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ABSTRACT 

 
 
 Supervising Professor:  Thomas H. Brikowski 
 
 
 
 
The Eastern California Shear Zone (ECSZ) and the Central Walker Lane (CWL) constitute a 

tectonic boundary zone that accommodates differential displacement between the Sierra Nevada 

and the central Great Basin. The ECSZ and CWL are misaligned and, prior to 4 Ma and after ~13 

Ma, displacement transfer between the two fault systems was accommodated along the Silver 

Peak-Lone Mountain (SPLM) extensional complex. The SPLM is comprised of a low-angle, 

northwest-dipping detachment fault separating metamorphic tectonites of the lower plate from 

metasedimentary Paleozoic rocks and Mesozoic plutons overlain by Cenozoic volcanic and 

sedimentary rocks of the upper-plate. During displacement on the SPLM detachment, the upper-

plate was partially disarticulated with the formation of fault-bounded synextensional basins. In 

the Volcanic Hills of northern Fish Lake Valley, Nevada, the upper-plate is well preserved and is 

composed of synextensional sedimentary and volcanic rocks. The sedimentary rocks are dated 

between 13 Ma and 11 Ma and are overlain unconformably by tuff ranging in age from 6.0 Ma to 

5.9 Ma. In this area, the sedimentary and volcanic succession exhibits abrupt changes in 
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thickness from 1100 m to 300 m due to differential subsidence on basin-bounding faults. Where 

exposed in the Volcanic Hills, the lowermost member of the synextensional succession, the 

Silver Peak formation, is composed of interbedded sandstone and conglomerate, containing 

Cenozoic volcanic and Paleozoic detritus, interbedded with ashflow tuff.  Parts of this lithologic 

succession show evidence of rapid sedimentation with the formation of fluid escape structures in 

the form of subvertical sandstone and conglomerate dikes. The clastic dikes range in thickness 

from 0.4 cm to 2 cm and can be traced along strike for up to 3 m. The clastic dikes are primarily 

found in two orientations; N40°E ± 25° and N15°W ± 30° and are mutually cross-cutting at the 

outcrop; often forming a rhombohedral pattern. The development of two sets of dilational clastic 

dikes with mutually crosscutting relations suggests that they formed during flattening strain 

associated with displacement on basin bounding faults. These results are consistent with fault-

slip inversion studies showing finite flattening during displacement on faults in the Volcanic 

Hills. 
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CHAPTER 1 

INTRODUCTION 

The upper plate assemblages of low-angle detachment faults are often highly 

disarticulated and the spatial relation between synextensional deposits and coeval structures is 

not preserved making it difficult to determine the strain conditions that were present while the 

detachment faults were active (Oldow et al., 2009).  Often, the strain conditions are assumed to 

be plane-strain, though such conditions cannot always adequately describe the orientations of 

structures found associated with detachment faults. 

In the northern region of Fish Lake Valley, the upper plate of the now-extinct Silver 

Peak-Lone Mountain extensional complex is well preserved, allowing for the analysis of the 

relationship between deposition and deformation that was occurring from ~13 Ma – 4 Ma.  

During this time, the extensional complex was active and volcaniclastic sediments were being 

synextensionally deposited in fault-bounded basins that formed in response to disarticulation of 

the upper plate caused by movement along the detachment (Oldow, 1992; Oldow et al., 1994, 

2009).   

Of particular interest is the Silver Peak Formation (13 Ma - 11 Ma), a member of a 13 Ma 

- 6 Ma group of synextensional sediments and volcanics (Steward and Diamond, 1990, Oldow et 

al., 2009).  The SPF is well exposed in the Northwestern Volcanic Hills region of Fish Lake 

Valley.  Clastic dikes with systematic orientations are present within the SPF in this region.  

Understanding the orientations of these structures and how they formed may provide insights 

into the strain conditions that were present while the SPLM extensional complex was active. 
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This thesis will discuss the formation of clastic dikes found within the SPF in the 

northwestern Volcanic Hills to determine when and how they formed.  The orientations of the 

dikes will be analyzed to determine the strain conditions that were present during the deposition 

of the SPF while the SPLM was active. 
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CHAPTER 2 

REGIONAL GEOLOGIC FRAMEWORK 

The Eastern California Shear Zone (ECSZ) and the Central Walker Lane (CWL) 

constitute a tectonic boundary zone that accommodates differential displacement between the 

northwest translating Sierra Nevada and the west-northwest extending Basin and Range (Fig. 

2.1) (Argus and Gordon, 1991; Dixon et al., 2000; Miller et al., 2001; Oldow, 2003; Bennett et 

al., 2003).  This boundary zone accommodates 20 - 25% (or 10 - 14 mm/yr) of the differential 

displacement between the North American and Pacific plates (Argus and Gordon, 1991; Miller et 

al., 2001; Bennettt et al., 2003).  Right-lateral to right-oblique first motions have been observed 

on northwest-striking faults and left-lateral motions have been observed on east-west-striking 

faults within this boundary zone (Hardyman and Oldow, 1991; Oldow 1992; Ferranti et al., 

2009).  The ECSZ and CWL are misaligned and have been kinematically linked by a complex 

system of extensional stepovers since the mid-Miocene (Oldow, 1992; Oldow et al., 1994, 2008, 

2009).  Transtensional deformation began in the region between 5 Ma - 3 Ma (Oldow, 1992, 

2003, 2008; Stockli et al., 2003; Lee et al., 2009; Walker et al., 2014), as evidenced by 

seismology and Global Navigation Satellite System networks (Unruh et al., 2003; Oldow, 2003). 

 Prior to 4 Ma and post ~13 Ma, displacement transfer between the ECSZ and the CWL 

was accommodated along the Silver Peak-Lone Mountain (SPLM, yellow lines, Fig. 2.1) 

extensional complex (Oldow, 1992; Oldow et al., 1994).  The SPLM extensional complex 

formed a structural stepover that linked the northwest trending Death Valley-Furnace Creek-Fish 

Lake Valley Fault System (DV-FC-FLVFZ) with the northwest trending faults of the southern 

section of the CWL via a shallowly northwest-dipping detachment fault (Oldow, 1992; Oldow et 
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al., 1994, 2008; Oldow et al., 2009).  Displacement along the SPLM extensional complex ceased 

~4 Ma due to the formation of west-northwest trending turtleback structures (Kirsch, 1971; 

Oldow, 2008).  Subsequent displacement transfer was taken up by a 120 km long, 75 km wide 

system of east-northeast trending, left oblique faults referred to as the Mina Deflection, which 

has continued to be the active displacement transfer system through present time (Oldow et al., 

2008; Ferranti et al., 2009). 

 

Figure 2.1. Regional hillshade showing major structures and physiographic locations.  Black lines 
represent faults and yellow lines represent the Silver Peak - Lone Mountain detachment.  White 
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(Figure 2.1 continued): box outlines the extent of Figure 2.2.  Major fault zones are labeled in red 
and physiographic locations are labeled in blue.  BSV – Big Smoky Valley, CFZ – Coaldale Fault 
Zone, CWL – Central Walker Lane, DV – Death Valley, ECSZ -- Eastern  EPFZ – Emigrant Peak 
Fault Zone, FLV – Fish Lake Valley, FLVFZ – Fish Lake Valley Fault Zone, OV – Owen’s Valley, 
PM – Palmetto Mountains, QV – Queen’s Valley, and SPR – Silver Peak Range. 
 

 
 

Figure 2.2.  Hillshade of northern Fish Lake Valley and Big Smoky Valley showing the spatial 
relationship between the study area in the northwestern Volcanic Hills (white box) and the Silver 
Peak – Lone Mountain detachment (yellow line).  The study area sits in the upper plate of the 
northwest-dipping low-angle detachment. 
 

Immediately south of the Mina Deflection is the northwest-striking, right-oblique Fish Lake Valley 

Fault Zone (FLVFZ, center, Fig. 2.1).  The FLVFZ constitutes the northernmost 80 km of the ~300 

km-long DV-FC-FLVFZ, the longest active structure in the ECSZ (Reheis and Sawyer, 1997; 

Frankel et al., 2011).  Displacement estimates across the FLVFZ vary considerably with right-

lateral estimates ranging from 50 km – 100 km in the south to as low as 10 km – 20 km in the north 

(Stewart, 1967; McKee, 1968; Snow and Wernicke, 1989).  The Coaldale Fault Zone (CFZ, upper 

left, Fig. 2.2), a presently active array of east-northeast striking, left oblique faults that constitute 

the southernmost portion of the Mina Deflection, truncates the FLVFZ to the north.  The CFZ 
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became active between 3 Ma - 2.5 Ma, cuts through fault scarps in Quaternary alluvium along the 

northern edge of the Volcanic Hills, and has an estimated minimum horizontal-slip rate of 0.4 

mm/yr (Lee et al., 2009; Tincher and Stockli, 2009). 

 Situated near the intersection of the CFZ and FLVFZ, in the upper plate of the now-

extinct SPLM extensional complex is the northwestern Volcanic Hills (NWVH, white box, Fig. 

2.2).  Within the NWVH, the majority of the outcrops are of the 13 Ma – 11 Ma synextensional 

volcaniclastic unit called the Silver Peak Formation (SPF). 
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CHAPTER 3 

REGIONAL STRATIGRAPHY 

 The majority of the outcrops in the Volcanic Hills region are members of a group of 

synextensional sedimentary, volcaniclastic, and volcanic deposits called the Coyote Hole Group.  

The Coyote Hole Group is comprised of four lithologically distinct members, listed from oldest 

to youngest: the Silver Peak Formation, Rhyolite Ridge Tuff, Cave Springs Formation, and the 

Argentite Canyon Formation. The Coyote Hole Group records a complex history of deformation 

associated both with the SPLM detachment and with the younger structures of the Mina 

Deflection.  There is evidence that certain members of the Coyote Hole Group (specifically, the 

Silver Peak Formation and the Rhyolite Ridge Tuff) were synextensionally deposited in fault-

bounded basins that formed in response to disarticulation of the upper plate caused by movement 

along the SPLM detachment (Oldow et al, 2009; Webber, 2018).  These two units have marked 

thickness changes across major high angle structures that are associated with the SPLM 

detachment (Fig. 3.1) (Oldow et al, 2009; Webber, 2018). 

 

Silver Peak Formation 

The basal member of the Coyote Hole Group is the Silver Peak Formation (SPF), a 

synextensional unit composed of interbedded shales, sandstones, and conglomerates containing 

Tertiary volcanic and Paleozoic detritus (Oldow et al., 2009).  There are two interbedded ash-

flow tuffs within the SPF, though only one of these tuff flows is present in the Volcanic Hills.  

These interbedded tuffs were dated using K-Ar methods, providing an age of 13 Ma – 11 Ma 
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Figure 3.1.  Cross-section constructed along transect A – A’ showing the unit thickness variation 
of the Silver Peak Formation as a result of synextensional deposition in fault bounded basins that 
formed in response to movement along the Silver Peak – Lone Mountain Detachment (red line).  
(Figure modified from Oldow et al., 2016; Ng, 2018). 
 

(Stewart & Diamond, 1990; Oldow et al., 2009).  This age is consistent with middle Miocene aged 

plant and vertebrate fossils found in regions of the southern Volcanic Hills (Robinson et al., 1968).  

SPF thickness can vary from up to 1225 m in the eastern Silver Peak Range down to 30 m in the 

southern Volcanic Hills (Oldow et al., 2009, 2016; Webber, 2018; Ng, 2018).  In some regions, 

the SPF is omitted entirely.  Where present, the base of the SPF rests depositionally on the 

Oligocene-Miocene Ice House Canyon assemblage or on Paleozoic rocks (Ng, 2018; Oldow et al., 
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2016).  The SPF may also be in structural contact with metamorphic tectonites associated with the 

lower plate of the SPLM extensional complex (Oldow et al., 2009). 

 

Rhyolite Ridge Tuff 

The Rhyolite Ridge tuff can typically be found overlying the SPF with angular 

unconformity in the NWVH, though in other parts of the region, it may be found resting directly 

on the Icehouse Canyon assemblage or Paleozoic rocks (Oldow et al, 2009).  The unit is 

composed of quartz-feldspar lithic tuff containing minor biotite, phenocrystic-rick lithic tuff, 

massive lithic tuff breccia, and may be locally interbedded with flow-banded, aphanitic rhyolite 

lava flows (Oldow et al, 2009).  40Ar/39Ar measurements on sanidine found within the unit 

provides an age of 6.03 ± 0.03 Ma (Oldow et al, 2009).  Rhyolite Ridge tuff can be as thick as 

600 m in regions to the east, but it is typically much thinner (Oldow et al, 2009, 2018).  Stark 

thickness variations across faults are common in the southern Volcanic Hills (Webber, 2018). 

 

Cave Springs Formation 

The Cave Springs formation is made up of interbedded volcanogenic argillite, sandstone, 

and conglomerate (Oldow et al, 2009).  In areas further to the east, near the Silver Peak Range, 

the Cave Springs formation typically overlies Rhyolite Ridge Tuff, though it may also rest atop 

the Silver Peak Formation (Oldow et al, 2009).  The Cave Springs Formation is typically 

between 5 m – 100 m thick, though in some places thicknesses may exceed 300 m.  In the 

Volcanic Hills, outcrops of the unit are absent entirely. 

 



 

10 

Argentite Canyon Formation 

The Argentite Canyon Formation is the youngest member of the Coyote Hole Group, 

with an age of ~5.87 Ma determined from 40Ar/39Ar measurements taken on sanidine samples 

from within the unit (Oldow et al, 2009).  In the Volcanic Hills, the Argentite Canyon Formation 

is composed of erosional remnants of welded, porphyritic ash-flow tuff and has a 10 m thick 

basal vitrophyre (Oldow et al, 2009; Webber, 2018). The unit uncomforably overlies Rhyolite 

Ridge Tuff, the Cave Springs Formation, or Paleozoic rocks and, locally, small outcrops 

uncomformably overlie the Silver Peak Formation (Oldow et al, 2009).  Argentite Canyon 

Formation can be as thick as 850+ m to the east in the Silver Peak Range, though in the Volcanic 

Hills, it is typically a few tens of meters thick (Oldow et al, 2009; Webber, 2018). 
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CHAPTER 4 

SILVER PEAK FORMATION IN THE NORTHWESTERN VOLCANIC HILLS 

 The SPF is well exposed in the northwestern Volcanic Hills where distinct characteristics 

can be found within the unit.  In this region, the SPF can be divided into three lithologically 

distinct sub-members, which made it possible to construct a geologic map of the region showing 

the spatial distribution and contact relationship of the SPF in the NWVH (Fig. 4.1).  A 

stratigraphic section was constructed in the area (Fig. 4.2) with an amalgamated thickness of 

~570 m, though neither the basal or the upper contacts are exposed. 

 

Tsp1 

 The lowermost sub-member, Tsp1, is a blue-gray to buff colored tuffaceous sandstone 

with an amalgamated exposed thickness of ~205 m in the NWVH.  The unit is typically fine to 

medium grained and moderately to well sorted with sub-angular to sub-round grains.  It is 

composed dominantly of sanidine, obsidian fragments, volcanic lithic fragments, pumice 

fragments, and coated grains.  When present, the blue-gray color comes from the coated grains 

that are likely the result of hydrothermal alteration post lithification.  Cross laminations are 

present but are restricted to a small portion of the section.  Trough cross-beds and conglomerate 

lenses are common throughout Tsp1.  Midway through the section, there are massive sandstone 

sub-units that contain the majority of the clastic dikes found in the sub-member.  The abundance 

of pumice fragments within the sub-member increases in the uppermost 30 m from ~10% to as 

much as 20%. 
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Figure 4.1.  Geologic map of the northern Volcanic Hills region (white box, Fig. 3.1) showing the 
spatial distribution of the Silver Peak Formation and the path taken when measuring the 
stratigraphic column shown in Figure 4.2. 
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Figure 4.2.  Stratigraphic columns showing unit characteristics of the Silver Peak Formation (13 
Ma – 11 Ma) in the northwestern Volcanic hills with clastic dike locations denoted by blue circles 
on the left side of the column. 

 

Tsp2 

 Tsp2 is a 150 m thick non-welded lithic ash flow tuff that conformably overlies Tsp1.  

Where exposed, the basal 1.5 m are composed of an easily recognizable coarse-grained bedded 

sandstone composed almost entirely of pumice with fine ash interbeds that are 2 mm – 4 mm 

thick.  The remainder of the tuff consists of volcanic lithic fragments (25%), pumice fragments 

(25%), sanidine (15%), biotite (5%), and obsidian fragments (5%) in a non-welded frothy ash 
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matrix (25%) that is buff in color.  The lithic fragments and pumice fragments gradually increase 

in size from ~5 mm to upwards of 20 cm for the first 90 m before gradually decreasing in size 

back down to 1 cm – 2 cm over the remaining ~60 m. 

 

Tsp3 

The youngest sub-member of the SPF is Tsp3, a tuffaceous sandstone that is blue-gray to 

greenish-gray in color.  Tsp3 has an amalgamated thickness of ~215 m, though quaternary 

alluvium and colluvium obscures much of the sub-member.  The contact between Tsp2 and Tsp3 

is obscured, though it is likely depositional based on conformable strikes and dips taken at the 

bases of both units.  The unit is fine to medium grained and moderately to well sorted with sub-

angular to round grains.  Compositionally, Tsp3 is similar to Tsp1 in that it is composed of 

sanidine, obsidian fragments, volcanic lithic fragments, pumice fragments, and coated grains.  

The compositions are most easily distinguished from one another by pumice fragment 

abundance: pumice fragments commonly comprise 25 – 30% of the rocks of Tsp3, compared to 

the roughly 10% that is most common in Tsp1 rocks.  Parallel laminations are abundant 

throughout Tsp3.  Trough cross-beds and conglomerate lenses are present, but they are 

uncommon.  White sandy ash lenses up to 1 m thick are prevalent in the lower and middle 

sections of Tsp3 and aid with rapid identification of the unit in the field. 
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CHAPTER 5 

CLASTIC DIKES 

Clastic Dike Formation 

Clastic dikes are mode I fractures formed either by the forcible intrusion of liquefied sand 

into a coherent host (Maltman, 1994) or upon reaching a critical stress value in hydrostatically 

overpressured sands during burial.  There are multiple mechanisms that may result in reaching 

this critical stress value, each with slightly different characteristics.  These characteristics can be 

used to determine the mechanism that led to the formation of the clastic dikes in the NWVH. 

Clastic dikes with sharp contacts are indicators that the host rock was partially lithified, or 

dewatered sufficiently to be coherent, prior to the injection of the dike (Rowe et al., 2002).  Such 

structures may either intrude the host rock via preexisting fractures or via fractures that form at 

the time of intrusion.  As a result, dikes with sharp contacts alone would not be able to provide 

the necessary information to determine if the orientations were a result of the strain conditions at 

the time of intrusion or the strain conditions that were present post lithification of the host rock, 

but prior to the formation of the dikes. 

 Clastic dikes can also form by reaching a critical stress value during loading of 

hydrostatically overpressured sands.  Rapid loading, such as in the case of the deposition of a 

lahar or a pyroclastic flow, can trigger clastic intrusion in even very slightly overpressured sands 

(Martel & Gibling, 1993).  It is also possible to reach the critical stress value necessary to form 

clastic dikes during normal burial.  Dikes formed due to loading are soft sediment dewatering 

features that occur in sands that are unlithified and have not yet had the chance to be deformed.  
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As a result, the strain conditions that are present at the time of dike formation control the 

orientations of the dikes (Kirschner & Teyssier, 1994; Abe et al., 2013). 

 

Clastic Dikes Within the Northwestern Volcanic Hills 

The clastic dikes within the SPF in the NWVH typically occur as arrays up to 10 m long 

along strike, with thicknesses ranging from a few centimeters up to ~40 cm (Fig. 5.1).  These 

arrays are composed of multiple, sub-parallel dikes.  Individual structures within the array have 

thicknesses of about 1 cm - 2 cm and are sub-vertical, crosscutting the shallowly dipping strata 

that surround them. 

 

 

Figure 5.1.  An array of clastic dikes that can be traced for ~10 m along strike.  Individual structures 
are 1 cm – 2 cm wide, while the width of the entire array is ~35 cm.  The structures form sub-
vertical orientations while the surrounding strata (seen in the left and bottom center of the image) 
is nearly horizontal.  Jacob’s staff in center of photo is marked at 25 cm intervals. 
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The clastic dikes are typically compositionally quite similar to the surrounding strata.  

Sometimes, the clastic dikes can be composed of coarser grains and small pebbles (Fig. 5.2).  

The clastic dike margins are poorly defined, with the base of the sub vertical structure smoothly 

transitioning into the host rock.  The structures are most commonly massive with no signs of 

internal cataclasis or grain alignment/imbrication. 

 

 

Figure 5.2.  Photograph taken down the long axis of a single clastic dike composed of coarser 
grained material that has been emplaced into a fine-grained sandstone.  The clasts within the dike 
show no signs of cataclasis or grain imbrication, indicating that the clastic dike formed during the 
soft sediment phase of the rock formation process and not as a result of a shear event post 
lithification. 
 

 Within an array, two primary dike orientations are common.  The orientations mutually 

crosscut one another (Fig. 5.3) and often form a rhombohedral outcrop pattern (Fig. 5.4).  

Occasionally, small offsets can be observed where two structures intersect (Fig. 5.5), though 

more commonly, there is no appreciable offset or the line of intersection is not well defined. 
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Figure 5.3.  Photographs showing mutually crosscutting relationship between clastic dikes of 
different orientations.  Top image is unannotated.  In the bottom image, NNW trending structures 
are indicated in red and NE trending structures are indicated in yellow. 
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Figure 5.4.  Photograph showing the rhombohedral outcrop patterns formed by two systematic, 
mutually crosscutting orientations of clastic dikes. 
 

 

Figure 5.5.  Photograph showing two clastic dikes that mutually crosscut and offset one another.  
Image dimensions are approximately 40 cm by 20 cm.
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CHAPTER 6 

STRAIN AXES INTERPRETATION 

The strain conditions present during deposition of the SPF control the orientations of the 

clastic dikes.  Consequently, the orientations of the clastic dikes may be used to determine the 

strain conditions that were present while they formed, in an inverse process.  However, analyzing 

our data set via the traditional method of taking the primary strain axis to be perpendicular to the 

strike of the mode I fracture (in this case, the clastic dike), produces incompatible (non-

orthogonal) strain axes.  An alternate method of interpreting strain axes from the clastic dikes 

must be used instead. 

 Orthorhombic symmetry in faults produces a rhombohedral map trace pattern and cannot 

be explained using Anderson’s theory of faulting (Anderson, 1951).  Anderson’s model suggests 

that two sets of conjugate fault pairs form at an angle of 45° or less to the maximum compressive 

stress axis (σ1) and their line of intersection is parallel to the intermediate stress axis (σ2).  

Inherent in Anderson’s theory is the assumption of plane-strain conditions where the 

intermediate strain has a magnitude of zero; however, orthorhombic symmetry and rhombohedral 

map trace patterns are commonly found in regions where non-plane strain conditions have been 

documented, such as in the Basin and Range province in the western United States (Anderson, 

1951; Reches, 1978).  In such regions, the magnitude of the intermediate strain axis is, by 

definition, not zero, and Anderson’s assumptions are violated. 

 Reches (1978) used lab experiments to demonstrate that three or four conjugate sets of 

faults arranged with orthorhombic symmetry are necessary to accommodate triaxial deformation 

(non-plane strain).  In Reches’ models, the strain axes form the bisectors of the interior angles 
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created by the intersection of the conjugate sets of faults.  Furthermore, Reches states that the 

strain ratio (k = ε2:ε1) controls the preferred orientations of the fault surfaces. 

Orthorhombic symmetry and rhombohedral map trace patterns are also found in fractures 

where they are again an indication of non-plane strain conditions.  Kirschner & Teyssier (1994) 

studied vein arrays in central Australia where they were able to demonstrate that four sets of vein 

arrays are necessary to accommodate non-plane coaxial deformation and that two non-conjugate 

sets of arrays are sufficient to accommodate non-plane non-coaxial deformation.  Numerical 

models demonstrate that the strain ratio controls the orientations of the fractures (Abe et al., 

2013).  These models were then replicated by laboratory experiments using honey and 

hemihydrate, yielding similar results (Abe et al., 2013). 

 To establish paleo-strain directions from clastic dikes, their orientation in the field must 

be collected and corrected for post-formation displacement/tilting.  Clastic dike orientation data 

was collected in the field by measuring the strikes and dips both of the clastic dikes and the 

surrounding bedding.  The locations of the dikes were noted both on the geologic map and in the 

stratigraphic columns.  The dike orientation data was plotted on an equal area lower hemisphere 

(Schmidt) stereonet using the stereonet 9.5 program (Allmendinger et al, 2012; Cardozo & 

Allmendinger, 2013).  The data was then tilt corrected by restoring the strike and dip of the 

surrounding stratigraphic beds to paleohorizontal, again using the stereonet 9.5 program (Fig. 

6.1).  Dominant orientations were determined by assigning orientations of best fit to sets of data.  

Though the true best-fit orientations are sub-vertical, the best-fit orientations that were used are 

taken to be vertical for ease of calculation.  The difference in results as a consequence of this 

simplification are negligible, as the extension axes are typically assigned in the horizontal plane. 
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Figure 6.1.  Clastic dike orientation data from the lower Silver Peak Formation (Tsp1 plotted on 
equal area lower hemisphere (Schmidt) stereonets and corrected for tilt using Richard W. 
Allmendinger’s Stereonet 9.5 Program.  The merged data shows two average, mutually  
(Figure 5.1 continued): crosscutting orientations: ~N10°W and ~N50°E.  Individual location data 
is presented from oldest (FES1) to youngest (FES7) with numbers coinciding with the locations 
shown in figures 4.1 and 4.2. 
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The clastic dikes found in the NWVH are primarily found in two mutually crosscutting, 

sub-vertical orientations of N10°W and N50°E.  These orientations commonly exhibit a 

rhombohedral outcrop pattern with interior angles of approximately 60° and 120°.  

Consequently, interpreting the strain axes to be perpendicular to the strikes of the dikes (or 

parallel to the dilation direction) produces strain axes of N80°E and N40°W.  These strain axes 

are non-orthogonal and are therefore incompatible.  If, however, we take  the primary strain axis 

to be parallel to the bisector of the obtuse angle between the dikes and the intermediate strain 

axis (in the case of flattening strain) to be parallel to the bisector of the acute angle (Fig. 6.2) 

(Reches, 1978; Abe et al., 2013), we obtain orthogonal strain axes of N70°W and N20°E (Fig. 

6.3). 

This alternative method accounts for mutually crosscutting orientations with interior 

angles not equal to 90°.  It also explains how multiple orientations of fractures may be produced 

from a single set of orthogonal strain axes under non-plane strain conditions.  Additionally, this 

method is consistent with a method of identifying the strain ratio that was present while the dikes 

were formed (Reches, 1978; Abe et al., 2013). 

It is possible to estimate the strain ratio (k), or the ratio of the magnitude of the 

intermediate strain axis  to the magnitude of the primary strain axis (i.e. k = ε2/ε1) , that was 

present at the time of dike formation by analyzing the angles formed between the dikes and the 

strain axes (Reches, 1978; Abe et al., 2013).  Numerical models demonstrate that fracture 

orientation is a product of the strain ratio (Abe et al., 2013).  These models were then replicated 

by laboratory experiments using honey and hemihydrate, yielding similar results (Abe et 

al.,2013).   The dikes in the NWVH form a 60° angle with the primary strain axis and a 30° angle 
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Figure 6.2.  Diagram illustrating the orientation of strain axes with relation to mode I fracture 
orientations.  The light blue rhombohedron represents the pattern clastic dikes exhibit in outcrop, 
with the black double-ended arrows indicating the dilation direction.  The red line bisects the 
obtuse angle created by the intersection of the clastic dikes and represents the orientation of the 
primary strain axis (ε1).  The green line bisects the acute angle formed by the intersection of the 
clastic dikes and represents the intermediate strain axis (ε2). 
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with the intermediate strain axis.  By assuming there is a linear relationship  between the strain 

ratio and dike orientation (Reches, 1978), we estimate that a strain ratio of k = 0.5 was present at 

the time of deposition of the SPF. 

 

 

Figure 6.3.  Strain axes determination from the clastic dike orientations present within the lower 
Silver Peak Formation (Tsp1).  Average orientations of N10°W and N50°E were used.  Dips on 
dike margins were assumed vertical for ease of calculation.  A primary strain axis (ε1, shown in 
red) of N70°W was determined by bisecting the obtuse angle formed by the two average 
orientations.  An intermediate strain axis orientation (ε2, shown in green) of N20°E was determined 
by bisecting the acute angle ormed by the two average orientations. 
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CHAPTER 7 

DISCUSSION 

The clastic dikes found in the northwestern Volcanic Hills can be used to determine the 

strain conditions that were present while the SPLM detachment was still active.  However, we 

must first establish that the dikes formed in response to the strain conditions associated with the 

detachment.  To do so, we need to demonstrate that the dikes formed at a time when the 

detachment was active and that the orientations of the structures reflect the strain conditions in 

which they formed. 

The clastic dikes found in the NWVH are soft sediment deformation features that formed 

via rapid loading of hydrostatically overpressured sands.  The contact between the dike and the 

host rock is poorly defined and the dikes are compositionally very similar to the host rock, so it 

is unlikely that the dikes intruded partially lithified host rocks.  Instead, the dikes formed when 

the Tsp2 unit, an ash flow tuff, was deposited on top of the Tsp1 unit resulting in rapid loading.  

This rapid loading would have caused the fluids within the Tsp1 unit to be ejected upwards via 

fluidization channels that formed with preferential orientations that were controlled by the local 

strain conditions that existed at that time.  These fluids carried sediment with them, leading to the 

formation of the sub-vertical clastic dikes that crosscut the otherwise horizontal strata. 

The SPF, the unit containing the dikes, provides timing constraints for the formation of 

the clastic dikes .  Because the dikes are soft sediment deformation features found within the 

SPF, they must have formed during deposition of the SPF.  Consequently, the dikes will be the 

same age as the SPF, more specifically the same age as the Tsp2 member of the SPF, and will 

reflect the strain conditions that were present while the SPF was being synextensionally 
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deposited in fault-bounded basins that formed in response to movement along the SPLM 

detachment (Oldow et al, 2009). 

The clastic dikes are mode I fractures with no appreciable shear component.  Individual 

grains found within the dikes do not exhibit any signs of cataclasis.  This can be used either as 

evidence for the soft sediment nature of the dikes, or to demonstrate that there was not a 

significant shear component to the fractures.  Given that the dikes are soft sediment features, 

preferential grain orientation or grain imbrication would be an indicator of a shear component to 

the displacement; however, there is no preferential orientation or grain imbrication in the clastic 

dikes present within the NWVH. 

 Clastic dike orientations provide insights into the strain conditions in which the dikes 

were formed.  There are three possible sets of strain conditions that may be present when 

sandstone dikes are formed: uniaxial loading, plane strain, or non-plane strain.  Each set of 

conditions produces structures with different patterns of strike orientation.  Since clastic dikes 

will almost always be sub-vertical because they form by gravity, strike of the dikes is a key 

indicator of (horizontal) strain conditions. 

Clastic dikes formed in response to uniaxial loading, for example at Hornby Island off the 

east coast of Vancouver Island, will not have a preferred strike orientation (Rowe et al., 2002).  

In uniaxial loading, the strain component along the z-axis (ε3) is negative (i.e. in compression) 

and the magnitudes of primary (ε1) and intermediate (ε2) strain axes are equal to zero.  Such 

conditions produce clastic dikes with strikes that can be variably oriented at any azimuth with no 

preferred orientation. 
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Clastic dikes formed under plane strain conditions have a single, dominant strike 

orientation.  When compression is occurring along the z-axis (ε3), the intermediate strain axis (ε2) 

is equal to zero, and the primary strain axis (ε1) is in tension, the clastic dikes preferentially 

orient themselves such that the dilation direction is parallel to ε1 and the strike is parallel to ε2.  

Such conditions may exist locally along slopes or in regions undergoing extension along a single 

strain axis (Martel & Gibling, 1993; Rowe et al., 2002). 

The clastic dikes found in the NWVH do not fit either of the above descriptions, instead 

forming two concurrent dominant dike orientations.  The two orientations mutually crosscut one 

another, indicating that they formed contemporaneously and not as the result of two separate 

plane-strain events.  The orientations have interior angles of 60° and 120°, and are incompatible 

with a plane-strain origin.  Instead, the orientations are most consistent with non-plane strain 

conditions at the time of formation.  More specifically, flattening strain conditions, or non-plane 

strain conditions with tension occurring along both the primary and intermediate strain axes, 

were present at the time of formation, because dilation is occurring in two directions as 

evidenced by the two primary orientations of clastic dikes. 

The strain conditions derived from the clastic dikes reflect the strain conditions that were 

present while the SPLM detachment was active.  The clastic dikes are soft-sediment deformation 

features found in the SPF, meaning they record deformation that occurred prior to the complete 

lithification of the SPF.  Additionally, the SPF was synextensionally deposited in fault-bounded 

basins that formed in response to movement along the SPLM detachment.  The synextensional 

nature of the SPF implies that the flattening strain conditions recorded by the clastic dikes in the 
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SPF are representative of the strain conditions that were present while the SPLM detachment was 

active.
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CHAPTER 8 

CONCLUSIONS 

The clastic dikes found in the SPF in the NWVH are dilational (mode I), soft-sediment 

deformation features and, consequently, they must have formed during synextensional deposition 

of the SPF that was controlled by movement of the SPLM detachment.  As a result, dike 

formation is restricted to a very narrow time interval that records the earliest history of rock 

deformation in the SPF.  The clastic dikes show two systematic orientations that intersect to form 

a rhombohedral pattern at the surface with interior angles of 120° and 60°.  Where the two 

orientations of clastic dikes intersect, mutual crosscutting occurs, indicating that both 

orientations of structures formed contemporaneously. 

 Traditional methods of strain axes determination from mode I fractures cannot account 

for the clastic dike orientations found in the NWVH, as these methods assume a plane-strain 

origin for the features.  The primary strain axis cannot be assumed to be parallel to the dilation 

direction of the mode I fractures and the intermediate strain axis cannot be assumed to be parallel 

to the strike of the fractures in non-plane strain conditions.  Instead, the primary strain axis is 

parallel to the bisector of the obtuse angle of the rhombohedron formed by the intersection of the 

two orientations of clastic dikes and the intermediate strain axis is parallel to the bisector of the 

acute angle of the rhombohedron. 

 The strain conditions that were present while the clastic dikes were formed reflect the 

strain conditions that were present while the SPLM detachment was active.  A primary strain 

axis with an orientation of N70°W and an intermediate strain axis with an orientation of N20°E, 

both with positive magnitudes (i.e. in tension), indicate that flattening strain conditions were 
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present during the time of deposition of the SPF and the inception of the SPLM detachment.  

This contention is consistent with a study conducted in the southern Volcanic Hills that 

documents two periods of flattening strain, one of which is attributed to the SPLM detachment 

(Webber, 2018).  The orientations of the dikes indicate that a strain ratio (k) of 0.5 was present at 

the time of their formation in the SPF, while the SPLM was active. 
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