographic hill along a linear trough (e.g., a pop-up or pressure ridge); 

•  A ridge across the mouth of a stream drainage that is not a glacial moraine (i.e., a shutter 

ridge). 

This list is adapted from Ray, (1960), Miller, (1961), Wesson et al., (1975), Bonilla, 

(1982), Slemmons and dePolo, (1986), Cronin et al., (1993), Burbank and Anderson, 

(2001), Cronin et al. (2008), and McCalpin (2009).  Structural lineaments can also be 

defined by vegetation (e.g., a natural linear set of trees or shrubs), by a linear boundary 

between areas of different surface texture evident in a bare-Earth hillshade map (possibly 

indicating a fault contact between different rock formations), and by a linear set of 

groundwater springs. 
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Figure 2.7.  Some types of drainage lineaments.  Blue curves are drainage channels, with 

arrow indicating flow direction.  Yellow lines highlight drainage lineaments.  After 

Cronin et al. (1993). 

 

 

A composite lineament is formed by two or more individual lineaments that are 

approximately colinear.  The full ground-surface trace of a steeply-inclined active fault is 

likely to be observable as a composite lineament or, if the fault has several different strands, 

as several composite lineaments. To be of interest in this study, the azimuth of the 

lineament must be consistent with the strike range of the fault-plane solution for Truckee 

earthquake (azimuth 44° ± ~10°; Tsai and Aki, 1970) and the lineament must be located 

within the seismo-lineament or composite seismo-lineament. 

 

Best Fit Plane Analysis of Aftershock Hypocenters 

 

An analysis of the best-fit plane through the aftershock hypocenters was conducted, 

based on the hypothesis that the aftershocks might have occurred either along the Truckee 

earthquake fault plane or on minor faults located within a damage zone immediately 
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adjacent to the fault.  Aftershock hypocenter data were derived from data reported by 

Greensfelder (1968) and Ryall et al. (1968).  

Greensfelder (1968, Table 2) included epicenter and hypocenter location data derived 

from the United States Coast and Geodetic Survey Preliminary Determination of Epicenter 

(PDE) cards, along with locations derived from the local network established by the USGS 

and Stanford Research Institute.  The PDE hypocenter locations (events 1-12 and 116) had 

assumed focal depths of 8 km and epicentral locations reported in decimal degrees to one 

place beyond the decimal, corresponding to an epicentral uncertainty of 8.6 to 11.1 km.  In 

contrast, the local-network observations were reported to hundredths of a minute or arc, or 

about 0.00017°.  That is, the PDE location reporting is 600 times coarser than the local-

network results.  Consequently, only the hypocenter locations determined from local-

network observations were used in determining the best-fit plane through the aftershocks 

because of their higher spatial resolution.  Initial 3D plotting of hypocenters from 

Greensfelder's Table 2 showed two events that were significant spatial outliers — events 

70 and 91 — that were excluded from the best-fit plane analysis. 

The sets of aftershocks recorded by Greensfelder (1968) and Ryall et al. (1968) 

overlap in time and space.  Origin times for both sets were reported to the tenth of a second.  

Events from the two datasets that have origin times within one second of each other were 

interpreted to be the same event.  Based on this criterion, there were 33 events recorded by 

both of the local network studies.  Three versions of a composite dataset incorporating 

hypocenter locations from Greensfelder (1968) and Ryall et al (1968) were compiled, 

differing only in the way that the co-reported events were included (Hobart, 2021).  One 

version used the hypocenter locations from Greensfelder, a second used the locations from 
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Ryall et al, and the third used the average hypocenter location for each co-reported event. 

These composite datasets each had hypocenter locations for 189 aftershocks, all recorded 

by local networks between September 14 and 25, 1966.   

The best-fit plane through each point cloud was generated using two total-least-

squares techniques, based on singular-value decomposition and principal-component 

analysis, respectively. A Mathematica code by Paláncz et al. (2013) was adapted, and the 

results for the two methods were identical for a given dataset (Hobart, 2021). The best-fit 

planes pass through the centroid of the point clouds.  The ground-surface trace of the best-

fit-plane was then determined using a Mathematica code that was adapted from the SLAM 

code (Hobart, 2021). The results of this best-fit-plane analysis provide additional guidance 

about where the ground-surface trace of the fault responsible for the Truckee earthquake is 

likely to be found. 

 

Crustal Strain Analysis from GPS Velocity Data 

 

An analysis of the current state of horizontal strain in the crust within and around the 

study area was conducted based on the instantaneous velocities of GPS sites in the 

MAGNET and NOTA networks (Blewitt et al., 2018). The purpose of this analysis is to 

better understand the current geo-mechanical context of the active Polaris and Dog Valley 

faults.  

Strain calculators developed for UNAVCO and written in Mathematica and Excel 

were used to determine the instantaneous (infinitesimal) horizontal crustal strain in a 

triangle of crust between three GPS stations (Cronin and Resor, 2020, 2021).  The input 

data for the strain analysis of a given triangular area includes, for each GPS site, the decimal 

latitude and longitude, the north and east velocities, and the uncertainties of those two 
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velocity components (Hobart, 2021).  The output of the strain calculators includes the 

horizontal translation vector, the magnitude and direction of rotation, the principal 

components of the strain-rate tensor and its second invariant (Kreemer et al, 2014), and 

useful spatial characteristics of the horizontal strain ellipse (e.g., sign, magnitude, and 

direction of e1h, e2h, S1h, S2h) that relate to the principal directions of shortening or 

stretching, if any.  An extensive explanation of this method can be found through the 

Geodesy Tools for Societal Issues (GETSI) module on GPS, Strain, and Earthquakes 

(https://serc.carleton.edu/getsi/teaching_materials/gps_strain/index.html). 
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CHAPTER THREE 

 

Results 

 

 

Seismo-Lineaments 

 

The seismo-lineament of the Truckee earthquake is not as well constrained as we are 

now accustomed for magnitude 6 earthquakes.  This is due largely to comparatively sparse 

coverage by continuously operating seismographs near Truckee in 1966, as well as the 

limitations of seismometers and seismograph networks in the mid-1960s compared with 

the instrumentation, communication, and computational resources that are used routinely 

in earthquake seismology today.  The foci of the Truckee earthquake aftershocks are better 

located than the focus of the main earthquake.  Uncertainties of the Truckee earthquake 

hypocenter location (Ryall et al., 1968) and the orientation of the fault-plane solution (Tsai 

and Aki, 1970) were not reported, so the uncertainties used to define the seismo-lineament 

boundaries for this event were assumed (Table 2.2).  The result is a broad northeast-

trending seismo-lineament with a characteristic bow-tie shape that appears to be centered 

along Sagehen Creek near the high-water limit of Stampede Reservoir (Figure 3.1). 

Previous studies indicated that there are more recent, relatively well-located 

earthquakes whose fault-plane solutions might correlate with the Dog Valley fault 

(Lindsay, 2012; Reed, 2014; Strasser, 2017).  Three more recent events were used in this 

study to construct a composite seismo-lineament that might facilitate reconnaissance for 

the Dog Valley fault (Tables 2.1 & 2.2; Figure 2.4).  The resulting compound seismo-
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lineament shifts the search area a bit further toward the southeast relative to the single-

event seismo-lineament for the Truckee earthquake (Figure 3.2). 

 

 
 

Figure 3.1.  Focal-mechanism diagram for the M6 Truckee earthquake with 

corresponding seismo-lineament, based on assumed uncertainties listed in Tables 2.1 and 

2.2. The seismo-lineament is the region between the light-brown areas. Illumination from 

the northwest. 
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The composite seismo-lineament in Figure 3.4 includes Stampede Reservoir, Stampede 

Dam, the intersection between the DVF and Polaris Fault, and numerous northeast-

southwest-trending lineaments.  

 

 
 

Figure 3.2.  Focal-mechanism diagrams for the Truckee earthquake and three subsequent 

well-recorded earthquakes, with the composite seismo-lineament. The composite seismo-

lineament is the region between the light-brown areas. Illumination from the northwest. 
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Statistical Best-Fit Plane Evaluations 

 

The best-fit plane through the foci of aftershocks recorded by local networks between 

September 14 and 25, 1966 — after the Truckee earthquake — was determined for five 

datasets.  Because aftershock foci were determined independently by two groups using 

different local-network schemes, a best-fit plane was determined for each of these two 

datasets.  Dataset 1 is from Greensfelder (1968) without events 1-12, 70, 91, and 116.  

Dataset 2 is from Ryall et al. (1968).  Datasets 3-5 are combinations of datasets 1 and 2, in 

which the focal locations of 33 aftershocks reported by both groups were handled 

differently.  In dataset 3, the locations by Greensfelder (1968) were used for co-reported 

events.  In dataset 4, the locations by Ryall et al. (1968) were used for co-reported events.  

In dataset 5, the unweighted vector mean of the two locations was used for each co-reported 

event.  Each of these combined datasets includes focal locations of 189 aftershocks.  The 

results of the best-fit plane evaluations are presented in Table 3.1.  

 

Table 3.1 Best-fit planes through aftershock hypocenter point clouds. 

 

 

All of the best-fit planes generated from these point-clouds strike northeast-southwest 

and are nearly vertical.  Their ground-surface traces are all located within the composite 

seismo-lineament (Figure 3.3). The ground-surface trace of the best-fit plane for datasets 

Dataset 

No. 

Latitude Centroid 

location 

longitude 

Depth 

(km) 

RHR 

strike 

Best-fit 

plane dip 

direction 

Dip 

angle 

 

1 

2 

3 

4 

5 

39.4118° 

39.4100° 

39.4108° 

39.4105° 

39.4107° 

-120.1614° 

-120.1751° 

-120.1649° 

-120.1682° 

-120.1666° 

3.8799 

4.6372 

3.9672 

4.1254 

4.0463 

33.97° 

206.17° 

33.43° 

32.32° 

32.31° 

123.97° 

296.17° 

123.43° 

122.32° 

122.07° 

87.22° 

89.65° 

88.47° 

89.995° 

88.30° 
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3-5 differ only slightly from one another, and so are represented in Figure 3.3 by the yellow 

trace associated with dataset 5. 

 

 
 

Figure 3.3.  Aftershock epicenters from Greensfelder (1968; green circles) and Ryall et 

al. (1968; red circles) with the ground-surface trace of the best-fit plane through datasets 

1 (green curve), 2 (red curve), and 5 (yellow curve) in Table 3.1.  
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Figure 3.4.  Summary diagram indicating the geomorphic search area.  The gray area 

between the areas masked with the transparent brown overlays is the composite seismo-

lineament of four earthquakes listed in Tables 2.1 and 2.2.  The composite seismo-

lineament is the area where the trace of the Dog Valley fault is likely to be located. The 

yellow curve is the ground-surface trace of the best-fit plane through the aftershock foci 

(yellow curve) based on dataset 5 (Table 3.1).   
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Structural-Geomorphic Investigation 

 

There are many northeast-southwest-trending geomorphic lineaments within the 

compound seismo-lineament shown in Figures 3.2 and 3.4, especially in the area south of 

Stampede Reservoir.  These geomorphic lineaments are nearly parallel with the ground-

surface trace of the best-fit plane through the aftershock foci (yellow trace in Figures 3.3 

and 3.4), and include drainage lineaments, ridges, linear slope breaks, and swales including 

ridge-parallel swales that might have developed along fault scarps or landslide head-

grabens.  This broad area of parallel lineaments was noted in previous studies by Hawkins 

et al. (1986) and Olig et al. (2005), but they did not discover which, if any, of the 

geomorphic lineaments were developed along faults. 

  Close examination of the mosaic of high-resolution hillshade images indicates that 

there are two prominent compound-lineament trends within the seismo-lineament area that 

are approximately parallel to the trace of the best-fit plane through the aftershock foci.  In 

this study, the northwestern trend is called Trace A while the southeastern trend is called 

Trace B. Trace A passes approximately 1 km north of Hobart Mills, extending to the 

northeast along the southeast slope of Billy Hill, crossing Stampede Reservoir, and into the 

valley of Merrill Creek (Figure 3.5).  From approximately Hobart Mills to Stampede 

Reservoir, Trace A corresponds to the inferred trace of the Dog Valley fault in 

Kachadoorian et al. (1968, Plate 1).  Trace B is parallel to trace A, located about 1.5 km to 

the southeast of trace A. 

Sandra_Harman
Sticky Note
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Figure 3.5.  Structural-geomorphic lineaments defining Trace A. Brackets indicate 

individual lineaments. 

 

Lineaments A1-A2 form a drainage lineament that is unusually straight and appears 

to be oblique to the expected slope of the ground surface from highland areas at the bottom 

(south) of Figure 3.6 toward a higher-order stream (Prosser Creek). Lineament A3 is a set 

of at least four aligned scarps or swales that persist across a major drainage channel. 
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Lineaments A4 and A5 are small drainage lineaments aligned with each other and with 

lineament A6 (Figures 3.5 & 3.7).  Hunter et al. (2011) mapped a strand of the north-

northwest trending Polaris fault between A4 and A5.  The Polaris fault is a right-lateral 

strike-slip fault with latest-Quaternary activity.  

  

 
 

Figure 3.6.  Detail map of lineaments A1-A5 along Trace A. 

 

Lineaments A6 and A8a are compound lineaments located between East Pasture 

Road and a discontinuous ridgeline southeast of that road (Figure 3.7).  These lineaments 

include short, aligned sections of stream channels, ridge-parallel swales just below the 

ridge crest, and abrupt gradient changes along the slope below the ridge.  Similarly, 

lineaments A7 and A8b are aligned compound lineaments that are in the drainage southeast 

of the discontinuous ridge.  The A6-A8a compound lineament is parallel to the A7-A8b 

lineament, and spaced between ~100 and 200 m apart.   
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Figure 3.7.  Detail map of lineaments A6-A8 along Trace A. 

 

 

 
 

Figure 3.8.  Detail map of lineaments A9-A13 along Trace A. 
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Lineament A9 is a short drainage lineament (Figure 3.8).  Lineament A10 is along a 

swale or linear depression oriented parallel to and just southeast of the crest of a small 

ridge.  Lineament A11 is aligned with A9 and is a compound lineament defined primarily 

by short drainage segments that are aligned across drainage divides and swales that cross 

slopes. A12 is a compound drainage lineament that is aligned with A10. A13 is a long 

straight drainage lineament that is aligned with A11. 

Lineaments A14 and A15 are parallel drainage lineaments in the Logger 

Campground, on the south shore of Stampede Reservoir (Figure 3.9).  These anomalously 

straight drainages are evident on the 1955 edition of the Boca 7.5-minute topographic 

quadrangle map, which is based on aerial photographs and field work conducted before 

construction of Stampede Dam.  The linear drainages are natural features unrelated to 

construction activities or roads. 

 

 
 

Figure 3.9.  Detail map of lineaments A14-A15 along Trace A. 
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Lineaments A16 and A17 are parallel broad swales near the north shore of Stampede 

Reservoir, just west of the flooded valley of Davies Creek (Figure 3.10).  These swales that 

define A16 and A17 are generally aligned with the lineament trend south of Stampede 

Reservoir (e.g., with A14 and A15).  Lineament A18 is a drainage lineament, and lineament 

A19 is a broad swale that generally aligns with A16. 

 

 
 

Figure 3.10.  Detail map of lineaments A16-A19 along Trace A. 
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Figure 3.11.  Detail map of lineament A20 along Trace A. 

 

Lineament A20 is along the southern portion of the valley formed by Merril Creek 

(Figure 3.11).  Near the top of the slope on the east side of this valley is a lineament that 

might be either an eroded scarp related to either a fault or a landslide (or both).  Parts of 

the slope and channel at the bottom of the valley also seem to form a compound lineament. 
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Figure 3.12.  Trace A. Short black dashes indicate lineaments from this study.  Longer 

black dashes are lineaments from Cronin (pers. com. 2021). Red dashed curves are long 

composite lineaments.  Polaris fault traces from Hunter et al. (2011). 

 

The full extent of Trace A in the study area is indicated by the dashed red curves in 

Figure 3.12.  There are parallel strands in many places along this compound lineament 

trend, which is at least 19 km long.  Trace A extends across the Polaris fault as mapped by 

Hunter et al. (2011, 2018). 
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Figure 3.13.  Structural-geomorphic lineaments defining Trace B. Brackets indicate 

individual lineaments.  

 

 

Trace B is located about 1.5 km to the southeast of Trace A (Figure 3.13).  Trace B 

includes the fault exposure mapped by Kachadoorian et al. (1967) in the vicinity of the 

north abutment of Stampede Dam (Figure 2.3).  Trace B is similar to (and locally the same 

as) the compound lineament described by Strasser (2017). 
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Lineaments B1 and B2 are aligned, straight portions of a drainage. Lineament B3 is 

a composite lineament with linear drainage segments. Lineament B4 is a swale aligned 

with B3.  Hunter et al. (2011) mapped the Polaris fault along the active floodplain of 

Prosser Creek, somewhere between B3 and B4.  The Polaris fault is a right-lateral strike-

slip fault. 

 
 

Figure 3.14.  Detail map of lineaments B1-B4 along Trace B. 

 

 

Lineament B5 (Figure 3.15) is a drainage lineament aligned with B1 and B2. 

Lineaments B6, B7, and B8 are drainage lineaments aligned with lineaments B3 and B4.  
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Figure 3.15.  Detail map of lineaments B5-B8 along Trace B. 

 

 

 
 

Figure 3.16.  Detail map of lineaments B9-B11 along Trace B. 

 

 

Lineament B9 is along two aligned linear sections of the same stream, parallel to 

which there is a linear scarp on the slope southeast of the stream channel that might be 

related to either a fault or the headscarp of a landslide.  Lineament B10 is a compound 
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lineament along two aligned tributary stream channels and a linear swale adjacent to the 

floodplain in Russel Valley.  Lineament B11 is a left-lateral jog of the channel of Dry Creek 

in the floodplain, approximately aligned with B10. 

Lineaments B12 and B14 are drainage lineaments aligned with each other and with 

B10 and B11.  The area between B12 and B14 might be complicated by landsliding:  

translation or rotation of blocks down from the northwest slope of this stream valley into 

the area marked B13.  Another interpretation might be some sort of step-over in the fault 

trend.  Beyond B14 to the northeast, there is a gap between lineaments B14 and B15 

because this area was disturbed by excavation of material used in the project to build 

Stampede Dam circa 1966-70. 

 

 
 

Figure 3.17.  Detail map of lineaments B12-B14 along Trace B. 

 

 

Lineament B15 is in the area of a fault exposure that was investigated by Strasser 

(2017) on the reservoir side of the north abutment of Stampede Dam, circa 39.4770°N, 

120.1038°W.  Lineament B16 correlates with several northwest-dipping normal faults 
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exposed in a roadcut in the north abutment, along Dog Valley Road, circa 39.4772°N, 

120.1028°W, investigated by Lindsay (2012), Ashburn (2015), and Strasser (2017).  The 

exposed small normal faults seem to bound a small half-graben.  Lineament B17 is a 

compound seismo-lineament marked by a linear gradient change along a slope, a swale, 

and linear segments of two small drainages. 

 

 

Figure 3.18.  Detail map of lineaments B15-B17 along Trace B. 

 

 

Lineament B18 is aligned with B17, and is a compound lineament marked by linear 

changes in slope gradient.  Interpretation of B18 is complicated by recent landscape 

modifications by the development of roads or trails in this area.  Lineament B19 is marked 

by several linear changes in slope gradient that are aligned with each other, forming a 

continuous scarp.  Lineament B20 is aligned with B19, and is a compound lineament 

marked by a series of linear gradient changes and linear swales across the slope.  

Lineaments B18-B20 align with Hoke Valley, where Grose (2000) mapped a left-lateral 
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separation of a Jurassic metavolcanic rock unit along a trace of the Dog Valley fault along 

the opposite (northwest) side of the valley. 

 

 
 

Figure 3.19.  Detail map of lineaments B18-B20 along Trace B. 

 

 

The full extent of Trace B in the study area is indicated by the dashed red curves in 

Figure 3.20.  Similar to Trace A, there are parallel strands in many places along this 

compound lineament trend, which is at least 21 km long.  Also similar to Trace A, Trace 

B extends across the Polaris fault as mapped by Hunter et al. (2011, 2018).  The lineaments 

described in this paper are indicated with short-dashed black curves in Figure 3.20.  
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Lineaments described by Strasser (2017) and suggested by Cronin (pers. comm., 2021) are 

marked by long-dashed black curves.   

 

 
 

Figure 3.20.  Trace B. Short black dashes indicate lineaments from this study.  Longer 

black dashes are lineaments from Strasser (2017) or Cronin (pers. com. 2021). Red 

dashed curves are long composite lineaments.  Polaris fault traces from Hunter et al. 

(2011). 
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Crustal Strain Calculation 

 

Velocity data were obtained for 13 GPS/GNSS stations in the Nevada Geodetic 

Laboratory online catalog (Blewitt et al., 2018) on December 26, 2020 (Table 2.3).  These 

velocities are expressed relative to the NAM14 reference frame, which is based on the 

ITRF2014 velocities of a set of continuous GPS/GNSS sites located in the stable cratonic 

interior of the North American plate.  Triplets of sites were defined such that each triplet 

formed a triangle in map view (Figures 3.21, 3.22, 3.23).  Current versions of the 

UNAVCO crustal strain calculators in Excel and Mathematica were used to compute the 

instantaneous horizontal strain within each triangle (Cronin and Resor, 2020, 2021).  Those 

results are listed in Table 3.2 and graphically illustrated in Figures 3.21, 3.22, and 3.23. 

Horizontal deformation of a triangle of crust, as observed in a reference frame 

external to that triangle, involves a change in position (translation), a change in orientation 

(rotation), a change in volume (dilation), or a change in shape (distortion).  In Table 3.2, 

the translation azimuth and instantaneous speed refer to the average translational motion 

of all three sites relative to the stable interior of North America.  This motion is induced 

by interaction with the Pacific plate across a broad western boundary of the North 

American plate that extends approximately from the Rocky Mountains to the California 

coastline (Figure 1.1).  The northern Walker Lane, where the Truckee Basin is located, is 

an important structural corridor along which significant right-lateral displacement between 

the Pacific and North American plates is accommodated.   

Rotation during deformation in a right-lateral shear zone is expected to be a negative 

(clockwise) rotation, just like the rotation of a pencil held between your palms if you move 

your palms in a right-lateral shear motion perpendicular to the axis of the pencil.  Most 



50 

 

rotations listed in Table 3.2 are negative.  Positive areal strain indicates that the triangular 

area between the GPS/GNSS stations is increasing instantaneously — the area is expanding 

— whereas a negative areal strain would indicate a decreasing or contracting area.  

 

 
 

Figure 3.21.  Graphic depiction of crustal strain in the "orange" network of triangles defined 

by continuous GPS/GNSS sites of the MAGNET and NOTA networks. White arrows 

represent crustal stretching and black arrows represent crustal shortening. Small black 

curves with arrowheads indicate direction of rotation. 
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Figure 3.22.  Graphic depiction of crustal strain in the "blue" network of triangles defined 

by continuous GPS/GNSS sites of the MAGNET and NOTA networks. White arrows 

represent crustal stretching and black arrows represent crustal shortening. Small black 

curves with arrowheads indicate direction of rotation. 

 

 

The shape and interpretation of the horizontal instantaneous strain ellipse is provided 

by the last three parameters listed in Table 3.2.  The extension in the direction of the longer 

horizontal axis of the strain ellipse is e1H, and the extension along the shorter axis of the 

strain ellipse is e2H.  A positive value of e1H or e2H indicates stretching and a negative value 

indicates shortening.  The azimuth of the longer axis is the direction of greatest extension 
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(or least compression), and the azimuth of the shorter axis is the direction of greatest 

compression (or least extension). 

 

 
 

Figure 3.23.  Graphic depiction of crustal strain in the "green" network of triangles 

defined by continuous GPS/GNSS sites of the MAGNET and NOTA networks. White 

arrows represent crustal stretching and black arrows represent crustal shortening. Small 

black curves with arrowheads indicate direction of rotation. 
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Table 3.2 Crustal strain analysis from GPS/GNSS site velocities 
 

Sites forming Translation Translation Rotation Maximum Area Second e1H s1H e2H 

 triangle azimuth speed (nano- shear strain  strain invariant (nano- azimuth (nano- 

  (degrees) (mm/yr) radian  (nano- (nano- strain-rate strain) (degrees) strain) 

    /yr) strain) strain) tensor 

 

GIRL, SARD, 312.60 11.04 -7.31 83.46 55.90 71.03 69.68 76.16 -13.78 

 BOOM 

 

HW89, SARD, 311.42 12.12 -66.08 68.76 -42.40 57.12 13.18 71.86 -55.58 

 PENT 

 

PENT, BHIL, 311.18 12.17 -28.82 118.31 12.39 84.11 65.35 97.47 -52.96 

 SARD 

 

TRUC, BHIL, 312.47 12.40 6.40 108.32 38.29 81.24 73.31 116.67 -35.02 

 PENT 

 

TRUC, P150, 312.98 12.05 -9.11 29.49 -38.89 34.51 -4.70 103.02 -34.19 

 BHIL 

 

BHIL, BOOM, 312.13 11.43 -3.53 103.94 23.04 75.28 63.49 84.45 -40.45 

 SARD 

 

TRUC, BHIL, 312.29 12.30 1.34 80.39 11.56 57.43 45.97 114.81 -34.41 

 PERA 

 

BHIL, P149, 311.63 11.94 -27.86 87.88 40.69 68.48 64.29 92.10 -23.60 

 PERA 

 

BHIL, VRDE, 310.97 11.17 -53.11 68.11 -14.67 49.27 26.73 119.87 -41.39 

 P149 

 

GIRL, P149, 311.41 10.77 -45.71 45.41 97.37 75.97 71.39 28.08 25.98 

 VRDE 

 

GIRL, BVAL, 310.71 10.80 -36.71 64.03 86.93 76.34 75.48 23.12 11.45 

 VRDE 

 

BVAL, BOCA, 310.22 11.12 -27.97 94.31 -65.27 81.10 14.52 94.47 -79.79 

 VRDE 

 

PENT, BOCA, 311.14 11.97 -46.27 129.22 -24.12 92.95 52.55 83.42 -76.67 

 BVAL 

 

P150, BOCA, 311.95 12.28 -28.96 84.01 19.83 61.04 51.92 92.49 -32.09 

 PENT 

 

PENT, TRUC, 312.58 12.45 35.19 104.07 -2.31 73.61 50.88 139.55 -53.19 

 P150 
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CHAPTER FOUR 

 

Discussion 

 

 

Interpretation 

 

Two compound lineament trends have been identified that are located within the 

compound seismo-lineament and that are approximately parallel to the trace of the best-fit 

plane through the aftershock foci of the M6 Truckee earthquake of 1966 (Figure 3.4).  

These lineament trends, which are labeled Trace A and Trace B (Figure 4.1), are parallel 

and adjacent to each other, separated by about 1 to 2.5 km.  Traces A and B are both 

admissible as possible ground-surface traces of the fault responsible for the Truckee 

earthquake in 1966.   

The locations of ground effects mapped by Kachadoorian et al. (1967) in the days 

following the Truckee earthquake are shown as red circles in Figure 4.1, and are further 

identified in Figure 2.3.  Several of these mapped ground effects seem to be located along 

Trace B, while only two appear to be near Trace A, northeast of Stampede Reservoir.  

Lindsay (2012), Reed (2014), Ashburn (2015), and Strasser (2017) described fault 

exposures in the vicinity of Stampede Dam (black squares in Figure 4.1), including the 

exposure mapped by Kachadoorian et al. (1967) in the area of the north abutment of 

Stampede Dam.  Hawkins et al. (1986) also appear to have thought that the active trace of 

the Dog Valley fault is along a trend similar to Trace B, given that both of the trenches 

they excavated were sited along that trend (Figure 4.1). 
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  The displacement history of an active fault in California is typically investigated 

using paleoseismic trench studies (California Geological Survey, 2018;  McCalpin, 2009).  

Two trenches were excavated along a suspected trace of the Dog Valley fault by Hawkins 

et al. (1986), but evidence of faulting was not found in either.  The trench excavation 

northeast of Stampede Dam had groundwater issues that impeded the investigation, and the 

trench along Old Reno Road northeast of Prosser Creek Reservoir was sited between (but 

not across) the most promising lineaments in the area.  (Hawkins and his team did not have 

access to LiDAR-based bare-Earth hillshade maps or GPS-based locations when siting 

their trenches in the mid-1980s).  We know there is an active fault in the Dog Valley fault 

trend by virtue of the Truckee earthquake in 1966. 

Two trenches were excavated across the westernmost strand of the PF for 

paleoseismic analysis (Hunter et al., 2011), but the chronometric analysis of charcoal 

samples showed evidence of cross contamination that rendered the results unreliable 

(Hunter et al., 2018).  Several hand-dug trenches in Fairway Meadow, along or 

immediately adjacent to the western strand of the PF, yielded evidence of Holocene 

displacement (Melody, 2009;  Melody et al., 2012).  Reed (2014) used the Seismo-

Lineament Analysis Method to spatially correlate several small (magnitude 3 to 4.8) 

historic earthquakes with the PF.  The Quaternary Fault and Fold Database of the United 

States (Bryant, 2017) lists the most recent displacement across the PF as latest Quaternary.   

In summary, previous work has generally suggested either a single strand of the Dog 

Valley fault (e.g., Hawkins et al., 1986) or some sort of distributed shear across the area 

marked by parallel lineaments that are aligned with the long axis of the aftershock sequence 

(e.g., Olig et al., 2005).  This study indicates that there are two long trends of compound 
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geomorphic lineaments within the area where we would expect to find the ground-surface 

trace of the Dog Valley fault.  Geomorphic features within these two trends (Trace A and 

Trace B) appear to be consistent with an interpretation that they might have developed 

along an active fault.  There are known surface exposures of strike-slip faults and 

associated small normal faults along Trace B near Stampede Dam.  The Truckee 

earthquake likely occurred on one of these two inferred faults, which constitute the Dog 

Valley fault zone.  Both traces are within the compound seismo-lineament associated with 

earthquakes that were (or might have been) generated along the Dog Valley fault zone.  

Both traces are approximately parallel to the best-fit plane through the aftershock foci of 

the 1966 Truckee earthquake.  Both traces are in a favorable orientation within the regional 

stress field, compared with the fault-plane solution of the Truckee earthquake.  Both traces 

are of sufficient length to have generated a magnitude 6 earthquake (e.g., Wells and 

Coppersmith, 1994; Stirling et al., 2013; Gunawan, 2021). 
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Figure 4.1.  Traces A and B along the Dog Valley fault zone.  Polaris fault trace from 

Hunter et al. (2011).  Red circles are locations of surface damage from Truckee 

earthquake, from Kachadoorian et al. (1967).  Black squares are surface exposures of 

faults (Strasser, 2017).  Trench locations along the Dog Valley fault trend are from 

Hawkins et al. (1986). 
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Recommended Locations of Geophysical Surveys 
 

Locations along Trace A and B were identified for future electromagnetic induction 

(EM) and electrical resistivity (ER) geophysical surveys (Fig 4.2). Nine locations dispersed 

across the DVF zone and located near access roads were selected as high-priority surveys. 

Three locations cross Trace A and six locations cross Trace B.  

The EM survey is a relatively swift procedure that can inform where to undertake the 

more time-intensive ER survey. The EM survey measures the magnitude of an induced 

magnetic field, which provides some information about the materials in the subsurface to 

a depth of 6 m. The EM instrument produces a continuous low-frequency electromagnetic 

wave. The strength of the received wave compared to the transmitted wave is interpreted 

and will reveal how the resistivity varies from place to place along the survey line. 

Variations in resistivity might indicate faulting due to the presence of fluids, an increase in 

rock fracture, and/or weathering within potential fault gouge zones.  

ER is a geophysical technique for determining the electrical characteristics of 

subsurface areas.  A direct current (DC) is passed through the subsurface and a voltage is 

measured at a distance from the source. The recorded voltage potential varies based on the 

nature of the subsurface. This method will be useful for locating the DVF, as fractures may 

result in weathering within potential fault gouge zones and thereby zones of anomalously 

low resistivity. The ER surveys for this study measure 250 m in length, imaging to a depth 

of about 50 ft. The extent and number of EM and ER surveys are limited by their time- and 

labor-intensive nature. 



59 

 

 
 

Figure 4.2.  Location selections for EM and ER surveys. Red dashed lines with black 

lineament locations indicate inferred Traces A and B, blue lines within yellow circles 

indicate survey location options. Purple boxes identify private property. Access roads for 

surveys locations are the labeled white and yellow lines.  
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The criteria for a favorable site to collect geophysical data include the following.  [1] 

There should be approximately 200 meters of reasonably level ground available to establish 

the survey line, perpendicular to and crossing a clear lineament.  [2] The site should be 

accessible from a public road or trail to facilitate transportation of geophysical equipment 

to the site.  [3] The site should be on public property where permission to conduct the 

surveys can be obtained.  A total of 23 prospective sites were identified along Trends A 

and B, of which 9 numbered sites were deemed to have a higher priority for geophysical 

investigation (Figure 4.2).  Ultimately, the purpose of the geophysical investigation is to 

evaluate the hypothesis that the geomorphic lineament is likely to have developed along a 

fault and, if so, to constrain the location of that inferred fault so that an exploratory trench 

can be well located for effective paleomagnetic study (e.g., McCalpin, 2009) 

Figure 4.3 provides details for the location of sites 1 and 2, which are along Trace A. 

These sites are located next to Hobart Mills Road, making them easily accessible. Figure 

4.4 shows site 3, which is also along Trace A and close to Dog Valley Road. Figure 4.5 

shows sites 4 and 5, which are located along Trace B. These surveys are accessible by Dog 

Valley Road and seasonal roads, near several lineament features that intersect Russel 

Valley. Figure 4.6 shows site 6, the last high-priority survey south of Stampede Dam and 

accessible by Dog Valley Road and seasonal roads. Figure 4.7 shows sites 7, 8, and 9, 

which are just north of Stampede Dam and accessible by Dog Valley Road and Stampede 

Dam Road. Site 7 is located near fault exposures identified by Lindsay (2012), Reed 

(2014), Ashburn (2015), and Strasser (2017). Site 9 is located near fault exposures 

described by Strasser (2017) along Stampede Dam Road north of the intersection with Dog 

Valley Road.  
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Figure 4.3.  Sites 1 and 2 along Trace A. Black lines indicate lineaments, blue lines indicate 

approximate survey locations. The white lines are access roads that will be used to access 

survey sites. Solid white lines generally indicate paved or improved gravel roads while 

dashed white lines indicate dirt or seasonal roads.  
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Figure 4.4.  Site 3 along Trace A.  Symbols are the same as in Figure 4.3;  the yellow curve 

is a paved road. 
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Figure 4.5.  Sites 4 and 5 along Trace B.   Symbols are the same as in Figure 4.3. 

Figure 4.6.  Site 6 along Trace B.  Symbols are the same as in Figure 4.3. 
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Figure 4.7.  Sites 7, 8, and 9 along trace B. Symbols are the same as in Figure 4.3.  Stampede 

Dam is located to the south of Survey 7.  
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Tectonic Setting of Dog Valley Fault Zone and Polaris Fault, Revisited 

A curious aspect of both the Dog Valley fault zone (DVFZ) and the Polaris fault (PF) 

is that both appear to have at least two or parallel-and-adjacent traces that exhibit evidence 

of late Quaternary or Holocene displacement (Figure 4.1).  Why would there be two (or 

more) adjacent active faults rather than just one?  Another curious aspect of the DVFZ and 

PF is their cross-cutting, conjugate geometry.  The occurrence of cross-cutting conjugate 

fault zones, both apparently with multiple active strands, warrants explanation.   

The DVFZ and PF occur within the Northern Walker Lane, which is a broad right-

lateral shear zone between the Sierra Nevada–Great Valley Block and the Basin and Range 

Province (Figure 1.1).  The Walker Lane is a major transition zone within the western part 

of the North American Plate where crustal strain is related to the relative motion between 

the Pacific, Gorda/Juan de Fuca, and North American plates (Blewitt et al, 2009; Kreemer 

et al., 2009;  Hammond et al., 2009).  As much as ~20-25% of the Pacific-North American 

plate motion might be accommodated along the Walker Lane (Wesnousky, 2005 A, B;  

Hammond and Thatcher, 2007). 

Wesnousky (2005 A, B) recognized that conjugate faults in the Walker Lane shear 

zone might be explained with reference to the geometry of a Riedel array (Figure 4.8A).  

The Riedel array has been observed in various experiments (Figure 8B;  Cloos, 1928;  

Riedel, 1929;  Tchalenko, 1968, 1970;  Logan et al., 1979;  Atmaoui, 2005;  Ghosh et al., 

2008) and used to interpret natural fault zones at various scales (Arboleya and Engelder, 

1995;  Hooyer et al., 2008;  Katz et al., 2004;  Khodayar et al., 2018;  Tchalenko, 1968; 

Tchalenko and Ambraseys, 1970;  Faulds et al., 2005).   
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A. 

B. 

Figure 4.8.  Summary of Riedel array within a right-lateral shear zone, after Logan et al. 

(1979).  A. Geometry and nomenclature of the primary brittle structures within a Riedel 

array.  The brittle structures develop due to the relative motion of rigid blocks that bound 

the shear zone.  B. Photomicrograph of artificial fault gouge (dyed blue) as deformed in 

right-lateral shear between rigid granite blocks at the top and bottom of the photo.  Sets 

of multiple R1 and R2 shears are visible throughout the gouge in the shear zone, as are Y 

shears that are generally parallel to the bounding surfaces of the fault gouge. 

Within a right-lateral Riedel shear zone, a set of right-lateral faults that are subparallel 

to the zone boundaries might be conjugate to a set of left-lateral faults, in the same way 

that the Polaris fault is conjugate to the Dog Valley fault (Figure 4.9). Some of the blocks 
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between these faults might be subject to clockwise vertical axis rotation, perhaps 

accommodated through bookshelf-style faulting (e.g., Cashman and Fontaine, 2000, 

Freund, 1974; Garfunkel, 1974; Garfunkel and Ron, 1985; Green et al., 2014; La Femina 

et al., 2002; Luyendyk, 1991; Luyendyk et al., 1980; Mandl, 1987; Nicholson et al., 1986, 

1994; Reiser Wetzel et al., 1993; Ron et al., 1984; Tapponnier et al., 1990; Wesnousky, 

2005 A, B).  Most of the results of the crustal strain analysis in this study, which used 

velocities from continuous GPS sites, indicate clockwise rotation within the study area 

(Figures 3.21–3.23;  Table 3.2). 

Figure 4.9.  Sketch map of some major active faults in the Walker Lane north of Lake 

Tahoe (LT) including the Polaris fault (PF) and Dog Valley fault zone (DVFZ), after 

Sawyer et al. (2013), Gold et al. (2013, 2014), and Hawkins et al. (1986).  The Walker 

Lane shear zone is the tan area bounded by the Mohawk Valley fault zone on the 

southwest and the Honey Lake — Warm Springs Valley fault zones on the northeast.  

The colors of the various fault traces are keyed to the various fabric elements of the 

Riedel Array shown in the inset diagram.  Some of the faults within the shear zone can be 

interpreted as parts of a Riedel array developed in right-lateral shear.   
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In summary, a potential explanation for the occurrence of cross-cutting conjugate 

fault zones, both apparently with multiple active strands, is that the right-lateral Northern 

Walker Lane shear zone includes fault systems similar to those observed on a variety of 

scales as Riedel arrays.  Riedel arrays such as the experimentally produced array shown in 

Figure 4.8B can include conjugate sets of parallel, adjacent, active fault strands. 

Conclusions 

I generated a composite seismo-lineament based on the fault-plane solutions for four 

earthquakes, including the Truckee earthquake of 1966 and three more recent events that 

might have been generated along the Dog Valley fault.  I computed the best-fit planes 

through the aftershock foci reported by Greensfelder (1968) and Ryall et al. (1968), as well 

as combinations of those datasets.  These results place all the best-fit planes within the 

compound seismo-lineament.  The mean composite point cloud of aftershock foci has a 

best-fit plane striking 32° and dipping 88° to the southeast, with a ground-surface trace that 

passes less than 1 km northwest of Stampede Dam. 

Two distinct trends of geomorphic lineaments that are approximately parallel to each 

other and to the best-fit plane through the aftershock foci were identified within the 

composite seismo-lineament.  These trends, called Trace A and Trace B, might have 

developed along active strands of the Dog Valley fault.  Trace B passes through the area 

of Stampede Dam where earlier fieldwork has identified surface exposures of strike-slip 

faults (e.g., Strasser, 2017).  
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A total of 22 locations were identified along these traces where geophysical 

investigations using EM and DC-resistivity methods might help resolve whether there is 

likely to be a fault present below the ground surface.  Nine of these sites were more fully 

described and constitute a higher-priority group of sites for an initial geophysical 

investigation.  This sort of geophysical study would help to improve the potential for 

successful paleoseismic trench investigations in search of the active strand(s) within the 

Dog Valley fault zone. 

Analysis of crustal strain in the study area, using the velocities of continuous 

GPS/GNSS sites of the MAGNET and NOTA networks, shows that the 

instantaneous/infinitesimal strain in this area is consistent with being subjected to regional 

right-lateral shear within the norther Walker Lane, between the Sierra Nevada-Great Valley 

Block and the western edge of the Basin and Range Province.  The Polaris fault and the 

Dog Valley fault zone are an active conjugate set of fault zones whose orientation within 

the Walker Lane shear zone is similar to that of R1 and R2 shears within a right-lateral 

Riedel array (e.g., Logan et al., 1979).  The interpretation of the Polaris and Dog Valley 

fault zones as being part of a Riedel array might explain why both fault zones appear to 

have multiple parallel strands. 

The next step beyond this thesis project is to conduct the geophysical surveys across 

Trace A and Trace B that will facilitate the design of paleoseismic trench studies, which 

will be necessary to conclusively identify the active trace(s) of the Dog Valley fault zone.  

Similar geophysical investigations along the Polaris fault trend would also be very helpful 

in advancing our understanding of that part of this active conjugate system.  These two 

fault systems pose an apparent threat to people and major infrastructure in this area which 
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has become much more developed since 1966.  The largest threat remains the failure of 

one or several of the earth-fill dams in the area, which could generate a catastrophic 

flooding event throughout the Truckee Canyon and into the Reno metropolitan area. 
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