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ABSTRACT OF THE THESIS 

 

Quaternary Deformation of the Middle Pleistocene Christmas Canyon Formation and its 

Implication For Neotectonic Processes Associated With the Garlock Fault and Eastern California 

Shear Zone. 

 

By 

 

Evan Michael Wolf 

 

Master of Science in Geology 

University of California, Los Angeles, 2013 

Professor Edward J. Rhodes, Chair 

Professor An Yin 

Professor Gilles Peltzer 

 

 The Searles Valley region of southeastern California exhibits a series of northeasterly 

trending folds that are anomalously oriented when viewed in the context of the current regional 

stress field, where the principal compressive stress is oriented from the northeast and southwest.  

This region also marks a complex zone of deformation, as the Blackwater fault of the Eastern 

California Shear Zone (ECSZ) appears to terminate at its intersection with the Browns 

Valley/Ranch fault zone, 5 km south of the Garlock fault.  The presence of the northeasterly 

trending Christmas Canyon anticline near the junction of these three fault systems has led to the 

inference that regional compression directed from the northwest and southeast may have 

occurred during the last 640,000 years.  To assess the style of deformation associated with the 

II



 

interaction of these three fault zones, a geologic survey consisting of geologic mapping, remote 

sensing and absolute-dating techniques was conducted within the northeastern Lava Mountains, 

immediately south of the Garlock fault.  The study area, informally designated as western 

Christmas Canyon, exhibits a series of northeasterly trending structures that have deformed and 

offset lacustrine deposits of the middle Pleistocene Christmas Canyon Formation.  These 

northeasterly striking faults, exhibit displacements suggestive of sinistral shear, and are oriented 

on average 22
o
 counterclockwise to the trace of the Garlock fault in southern Searles Valley.  

The orientation and mode of deformation attributed to these faults implies that they may have 

formed as Riedel shears to the sinistral Garlock fault zone, and thus likely formed during a 

period of northeast-southwest directed regional compression.  Conversely, a single northeast-

trending synclinal structure within western Christmas Canyon implies regional compression 

nearly orthogonal to the adequate orientation for driving sinistral shear along the Garlock fault 

zone.   The results obtained from the geologic survey of the western Christmas Canyon region 

imply that the Garlock fault has sinistrally offset two alluvial fan surfaces from their source 

drainage during the late Holocene, and that a period of northwest-southeast directed compression 

most likely did not occur since the deposition of the middle Pleistocene Christmas Canyon 

Formation.  As a result, the formation of northeasterly trending folds within the Christmas 

Canyon Formation is inferred to be attributed to deformation associated with slip along Riedel 

shears of the Garlock fault zone, or as a result of distributed deformation associated with the 

termination of northwesterly striking dextral faults of the Eastern California Shear zone or P’ 

shears to the Garlock fault. 
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Introduction 

 Throughout the Late Cenozoic, the tectonic evolution of southeastern California has led 

to the formation of a wide variety of geologic structures, attributed to deformational events 

imposed by interactions between the Pacific and North American tectonic plates (Figures 1 & 2) 

(Atwater, 1970; Glazner et al., 1994; Glazner et al., 2002).  While a substantial portion of the 

geologic and structural evidence of pre-Neogene tectonic regimes has been locally overprinted 

by contemporaneous transpressional tectonism, a majority of geologic structures in southeastern 

California can be related to previous periods of contraction, extension, transtension and/or 

transpression (Dokka & Travis, 1990; Glazner et al, 1994; Glazner et al., 1996).  However, the 

complex tectonic history of California has also led to the formation of anomalous geologic 

features whose history and current significance cannot be easily determined (Smith, 1991).  For 

instance, the Mojave Desert region of southeastern California is currently characterized by two 

dominant modes of strike slip faulting (Figure 1) (Hill & Dibblee, 1953; Davis & Burchfiel, 

1953; Dokka and Travis, 1990; Glazner et al., 2002).  The first of which can be classified as a 

series of northwest striking faults exhibiting a dextral sense of shear (Dokka & Travis, 1990; 

Bartley et al., 1990).  Within and adjacent to the Mojave Desert, these faults comprise the San 

Andreas and Eastern California Shear Zones (ECSZ) (Figure 1), and are most noted for 

producing frequent earthquakes, many of which have historically generated surface rupturing 

events with moment magnitudes ranging upwards of 7.0 (Hill & Dibblee, 1953; Dokka & Travis, 

1990; Hough & Hutton, 2008) The second mode of strike slip faulting in the region is 

categorized by sinistral shear along east to northeast trending faults, which historically have been 

responsible for infrequent earthquakes, typically with moment magnitudes less than 5.5 (Hill & 

Dibblee, 1953; Davis & Burchfiel, 1973;Astiz & Allen, 1983;Glazner et al., 2002).  While the 
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occurrence of historic seismic events on east-striking, left-slip faults may not be as prevalent as 

northwest-striking right-slip faults within the Mojave Desert, their significance and tectonic 

history is a pivotal component to understanding the tectonic evolution of southeastern California.  

Of particular interest is the interaction between the northeast trending sinistral Garlock fault zone 

and northwest trending dextral faults of the Eastern California Shear Zone (Figure 3).  Near the 

southern margin of the Lava Mountains, the northwest trending dextral Blackwater Fault appears 

to terminate just south of the Garlock fault (Smith, 1964, Oskin & Iriondo, 2004), possibly 

implying that the Garlock fault zone may serve as a structural barrier which has not allowed 

surficial slip along faults of the ECSZ to propagate through (Figure 4).  However, faulting 

associated with the ECSZ resumes just north of the Garlock fault along the Owens Valley Little 

Lake fault zone, which produced a magnitude 7.4+ surface rupturing event in March of 1872 

(e.g., Hough and Hutton, 2008).   

Due to the high levels of historic seismicity along the ECSZ and historically quiescent 

nature of the Garlock fault, the interaction between these two opposing deformational regimes is 

not well understood.  Furthermore, adjacent to the Garlock fault in southern Searles Valley, three 

broad northeast-trending and plunging folds; the Dome Mountain/Christmas Canyon anticline, 

Teagle Wash syncline and Pilot Knob Valley Syncline, are oriented in a manner that is indicative 

of a compressive stress field oriented from the northwest and southeast, nearly orthogonal to that 

inferred for modern regional tectonic deformation (Figures 4, 5 & 6) (Smith and Church, 1980; 

Smith, 1991).  Additional folding in the form of the north-northwest trending Searles Valley 

syncline and Slate range anticline, are consistent with the current northeast-southwest regional 

compressive stress field, and further indicate the anomalous nature of the Christmas Canyon 

anticline and adjacent synclines (Smith, 1991) (Figure 6).  Overall, the parallel trend of the 



3 
 

Christmas Canyon anticline and Teagle Wash syncline across the Garlock fault, and their 

apparently coupled yet conflicting orientation to the Searles Valley syncline have resulted in the 

formulation of several theories regarding the formation of these anomalous folds; including but 

not limited to: crustal horst and graben structures controlling deformation in the overlying 

sedimentary strata, second order drag folding associated with the Garlock fault, bedrock 

deformation attributed to Riedel shears or tension gashes related to the Garlock fault zone, 

slumping of sedimentary strata above deep crustal thrusts or extensional faults, and/or variations 

in the orientation of the regional or local stress field over time (Smith, 1991).  Of the previously 

mentioned mechanisms for producing northeast trending and plunging folds in a left lateral fault 

zone, George I. Smith concludes that formation of the Christmas Canyon anticline and adjacent 

synclines may be attributed to periodic variations in the orientation of the compressive stress 

vector over time, resulting in periods of northwest-southeast oriented compression (Smith, 1991).      

If episodic movement on the Garlock fault zone and the Blackwater fault of the Eastern 

California Shear Zone can purely be attributed to variations in the orientation of the regional 

stress field over time, geologic structures attributed to deformation along either fault zone should 

be present within the northeastern Mojave Desert.  In order to assess the style of deformation 

associated with the interaction between the Garlock and Blackwater faults in southern Searles 

Valley, detailed geologic mapping was conducted along a series of low lying hills immediately 

south of the Garlock Fault, by utilizing remote sensing datasets, high resolution topographic base 

maps and a Garmin GPSmap 76Cx handheld GPS to accurately map the locations of key 

geologic features, particularly the Christmas Canyon Formation (Figures 7, 8, 9, & 10 ).  The 

mapped area, herein referred to as western Christmas Canyon, lies within the USGS Trona 

Quadrangle and is centered at 35
o
31’09” north 117

o
23’00” west (Figure 12a).  Here, a series of 
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northeast trending faults offset a sequence of lacustrine and alluvial deposits formally designated 

as the middle Pleistocene Christmas Canyon Formation by G.I. Smith (Smith, 1964) (Figures 9, 

10 & 11).   

The age of the formation is well constrained due to the presence of a thin bed of volcanic 

ash inferred to be deposited following the Lava Creek B eruption of the Yellowstone Caldera 

(Smith, 2009, Izett and Wilcox, 1982, Izett et al, 1992, Lanphere et al., 2002).  At the University 

of California Los Angeles, independent Uranium-lead dating of zircon crystals entrained in the 

ash deposit of the Christmas Canyon Formation, yield ages consistent with this interpretation and 

are therefore used to provide a constraint for the timing and magnitude of faulting south of the 

Garlock fault (Figures 12, 13, & 14).  Furthermore, two elevated and abandoned alluvial fan 

surfaces, apparently offset from their source drainage, were dated using infrared stimulated 

luminescence (IRSL) to obtain an independent estimate of the Holocene slip rate along the 

Garlock fault in southern Searles Valley (Figures 10c & 15).  The insights obtained through the 

analysis of remote sensing images, detailed geologic mapping, and absolute dating techniques 

suggest that deformation immediately south of the Garlock fault in southern Searles Valley is 

manifested as a series of predominantly northeast striking, steeply dipping, faults and gentle 

synclinal folds (Figures 16 & 17).  Due to the vast majority of structural features consistent with 

left-slip simple-shear deformation along the main Garlock fault zone, deformation within 

western Christmas Canyon can be attributed primarily to a northeast-southwest directed 

horizontal stress field (Figures 10 & 18).  However, a single northeast-trending syncline, and the 

larger scale northeasterly trending Christmas Canyon and Dome Mountain anticlines, comprising 

the Lava Mountains, are suggestive of a compressive stress field nearly orthogonal to that 

required to drive sinistral slip along the Garlock fault, and at a high angle to the present day 
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regional stress field which drives motion along the Eastern California Shear Zone (Figures 6 & 

18).  While it may be possible that these folds formed during a short period of northwest-

southeast directed compression, the overwhelming evidence suggestive of prolonged northeast-

southwest directed compression suggests that these structures were most likely formed as the 

result of localized interactions between the Garlock, Browns Ranch/Valley and Blackwater fault 

zones.  

 

Geologic Setting  

Searles Valley, a north-south trending structural basin located roughly 25 km east of 

Ridgecrest, California, is situated between the northwesterly trending Panamint and Owens 

Valleys of the southeastern Basin and Range province to east and west respectively and the 

Mojave Desert to the south (Figures 1 & 3).  The tear drop shaped basin is bordered to the east 

by the Slate Range, by the Argus range and Spangler Hills to the west, with the Garlock fault and 

Lava Mountains marking its southern extent (Figures 3 & 4).  This now semi-arid basin housed 

an immense perennial lake periodically throughout the late Pliocene and Pleistocene periods.  

The lake was the third in a chain of at least five lakes, with maximum lake levels reaching an 

elevation 200 meters above the present day valley floor.  During peak lake levels, the Garlock 

fault and associated physiographic features may have served as a dam or barrier, inhibiting 

outflow through southern Searles Valley (Smith, 2009: Smith, 2000: Smith, 1987).   

During the middle Pleistocene, large volumes of detritus were shed into Searles Lake 

from rivers draining the adjacent high standing topography, forming what is now the Christmas 

Canyon Formation (Smith, 1964; Smith, 2009) (Figure 9).  This formation and older gravel 
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deposits are currently exposed throughout the basin floor, as well as the western margin of the 

Slate Range and northeastern margin of the Lava Mountains (Smith, 2009).  

Lithologic Units of the Northeastern Lava Mountains 

 In the northeastern Lava Mountains, the Christmas Canyon Formation is exposed in a 

series of low lying rounded hills, a kilometer southwest of Randsburg Wash Road (Figures 6 & 

10).  Here, the Christmas Canyon Formation outcrops as a series of lacustrine and alluvial 

conglomeratic deposits, which grade laterally into each other in the most southern exposures 

(Smith, 1964; Smith, 2009).  Overall, the Christmas Canyon Formation ranges in thickness from 

15 to 150 meters, and consists of two depositional facies (Smith, 1964).  The lacustrine facies of 

the Christmas Canyon Formation comprise roughly 80 percent of the total thickness of the type 

section for the formation, which rests unconformably upon the sandstone and conglomeratic 

facies of the upper Miocene Bedrock Springs Formation and upon metamorphic bedrock in the 

vicinity of Christmas Canyon (Smith, 1964; Smith, 2009).   

The rocks which constitute the lacustrine facies of the Christmas Canyon Formation are 

typically yellowish grey to white in color and are comprised of poorly indurated siltstone and 

fine grained sandstone with sparse stringers and lenticular beds of pebbles in a silt to fine sand 

matrix (Figure 9) (Smith, 1964; Smith, 2009).  The conglomerates and conglomeratic sandstones 

that are interbedded within the finer grained strata of the lacustrine Christmas Canyon Formation 

commonly consist of rounded to subangular andesitic, rhyolitic, metamorphic and plutonic 

pebbles in a silt to medium sand matrix (Smith, 1964).  Individual beds within the lacustrine 

member range in thickness from a few centimeters to over a meter thick, and are lithified with 

carbonate rich cement (Figure 9) (Smith, 1964).  Unconformably overlying the lacustrine facies 

is a series of alluvial conglomerates consisting of poorly sorted gravel to boulder sized clasts in a 
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primarily coarse sand matrix.  These conglomeratic deposits comprise nearly 90% of the surficial 

outcrops of the Christmas Canyon Formation within Searles Valley (Smith, 1964).  Following 

the deposition of the Christmas Canyon Formation in the middle Pleistocene, active faulting 

along the Garlock fault and possibly the Eastern California Shear Zone, have offset and 

deformed the sediments, producing numerous northeast trending structures.   

South and west of the exposed Christmas Canyon Formation, several Miocene age 

volcanic and conglomeratic units, as well as Cretaceous plutonic rocks, are exposed in the Lava 

Mountains (Smith et al., 2002).  In the area immediately south of Christmas Canyon, exposures 

of the Upper Miocene Bedrock Springs Formation are characterized by alluvial arkosic 

sandstones, clastic rocks, and conglomerates (Smith, 2009).  The age of this formation is 

bracketed by underlying Tertiary volcanic rocks, dated at 10.73 ± 0.10 Ma, and overlain by the 

Summit Diggings Andesite (10.34 ± 0.69Ma) and Almond Mountain volcanics (10.29 ± 0.78 to 

9.54 ± 1.14 Ma) (Smith et al., 2002).  Large exposures of the upper Miocene Teagle Wash basalt 

and the gravel conglomerates it intrudes are also present immediately south of the Christmas 

Canyon Formation in the northeastern Lava Mountains (Smith et al., 2002).  Additional 

exposures within close proximity to Christmas Canyon consist of the Lava Mountain Andesite 

(6.4 to 5.8 ± 0.1 Ma), Tertiary rhyolite and tuffaceous deposits (Smith et al., 2002); Tertiary aged 

sandstone and siltstone, as well as plutonic and metamorphic rocks (Smith, 2009).  The Tertiary 

aged volcanic rocks exposed within the Lava Mountains are inferred to have erupted 

contemporaneously with motion along the Garlock fault, and have been subsequently offset from 

equivalent volcanic rocks exposed 32 to 40 km to the west in the El Paso Mountains (Figure 3) 

(Smith et al., 2002).  
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Furthermore, the previously mentioned volcanic and sedimentary strata are folded into 

antiformal structures which trend and plunge to the east-northeast (Smith, 1964; Smith and 

Church, 1980; Smith, 1991, Smith et al, 2002) (Figure 6).  These antiforms, respectively known 

as the Christmas Canyon and Dome Mountain anticlines, form the northeast trending Lava 

Mountains, which lie immediately south of the Garlock fault and north of the Blackwater fault 

(Smith, 1991) (Figure 6).  North of the Garlock fault, in southern Searles Valley, the crest of the 

Christmas Canyon anticline is sinisterly offset by 1 km and rotated up to 20
o
 in a counter 

clockwise fashion (Smith, 1991) (Figure 6).  Repeated leveling measurements across the 

Christmas Canyon anticline, specify continued uplift south of the Garlock fault as indicated by 

2.1 centimeters of measured vertical uplift between 1946 and 1975 (Smith and Church, 1980; 

Smith, 1991).  Based on the repeated leveling surveys and geologic mapping, total shortening 

since the deposition of the Christmas Canyon Formation was calculated to be on the order of 7.5 

meters (Smith, 1991).  The presence of the anomalous Christmas Canyon anticline near the 

junction of the Garlock, Browns Valley/Ranch and Blackwater fault zones indicates that this 

region represents a complex zone of deformation. 

Garlock Fault 

The Garlock fault zone marks the physiographic boundary that separates the Sierra 

Nevada and highly extended Basin and Range province from the Mojave block in southeastern 

California (Figure 1) (Dibblee, 1967; Smith, 1962; Davis and Burchfiel, 1973).  The fault zone 

extends for 248 kilometers from the San Andreas Fault in the west to the southern Death Valley 

Fault in the east (Davis and Burchfiel, 1973).  Its trace can be subdivided into three segments, 

which together form an arcuate shape (Dibblee, 1995; McGill and Sieh, 1991).  The western 

segment of the Garlock fault extends northeast for 80 kilometers from the San Andreas Fault 
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near Lebec, CA to Koehn Lake, near the mouth of Lone Tree Canyon in the Mojave Desert 

(Dibblee, 1995; McGill and Sieh, 1991).  This segment is characterized by two northeast 

trending sinistral strands with southwest trending splays that traverse the Tehachapi Mountains, 

as well as several north dipping thrust faults (Dibblee, 1995).  The central segment of the 

Garlock Fault Zone consists primarily of a single strand, which extends 97 kilometers from the 

mouth of Lone Tree Canyon to the southern end of Panamint Valley.  This segment of the 

Garlock fault zone has a northeast to east northeasterly trend and is inferred to be the most 

simple and active segment of the Garlock fault zone (Dibblee, 1995).  At the Quail Mountains 

near the southern margin of Panamint Valley a fifteen degree bend in the trace of the Garlock 

fault marks the boundary between the central and western segments.  From here, the Garlock 

fault consists of a zone of anastomosing faults which extends eastward for 64 kilometers to the 

Avawatz Mountains (Dibblee, 1995).  At the Avawatz Mountains the fault zone bends to the 

east-southeast as it meets the southeast trending Death Valley fault zone (Dibblee, 1995).   

Due to its proximity to the dextral San Andreas Fault and Eastern California Shear Zone, 

as well as the extensional Basin and Range province, a number of explanations have been 

proposed regarding its formation and mechanical behavior.  In 1953, Thomas W. Dibblee Jr. 

proposed that the sinistral Garlock fault formed as a conjugate shear to the dextral San Andreas 

Fault.  The Garlock Fault as also been assumed to have served as an intracontinental transform 

that separated the highly extended basin and range province north of the Garlock fault from the 

less extended Mojave block to the south (Davis and Burchfiel, 1973).  Others have inferred that 

motion along the Garlock fault occurs as a response to changes in the orientation of the regional 

tectonic stress field over time (Cummings, 1976; Smith, 1991).  In1990, Dokka and Travis 

postulated that motion along the Garlock fault is driven by extensional stress imposed parallel to 
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the fault trace while the compressional component perpendicular to the fault drives rotation 

within the Mojave block. Recently, sinistral motion on the Garlock fault has been inferred to be 

attributed to the oblique alignment of the maximum principal stress to the trace of the San 

Andreas Fault (Glazner et al., 2002).  Glazner and others concluded that the relative motion of 35 

mm/yr between the Pacific and North American Plates could be partitioned into 32 mm/yr of 

motion parallel to the transform plate margin, as well as 14 mm/yr of motion perpendicular to the 

margin (Glazner et al., 2002).   

Movement across the Garlock fault and northwest striking faults of the eastern California 

shear zone has resulted in differential clockwise rotations within the Mojave block, as indicated 

by paleomagnetic studies demonstrating that dikes in the Granite Mountains have been rotated 

20 to 80 degrees in a clockwise manner (Smith, 1962: Carl and Glazner, 2002).  While the 

Garlock fault has not produced a major earthquake documented in the historic record, a 

magnitude 5.4 earthquake was recorded on June 10, 1988 several kilometers north of the western 

segment of the Garlock fault (McGill and Sieh, 1991).  The focal mechanism derived from this 

earthquake indicated left lateral and reverse motion on a plane striking N82
o
E and dipping 70

o
 to 

the north (McGill and Sieh, 1991; Wald et al, 1990).  In addition, seismic events on or adjacent 

to the Garlock fault have been sparse since seismic networks began monitoring seismic activity 

in 1932.  However, an alignment of small earthquakes (ML < 4.1) along the western segment of 

the Garlock Fault, between 1932 and 1981, indicates that the fault is active (McGill and Sieh, 

1991; Astiz and Allen, 1983).   

Within southern Searles Valley, 26 offset geomorphic features identified along a 4-km 

segment of the Garlock fault, were used to determine a Holocene slip rate between 4 and 9 

mm/yr with a recurrence interval for large magnitude earthquakes on the order of 200 to 750 
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years (McGill and Sieh, 1991).  Additionally, the excavation of numerous trenches along a late 

Pleistocene shoreline in southeastern Searles Valley documented between 82 and 106 meters of 

left lateral displacement since the last high stand of Searles Lake, 10,000 to 13,800 years ago, 

yielding a preferred slip rate between 6 and 8 mm/yr (McGill and Sieh, 1993).  Despite sufficient 

evidence supporting Holocene activity along the Garlock fault, InSAR measurements covering 

the period between 1992 and 2000 detected no resolvable shear along the section of the Garlock 

fault in southern Searles Valley, implying that current tectonic loading on the Garlock fault 

occurs at a rate lower than the Holocene slip rates derived by McGill and Sieh (Peltzer et al., 

2001).  

Browns Valley/Ranch Fault Zone 

South of the Garlock fault, within the northern Lava Mountains, the Browns 

Valley/Ranch fault zone consists of a series northwest dipping to vertical faults that trend 

between N45
o
E and N65

o
E.  The acute angle between the Garlock and Browns Valley/Ranch 

faults may indicate that the Browns Valley/Ranch fault zone may have formed as Riedel shears 

to the Garlock fault (Smith, 1991).  Within the Lava Mountains, the Browns Valley/Ranch fault 

zone produces apparent vertical offsets upwards of 35 meters within relatively flat lying strata 

with evidence indicating a left lateral and normal component (Smith, 1964).  However, within 

this zone the mode of deformation is rather complex as evidenced by along strike variations in 

the oblique component of faulting, and two faults indicative of dextral slip (Smith, 1964).  This 

fault zone is inferred to be active during the middle Pliocene and into the Quaternary Period as 

evidenced by displacements in the Bedrock Springs Formation and Almond Mountain Volcanics 

(Smith, 1964).  Furthermore, the Browns Valley/Ranch fault zone denotes the northern terminus 

of the Blackwater fault zone’s surficial trace (Figure 4).  
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Eastern California Shear Zone 

Within southeastern California, several discontinuous northwest trending dextral faults, 

spanning a 100 km wide zone of deformation, comprise the Eastern California Shear Zone 

(ECSZ).  On average this zone strikes approximately N24
o
W and stretches from the eastern end 

of the compressive bend in the San Andreas Fault into the southeastern Basin and Range 

province (Dokka and Travis, 1990; Peltzer et al., 2001).  Just south of Searles Valley, California, 

the Blackwater fault of the Eastern California Shear Zone forms a strong geomorphic trace 

spanning approximately 64 kilometers from the Barstow syncline in the south to the Browns 

Valley/Ranch fault zone in the north.  Offset basalt flows in the Black Mountains indicate 1.8 + 

0.1 km of dextral slip since 3.77 + 0.11 Ma, yielding a long-term slip rate of at least 0.49 + 0.04 

mm/yr for the Blackwater fault (Oskin & Iriondo, 2004).  To the north of the Black Hills, a 

dacite flow dated at 7.23 + 1.07 Ma is dextrally offset by only 0.3 to 1.8 km, indicating that the 

total amount of slip diminishes near the fault’s termination 5 km south of the Garlock fault 

(Oskin & Iriondo, 2004).  However, movement along the Blackwater fault may post-date 

deposition of the volcanic units by a substantial period of time, skewing the previously 

mentioned slip rates toward lower values.  Furthermore, InSAR data covering an interseismic 

period between1992 and 2000 indicate a zone of transient strain along the Blackwater fault that 

extends north of the Garlock fault into to the Little Lake and Owens Valley fault zones, with 7 + 

3 mm/yr of dextral slip occurring below a depth of 5 km (Peltzer et al., 2001).  Furthermore, 

additional geologic and geodetic evidence indicate that the current shear rate across the ECSZ is 

constant, with this zone accommodating between 6 and 14 mm/yr of dextral slip between the 

Pacific and North American tectonic plates (Dokka and Travis, 1990a; Savage et al., 1990; 

Peltzer et al., 2001).    



13 
 

Recent Deformation and Current Stress Field Orientation 

The most recent ground rupturing activity within Searles Valley occurred 5 kilometers 

north of the Garlock Fault along Randsburg Wash Road.  During 1970 a series of fissures 

striking on average north 16
o
 east was discovered near the road (Zellmer et al., 1985).  After a 

thunderstorm in August of 1983, the extent of the fissure system expanded to cover a length of 

732 meters with some fissures spanning upwards of 3 meters in width (Zellmer et al., 1985).  

Furthermore, a new zone of cracks had formed along a 686 meter long zone striking north 17
o 

west to its termination with the first set of fissures.  The new zone consisted of a series of left-

stepping en echelon cracks, between 4.8 and 36 meters in length, up to 10 centimeters in width, 

and striking between north 11
o
 west and north 12

o
 east (Zellmer et al., 1985).  Overall it was 

determined that the first set of fissures resulted from tensional stresses, while the second set 

resulted primarily from shear as indicated by small dextral offsets.  Together, the observed trends 

and types of cracks that formed are indicative of a principal compressive stress oriented N20
o
E 

with the least principal stress oriented N70
o
W. (Zellmer et al, 1985) 

Strain measurements across the eastern segments of the Garlock fault specify 

compressional strain rates of 0.11 + 0.02 microstrain/year directed from N12
o
E and S12

o
W and 

tensional strain rates of 0.07 + 0.02 microstrain/year directed toward S78
o
E and N78

o
W. (Savage 

et al., 1981; Smith, G.I., 1991) Additionally, studies of P-Wave first motions for 12 seismic 

events, occurring between 1932 and 1981 along the trace of the eastern Garlock Fault, indicate 

compressional stress aligned from between 17
o
-197

o
 and 31

o
-211

o
 (Astiz & Allen, 1983; Smith, 

1991).  These values are consistent with stress inversion of fault slip data and contemporary far 

field GPS measurements which indicate that the regional stress field has a maximum horizontal 

stress oriented from the N to NE (Bennett et al, 1999; McMackin, 2001). Together, the data 
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indicate that the maximum horizontal stress in the region is oriented on approximately N20
o
E, 

with the minimum horizontal stress oriented S70
o
E (Miller and Yount, 2002) and that strike slip 

faulting in the north-central Mojave Desert can be accomplished with little east –west directed 

extension and considerable north-south shortening (Miller and Yount, 2002).  

 

Geologic History  

 The Mojave Desert houses a wide variety of geologic features which provide a record of 

all the major developmental phases of the Cordilleran orogeny (Glazner et al, 2002) (Figure 2).  

Rocks ranging in age from 1700 Ma to the present outcrop within the Mojave desert, providing a 

record of Neo-Proterozoic rifting, Paleozoic passive-margin development, Mesozoic subduction, 

arc magmatism, and associated deformation, mid-Tertiary volcanism and crustal extension, as 

well as dextral shear and transpression associated with the current tectonic regime along the 

Pacific-North American plate boundary (Glazner et al., 1994; Glazner et al. 2002).  Pre-

Cambrian basement rocks, widely distributed within the Mojave Desert, are typically associated 

with one of two age groups, 1700 and 1400 Ma (Glazner et al, 1994; Martin and Walker 1992) 

(Figure 2).  Isolated exposures of 1100 Ma diabase sills are also present and are most likely 

associated with the inception of Neo-Proterozoic rifting in the region (Glazner et al, 1994) 

(Figure 2).   

Throughout the early Paleozoic, the western margin of North America was characterized 

by a passive margin, allowing for the deposition of cratonal and shallow to deep marine 

sediments to be deposited over the Pre-Cambrian basement rocks of the Mojave block (Glazner 

et al, 1994; Martin and Walker 1992; Burchfiel and Davis, 1972, 1975).  The late Paleozoic 

brought forth a change in the tectonic setting of the region, with the oblique truncation of the 
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continental margin by late Paleozoic–earliest Mesozoic strike slip faulting resulting in the 

Mojave block transitioning from an inboard position to one along the plate margin (Glazner et 

al., 1994; Dickinson, 2008).  This is indicated by the presence of Pennsylvanian to Permian 

turbidites and deep water strata, alluding to a continental borderland setting, capped by Upper 

Permian volcanics and volcaniclastic rocks as young as 260 Ma as well as the presence of Early 

Triassic plutons (242-247 Ma) (Glazner et al, 1994; Stone and Stevens, 1988; Walker, 1988) 

(Figure 2).     

 The Triassic brought the return of shallow water sedimentation to the Mojave block, 

resulting in the para-unconformable deposition of calcareous shales, limestone, sandstone, 

conglomerate of the lower Triassic upon the previously mentioned Paleozoic strata (Glazner et 

al, 1994) (Figure 2).  A lack of Middle Triassic to Middle Jurassic stratified rocks and presence 

of Triassic plutonic rocks (245-220 Ma) as well as Mid-Jurassic volcanic and volcaniclastic 

strata are indicative of a magmatic arc during the Mid-Jurassic (Glazner et al., 1994; Walker, 

1988; Miller, 1978) (Figure 2).  Middle Jurassic volcanic and sedimentary rocks (175 to 165 Ma) 

as well as Middle Jurassic plutons (170 to 155 Ma), are widespread throughout the Mojave block 

(Glazner et al., 1994; Karish et al., 1987; Walker et al., 1990b) (Figure 2).  During this time, the 

region endured coeval contraction and expansion, producing an array of normal faults, 

extensional volcanism, graben development, mylonitic shear zones, and thrust belts, attributed to 

the magmatic arc along the plate boundary (Glazner et al., 1994).  The tectonic setting of 

southeastern California during the Jurassic Period also gave rise to the emplacement of a series 

of magmatic intrusions, commonly known as the Independence dike swarm.  This north-

northwest striking series of primarily mafic dikes extends for over 600 kilometers from the 

southern Mojave Desert to the central Sierra Nevada Mountain Range (Glazner et al., 1994; Carl 
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and Glazner, 2002; Smith, 1962) (Figure 2).  Continued subduction off the western margin of 

North America during the Cretaceous led to the emplacement of voluminous plutons, now 

exposed along a north-northwesterly trend throughout present day California.  In the western and 

eastern parts of the Mojave Desert, plutonic rocks of Late Cretaceous age are common, but can 

be found scattered throughout the entire region (Glazner et al., 1994) (Figure 2).  Contractional 

deformation and metamorphism associated with the convergent margin and arc volcanism 

greatly affected the Mojave block throughout the Cretaceous as indicated by strike slip mylonitic 

shear zones, thrust faulting and intensive folding (Glazner et al, 1994).   

 During the early Tertiary Period, a shift to flat-slab subduction and the incipient 

Laramide Orogeny led to the cessation of volcanism within the Mojave block, and resulted in the 

development of high standing topography within the Mojave block, as inferred by the absence of 

late Cretaceous to late Oligocene age rocks (Glazner et al., 1994; Hewett, 1954) (Figure 2).  

Subduction of the Farallon Ridge and migration of the Mendocino Triple Junction during the late 

Oligocene and early Miocene led to the return of intensive volcanism in the Mojave region 

(Glazner et al, 2002; Glazner et al, 1994; Dokka, 1986; Atwater, 1970).  Volcanic rocks ranging 

in age from 22 to 24 Ma are present in an east west band across the region and are associated 

with intensive extensional tectonics.  The pulse of extension was relatively short lived, and by 18 

Ma, the style of volcanism had transitioned to one of small volume basaltic eruptions rather than 

the voluminous basaltic to intermediate eruptions of the late Oligocene and early Miocene 

(Glazner et al., 2002; Glazner et al., 1994; Glazner and Bartley, 1984).  The Miocene also 

brought rise to the inception of a new tectonic regime within the Mojave block as transpressional 

strike slip faulting became the dominant style of deformation in the region (Glazner et al., 1994; 

Glazner et al., 2002; Bartley et al., 1990).  The formation of northwest trending dextral and east-
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west trending sinistral faults have led to the accumulation of 45 to 60 kilometers of dextral shear 

across the Eastern California Shear Zone and between 48 and 64 kilometers of sinistral shear 

along the Garlock fault since its inception (16.4 to 8 Ma) (Glazner et al., 2002; Smith et al., 

2002; Smith, 1962; Davis and Burchfiel, 1973).  Episodic and localized volcanism and faulting 

continued to occur throughout the Late Tertiary and Quaternary periods, with the most recent 

episodes of volcanism occurring about 8,000 years ago and episodic faulting occurring to the 

present day.  The episodic volcanism and faulting along with climatic variations throughout the 

Pliocene and Quaternary Periods have shaped the landscape into its present day configuration.   

 

Data/Methods 

Topographic and Remote Sensing Datasets 

To evaluate the topographic features within, and adjacent to the Mojave Desert, several 1 

arc-second (0.000278
o
) SRTM (Shuttle Radar Topography Mission) DEMs (Digital Elevation 

Model) were obtained from earthexplorer.usgs.gov (Figure 1).  Each DEM exhibits a 30 meter (1 

arc-second) pixel size with a vertical accuracy better than 16 meters.  The mission flew in 

February 2000 and utilized a C-band (5.6 cm) and X-band (3.1 cm) radar system to image the 

Earth over 225km wide swaths (Farr et al., 2007).  Overall, Nine Shuttle Radar Topography 

Mission datasets were downloaded from earthexplorer.usgs.gov in DTED format and opened in 

ENVI.  The output, nine separate digital elevation models, were then compiled into a single 

DEM, covering an area between 34
o
 and 37

o
 N latitude and 116

o
 and 118

o
 W longitude, by 

conducting a Geo-referenced mosaic in ENVI.  From the output DEM, a shaded relief image was 

made in ENVI using a sun elevation angle of 45
o
 which illuminated the topography from an 

azimuth of 45
o
.  Utilizing the shaded relief image, a location map of the study area (Figure 1) 
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was composed by overlaying a USGS Quaternary faults vector file and annotations (scale bar, 

magnetic declination, locations, and map key) onto the image. 

 A similar approach was taken with the topographic datasets acquired from the National 

Elevation Dataset (www.nationalmap.gov).  This 10 meter (0.3 arc-second) digital elevation 

models was produced via photogrammetric reduction of stereo air photos, producing a 

representation of the ground surface elevation.  The elevation information is available in Arcgrid 

and Gridfloat format and is updated bimonthly (Gesch et al., 2009).  Two NED DEMs covering 

the area between 35
o
 and 36

o
 N latitude and 117

o
 and 118

o
 W longitude were downloaded in 

Gridfloat format from www.nationalmap.gov in February of 2013.  An ENVI header was 

generated for the .flt file and the resultant NED DEMs were projected using the WGS 84 

geographic projection, in order to maintain consistency between different datasets (SRTM and 

ASTER).  The two NED DEMs were then mosaicked together and spatially subset to cover a 

portion of southern Searles Valley.  The resultant DEM was then used to create a shaded relief 

image, illuminated from the northeast (45
o
) at an incidence angle of 45

o
. An ENVI vector file 

displaying the USGS Quaternary faults database was overlain onto the shaded relief image to 

display the trace of the Garlock.  Annotations were added to display the location of the study 

area along with the names of adjacent geomorphic features, producing a detailed map of the 

region (Figures 3 & 4).   

An Advanced Space borne Thermal Emissivity and Reflection Radiometer (ASTER) 

image was obtained from the USGS Earth Explorer database (www.earthexplorer.usgs.gov) to 

use as an overlay image in producing a 3-dimensional view of the Garlock Fault along the 

southern margin of Searles Valley (Figure 5b).  The ASTER data was acquired on August 1, 

2001 by utilizing a Japanese made sensor equipped onboard the Terra satellite, which was 

http://www.nationalmap.gov/
http://www.nationalmap.gov/
http://www.earthexplorer.usgs.gov/
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launched into orbit in 1999 and has been collecting data since February 2000.  The sensor has a 

spatial resolution of 15 to 90 meters and acquires data over a 60 kilometer wide swath within the 

visible to thermal infrared electromagnetic spectrum (0.5 to 12μm) in 14 bands (Hook et al., 

2001; www.asterweb.jpl.nasa.gov).  The ASTER image, compiled in ENVI using the band 

combination: R: band 3 (0.0870μm), G: band 2 (0.6610μm), B: band 1 (0.5560μm) provides a 

good representation of the true color of the land surface.  To produce a three dimensional 

depiction looking eastward along the Garlock fault in southern Searles Valley, the ASTER image 

was draped over the NED DEM, using the 3D SurfaceView tool in ENVI.  The resultant 3D 

surface view exhibits a vertical exaggeration five times greater than the true relief of the region 

to accentuate the geomorphic features along the trace of the Garlock fault (Figure 5b). 

High resolution topographic data, with a 0.5 meter pixel size, were obtained for a region 

encompassing the trace of the Garlock Fault in southern Searles Valley (Figure 7).  The LiDAR 

(Light Detection and Ranging) dataset was collected in April of 2007 by NCALM (National 

Center for Airborne Laser Mapping), as a point cloud data set corresponding to the elevation (z) 

at a given point (x, y).  This is done through the use of a scanning laser, mounted on a small 

aircraft, to determine the distance from a known position (GPS-aircraft location) to the earth’s 

surface.  The laser scanner sends out a pulse at rates greater than 10 kHz producing datasets of 

millions of returns from the ground, vegetation, building structures.  To image the surface of the 

earth beneath vegetation the returns to the sensor were interpolated by NCALM, using an 

algorithm in Matlab to derive the true distance to the ground (Arrowsmith et al., 2006). 

 A 0.5 meter LiDAR DEM covering the area of western Christmas Canyon was compiled 

from a series of DEM’s each covering a 1,000 m by 1,000 m area.  The DEM’s were 

downloaded from www.opentopography.org and imported into ArcGIS 9.3.1, where they were 

http://www.asterweb.jpl.nasa.gov/
http://www.opentopography.org/
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mosaicked into a single DEM covering western Christmas Canyon.  The resultant DEM was 

used to compile numerous shaded relief images illuminated from an array of orientations and 

zeniths to accentuate the geomorphic expression of faults within western Christmas Canyon.  Of 

these images, the shaded relief image produced using an illumination source oriented from the 

northwest (45
o
) at an incidence angle of 45

o
 was chosen to serve as a base map for geologic 

mapping (Figures 8 & 12).  Additionally, images depicting the slope, aspect and curvature were 

constructed in ArcGIS using a spatial analyst toll, which computed the values used to produce 

the images from the LiDAR DEM (Figure 8). 

Field Survey 

Although the previously mentioned remote sensing datasets may depict the presence of 

geomorphic features associated with faulting in the region, they cannot provide the 

measurements and level of accuracy necessary for a structural evaluation of the western 

Christmas Canyon region.  To obtain the necessary geologic information, field expeditions were 

conducted intermittently between July, 2012 and May, 2013.  To assess the structural features 

and relationships, a stratigraphic column of the lacustrine Christmas Canyon Formation and a 

geologic map of the region were produced.  

To record the stratigraphy exposed in the mapping area, a representative stratigraphic 

column was compiled along a well exposed section of the Christmas Canyon Formation (Figure 

9).  To measure the section, a Jacob staff measuring 1.5 meters in height was utilized.  

Comprehensive descriptions of individual stratigraphic units were amassed using a hand-lens, 

grain size chart and hydrochloric acid to evaluate the texture, lithology, type of cementation, as 

well as the range of grain sizes and shapes for each unit.  These descriptions were documented in 
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a field notebook and used to draft a stratigraphic column for use in mapping outcrops of the 

Christmas Canyon Formation (Figure 9).  

The geologic survey was conducted using a Brunton Pocket Transit, Garmin c76x 

handheld GPS, Eastwing rock hammer, hand-lens with ten times magnification, and a container 

of hydrochloric acid to test for carbonate cementation.  The locations of geologic contacts and 

faults within the area were recorded with a handheld GPS and documented on a shaded relief 

image of the area compiled from a high resolution LiDAR digital elevation model.  In particular 

the location of a vitric tuff near the uppermost contact of the lacustrine Christmas Canyon 

Formation served as a key stratigraphic marker and could be used to determine the relative 

amount of offset across a given fault.  However, due to poor exposures and lateral facies changes 

of the lacustrine Christmas Canyon Formation, the location of the ash deposit and other key 

stratigraphic indicators was determined by excavating below the layer of colluvium blanketing 

the surface.  Often, the ash deposit could be located by evaluating the material exhumed from 

animal burrows and then excavating below the surface until coherent bedding and the 

sedimentological characteristics of the deposits could be determined.  When a fault or key 

stratigraphic was precisely located, its surficial trace would be followed for as far as possible.  

However, in some instances poor exposures inhibited the ability to precisely locate particular 

fault traces.  To overcome this, the locations of stratigraphic contacts were documented such that 

discontinuities in the location, strike and dip of the bedding could be used to constrain the 

location of a given fault.  While some of the faults mapped within western Christmas Canyon 

exhibit offsets too small for the scale of the map, their traces were included in the finalized 

geologic map for the sake of accuracy and total coverage (Table 3, Figures 10a & 10b).  The 

georeferenced map, produced in ArcGIS can be reproduced on larger scales, such that these 



22 
 

offsets can be displayed with high precision and may be of importance for interpreting the mode 

of deformation within western Christmas Canyon.  

Once sufficient information was compiled in the field, it was manually transposed into 

ArcGIS to produce a series of georeferenced geologic maps (Figure 10).  To do this, the GPS 

locations of pertinent geologic features where added to the map and shapefiles were created to 

denote strike and dip measurements as well as the trends of faults and lithological contacts.  The 

GPS locations of a particular stratigraphic contact on both sides of a precisely located fault were 

also used to constrain the amount of apparent vertical displacement (ΔV) (Table 3) determined in 

the field.  With the apparent vertical displacement well constrained, an estimate of the total 

amount of horizontal slip and long term slip rates could be calculated.  To accomplish this, the 

measured strike and dip of bedding immediately adjacent to a particular fault was used to 

calculate the apparent dip of bedding along the fault plane.  By using the apparent dip of the 

bedding along the fault and the apparent vertical offset (ΔV), the total amount of horizontal slip 

is calculated by taking the amount of apparent vertical displacement and dividing it by the 

tangent of the apparent dip angle.  This simple calculation yields a rough estimate of the total 

amount of horizontal slip required to produce the apparent vertical displacement observed in the 

field, and the resulting values were used to evaluate the long term slip rates of particular faults.   

However, due to strong discrepancies in the strike and dip of bedding across certain faults this 

method proved unsuitable for estimating the total horizontal slip along every fault plane.  

Furthermore, faulting within the region may have a small dip slip component, further 

complicating estimations of lateral slip. 
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Age Determination of Mapped Units 

 Christmas Canyon Formation 

To provide additional constraints on the age of the Christmas Canyon Formation, 

Uranium-Lead radiometric dating was conducted on Zircon crystals obtained from a vitric tuff 

inter-bedded within the Christmas Canyon lacustrine strata.  A 2 kilogram sample of the ash 

deposit was collected from an insitu outcrop (35
o
 31.01’ N, 117

o
 22.98’ W) of the lacustrine 

Christmas Canyon Formation on October 6, 2012.  To reduce detrital zircon cross contamination 

from adjacent layers, the upper-portion of the bed was carefully excavated and cobble sized 

fragments were carefully removed from the central portion of the tuffaceous unit and placed in a 

sealable plastic bag to be transported to the University of California Los Angeles (UCLA).   

Once in the laboratory, the samples underwent a multi-stage density separation in beakers 

of distilled water to eliminate a portion of the volcanic glass fragments and other low density 

minerals.  The remaining sample was then washed with acetone and dried before being subjected 

to hydrofluoric acid.  The hydrofluoric acid treatment dissolved a substantial majority of the 

remaining volcanic glass, leaving behind a concentrated mass of un-dissolved minerals and 

volcanic glass.  To isolate the zircon crystals from the refined sample, a density separation using 

Methyl Iodide was conducted using a separatory funnel.  Once complete, the density separation 

eliminated any minerals with a density less than 3.32 g/cm
3
, permitting the remaining material to 

be comprised of zircon and other dense minerals.  Euhedral Zircon crystals were then selected 

under a microscope and positioned on a separate mount to be filled with epoxy.  The mount was 

then gold plated and several of the chosen zircon crystals were imaged on a scanning electron 

microscope, by utilizing cathodoluminescence, to look for inclusions or imperfections (Figure 

12).   
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Once ideal grains were identified, the relative concentrations of Uranium-238 and Lead-

206 in each suitable zircon crystal were evaluated on the UCLA Secondary Ion Mass 

Spectrometer (SIMS).  This is accomplished by placing the mount in a high vacuum sample 

chamber and using a focused ion beam to eject particles from the surface of a given crystal.  The 

ejected particles travel through a mass spectrometer which determines the mass/charge ratio of 

each ion, and thus determine the elemental, isotopic and molecular composition of the zircon 

crystal.  Two zircon crystals (CCW12-7 & CCW12-8) yielding large errors were evaluated to 

find that the ion beam had been centered too close to the edge of the crystals and may have 

sampled some of the surrounding epoxy, skewing the results.  These samples were re-measured 

at a new location on each crystal, generating results with substantially smaller errors (CCW12-15 

& CCW12-18).  For the sake of transparency, the results from every zircon analysis are included 

in Table 1 and figures 13 and 14. 

Alluvial Fan Deposits 

To estimate he slip rate on the Garlock Fault, offset geomorphic features along inactive 

alluvial fan surfaces were identified using the shaded relief and aspect images composed from 

the LiDAR digital elevation model.  Once suitable features were identified, samples of buried 

stratigraphic units were taken by excavating a roughly half meter wide and one meter deep pit 

into abandoned alluvial fan surfaces apparently offset from their source by the Garlock Fault.  

With pits excavated on two stratigraphically distinct fan surfaces, samples were taken from sand-

rich units at roughly 20 centimeter intervals within each of the two pits by inserting a steel tube, 

capped at one end, into each layer.   

The first pit was excavated at 35
o
 31.402’ N, 117

o
 22.514’ W into the abandoned alluvial 

terrace with the highest relative elevation above the modern drainage (Figure 1).  The upper 



25 
 

surface of the pit resided at an elevation of 688 meters above mean sea level, and the base was 

located 80 centimeters below the ground surface.  Within the pit, samples were obtained within 

stratigraphic horizons at elevations of 10, 35, 57, and 74 centimeters below the ground surface.  

The second pit was excavated on the lower of the two abandoned fan surfaces at 35
o
 31.407’ N, 

117
o
 22.479’ W, and was dug into a surface corresponding to an elevation of 679 meters above 

mean sea level (Figure 1).  The pit was excavated down to a depth of 86 centimeters below the 

ground surface, and samples were taken at depths of 33, 45, 58, and 83 centimeters.  Two 

additional samples were obtained within the active drainage (35
o
 31.410’ N, 117

o
 22.470’ W) at 

depths less than ten centimeters below the uppermost surface, which corresponded to an 

elevation of 669 meters above mean sea level (Figure 1).   

After each previously mentioned sample was removed, a gamma spectrometer was 

inserted into the void where the sediment filled tube was removed and the amount of gamma 

radiation intercepting the probe was recorded over 15 minute intervals to yield a radiation dose 

rate at each sample location. Once removed, each sediment filled tube is capped and placed in a 

light obscuring container for transport to the laboratory for optically stimulated luminescence at 

the University of California Los Angeles.  Here, the samples are prepared in low light conditions 

to reduce any reduction in their luminescence properties.  

 First, each sample tube was carefully opened and a couple centimeters of material was 

removed from both ends to omit any grains that may have been exposed to light during 

collection.  The remaining material was then separated into eight subsamples of varying grain 

sizes.  This was accomplished by floating off any silt sized grains that remain suspended for 

thirty seconds in a sediment water mixture and by running the remainder of the sample through a 

series of screens with running water.  The screen sizes allow the sample to be separated into the 



26 
 

following grain size categories: greater than 400, 250-400, 200-250, 175-200,125-175, 100-125, 

less than 100 and much less than 100 microns respectively.  Once the grain size separation is 

complete, the subsamples are washed with deionized water and surficial carbonate mineralization 

is removed in a bath of hydrochloric acid.  To isolate potassium feldspar from quartz and lithic 

grains, the subsample containing grain sizes ranging from 175 to 200 are placed in Lithium 

Meta-tungstate, which has a density of 2.58 g/cm
3
 and spun in a centrifuge.  This effectively 

isolates more dense quartz grains from lower density potassium-rich feldspar grains.  Each 

subsample is then washed again with deionized water and any residual water is driven off with a 

treatment of isopropyl alcohol and acetone before placing the sample in an oven, heated to 45 
o
C 

to fully dry.  Once dry, the subsamples containing potassium feldspar were lightly etched with 

dilute (10% concentration) hydrofluoric acid for ten minutes to remove any surficial 

mineralization.   

After the samples were fully prepared, 100 individual feldspar grains from each sample 

are loaded onto a single grain disk and the subsequent disks are placed into a Risϕ Luminescence 

Reader where each grains luminescence characteristics are measured.  The measurement process 

known as post IR-IR, developed at the University of California Los Angeles and based on the 

protocol of Buylaert et al., 2009, requires each grain to undergo a series of measurements in 

order to determine its acquired dose and anomalous fading properties (Roder et al., 2012).  The 

PIR-IR-225 ages determined from the subsequent measurements is calculated as the number of 

years before 2013, rounded to the nearest decade (Table 2, Figure 15). 
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Lithologic Descriptions 

Late Quaternary Alluvial and Lacustrine Deposits 

 Within the mapped area, numerous Quaternary age sediments are exposed to the north 

and south of the Garlock fault (Figures 19, 20, 21 & 22). The youngest of the Quaternary units 

mapped, Quaternary alluvium (Qal), consists of detritus within active channels which 

periodically transport sediment northward from the northeastern Lava Mountains into the 

southern portion of Searles Valley.  The sediments exposed in the channels predominantly 

consists of sand sized clasts with subrounded pebble to small boulder sized clasts intermixed and 

often locally concentrated into longitudinal, transverse and lateral bars.  This lithologic unit can 

be distinguished from its older counterpart, Qoal, by its lower elevation, lack of developed desert 

varnish, and sparse vegetative cover.  Unit Qoal often contains a braided network of small 

streams, implying that portions of this unit may still be designated as an active alluvial fan 

(Figure 19a). Furthermore, the close proximity and slightly elevated nature of Qoal with respect 

to the active drainage make it susceptible to reworking during periodic fluvial events.  Dating of 

sedimentary layers comprising unit Qoal, using Infrared Stimulated Luminescence (IRSL), yield 

ages which are consistent with a late Holocene deposition (Table 2).  

Additional Holocene deposits formed along hill slopes can also be identified within the 

study area due to their lack of coherent bedding, polymictic composition, location, and lack of 

cementation.  These deposits, mapped as Quaternary colluvium, Qc, are widespread within the 

study area and often drape the slopes of low lying hills.  For the sake of detailed mapping, 

colluvial deposits that fully blanket a substantial portion of a slope, particularly near the base 

were mapped as Qc, otherwise the underlying lithologic units, where known, were used for 

geologic mapping.   
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Remnant shoreline deposits (Qs) from the late Pleistocene Searles Lake, can be identified 

south of the Garlock fault due to their flat lying upper surfaces composed conglomeratic deposits 

consisting of sand and lag deposits of subrounded gravel to boulder sized clasts.  The surface of 

this unit exhibits a mature desert varnish compared to the surfaces comprising Qoal and Qt1 and 

is elevated roughly two meters above adjacent deposits designated as Qt1. Possibly similar 

Quaternary age shoreline deposits, east of the mapped area, were inferred to be displaced 

between 82 and 106 meters from their equivalents just north of the Garlock fault (McGill and 

Sieh, 1993).     

Within the study area, sparse outcrops of alluvial deposits elevated several meters above 

the active channel and slightly above sediments comprising Qoal, are evidence of an older 

depositional event.  The youngest of these deposits, designated as the lowermost Quaternary 

terrace, Qt1, share many similar characteristics to Qoal, but can be distinguished due to their 

relatively higher elevation and the presence of sharply incised drainages that cut across the 

deposits.  IRSL dating of sedimentary layers comprising this unit are consistent with a mid to 

late Holocene deposition (Table 2).  Additional Quaternary age alluvial terraces, Qt2 and Qt3 

were distinguished based on the respective elevations, composition, level desert varnish and 

development of desert pavement on the surface.  The younger of these two deposits, Qt2, is at a 

slightly higher elevation, than deposits corresponding to Qt1 within the drainage south of the 

Garlock fault, and consists of strongly tilted conglomeratic deposits emplaced prior to terrace 

formation.  This is indicated by the presence of a relatively flat lying deposit of sand to boulder 

sized clasts that drapes the surface.  Furthermore, the alluvial terrace exhibits strong surficial 

degradation in the form of incised channels and slope diffusion along the edge bordering the 

active channel.  North of the Garlock Fault, units designated as Qt1 may have been deposited 
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concurrently during the formation of this terrace, but due to the lack of sediments suitable for 

IRSL dating, the age and relationship to apparently offset deposits is not well constrained.   

The oldest alluvial terrace surface identified in the mapped area, Qt3, consists of 

relatively flat lying surfaces exhibiting a high degree of desert varnish and a well-defined desert 

pavement (Figures 20e & 21c).  Within the southeastern portion of the mapping area, the surface 

of the terrace has a polymictic composition, but predominantly consists of subrounded clasts of 

basalt ranging in size from large pebbles to small boulders.  In the southwestern section of the 

study area, the terrace surfaces also have a polymictic composition but are relatively absent of 

basaltic clasts (Figure 21d).  The compositional variations between the Qt3 surfaces from east to 

west can be attributed to the source regions from which the clasts are derived.  The easternmost 

series of drainages transport sediment from a region with a greater diversity of lithologic units 

than the western regions, which apparently transport relatively silica-rich sediments.   

These terrace surfaces commonly overlie strongly tilted gravel deposits designated as 

Qccg, gravel facies of the Quaternary Christmas Canyon Formation, and exhibit a well-

developed layer of calcium carbonate cementation just below the terrace surface (Figure 21e).  

Despite a compositional difference between the eastern and western surfaces of Qt3, the deposits 

are grouped as a single unit due to a strong similarity in surficial elevation and their apparently 

unconformable relationship to the underlying gravel facies of the Christmas Canyon Formation. 

Middle Pleistocene Christmas Canyon Formation 

To assist in mapping, the lacustrine and gravel facies of the Christmas Canyon Formation 

were subdivided into informal members based on their sedimentological characteristics (Figure 

9).  The gravel facies of the Christmas Canyon Formation, member 6, consists of poorly sorted 

matrix and framework supported conglomerates that unconformably overlie the lacustrine facies 
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of the Christmas Canyon Formation and are unconformably overlain by Qt3 (Figures 9 & 10).  

The uppermost contact between the lacustrine and alluvial facies of the Christmas Canyon 

Formation is inferred to be unconformable due to the localized absence of stratigraphic layers 

and slight angular discontinuities between the two units.  These conglomeratic deposits have a 

polymictic composition, which consist primarily of subangular to subrounded, pebble to boulder 

sized clasts of basaltic andesite, metasedimentary, and plutonic rocks in a silt to coarse sand 

matrix which is moderately-well cemented with calcium carbonate (figure 21b).  These deposits 

are commonly poorly bedded and comprise an overall thickness ranging from several to tens of 

meters within western Christmas Canyon.  The gravel facies constitutes a large portion of the 

surficial deposits of the Christmas Canyon Formation within the study area and Searles Valley 

(Smith, 2009).   

Underlying the gravel facies of the Christmas Canyon is a series moderately well bedded 

sedimentary units of lacustrine origin.  These fine sand and silt-rich deposits constitute 35.9 of 

the 43.8 meters of true thickness for the measured stratigraphic section (Figure 9).  Due to the 

lack of an exposed lower contact for the Christmas Canyon Formation at the location where the 

stratigraphic section was measured, the overall thickness of the lacustrine Christmas Canyon 

Formation within western Christmas Canyon is not well constrained.  The stratigraphically 

lowest unit measured, consists of at least 6 meters of siltstone, moderately cemented with 

calcium carbonate, with the uppermost 4.3 meters containing abundant gravel sized nodules of 

calcium carbonate (Figure 9).  The upper contact of member one represents a gradational 

transition between the massive, carbonate rich siltstone beds of member one and siltstones and 

matrix supported conglomerates of member two, possibly indicating a water level fluctuation 

within Pleistocene Searles Lake.   
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The lower half of the second informal member of the Christmas Canyon Formation, is 

characterized by poor to moderately cemented, tan siltstones and matrix supported 

conglomerates, containing subrounded to rounded gravel sized clasts in a silt matrix (Figure 9).  

Capping these deposits are five meters of clay-rich siltstones which exhibit an off-white surficial 

appearance.  This deposit is predominantly a massive bed of off-white, moderately cemented 

clay-rich siltstone containing gravel sized carbonate nodules which grades upwards to a thin bed 

of claystone which represent the stratigraphically youngest deposit of the second informal 

member of the Christmas Canyon Formation.  The uppermost contact of member two represents 

a depositional change from the silt rich units of member two to the more conglomerate-rich units 

of member three.   

The conglomeratic deposits within member three commonly consist of subangular to 

subrounded, coarse sand to pebble sized clasts in a silt rich matrix and are moderately to poorly 

cemented with calcium carbonate.  These moderately bedded matrix supported conglomerates 

comprise roughly 75% of the 7.3 meters of total thickness for member three, and often contain 

thin discontinuous beds and lenses of framework supported conglomerates.  Overlying the 

conglomeratic beds is roughly two meters of clay-rich siltstone which exhibits and off-white 

surficial coloration and is moderately cemented with calcium carbonate, as it contains sparsely 

dispersed carbonate nodules (Figure 9).  The lowermost unit representing the transition from 

member three to four is characterized by a thin layer of off-white to tan siltstone containing thin 

beds and lenses of matrix supported conglomerates hosting subrounded gravel to pebble sized 

clasts in a silt rich matrix.  This thin bed is overlain by several meters of moderately bedded tan 

siltstone followed by a series of matrix supported conglomerates.  The uppermost portion of 
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member four consists of approximately a meter and a half of  poorly cemented olive green 

siltstone gradates upwards into a thin bed of tan siltstone.   

The fifth and uppermost member of the lacustrine Christmas Canyon Formation is 

denoted by a lithologic change from the upper most siltstone of member four to a sequence of 

moderately bedded, matrix supported conglomerates consisting of subrounded gravel and 

pebbles in a silt to fine sand matrix.  The stratigraphically highest conglomeratic unit of member 

five gradates upwards into 80 centimeters of off-white to grey-tan siltstone followed by 40 

centimeters of white to grey silicic volcanic ash (Figures 9 & 21a).  This ash layer, designated as 

a vitric tuff, is typically laminated or thinly bedded, and consists predominately of silica glass 

fragments.  When analyzed under a petrographic microscope, euhedral crystals of zircon, apatite, 

and other accessory minerals could be identified, as well as trace amounts of lithic fragments, 

alluding to a relatively pure composition.  However, in one surficial exposure, an outcrop of the 

ash deposit contained a 10 centimeter wide clast of subangular basalt; and certain other localities 

display thinly bedded volcanic ash interbedded with silt-rich lamina.  This ash layer serves as a 

key marker bed for geologic mapping as it is overlain by 80 centimeters of silt followed by a 

sharp to gradational transition into the overlying gravel facies of the Christmas Canyon 

Formation (Figure 9). 

In some localities, apparent lateral variations in the sedimentological characteristics of 

the gravel and alluvial facies of the Christmas Canyon Formation cause the previously 

mentioned stratigraphy to be of limited use.  Near the southern portion of the mapping area, the 

conglomeratic units of the lacustrine Christmas Canyon Formation appear contain a higher 

percentage of framework supported conglomerates (Figure 20f).  While this variation from 

predominantly lacustrine deposits to interbedded lacustrine and alluvial deposits is subtle in 
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some areas (Figure 20f), in others the percentage and thus relative thickness of the conglomeratic 

units increases causing the distinction between these two units to become slightly unclear (Figure 

21f).  In the easternmost portion of the mapped area, several meters of poorly bedded, poorly 

sorted matrix and framework supported conglomerates consisting of subangular to subrounded 

gravel to cobble sized polymictic clasts (Figure 21b) are overlain by a thin, flat lying bed of 

lacustrine silt, which is stratigraphically below 10 meters of alluvial gravels (Figure 21d).  Due 

to the conglomerate-rich nature of these deposits and the presence of occasional interbedded 

siltstones of likely lacustrine deposition, the unit is distinguished in the mapping from the 

previously mentioned lacustrine and gravel facies of the Christmas Canyon Formation.  

Furthermore, along the northern slope of the easternmost hill, a steeply dipping (47
o
) bed of the 

vitric ash, most likely similar to that of the uppermost lacustrine Christmas Canyon Formation, is 

exposed.  However, below the ash deposit the stratigraphy consists of interbedded lacustrine and 

alluvial deposits dissimilar in thickness and sedimentological features than those measured for 

the generalized stratigraphic column (Figure 9).     

 

Results 

Geologic Structures 

 The most prominent geologic structure within the study area, the Garlock fault, strikes 

approximately N75
o
E across a series of late Quaternary age alluvial fans, less than 100 meters 

north of the hills comprising western Christmas Canyon.  In the field, the trace of the fault is not 

easily identifiable due to a subtle, diffused surficial scarp within active and recently active 

alluvial deposits.  However, high resolution topographic and derived products (Figures 7 & 8) 
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reveal numerous physiographic features which were used in this project to accurately map the 

trace of the Garlock fault.   

Along its trace in southern Searles Valley, the Garlock fault seems to consist of a single 

strand whose surficial expression is characterized by the presence of deflected channels, 

sinisterly offset alluvial fan surfaces, and occasional apparent vertical displacements of geologic 

and geomorphic features (Figure 7; 8a & 8b).  Furthermore, the presence of a topographic 

dichotomy across the fault, as suggested by the elevated nature of the Christmas Canyon 

Formation to the south, and the presence of subsurface lacustrine deposits and surficial alluvial 

deposits within Teagle Wash, interpreted by G.I. Smith (2009) to be equivalent in age to the 

Christmas Canyon Formation (Smith, 2009).  At the eastern and westernmost extent of the study 

area, the Garlock fault traverses the frontal slopes of a series of hills, commonly tilting adjacent 

strata to high angles within close proximity of the Garlock fault (Figure 10, 21f & 22f).  

Just south of the Garlock fault, within western Christmas Canyon, an array of northeast 

trending geologic structures have deformed an area extending for at least 800 meters south of the 

Garlock Fault.  Within this region, numerous faults have offset and tilted segments of the once 

flat-lying deposits of the Christmas Canyon Formation into a series of gently to steeply dipping 

beds (Figures 10, 11, 20f; 20b, 20d,20e; 21e, 21f & 22).  Deformation of the strata was observed 

to be most severe immediately adjacent to the mapped fault planes, with progressively lower 

amounts of deformation occurring away from any particular fault (Figure 22c). The faults which 

deform the Christmas Canyon Formation predominately have a northeast to east-northeasterly 

strike and dip in either direction at angles upwards of 65
o
 (Table 3, Figure 10, 11 & 16).  Out of 

the 22 fault plane measurements from western Christmas Canyon a slight majority (34.8%) of 

faults trend between N41
o
E and N50

o
E.  On average, the measured fault planes trend N53

o
E 
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(1σ=20
o
) and dip at 79

o
 (1σ=8

o
) in either direction (Table 3, Figure 16).  In the field, faulting can 

be identified by the apparent vertical juxtaposition of gently to steeply dipping strata of varying 

age (Figure 10, 11, 22a, 22b, & 22e).  Observed apparent vertical displacements across faults 

within western Christmas Canyon are commonly on the order of two meters with an overall 

range between 0.3 to 8 m and generally have an apparent normal sense of vertical separation, 

with the strata in the hanging wall outcropping at a lower elevation that it’s offset equivalent in 

the footwall. While a number of the fractures exhibit small amounts of deformation, their 

presence is none the less important to understanding the style of deformation along the Garlock 

fault.   

 Often, the fault planes exhibit moderate to strong carbonate cementation or a thin layer 

of secondary carbonate mineralization.  However, due to the easily weathered nature of 

carbonate and the lack of well lithified lithologic units adjacent to the fault planes, kinematic 

indicators in the form of slickensides were not observed in western Christmas Canyon.  

Additionally, the lack of well exposed outcrops of the lacustrine Christmas Canyon Formation, 

contrasts in fault trends, and inconsistencies in deformational patterns, make tracing any given 

fault difficult over several hundred meters.  Furthermore, due to the previously stated issues, 

little to no reliable geologic or sedimentary structures, which could serve as piercing points for 

accurately estimating the amount of slip on any given fault, could be located precisely. 

One possible indication of the tectonic stresses imposed on the region comes in the form 

of steeply dipping extensional fractures filled with carbonate.  Measurements of these features, 

where possible, typically yielded strike measurements ranging from N40
o
E to N45

o
E and dip 

angles around 75
o
.  A single set of fractures near the southeastern-most extent of the study area 

(UTM Zone 11N 465894m E, 3930288m N), consisted of two nearly vertical planes trending at 
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42
o
 and 315

o
 respectively (Figure 10a).  No offset was observed across either plane and the 

fractures were filled with invasive carbonate cement. Further evidence regarding the mode of 

deformation within the region was found roughly 200 m south of the study area (UTM Zone 11N 

466058m E, 3930107m N).  Here, a fault trending N20
o
E and dipping at 75

o
 to the west 

exhibited roughly horizontal slickenlines along a fault surface offsetting well lithified alluvial 

and meta-conglomerates.  However, due to the apparently older nature of these sediments and the 

lack of high resolution topographic coverage for the region, measurements along this fault were 

not included in the results from geologic mapping (Figure 10, Table 3). 

Within the southern portion of the map area, a steeply dipping, northeast striking fault 

juxtaposes the lacustrine facies of the Christmas Canyon Formation with the overlying gravel 

facies.  This fault, CCW-C55/56 (Table 3) exhibits between 5 and 8 m of apparent vertical 

(normal) displacement, across a plane dipping between 70 and 78
o
 to the northwest.  On either 

side of the fault, bedding planes yield consistent strike and dip measurements (290/20
o
N & 

300/20
o
N).  With this information, and assuming the offset is related to purely sinistral slip and 

occurred after tilting of the strata, a lateral offset ranging between 14.6 and 26.2 m was 

calculated.  Using a preferred value of 6 m of apparent vertical displacement, the magnitude of 

sinistral slip is calculated to be between 17.5 and 19.7 m.  If faulting originated shortly after 

deposition and tilting of the lacustrine Christmas Canyon Formation (0.64 Ma), a long term slip 

rate of 0.027 mm/year can be calculated.  However, tilting of the strata may have occurred 

contemporaneously with faulting and thus the long term slip rate derived for this fault should be 

considered as a minimum slip rate.  The procedure used to calculate the previously mentioned 

slip rate was applied to a majority of the faults within Christmas Canyon West, but due to strong 

discrepancies in bedding attitudes on either side of the fault and/or the lack of an exposed offset 
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equivalent, calculated estimates for magnitude of slip across any given fault yielded a wide range 

of values.  A general estimate of the maximum lateral displacement across a fault offsetting 

bedding that strikes perpendicular to the fault and dips at 1
o
, would yield a total sinistral slip of 

17.2 m for the smallest observed apparent vertical offset (0.3m), and 458 m of sinistral slip for 

the largest observed apparent vertical offset (8m), with more steeply dipping beds resulting in 

lower estimates for the lower and upper bound of lateral offset (Table 3). 

Faulting within western Christmas Canyon is most pronounced due to the juxtaposition of 

deposits corresponding to Qccl and Qccg and occasionally deforms the Qt3 surface (Figures 10, 

20c & 20d).  Pronounced surficial scarps within deposits mapped as Qal and Qoal were not 

observed in the field, but small, undetectable amounts of offset may be possible.  

Geomorphically, the faults commonly have a subtle expression.  However, faults displaying the 

largest amount of offset exhibit apparent sinistral to oblique displacements of ridges, terraces and 

drainages within western Christmas Canyon with some faults deforming features mapped as Qt1 

(Figure 7, 8 & 10).    

Contorted bedding within western Christmas Canyon is typically common between and 

adjacent to fault bounded blocks.  A small hill within the central portion of the study area 

exposes the uppermost lacustrine members of the Christmas Canyon formation, deformed into an 

asymmetrical, gentle synclinal fold that trends 220
o
 and plunges 5.2

o
 to the southwest (Figures 

10a, 10b; 20c, 20d; 22c).  A stereographic projection compiled from bedding attitudes measured 

on both sides of the fold axis, yielded an axial surface that trends 220
o
 and dips 86

o
 to the 

northwest (Figure 17a). This fold appears to be structurally bound by northeast trending faults, as 

the southern limb of the fold is offset in an apparently vertical manner by nearly four meters.  

Faulting along the northern limb is inferred through the extrapolation of a strike and dip 
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measurement obtained 300 meters to the east on a fault offsetting flat lying deposits of the 

lacustrine Christmas Canyon Formation.  Furthermore, the presence of scattered, nearly flat lying 

lacustrine deposits was observed north of the moderately dipping exposures along the northern 

limb of the syncline (Figures 10a & 10b).   

Other areas of western Christmas Canyon exhibit apparently gently folded strata, 

however these regions are cross cut by faults, possibly obscuring the strata such that 

stereographic projections derived from measured strikes and dips may not produce accurate axial 

plane solutions.  For instance, a hill bordering the eastern drainage in figure 10b (UTM zone 11N 

465462m E 3930538m N) exhibits strata deformed into a gentle, upright synclinal fold (Figure 

19d).  Stereographic projections for bedding on both sides of the axis yields an axial plane that 

trends 268
o
 and dips at 81

o
 to the north (Figure 17b).  However, the axis of this fold is inferred to 

be crosscut at an oblique angle by at least one well constrained fault, but due to poor exposure 

immediately within the vicinity of the fold axis their relationship cannot be accurately assessed 

and as a result the synclinal trace was not included in the finalized geologic map (Figures 10a & 

10b).    

Remote Sensing 

 Identification of alluvial terraces of differing age, used in geologic mapping and IRSL 

dating, was derived from high resolution LiDAR digital elevation models.  The topographic data 

was used to produce images depicting the slope (Figure 8a), aspect (Figure 8b), and curvature 

(Figure 8c) of the land surface.  From the images it is apparent that a topographic dichotomy 

exists across the Garlock fault, whose trace can be constrained due to scarps which have a 

slightly steeper slope than the alluvial deposits it dissects (Figure 8a).  Images depicting the 

curvature of landforms were utilized to assist in identifying possible geomorphic traces of faults 
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within western Christmas Canyon (Figure 8c).  To identify offset geomorphic features across the 

Garlock fault, the surface roughness, slope and direction the slope faces (aspect) were taken into 

consideration. From the previously mentioned images, it is apparent that the flattest and 

smoothest surfaces comprise the active channels as well as the uppermost surfaces of alluvial 

terraces away from incising channels (Figure 8).  Terraces mapped as Qt3 were identified in the 

field due to their relatively flat lying surfaces and developed desert pavement forming a 

relatively smooth surface.  These observations are consistent with the information obtained from 

the slope and a topographic model of the RMS surface roughness, which show that the surfaces 

mapped as Qt3 comprise smooth, flat lying surfaces (Figure 8a).   

Dating 

 Uranium-lead dating of zircon crystals attained from a vitric tuff bedded within the 

uppermost lacustrine Christmas Canyon Formation yielded a standard weighted mean age of 

0.683 ± 0.020 (1σ) Ma (Table 1).  This value was calculated excluding the results from a single 

zircon crystal which yielded an age of 2.30 ± 0.23 Ma.  The remaining Uranium-lead isotopic 

ages cluster between 0.52 ± 0.94 and 1.28 ± 0.32 Ma, with individual measurements producing 

large errors.  In lieu of several zircon crystals yielding large errors or ages well above the 

weighted average, a substantial majority (12 of 15) produced ages between 0.52 and 0.80 Ma, 

with the youngest and most precise age calculated at 0.63 ± 0.03 Ma (Table 1, Figures 13 & 14).   

 Ages derived from the two abandoned alluvial fan surfaces immediately north of the 

Garlock fault produce PIR-IR-225 ages consistent with the inferred stratigraphic relationship 

from Geologic mapping (Figure 10c, Table 2).  The pit excavated on the lower alluvial terrace, 

pit F, yielded an age of 830 ± 90 years before 2013 for sediments sampled 33 centimeters below 

the ground surface (sample CCW12-F01).  The two samples taken stratigraphically below 
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sample CCW12-F01, samples CCW12-F02 and F03, produced ages of 1190 ± 120 and 1250 ± 

110 years before 2013 respectively (Table 2, Figure 15b).   The lowermost stratigraphic unit 

sampled in pit F (0.83m), dated at 1570 ± 150 years before 2013, denotes the age of deposition 

for the alluvial fan surface into which Pit E was excavated was formed during the late Holocene. 

 Within the IRSL pit excavated on an elevated alluvial fan surface 50 m west of pit E, four 

additional samples yielded ages concordant with mid to late Holocene deposition.  The 

uppermost sample, CCW12-E01, was dated at 2970 ± 180 years before 2013, with two samples 

(CCW12-E02 and E03) taken 25 and 47 centimeters below sample E01, respectively yielding 

ages of 4820 ± 300 and 4790 ± 280 years before 2013.  The stratigraphically lowest sample 

obtained below the surface of Qt1, gave a mid-Holocene depositional age of 5420 ± 330 years 

before 2013, consistent with the observed increase in age with depth (Table 2, Figure 15a). 

 

Discussion 

IRSL Ages and Implications for Holocene Slip on the Garlock Fault  

IRSL dating of the uppermost stratigraphic layer of Qt1 yields an age of 2970 ± 180 years 

before 2013 (Table 2, Figure 10c).  By restoring the easternmost edge of this unit to the 

easternmost edge of Qt2 within the drainage, results in approximately 43.2 m of left lateral offset 

and thus a slip rate of 15 ± 1 mm/yr can be inferred (Figures 7 & 10c).  This estimate of the slip 

rate is nearly twice the 6 to 8 mm/yr of sinistral slip determined by paleoseismic trenching within 

southern Searles Valley (McGill & Sieh, 1993).  Restoring the less pronounced, western edge of 

Qt1 to the western edge of Qt2 yields a total offset of 38 m and thus a Holocene slip rate of 13 ± 

1 mm/yr can be inferred (Table 2, Figures 7 & 10c).  Additionally, if the location of pit E is 

restored to the center of Qt2, similar slip rates are produced.  While it may be possible that slip 
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on the Garlock fault has occurred at a slightly higher rate than what has been inferred by 

paleoseismic studies within southern Searles Valley, it is more reasonable to assume that 

modification of the Qt1 terrace has taken place during deposition of Qoal and Qal, skewing the 

estimate slip rates towards higher values.  Furthermore, due to the lack of suitable sediments for 

IRSL dating within the Qt2 terrace, the correlation between Qt1 and Qt2 may be an inaccurate 

assumption for estimating the slip rate along the Garlock fault.  Using a slip rate of 7mm/yr 

(McGill & Sieh, 1993), the terrace surface corresponding to pit E should be offset by 20.8 ± 1.3 

meters.     

 Within pit F, IRSL dating of the uppermost stratigraphic layer yields a depositional age 

of 830 ± 90 PIR-IR-225 years before 2013.  Due to an elevation contrast of at least 2 meters 

between Qt2 and Qoal, and the lack of an apparent lateral offset, these two deposits are 

determined to be un-contemporaneous (Figures 7& 10c).  Therefore, deposits comprising pit F 

are determined to be sourced from the drainage adjacent to the terrace from which pit F was 

excavated.  By restoring the location of pit F to the westernmost edge of the active channel an 

overall offset between 12 and 13 m can be assumed (Table 2, Figures 7 & 10c). This assumption 

yields a slip rate between 15 ± 2 and 16 ± 2 mm/yr. Erosion of the terrace edge used to determine 

the total slip for the terraces into which pit F was excavated would lead to an overestimate of the 

total slip and thus faster slip rates along the Garlock fault in southern Searles Valley.  By using a 

well constrained slip rate of 7mm/yr (McGill & Sieh, 1993), pit F should be sinistrally offset 

from its source by 5.8 ± 0.6 m.   

Uranium238-Lead206 Ages for Christmas Canyon Formation 

Isotopic ages for zircon crystals entrained in the ash layer of the Christmas Canyon 

Formation yield ages concordant with ash and tephra deposits of the Lava Creek B eruption of 
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the Yellowstone caldera (Smith, 2009; Izett et al., 1992; Izett and Wilcox, 1982; Lanphere et al., 

2002; Gansecki et al., 1998).  The voluminous eruption of silicic ash resulted in ash fall deposits 

across most of the western United States (Izett and Wilcox, 1992).  In the present project, zircon 

crystals derived from the ash layer 1.7 kilometers southwest of Randsburg Wash Road in 

southern Searles Valley California yield a mean weighted average age of 0.683 ± 0.02 Ma, with 

the youngest zircon crystal yielding an age of 0.63 ± 0.03 Ma (Table 1).  This result is 

concordant with results obtained by Izett and others for glass mantled zircon crystals within ash 

flow and tephra deposits in the Yellowstone Plateau volcanic field, which yielded a fission track 

age of 0.67 ± 0.16 Ma (Izett et al., 1992; Izett and Wilcox, 1982).  Furthermore, Potassium-

Argon and Argon40-Argon39 ages derived from sanidine crystals within tephra and ash-flow 

deposits outcropping in the Yellowstone Plateau volcanic field, yield eruption ages ranging from 

0.67 ± 0.1 Ma to 0.6 ± 0.2 Ma, thus correlating the deposits with the Lava Creek B eruptive 

phase of the Yellowstone caldera in northern Wyoming (Smith, 2009; Izett et al., 1992; Izett and 

Wilcox, 1982).  More recent high precision Argon40-Argon39 dating of sanidine crystals from 

volcanic deposits within the Yellowstone volcanic field indicate that the Lava Creek Tuff 

erupted  0.639 ± 0.002 million years ago (Lanphere et al., 2002).  Further evidence indicating the 

Yellowstone hotspot as a source for the volcanic ash found within the Christmas Canyon 

Formation is evident from two zircon crystals yielding uranium-lead ages of 1.28 ± 0.32 and 2.3 

± 0.23 Ma respectively (Table 1), which correspond to the Mesa Falls (1.285 ± 0.004 Ma) and 

Huckleberry Ridge (2.059 ± 0.004 Ma) eruptions of the Yellowstone caldera (Lanphere et al., 

2002).  The presence of sparse zircon crystals of this age may be an indication of material within 

and adjacent to the caldera being reworked and expelled during the Lava Creek B eruptive phase.  

Additionally, several zircon crystals yielded ages overlapping with the eruption age of the 
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Bishop Tuff (767 ka) from the Long Valley Caldera in eastern California.  However, the 

presence of younger zircon crystals yielding ages that do not overlap with the eruption of the 

Bishop Tuff exclude this eruption as the source for the volcanic ash interbedded within the 

uppermost lacustrine facies of the Christmas Canyon Formation.  Furthermore, stratigraphically 

lower ash-rich deposits which could be related to the eruption of the Bishop Tuff were not 

identified within western Christmas Canyon. 

Geologic Structures 

Within southern Searles Valley, the Garlock fault zone consists of an array of faults with 

a parallel to sub-parallel orientation to the trace of the Garlock fault.  On average these faults 

strike N53
o
E and dip upwards of 65

o
, making them consistent with Riedel shears produced 

during simple shear deformation driven by a principal compressive stress field oriented from the 

northeast and southwest (Table 3, Figures 10 & 18a).  These faults commonly exhibit a down 

dropping of the hanging wall strata, and display geomorphic evidence of sinistral slip.  The 

abundance of Quaternary age faults within western Christmas Canyon having an orientation 

consistent with a Riedel model for sinistral simple shear driven by northeast-southwest 

compression, and furthered by the lack of faults indicative of northwest-southeast compression, 

suggests that deformation within the area can be attributed to a regional stress field currently 

oriented from the northeast-southwest. 

Additionally, relatively linear drainages, trending between 75
o
 and 90

o
 to the trace of the 

Garlock fault, may be the geomorphic expression of P’ and R’ shears formed within the lower 

crust along the Garlock fault zone (Figure 18).  Unpublished results from a resistivity study, 

conducted by Paul Davis and UCLA Geophysics students, across the drainage network located 

within the central portion of the mapped area (UTM zone 11N 465005m E, 3930717m N) 
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indicates slight variations in resistivity within the drainage.  However, the subtle change in 

resistivity may be an artifact imposed by the presence of water below the surface.  In addition, 

due to poor exposure of the Christmas Canyon Formation within the drainages and the lack of 

surficial geologic evidence to support the presence of faults at the appropriate orientations for R’ 

or P’ shears, it remains open to debate.  If the drainage patterns are in fact geomorphically 

controlled by faulting associated with the Garlock fault zone, then a Riedel model for simple left 

lateral simple shear would further support the theory that geologic and geomorphic structures 

within western Christmas Canyon are attributed to a regional compressive stress field oriented 

from the northeast and southwest (Figure 18).  

The presence of a single east west trending syncline within western Christmas Canyon (p. 

37) is consistent with deformation produced by a regional stress field where the maximum 

horizontal compressive stress is oriented from the north and south (Figures 17b & 19d).  

However, due to the presence of a well constrained fault trace that obliquely crosses the synclinal 

axis the exact trend of this fold may be slightly skewed.  None the less, this synclinal fold and 

the abundance of crosscutting northeast trending faults within western Christmas Canyon suggest 

that Quaternary deformation within close proximity to the Garlock fault can be attributed to a 

regional compressive stress field oriented from the north to northeast and south to southwest. 

However, larger scale folding of the Christmas Canyon anticline, Dome Mountain 

anticline, Teagle Wash syncline, and Pilot Knob Valley syncline as well as an anticline mapped 

5km to the west in the Summit Range indicate compression oriented from nearly orthogonal to 

the trace of the central Garlock fault (N15
o
W) to as much as 25

o
 counter clockwise from 

orthogonal (N40
o
W) (Smith, 1991; Dibblee, 1967).  While a period of northwest-southeast 

oriented compression may also have been possible, it is deemed as unlikely since regional 
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compressive forces oriented from N15
o
W would inhibit sinistral slip along the Garlock fault and 

would most likely allow dextral slip along faults of the ECSZ to propagate through the Garlock 

fault, for which there is little to no evidence for this occurring during the Quaternary Period.  

Furthermore, regional compression oriented from N40
o
W could result in dextral slip along the 

Garlock fault and sinistral slip along the Blackwater fault, which is unsupported by geologic 

evidence. 

A single northeast trending synclinal fold within the study area may indicate compressive 

stresses oriented from the northwest and southeast (Figures 10a, 10b, 17a, 20c & 20d).  

However, the southern limb of the synclinal fold is cross cut by a steeply dipping (72
o
) northeast 

trending (27
o
) fault (Figures 10a, 10b, 22c).  This observation implies that the style of 

deformation that led to the formation of the fault occurred contemporaneously with or following 

folding of the strata.  If the synclinal fold was in fact formed prior to the formation of the 

northeast trending faults along its southern and northern limbs, it would imply a period of 

regional or localized compression oriented from approximately N50
o
W, nearly orthogonal to that 

required to drive sinistral slip on the Garlock fault and at a high angle to the current stress field 

derived from seismic events and GPS stations located within the region (Astiz & Allen, 1983; 

McMackin, 2001; Miller & Yount, 2002).  Furthermore, the lack of other northeast trending 

folds within western Christmas Canyon, as well as the presence of faults bordering the northern 

and southern limbs of the syncline, suggests that the fold is localized to a fault-bound block and 

therefore may be the result of oblique motion along the two sub-parallel faults bounding the 

syncline or distributed deformation associated with R’ or P’ shears (Figure 18).   

If the Garlock fault does in fact exhibit the complete array of fractures formed during 

sinistral simple shear, then northeast trending folds could be produced during oblique slip along 
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Riedel shears or as a passive result to motion along P’ shears within the underlying crust and/or 

distributed deformation associated with the termination of dextral faults of the ECSZ.  When 

viewed in the context of the Riedel model for sinistral simple shear, the fault crosscutting the 

southern limb of the fold (CCW-C01) is at the appropriate angle for a tensional fracture, while 

the fault bordering the northern limb (CCW-F20) is consistent with the trend of R shears.  

Dissimilarities in the mode of deformation along these two faults may induce localized 

compression within the tectonic block in which the syncline is located (Table 3; Figures 10 & 

18).  Due the orientation, and anastomosing nature of the faults within western Christmas 

Canyon, it is likely that deformation along these subsidiary faults can be attributed 

predominantly to oblique left lateral shear, causing variable deformation and rotation within fault 

bound blocks. Possibly analogous northeast trending faults or the Browns Valley/ Ranch fault 

zone predominantly exhibit left lateral offsets with a or dip slip or reverse component, with some 

faults even indicating dextral displacements     

In his 1991 paper on anomalous folds adjacent to the Garlock fault in southern Searles 

Valley, CA, G. I. Smith notes that folding associated with Riedel shears or tension gashes in the 

underlying bedrock is not likely, since these types of fractures typically form in clusters and due 

to the apparently coherent nature of the Christmas Canyon anticline south of the Garlock fault, 

this hypothesis is unlikely.  However, he eludes that the Browns Valley/Ranch fault zone within 

the Lava Mountains and a fault bordering the southern margin or the Spangler Hills are at the 

right orientation to act as Riedel shears to the Garlock fault (Figures 4 & 6).  Within western 

Christmas Canyon, the abundance of faults consistently oriented with Riedel shears in a sinistral 

simple shear zone as well as a northeast trending synclinal fold may imply that the larger scale 
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Christmas Canyon and Dome mountain anticlines formed in response to motion along the 

Browns Ranch/Valley fault zone (Figures 6, 10, 16, 17 & 18). . 

  A northeast trending fold could also be produced due to distributed deformation 

associated with the termination of north to northwest trending dextral faults with an orientation 

similar to that of faults of the ECSZ, as well as P’, and R’ shears of the Garlock fault zone 

(Figure 18).  To accommodate dextral motion along one of these faults, without producing a 

surficial rupture, stratigraphy in the upper crust would become folded with a fold axis oriented 

approximately perpendicular to the trace of the dextral fault.  While, there is only inconclusive 

geophysical and geomorphic evidence for faults of this orientation within western Christmas 

Canyon, a zone of en echelon fractures trending N17
o
W and exhibiting dextral shear were 

documented 5 km north of the Garlock fault in southern Searles Valley (p. 12) (Zellmer et al., 

1985).  This zone of deformation exhibits features consistent with R’ or P’ shears formed in 

relation to the Garlock Fault zone.  Furthermore, since the previously mentioned zone of 

deformation and P’ shears of the Garlock fault zone are at a similar orientation to faults of the 

dextral ECSZ, it may be possible that deformation associated with the ECSZ is responsible for 

the formation of the anomalous folds in southern Searles Valley.  Geodetic observations 

indicating 7mm/yr of dextral shear along the Blackwater fault zone and its apparent termination 

in the southern Lava Mountains may be suggestive that distributed deformation in the form of 

crustal folding may be responsible for producing the Christmas Canyon and Dome Mountain 

anticlines as well as the Teagle Wash and Pilot Knob Valley syncline.  

A regional stress field where the principal compressive stress is oriented from the 

northeast and southwest is adequate for driving sinistral motion along the Garlock fault and 

dextral slip along faults of the ECSZ (Figure 18).  Though no dextral northwest trending faults 
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associated with the ECSZ were observed within western Christmas Canyon, the dextral 

Blackwater fault is located approximately 8 km to the southwest.  For the cases of simple shear 

on a sinistral principal displacement zone (PDZ) trending N75
o
E and a dextral PDZ trending 

N24
o
W, the maximum horizontal compressive stress (σ1) must be oriented form around N30

o
E 

to N21
o
E (Figure 18).  Therefore, subtle differences in the orientation of the regional stress field 

can drive motion along the Garlock fault and faults of the eastern California shear zone.  

Previously discussed measurements of the stress field within the Searles Valley region derived 

from GPS and geologic strain measurements, as well as seismic and ground rupturing events, 

indicate that the compressive stress field is currently oriented from N20
o
E (Astiz & Allen, 1983; 

Zellmer et al., 1985, McMackin, 2001; Miller & Yount, 2002).  This orientation is ideal for 

driving dextral motion along faults of the Eastern California Shear Zone, which the pattern of 

historic seismicity supports.  Furthermore, the 10
o
 deviation from the optimal stress field 

orientation for driving sinistral motion along the central segment of the Garlock fault would act 

to increase the normal force along the fault plane and thus increase amount of friction causing 

the fault to “lock up.”  An extended period of low seismicity along the Garlock fault may 

indicate that the fault is temporarily locked and stress is continuously accumulating.  Failure 

along this fault plane could occur once the frictional threshold is overcome or due to a subtle 

eastward swing in the regional compressive stress field, which would act to reduce the frictional 

force. 

 

Conclusion 

In western Christmas Canyon (Figures 7 & 10), a series of dated middle Pleistocene age 

lacustrine and alluvial deposits representing the Christmas Canyon Formation of G.I. Smith 
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(1964), is deformed into a set of northeast trending structures (Figures 10, 16 & 17a).  Through 

detailed geologic mapping, remote sensing and geologic dating techniques a comprehensive 

analysis of deformation within western Christmas Canyon was compiled (Figures 1-24, Tables 1-

3).  Geologic mapping of the area revealed a series of faults trending on average N53
o
E, and 

dipping at angles upwards of 65
o
 in either direction (Figure 16).  Apparent vertical displacements 

of gently to steeply tilted lacustrine strata range from 0.3 to 8.0 meters and are inferred to be the 

result of sinistral to oblique slip along Riedel shears associated with sinistral simple shear along 

the Garlock fault zone (Figures 10, 11 & 18).  These faults crosscut two gentle synclinal folds 

within the lacustrine Christmas canyon formation, which trend east-west and northeast-southwest 

respectively (Figures 10 & 17).  While most of the geologic structures within western Christmas 

Canyon are consistent with a regional compressive stress field oriented from the north to 

northeast, the northeasterly trending synclinal fold and large scale Christmas Canyon anticline, 

as described by Smith (1991), are anomalous as they are indicative of compressive stresses 

oriented northwest to southeast (Figures 6, 10 & 17).  However, due to the overwhelming 

majority of features observed within western Christmas Canyon consistent with northeast-

southwest directed regional compression, and further supported by the lack of faults attributable 

to northwest-southeast compression it is inferred that the anomalous synclinal fold within 

western Christmas Canyon is the result of localized deformation associated with sinistral simple 

shear driven by northeast-southwest directed regional compression.  Possible mechanisms which 

could produce a fold of this orientation were determined to be related to localized compression 

imposed by Riedel shears and/or distributed deformation associated with R’ or P’ shears to the 

Garlock Fault zone (Figure 18).  Furthermore, the evidence obtained within western Christmas 

Canyon may also indicate that the Browns Valley/Ranch fault zone and a northeast trending fault 
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at the southern margin of the Spangler Hills probably formed as Riedel shears to the Garlock 

fault and have subsequently deformed the Lava Mountains and southern Searles Valley into a 

northeast trending and plunging anticlinal fold (Figures 4 & 6). Additionally, this mode of 

folding may be imposed by distributed deformation associated with the termination of the 

Blackwater fault near the southern margin of the Lava Mountains.  Overall, it can be said that a 

period of northwest-southeast directed compression has most likely not occurred since the 

deposition of the Christmas Canyon Formation in the middle Pleistocene.  

 

 

 



 

 

 

 

 

 

 

 

 

Figures 

51



Figure 1: 

Shaded relief image of southeastern California. 
Red lines indicate faults active during the late Pleistocene and Holocene Periods, as determined by the 

U.S. Geological Survey.  Black rectangle represents the approximate area of study. ECSZ=Eastern 

California Shear Zone 

Image compiled from 1 arc second SRTM DEMs, illuminated from the northeast (45o) and zenith angle 

of 45o. 

ECSZ 
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Figure 2: 

Geologic map of northern Mojave Desert and southwestern Basin and Range, California. 
Compiled by J. Douglas Walker, Adrian K. Berry, Patrick J. Davis, Joseph E. Andrew & John M. 

Mitsdarfer  

 GIS Laboratory , Geology Department, University of Kansas, Lawrence. 

Published in Geologic Evolution of the Mojave Desert and Southwestern Basin and Range, by A.F. 

Glazner, J.D. Walker and J.M. Bartley, 2002.  

Image obtained from www.mobilemaplets.com 
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Figure 3: 

Shaded relief image of Searles Valley, CA and adjacent areas 
Red lines indicate faults active during the latest Pleistocene and Holocene Periods, as determined by 

the U.S. Geological Survey.  Black rectangle represents the approximate area of study. 

Image compiled from 1/3 arc second National Elevation Dataset DEMs, illuminated from the 

northeast (45o) and zenith angle of 45o. 
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Figure 4: 

Shaded relief image of Searles Valley, CA. 
Red lines indicate geomorphic trace of  latest Pleistocene to Holocene ruptures along the Garlock fault 

zone, as determined by the U.S. Geological Survey.  Orange lines indicate Quaternary traces of the 

Blackwater fault zone, Browns Valley/Ranch fault zone, and other faults within southern Searles Valley, 

as determined by the U.S. Geological Survey.  Black rectangle represents approximate area of study. 

Image compiled from National Elevation Dataset 1/3 arc second DEM, illuminated from the northeast 

(45o) and zenith angle of 45o. 
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Figure 5: 

a) ASTER image of southern Searles Valley, CA. 

b) Oblique perspective looking east along Garlock fault in S. Searles Valley, CA 
ASTER image superimposed onto a 1/3 arc second National Elevation Dataset DEM. 

Colors are indicative of the visible and near infrared electromagnetic spectrum. 

R: band 3 (0.8070 μm)   G: band 2 (0.6610 μm)   B: band 1 (0.5660 μm)  

Black rectangle represents the approximate area of study. 
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Figure 6: 

Generalized geologic maps of Searles Valley region from Smith, 1991 
a) Map depicting trends and plunges of folds within and adjacent to Searles Valley, CA. 

SVS, Searles Valley syncline; SRA, Slate Range anticline; TWS, Teagle Wash syncline; CCA, 

Christmas Canyon anticline; GF, Garlock fault; DMA, Dome Mountain anticline; PKVS, Pilot Knob 

Valley syncline; BRFZ, Brown's Ranch fault zone; BF, Blackwater fault. 

b) Map depicting trends and plunges of folds within and adjacent to the Lava Mountains, location 

coincides with outlined area in figure 5a. Black rectangle represents approximate area of study. 
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Figure 7: 

Shaded relief images of western Christmas Canyon, Searles Valley, CA. 
Images compiled from  0.5 meter LiDAR DEM, illuminated from the northeast (45o) and incidence 

angle of 45o.  

a) Western Christmas Canyon   b) Slip rate study area  c) IRSL pit locations & geologic interpretation           

 

a. 

c. b. 

N N 

Study area depicted in Fig. 7b & 7c 

58



Figure 8: 

Topographic models of western Christmas Canyon, Searles Valley, CA 
Composed from 0.5 meter LiDAR DEM 

a)  Slope angle    b)  Aspect    c)  Curvature    

 

c. 

b. 

a. 
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Figure 9: 

Stratigraphic column depicting a portion of the  lacustrine and alluvial deposits of the 

Christmas Canyon Formation. 
Measured along north and west facing hill slope at 35o 31.08’ N, 117o  22.97’ W 
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Figure 10a: 

Geologic map of western Christmas Canyon, Searles Valley, CA 
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Figure 10b: 

Geologic map of western Christmas Canyon, Searles Valley, CA 
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Figure 10c: 

Geologic map depicting IRSL pit locations, western Christmas Canyon, Searles 

Valley, CA.   
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Figure 11: 

Geologic cross section A-A’ depicting the Christmas Canyon Formation offset by 

northeast trending faults (see Figure 10 for location) 
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Figure 12: 

Cathodoluminescence image of zircon crystal obtained from an ash deposit 

interbedded within the  lacustrine facies of the Christmas Canyon Formation, Searles 

Valley, CA. (Table 1) 
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a. 

b. 

Figure 13: 

Results from Uranium238-Lead206 analysis of zircon crystals obtained from ash deposit 

interbedded within the  lacustrine facies of the Christmas Canyon Formation (Table 1) 

a)  Scatter plot depicting age and standard errors obtained for each sample     

b)  Tera-Wasserburg concordia plot: red ovals are error ellipses, blue line is concordia curve 
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a. 

b. 

Figure 14: 

Probability density distribution of Uranium-Lead ages for zircon crystals obtained from ash 

deposit interbedded within the  lacustrine facies of the Christmas Canyon Formation. (Table 1) 
a)  Relative probability     

b)  Relative probability with overlain histogram depicting relative abundances 
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a. 

b. 

Figure 15: 

Results from Infrared stimulated luminescence (IRSL) from two pits excavated into 

abandoned alluvial fan surfaces north of the Garlock Fault, Searles Valley, CA. (Table 2) 

a)  Pit E (J0344, J0345, J0346, J0347)  

b)  Pit F (J0348, J0349, J0350, J0352) 
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Figure 16: 

Rose diagrams depicting measured strike of faults within western Christmas Canyon, Searles 

Valley, CA. (Table 3) 

a)  Strike of faults  grouped into a single hemisphere 

b)  Strike of faults based on dip direction and right hand rule 
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Figure 17: 

Stereographic projection of bedding comprising synclinal folds in western Christmas Canyon, 

Searles Valley, CA. 

a) Synclinal fold located at 35o31’ N, 117o23.15’ W (UTM 11N 464988m E 3930402m N) 

b) Synclinal fold located at 35o31.07’ N, 117o22.85’ W (UTM 11N 465462m E 3930538m N) 
Black lines indicates strike and dip of bedding planes, black dots represent poles to bedding planes, 

and red line indicates strike and dip of axial plane. 

a. b. 
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ᶲ/2 

 

Figure 18: 

a)  Plan view of structural relationships formed during left simple shear. 

b) Plan view of structural relationships formed during right simple shear. 
Modified from the Riedel model of right simple shear as depicted in Strike-slip Faults, by A.G. Sylvester, 1988 

PDZ = principal displacement zone, which in a is representative of the trace of the Garlock fault in southern 

Searles Valley, CA; and in b is representative of faults of the ECSZ 

Solid black arrows represent the axis of maximum compressive stress (σ1), which in this case is oriented N30o 

E.  Unfilled arrows depict axis of extension (σ3), with the double parallel line representing the orientation of 

extension fractures. Φ = angle of internal friction.    
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Figure 19: 

a) View from study area looking north-northeast toward Searles Valley, CA. 

b) Christmas Canyon Formation outcropping in hills south of Garlock fault. 

c) Hills exposing Christmas Canyon Formation where stratigraphic column was measured.  

d) Exposed section of the Christmas Canyon Formation exhibiting an upright, broad synclinal fold. 

e) View of Christmas Canyon Formation looking eastward. Garlock fault runs sub-parallel to range front 

across alluvial fan surfaces 

f) Relatively flat lying lacustrine sediments of the Christmas Canyon Formation. 

a. 

c. 

b. 

d. 

e. f. 
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a. 

c. 

b. 

d. 

e. f. 

Figure 20: 

a) View of a poorly exposed section of the Christmas Canyon Formation; hillslope covered by colluvium. 

b) Dipping beds of the Christmas Canyon Formation 

c) Exposures of the Christmas Canyon Formation.  Synclinal fold exposed in small hill  (center of photo). 

d) Lacustrine facies of the Christmas Canyon Formation gently folded into a southwest trending syncline. 

e) View of tilted conglomerate beds comprising the hills south of the study area.  Alluvial terrace 

characterized by basaltic clasts in foreground. 

f) Interbedded lacustrine and conglomeratic deposits of the Christmas Canyon Formation. 
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a. 

c. 

b. 

d. 

e. f. 

Figure 21: 

a) Ash layer (Lava Creek B) interbedded within the lacustrine facies of the Christmas Canyon Formation. 

b) Conglomeratic deposits comprising the alluvial facies of the Christmas Canyon Formation. 

c) Lacustrine facies, unconformably overlain by alluvial deposits of the Christmas Canyon Formation. 

d) Alluvial terrace surface lacking basaltic clasts, in western portion of study area. Hill in background is 

characteristic of the undifferentiated deposits of the Christmas Canyon Formation (Qcc). 

e) Caliche layer near the uppermost exposed surface of the alluvial facies of the Christmas Canyon Fm. 

f) Minor thrust fault observed in interbedded alluvial conglomeratesand fine grained lacustrine deposits (72 

meters south of the Garlock Fault). 
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a. 

c. 

b. 

d. 

e. f. 

Figure 22: 

a) View of lacustrine facies of the Christmas Canyon Fm., offset by high angle northeast striking faults 

b) Lacustrine and alluvial facies of the Christmas Canyon Formation, juxtaposed by northeast striking high 

angle faults. 

c) Southern limb of synclinal fold offset by a northeast striking high angle fault. 

d) Faulted lacustrine beds in southern portion of study area. 

e) Northeast striking fault offsetting lacustrine beds of the Christmas Canyon Formation. 

f) Conglomeratic beds, comprising the base of Qt2, dipping at high angles (>60o), 30 meters south of the 

Garlock fault. 
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Table 1: 

Uranium-Lead isotopic data derived from zircon crystals obtained from  ash layer interbedded 

within the lacustrine facies of the Christmas Canyon Formation, Searles Valley, CA. Weighted 

mean calculated excluding results from sample CCW12-3.  
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Table 2: 

Infrared Stimulated Luminescence (IRSL) results within two pits excavated into abandoned 

alluvial fan surfaces north of the Garlock Fault, Searles Valley, CA. 

78



Table 3: 

Location, strike and dip of observed fault planes within western Christmas Canyon, southern 

Searles Valley, CA. 
App. ΔV = Apparent vertical displacement; m.s.l = mean sea level 
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