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ABSTRACT 
 
 
Presented herein is a 1:3000 scale geologic map of the Rand Thrust Complex 

(RTC) in the eastern Rand Mountains, California.  Geologic study was conducted 

(Sections 19-20, T30S, R40E of the Johannesburg 7.5 minute quadrangle) to deduce the 

mechanisms, extent and timing of fault displacements, and to better understand the 

regional geologic context.  The location of previously mapped geologic contacts was 

refined with GPS technology, new outcrop observations and structural measurements.  

The RTC consists of four tectonic plates each separated by low angle faults.  Each plate is 

well exposed within the study area along the south-dipping flank of an east-trending 

antiform.  The deepest unit, the ~80 Ma old Rand Schist (Plate I) includes an assemblage 

of greenschist, metagraywacke, metachert and metabasalt. Plate I is structurally overlain 

by the Johannesburg Gneiss (Plate II) that includes garnet-amphibolite grade granitic and 

dioritic orthogneiss, marble and calcsilicate. An 87 Ma old Late Cretaceous hornblende-

biotite-sphene granodiorite (Plate III; Atolia Granodiorite) is sandwiched between Plates 

II and IV (a structurally higher biotite alkali granite).  The basal contact of Plate IV is 

defined by a zone of quartz-rich ultramylonite that locally truncates fault contacts 

between the lower plates.  Structural data collected from mylonitic and brittle fault 

fabrics document multiple movements that post-date metamorphism of the Rand Schist.  

The earliest post-metamorphic shearing records the transport of Plate III over Plate I with 

intervening Plate II retrograded to greenschist facies and mylonitized to produce NW-

trending lineations.  A later ductile shearing episode is recorded by shallow NE-dipping 

mylonites in Plate IV that display consistently oriented lineation with associated 

microstructures and asymmetric folds indicating top-to-the-N NE shear.  Several 
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generations of brittle faults crosscut the low-angle shear zones.  These include: (1) a 

south-dipping brittle-ductile shear zone with chlorite and epidote alteration that transects 

Plate III and records normal and strike-slip displacement, (2) several E SE-dipping 

sinistral-oblique normal faults that displace the west end of the RTC and cause significant 

clockwise rotation of older lineations, and (3) E NE-dipping normal faults associated 

with quartz breccia and limonitic striations.  The observed crosscutting structural pattern 

is consistent with elements of Mojave Desert tectonic history: Late Cretaceous-early 

Tertiary crustal shortening, Miocene extension, and Late Cenozoic transrotation and 

associated transtension that is ongoing today.  The Rand Mountains occupy a key location 

near the intersection of three right-lateral faults of the Eastern California Shear Zone with 

the left-lateral Garlock Fault.  Brittle faults of the range record the evolution from 

extensional to transrotational-transtensional tectonic regimes. 
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INTRODUCTION 

Purpose and Objectives 

Presented herein is the geologic study of the eastern Rand Thrust Complex (RTC) in 

the northwestern Mojave Desert.  The purpose of this study was to observe and analyze 

the sequences, geometries, and kinematics of late structural disturbances (crosscutting 

structures) that provide constraints on the Late Mesozoic through Cenozoic tectonic 

history of the northwestern Mojave Desert.  The objectives of my thesis were to; 

1. Explore the structural reactivation and overprinting relationships through geologic 

observation and mapping at; 1:3000 scale,  

2. Documentation of field relations at outcrop scale to constrain the structural geometry 

of four tectonically stacked plates, 

3. Map the geometries and extent of cross-cutting structures and intrusive units, 

4. Carry out mesoscopic and microscopic analysis of hand specimens, 

5. Perform stereonet analysis to obtain statistical constraints on structural geometry, 

6. Constrain displacement histories, geometries, direction and offset of various faults 

through three-dimensional analysis of mesoscopic and microscopic structures,  

7. Construct several geologic cross sections, and 

8. Integrate all aspects of study and relationships into a regional tectonic context. 
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Location 

The study area is located in the southeastern portion of the Rand Mountains, an 

area of rugged terrain within the eastern portions of Kern County southwest and west of 

the mining towns of Randsburg and Johannesburg and highway 395, respectively 

(Figure 1).  The study area covers approximate 4.8 square kilometers or 1,186 acres 

located within sections 19-20, T30S, R40E of the Johannesburg 7.5 minute quadrangle 

(Figure 2 and Appendix A-Plate 1).  

 
 
Figure 1. Location of the study area within the context of Southern California faults.  
Heavy bold lines (red) represent major active faults. Thin lines (red) show other late 
Cenozoic faults, many of which are active.  Gray areas define crustal blocks that have 
experienced clockwise rotation during the past 15 Ma. Location map modified from 
Langenheim and Powell (2009).  
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Figure 2. Generalized location map and geology map of the Rand Mountains and El Paso 
Mountains, from Dibblee (1952). Small rectangle represents the general study area. 
 

The Mojave Desert province (Figure 1) is characterized by isolated mountain 

ranges surrounded by extensive pediments and alluvial fans that drain to enclosed basin 

or playas that typically vary from 3,000 to 4,000 feet in elevation.  A NW to SE trending 

system of roughly parallel strike-slip faults and a secondary system of E-W faults 

typically controls the orientation of the mountain ranges within the province.  The broad 

band of NW-trending structural discontinuities that transect the province and are largely 
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responsible for its topographic configuration are known as the Eastern Californian Shear 

Zone which extends from the southwestern boundary of the province eastward just 

beyond the community of Baker. 

The province is bounded in the W and N by the San Andreas Fault (a prominent 

NW-SE trending structure) and the Garlock Fault (an E-NE trending structure).  To the 

north is the Sierra Nevada Province to; NE and E is the Basin and Range Province; the 

Transverses Ranges lie to the south and southwest.  The Garlock Fault, San Andreas 

Fault, and Death Valley Fault have traditionally marked the northern, western and eastern 

boundaries of the province, respectively, forming a structural wedge, in a sharp angle 

between the Garlock Fault and the San Andreas Fault (Figure 1). 

 
 
Figure 3. Oblique aerial photo of the Rand Mountains showing the topography and limits 
of study area.  Also included is Plate 1 – Geologic map overlay showing the distribution 
of geologic units.  References: Google Earth 2013 imagery. 
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GEOLOGIC CONTEXT AND UNRESOLVED ISSUES 

The geologic setting within the study area is structurally and geo-esoterically 

complex.  These complexities have spawned competing theories of protolith origination, 

emplacement, and superimposed structural disturbances during Late Cretaceous-early 

Cenozoic time. Other complexities arise from Miocene igneous activity within the region, 

extensional tectonism, and Late Cenozoic effects of a transform plate boundary. 

The study area focuses on an area of the RTC that consists of tectonically stacked 

plates separated by low angle thrust faults (Nourse, 1989) that have been subsequently 

offset by high angle faults (Figures 3 and 4). 

 
 
Figure 4. Generalized tectono-stratigraphy of the southeastern Rand Mountains. 
Illustration edited and redrawn from Nourse (1989). 
 

Each plate (Plates I through IV) are well exposed within the study area along the 

south-dipping flank of an E NE-trending antifoam (Figure 5).  Plate I, the lowermost unit 

is an approximate 75-80 Ma Rand Schist which includes an assemblage of: greenschist, 

metagraywacke, metachert and metabasalt.  Plate I is structurally overlain by the 

Johannesburg Gneiss (Plate II) that includes garnet-amphibolite grade granitic and 
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dioritic orthogneiss, marble and calcsilicate. An approximate 87 Ma Late Cretaceous 

hornblende-biotite-sphene granodiorite; the Atolia Granodiorite is sandwiched between 

Plates II and IV (a structurally higher biotite alkali granite).  The basal contact of Plate IV 

is defined by a zone of quartz-rich ultramylonite that locally truncates fault contacts 

between the lower plates. 

 

Figure 5. Tectonic model for under-plating of the Pelona-Orocopia-Rand-Catalina schists 
100 Ma to 50 Ma. (A) Geometry prior to the onset of flat subduction.  (B) Early phase of 
flat subduction.  C) Relationship of plates during thrusting Inset in C shows an 
enlargement of relations to forearc thrust faulting.  Modified and edited from (Jacobson, 
et al., 2011). 
 

The four plates are separated by three low angle faults, named by Silver and 

Nourse (1986).  The basal thrust is named Rand Fault I, an intermediate reactivated thrust 

6 



is named Rand Fault II, and the upper late detachment fault is named Rand Fault III.  

These low angle faults can be traced from E-W within the study area and throughout the 

southern and northern portions of Rand Mountains.  They are also found N of the 

sinisterly displaced Garlock Fault in the surrounding El Paso Mountains and have been 

offset approximately 60 kilometers by the Neogene age Garlock Fault system 

(Nourse, 1989). 

On a regional scale, the associated plates and the structural physiognomies are 

closely related to numerous low angle thrust fault systems and basement schist complex 

exposures found within southern California and locally throughout southwestern Arizona 

(Yin et al., 2013).  The four plates and related low angle thrust faults are associated with 

shallow, flat-slab subduction of the Laramide orogeny (Jacobson, 2013; Nourse, 1989) 

where the lower plate (younger rocks) typically consisting of schist derived from an 

oceanic protolith that has been structurally overlain by older continental crystalline rock 

(Silver et al., 1984; Jacobson, 1983), see Figures 5A and 5B. The sequence of the tectonic 

events leading to the contemporaneous environments is highly controversial.  However, 

works by multiple authors described below have provided the fundamental theorys 

critical to reconstructions of the Mojave Desert and southwester Cordilleran during the 

Late Cretaceous. 

The structural development of the four plates took place in multiple structural 

stages (Nourse, 1989).  Initially these terranes were positioned close to a shallow 

subduction zone where the Farallon plate was subducting obliquely under the North 

America plate (Jacobson, 2013; Grove et al., 2014).  Ultimately as an area roughly the 

size of the contemporary Pacific Ocean was subducted under North America.  The 
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initial emplacement of the lower plate (Plate I) occurred during the onset of Late 

Cretaceous-early Cenozoic Laramide subduction (Chapman, 2011).  Following this time, 

plate II through IV, were first accreted, then transported and structurally stacked over 

Plate I by low angle faults (Nourse, 1989), see Figure 5C. 

Subduction and forearc thrust hypotheses comprise the two main theories that 

explain their contemporaneous geologic setting during late Cretaceous-early Cenozoic 

time (Grove et al., 2014).  The structural stacking relationships of Plate I, Rand Schist, 

overlain by Plate II, Johannesburg Gneiss, overlain by Plate III, Atolia granodiorite and 

Plate IV, leucocratic Fe-rich alkali granite have been interpreted as either intrusive, thrust 

faulting related to underthrusting during subduction, and late- to post-metamorphic brittle 

and ductile detachment faulting (Grove, 2014).  These relationships have all been 

identified by Hulin (1925), Ehlig (1968), Silver and Nourse (1986), Postlethwait and 

Jacobson (1987), Nourse (1989), Grove et al., (2014).  The subduction hypothesis is 

preferred over a forearc thrust model proposed by Barth et al., 2003.  This theory 

involves a rapid erosion-deposition-accretion cycling interval determined for the schist. 

For a more detailed understanding and additional studies regarding these 

complexities see studies by Chapman 2010, 2011, Jacobson, 1983, 1988, 2000, 2007, 

2011, Silver et al, 1984, 1986, 1995, and Nourse, 1986, 1989. 

Subduction of the Farallon Plate continued along southwest coastal portions of 

North America Plate through Early Miocene time.  At approximately 30 Ma, the 

spreading center between the Pacific and Farallon plates first made contact with North 

America, and the direction of relative plate motion shifted to oblique transtension, 

producing the San Andreas Fault system (Atwater and Stock; 1998). With this change in 
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tectonic regime came crustal extension, faulting, and volcanism as remnants of the 

Farallon plate and blocks of continental crust broken off of North America were captured 

by the Pacific plate and transported NW relative to North America. 

Previous studies of Miocene extension and rotation within the Mojave Desert do 

not mention the northwestern portions of the Mojave, specifically the low lying area 

N and NW of Fremont Peak and the Rand Mountains S of the Garlock Fault system. 

Mapped right lateral fault strands of the Eastern California Shear Zone (Dibblee, 1952 

and 1967; Oskin and Iriondo, 2004; Amoroso and Miller, 2006) appear to terminate in a 

flat area S of the Rand Mountains.  Somehow these faults (Blackwater, Gravel Hills-

Harper Lake and Lockhart Faults) interact with the left-lateral Garlock Fault.  The Rand 

Mountains reside within this structural accommodation zone. 

My thesis addresses the unresolved issue of younger brittle structures that 

crosscut the RTC within the southeastern portions of the Rand Mountains.  These include 

a suite of E NE-dipping normal faulting systems associated with quartz breccia and 

limonitic striations and a suite of E SE-dipping sinistral-oblique normal faults that 

displace the west end of the RTC that appear to have caused local extension and 

clockwise rotation within the study area.  These structures have been previously mapped 

as pure sinistral faults that offset the RTC with their displacements specifically related to 

the Garlock fault.  Below I present new constraints on brittle faulting within the study 

area and propose a model for late Cenozoic transtension and clockwise rotation in the 

Rand Mountains that accompanied development of the southern California transform 

plate boundary. 
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CHRONOLOGY OF OTHER WORKS 

In 1893 gold was discovered within the surrounding vicinity of the Rand 

Mountain, Lava Mountain and the Red Mountain.  From that time forward, geologic 

mapping associated with ore deposits was completed by Hess (1909), Hershey (1912), 

Hulin (1925) and Dibblee (1952).  Hulin was the first to describe the Atolia Granodiorite 

named after the town of Atolia in close proximity to the subject site.  Thereafter, the Rand 

Schist and other associated schist bodies found within the southwestern Cordilleran have 

been geologically mapped and documented in great detail.  During this time, comparisons 

of the Rand Schist to well-known exposures of Pelona/Orocopia/Vincent, Sierra Pelona 

and Franciscan Schist complexes (Dibblee, 1967; Ehlig, 1968; Silver et al., 1984; 

Postlethwait and Jacobson, 1987; Nourse, 1989; Grove et al., 2000) have inspired 

renewed geologic interest, theory, argument, and subsequent controversy as to the 

protolith, age, and kinematic origin and displacements during the Late Cretaceous to 

middle Tertiary time.  These studies have provided great insight on the evolution and 

reconstruction of the Mojave Desert region regarding the Cordilleran and shallow-

inclination subduction related to the Laramide orogeny. 

There have been many studies and models depicting Late Cretaceous protolith age 

and provenance of schist bodies that are underplated by shallow-inclined subduction over 

a large portion of the southwest Cordillera.  These models were first introduced by Haxel 

and Dillon (1978), and later by Ehlig (1981).  Carl Jacobson and his collaborators (see 

references above), interprets the Rand Schist as a window through a regional thrust 

system which hypothetically extended across southern California and southwestern 

Arizona. Silver et al., (1988?) proposed the correlation of lithologies and structures in the 

10 



Rand Mountains to those exposed in the southern Sierra Nevada, and suggested their 

involvement in large scale detachment of part of the Sierran batholith.  Postlethwait and 

Jacobson (1987) argue that the Rand thrust originally formed in a subduction zone, but 

has subsequently been reactivated as a low angle normal fault. 

Alternative models suggest the Pelona-Orocopia-Rand Schists were 

contemporaneously overthrust by continental crystalline rocks during either east-directed 

subduction or the closing of a back arc or intra-arc basin.  Most of the current studies 

consider the schists to be part of the Franciscan subduction complex that underplated 

North American crust during shallow-inclination subduction related to the Laramide 

orogeny (Burchfiel and Davis, 1981; Crowell, 1981; Hamilton, 1987; Malin, et al., 1995; 

Jacobson et al., 1996).  However others in contrast, Barth and Schneiderman (1996) and 

Saleeby (1997) viewed the schist as a correlative of the Great Valley Group, the Vincent–

Chocolate Mountains thrust marking the boundary between arc and forearc.  Haxel and 

Dillon (1978) and Ehlig (1982) alternatively argued that the schist formed in a suture 

zone between North America and an out-board micro-continent, although some consider 

this model unlikely (Barth and Schneiderman, 1996; Jacobson et al., 1996). 

Locally, the eastern portions of Rand Mountains and the RTC have been mapped 

at a large scale by Dibblee, 1952, Lee Silver and his students in the early 80’s, and 

Jonathan Nourse in the mid to late 80’s. Silver first introduced the hypothesis that the 

Rand Thrust Complex and related rock assemblages (basal schist, gneisses, and upper 

crystalline granitic rocks) displayed similar tectonostratigraphy characteristics to that of 

the southern Sierra Nevada (Nourse, 1989).  In addition, Nourse characterized on a 

mesoscopic and microscopic scale the four major plates in detail (Figure 4), including 
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observations of three major thrust faults and associated mylonites now identified as the 

“Rand Faults” I through III.  His studies also analyzed the kinematics within the region. 

In his studies, he concluded that Plates I through IV initially formed in separate geologic 

environments during Cretaceous time.  Subsequently they were juxtaposed along low 

angle faults during one overthrusting event with kinematic transport in a S-SW direction.  

He further concluded that later multiple reactivation of various structural levels, 

culminated in the movement of Plate IV along a N-NE trajectory.  Final uplift of the 

complex and erosion to the level of Plate I accompanied early displacement of the 

complex along high angle faults, including the Garlock Fault (Nourse, 1989). 

GEOLOGIC FIELD INVESTIGATIONS 

Recent field-based mapping and research along the RTC has focused on the 

importance of late structural disturbances (crosscutting structures) that provide 

constraints on the late Mesozoic through Cenozoic tectonic history of region.  During the 

tenure of this geologic field investigation all unambiguous crosscutting structures and the 

structural relations of adjacent blocks were evaluated.  Presented below are the geologic 

field-based studies which include: methods and procedures, site specific geology and 

related to Rand Thrust faults I, II and III, cross faults A through F, structural blocks 1 

through 6 and parallel faults 1 through 7 (Appendix A - Plate 1 and Figure 10). 

Methods and Procedures 

I conducted mapping within the study between November 2012 and April 2014.  

During that time over 800 geologic and structural measurements are noted within the 

study area (Appendix C - Tables 1 and 2).  Prior to geologic mapping of the study area, 

topographic reconstruction was done using ARCGIS and USGS 2010 DEM maps of the 
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Randsburg, Cross Mountain, Saltdale 7.5 minute Quadrangles.  A new topographic map 

of the study area at a scale of 1:3000, with a contour interval of 3 meters was then 

produced.  During field mapping a hand-held GPS was used to locate (± 3 meters) 

geologic units, contacts, and structural features.  Other field equipment used included a 

Brunton compass and hand tape used to measure strike and dip of foliation, rake angle, 

trend and plunge of both lineations and striations and dimensions of mapped units.  These 

geologic features where then inputted into Excel and further transposed into to the study 

area base map via ARCGIS.  Additional construction of the geologic map, figures and 

cross section were done in both Corel and CAD, respectively. 

Structural data interpretation and kinematic analysis was performed at both 

mesostructural and microstructural scales.  Mesostructural data was recorded and 

observed at each structural boundary and the data was analyzed using stereographic 

projections of planes and lines.  Furthermore, I performed kinematic analysis of faults 

that bounded major structural blocks where mean vectors of displacement could be 

determined from striations.  This analysis allowed calculation of total extension across 

the study area and also in a regional context within the Rand Mountains. 

Rand Schist (Plate I) 

Within the Rand Mountains and within the study area Plate I, Rand Schist (Krs), named 

after its type location in the Rand Mountains, is beautifully exposed on the S limb of a 

WSW trending Tertiary antiform (Figure 6), hereafter referred to as the Rand Mountain 

Antiform (RMA).  The Rand Schist is the lowest exposed plate within the study area 

typically dipping to the south and southwest.  The Rand Schist underlies the entire study 

area and has a structural thickness approximately 2 to 3 kilometers (Postlethwait and 
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Jacobson, 1987; Grove et al., 2014).  Regionally, the Rand Schist forms the structural 

core of the region and has been correlated to similar schists bodies throughout the 

southwestern Cordilleran which include: the Orocopia, the Pelona, and Sierra de Salinas 

schists (Dibbllee, 1967; Nourse, 1989).  The metamorphic age of the Rand Schist is 

approximately 80 Ma (Jacobson, 1988, 2001; Nourse, 1989; Grove et al., 2014).  

 

 

Figure 6.  Simplified geologic map of the Rand Mountains and simplified cross section.  
Showing the RMA with southern limb dipping into the subsurface at approximately 30 
degrees.  Drawing form Postlethwait and Jacobson (1987), and Grove et al., (2014). 
 

Based on hand specimen identification the schist within the study area is typically 

gray, light olive gray to dark gray, well foliated plagioclase + quartz + muscovite + 

epidote ± chlorite ± biotite schist.  There are also isolated zones of less foliated dark 
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green to black mafic schists (greenschist) composed of amphibole (hornblende or 

actinolite),  plagioclase, epidote, chlorite and minor quartz.  This mineral assemblage 

places the Rand schist at albite-epidote-amphibolite facies, transitional between the 

greenschist and amphibolite metamorphic facies. 

 

Johannesburg Gneiss (Plate II)  

 Plate I is structurally overlain by Plate II, the Johannesburg Gneiss (jm-jgrgn).  

Named after its type locality near the town of Johannesburg (Hulin, 1925), it is present on 

both limbs of the previously discussed RMA (Figure 6).  Within the southern flanks of 

the RMA the gneiss is restricted to a relatively thin zone approximately 1 meter to 25 

meeters thick, positioned between Plate I and Plate III.  The lower contact with Plate I is 

marked by the Rand Fault I (Basal Thrust) and the upper contact by the Rand Fault II 

(intermediate or locally reactivated thrust).  Foliations within the upper levels of Plate I 

and lower levels of Plate II are conformable (Silver et al., 1995). 

Typically the gneiss, is dark gray to olive brown, well foliated, locally mylonitic 

orthogneisses of granitic to dioritic composition inserted with well foliated marbles and 

rare quartz rich metasediments that have been strongly overprinted by mylonitic fabrics. 

The marble units have a grainy texture and are typically found at the base of the gneiss, 

however, locally they are found sandwiched with orthogneisses.  The marble unit of the 

Johannesburg gneiss displays ample torn folds in carbonate, calcsilicate, and less 

common quartzite.  A quartz-bearing diorite phase of the orthogneiss has yielded 

concordant zircon ages of 100 ±2 Ma. (Silver, 1995, Figure 4). 
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Metamorphism in the gneiss is middle to upper amphibolite facies.  In the lower 

portion of the Johannesburg gneiss (within 25 meters of Fault I) the main metamorphic 

fabrics are lower amphibolite grade mylonitic textures.  As described by Nourse (1989), 

the Johannesburg Gneiss is comprised of crystalloblastic gneisses originally 

metamorphosed at higher grade than the Rand Schist (Plate I).  For a more detailed 

description of the Johannesburg Gneiss see works done by Hulin (1925), Saleeby and 

Sams (1988).  For specific locations of the Johannesburg Gneiss within the study area, 

see Plates 1and 2 and Figure 10. 

Atolia Granodiorite (Plate III) 

Plate II Johannesburg Gneiss is structurally overlain by Plate III, the Atolia 

Granodiorite (Kagd) which consists primarily of sphene-hornblende-biotite granodiorite 

and is exposed in part throughout the entire portion of the study area.  Plate III represents 

the thickest unit within the study area.  Based on a sample collected by Silver 

(Figures 7 and 8), the age of the Atolia Granodiorite is 87 ±2 Ma 

(Silver and Nourse, 1986). 
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Figure 7.  Locality of Atolia Granodiorite #101 geochronology sample, originally 
collected by L.T. Silver in October of 1983.  Mark McLarty (left) and Andrew McLarty 
(right) are standing on a mine dump composed of fresh fragments of granodiorite.  A 
subhorizontal fault contact between grayish Plate III and orange-weathered Plate IV 
occurs directly above. 
 

 

Figure 8.  Close up view of hornblende-biotite granodiorite of Plate III from Silver 
sample locality, showing the texture as unaltered as has been observed anywhere in the 
study area. 
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Locally within the study area, the granodiorite exhibits mylonitic and cataclastic 

textures and fractures filled with chlorite, epidote, and carbonate.  One example of this 

texture observed in thin section of Sample JN79, is shown in Figure 19.  Within the 

southwestern portion of the study area (between structural blocks 2 through 5, discussed 

below) the granodiorite was observed to be slightly foliated, showing penetrative ductile 

fabrics near faulted and fractured faults.  These faults are further discussed below.  

Leucocratic Alkali Granite (Plate IV) 

The uppermost plate, Plate IV, consists of leucocratic alkali granite (Klgr) and is 

found sporadically distributed throughout the study area.  It marks the oldest and the 

uppermost unite within the study area.  As observed in the field, it is locally iron-rich, 

biotite alkali granite which is pale yellowish brown to orange brown.  Surface exposures 

are very weathered and locally iron stained.  Fresh hand samples are typically pale yellow 

and remnants of iron staining are less pronounced.  Within these klippen structures the 

granite is typically replaced by hematite and calcite, and the feldspars appear to be 

sericitized.  Primary plutonic textures are locally overprinted by cataclasis and vein 

filling of fracture networks, these features can be seen throughout most of the study area. 

Throughout the Rand Mountains the granite consists of a medium grained 

porphyritic phase with coarse quartz intruded by dikes of fine grained aplite.  Biotite in 

the older phase is often completely replaced by iron oxide (Nourse, 1989).  The aplite 

resembles some of the dikes which cut Plate III, discussed below under “Intrusives 

Complexes”.  Plate IV structurally overlies Plate III along a well-exposed contact in the 

area of trenches (Figure 9).  The orientation of this fault contact varies from near 
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horizontal to dips as great as 30 degrees N and NE.  The contact is commonly marked by 

a zone of intense mylonitization (<10m) that occurs near the base of Plate IV. 

Foliation and lineation within this zone are exposed in 7 trenches along this 

contact, for specific location (Figure 9 and Plate 1).  The maximum thickness of this unit 

is 30 meters (Nourse, 1989).  A larger (greater than 750 meters thick) mass of a similar 

granite forms the highest component of the tectonic stack in the southern Sierra Nevada 

(Nourse, 1989). 

Intrusive Complexes 

Although not mapped in great detail, the study area is intruded by numerous 

quartz rich, felsic and porphyritic dikes. A majority of these dikes cut the Plate III Atolia 

Granodiorite and range from a few centimeters to many meters in thickness.  There 

appear to be two intrusive suites.  The older generation is NW-striking medium-grained 

monzogranite dikes and pegmatite-aplite veins of likely Late Cretaceous age, exposed 

within the southwestern portions of the study area.  These bear a close similarity to the 

leucocratic alkali granite that composes Plate IV (and were originally mapped as such by 

Nourse (1989). Further studies will need to be done to further classify these younger 

intrusive units that cut Plate III and their relationship to the Rand Faults.   

Also observed were rhyolite dikes (18 Ma?) ranging from a few centimeters to a 

few meters in thickness.  These younger dike swarms are related to a Miocene volcanic 

center (18.2±0.5 Ma) near Johannesburg (Silver et al., 1995; Grove et al., 2014). Within 

the southwestern portion of the site located in Plate III an aplite dike cuts through and 

bisects Parallel Fault 1.  This relation is further discussed within the text.  Additional 

field mapping and thin section analysis of these intrusive complexes is recommended. 
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Rand Thrust Faults 

The RTC consists of three low angle fault structures (Silver and Nourse, 1986; 

Postlethwaite and Jacobson, 1987; Nourse, 1989) that separate the four tectonically 

stacked plates.  The Rand Faults, Faults I through III (see Figure 4) are exposed through 

the entire study site.  Within the study area, Faults I and II typically trend E-W and dip S.  

All of the faults mark important structural boundaries with significant displacements, and 

reflect the kinematic history and deformation evolution of each associated plate. 

Based on mesostructural observations and detailed analysis of mylonites from 

each fault zone, Nourse (1989) argues that Rand Fault I through III were active along 

different structural levels at different times, and occurred under a variety of crustal 

conditions.  Nourse and Silver (1986) and Postlethwaite and Jacobson (1987), recognize 

at least two different episodes of shearing in structurally complex noncoaxial fabrics 

proximal to the Rand Fault.  Evidence for an early top-to-the-SW tectonic event is locally 

preserved along the shear zone and variably overprinted by top to the NE structures.  

Retrograde metamorphic reactions proceeded in concert with mylonitization, suggesting 

progressive shearing during decreasing temperature (Nourse, 1989). 

Rand Fault I 

Rand Fault I is the lowermost fault that forms a south-dipping structural contact 

between the lower Plate I, Rand Schist, and Plate II, Johannesburg Gneiss and is locally 

marked by a moderately thick ductile zone of quartz rich mylonite, locally up to meters 

thick. As observed in the field, away from Fault I contact, the Rand Schist is 

characterized by prograde metamorphic mineral assemblages and crystalloblastic textures 

(Nourse, 1989) and the closer to Fault I the schist becomes retrograde (Jacobson, 2011). 
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Directly above the Rand Fault I contact is Johannesburg Gneiss which is generally 

marked by a thin layer of finally laminated marble mylonite. This zone is typically a few 

meters wide. At the fault contact the marble in profoundly foliated and lineated.  Away 

from the Rand Fault I contact (< 1 M) lineations become poorly developed in both the 

marble unit of the Johannesburg Gneiss and the Rand schist. Near Fault I, Mylonitic 

fabrics are generally oriented subparallel to the fault trace, while stretching lineations 

trend down-dip obliquely.  

Rand Fault II 

Rand Fault II is exposed throughout the study area. Rand Fault II mean foliation 

strikes N70W and dips 40SW. The fault forms a contact between Johannesburg gneiss 

and the Atolia Granodiorite.  Rand Fault II may be a locally reactivated thrust which is 

marked by a narrow (2< m) zone of mylonite to cataclasite.  The best exposures of the 

fault can be found within the NW portion of the study area where its contact has been 

offset by a suite of normal SW-NE trending cross faults (Figure 10). 

Within the narrow fault zone both plutonic and metamorphic textures have been 

altered by cataclastic and mylonite fabrics (Figure 19 gives an example at thins section 

scale).  Disordered zones of centimeter-scale asymmetric folds within Plate II marbles 

display southwest vergence were also noted near the fault zone. Locally, narrow zones of 

hydrothermal alteration are encountered.  Based on hand specimen identification field 

identification, feldspar and sphene grains are fractured and routinely ground and altered. 

Quartz grains were observed to be slightly undulated, however, they were not observed to 

be recrystallized. Additional discussion regarding Rand Fault II mesostructure and 
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kinematic analysis is presented below. For more details regarding Rand Fault II see works 

done by Nourse, (1989). 

Rand Fault III 

Rand Fault III is the uppermost fault related to perhaps late detachment faulting.  

The fault forms a contact between Atolia Granodiorite and iron-rich leucocratic alkali 

granite.  Rand Fault III can be observed throughout the study area but it best exposed in 

the central portions of the study area. Foliation and lineation within this area are 

beautifully exposed in 7 trenches along the fault contact (Figure 9).  Within this location 

the fault is marked by a ductile zone of mylonitization separating Plate III and Plate IV 

and along the base of Plate IV.  Lineated quartz rich mylonites typically occur.  Mean 

foliation within this region strikes N51W and dips 23 NW.  The mean lineation trend is 

N5E (005°) plunging at 11-31 degrees, see Appendix B  Rand Fault III.  
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Figure 9. Location of fault trenches 1 through 7 along Rand Fault III, see inset on Plate I 
for general location. 
 

As observed in several trench wall exposures, Rand Fault III mylonites may be  

composed of 100% finely recrystallized quartz mylonite (unit q in Figure 9) or very-

finely ground (ultramylonitic) granite (myl in Figure 9).  Both units display shallow NE 

dipping foliation (Figure 9).  The ultramylonitic granite unit is characterized by very thin 

and exceptionally fine grained phyllosilicate and feldspar which alternate with pure 

quartz. 
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Away from the trench area and mylonite exposures in the southwestern and 

southern portions of study area, the Rand Fault III contact is near horizontal and dips at 

approximately 5 to 10 degrees N or NE.  Here it is typically marked by hydrothermal 

alteration, brittle deformation, and rare occurrences of mylonitization.  On either side of 

its contact, both plutonic rocks are heavily fractured.  Observed alteration within this area 

is most visible where the alteration of hornblende and biotite to chlorite gives the 

underlying Plate III granodiorite a distinctive green color. 

Cross Faults A through E 

There are five cross faults within the western portion of the study site designated 

(and hereafter referred to) as Cross Faults A through E (see Figure 10 and Appendix A -

Plate 1). The term “Cross Fault” is used because these faults cut the Rand Faults I and II 

at high angles and display clear map offsets of Plates I, II and III in directions nearly 

perpendicular to the regional structure.  As observed in the field these faults and the rock 

masses between the faults have experienced both extension and transtensional shear. 

Transtensional regions were also characterized at map scale as having extensional 

structures (normal faults, grabens) and wrench structures (strike-slip faults) with oblique 

offsets.  The cross faults generally, strike 10 to 30 degrees NE and dip 30 to 60 degrees 

SE.  Those faults that trend more NE (N25-30E), were typically observed to display 

greater components of strike-slip displacement as manifested by striations with moderate 

rake angles. 

Cross faults A, B, C and E cross cut perpendicularly to the RTC and form five 

structural blocks, which have been identified from west to east on Figure 10 as Block 1 

through Block 5.  Cross Faults A and E bound the western and eastern structural cross 
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fault complex and display stunning oblique strike slip offset, whereas Cross Faults B, C, 

and D display a more normal component of faulting.  Presented below is the geologic 

description of each cross fault. 

 

Figure 10.  Location of Cross Faults A through F, see Geologic Map (Appendix A-Plate 
1) for inset location and description of geologic units.   

Cross Fault A 

Cross Fault A exposures can best observed in the NW portions of the study area 

where moderately dipping, Plates I through III of the RTC have been displaced 

(Figure 10).  Other exposures of the fault can be seen in sidewalls of adit/mine located in 

the southwestern portions of the study area. 
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Figure 11. Photo taken along Cross Fault A 
 

Cross Fault A strikes 14 to 30 degrees NE and dips 60 to 66 degrees SE. Based on 

fault gouge striations and slickenside lineation measurements, displacement along Cross 

Fault A has an oblique component generally trending 45 to 55 degrees to the NE, 

plunging 30 to 40 degree.  Based on the oblique offset, juxtaposition, and displacement 

vectors of Plate II (Appendix A Plate I), Cross Fault A is furthermore characterized as an 

oblique strike-slip normal fault structure where the hanging wall consists primarily of 

Plate I is structural up-thrown block or horst structure. The thickness of Cross Fault A 

varies from approximately 3 centimeters to 1 meter wide zone and is dependent of which 

Plate or Plates the fault displaces or is in contact with.  Within Plate I, Cross Fault A is 

poorly identified, however along strike of the fault, Plate I is highly fractured and 

weathered and sporadic traces of the fault can be observed.  Brecciated thickness 

increases where the  fault juxtaposes Plate 1 and Plate II or Plate 1 and Plate III, whereas 

the fault contact entirely in Plate III demonstrate a moderate gouge thickness ranging 
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from 3 to 10 centimeters.  The fault gouge within Fault A is light yellowish brown to 

reddish purple consisting of limonitic and hematitic alteration, respectively.  Along the 

fault plane and within the gouge zone limonite striations were typically faint but 

noticeable whereas hematite striations resembled polished steal surfaces that could be felt 

by touch.  These polished surfaces along faults and alteration characteristic are typically 

indicative of younger and shallower fault structures found throughout the Mojave Desert.

 
 

Figure 12.  Close up looking down dip of Fault A striations, measuring rake of striations 
(55NE). North arrow is approximate and for scale.  After an intense summer storm in late 
2013 this outcrop location was covered thick accumulations of colluvium. 

 
Cross Fault B. 

Cross Fault is located approximately 150 meters east of Cross Fault A. Cross 

Fault B exposures can best be observed in the NW portions of the site where moderately 

dipping, Plates I through III of the RTC have been displaced (Figure 10).  Other 

exposures of the fault can be seen in sidewalls of adit/mines located in the southwestern 

portions of the study area. 
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Cross Fault B strikes 5 to 28 degrees NE and dips 29 to 69 degrees SE and can be 

traced linearly across the entire study site.  Based on fault gouge striations and 

slickenside lineation measurements, displacement along Cross Fault B has a slight 

oblique component but typically is down dip, recording normal fault displacement. 

Depending on the faults location the hanging wall component is typically comprised of 

Plate III (Atolia Granodiorite) and its up and down thrown blocks are in the W and E 

respectively. 

 
 
Figure 13.  View looing north along strike of Cross Fault B, Dr. Nourse (right) and 
Logan Wicks (left) in search of striations. 
 

The surface exposure of Cross Fault B is a zone approximately 3 to 20 cm wide 

and the thickness of the fault gouge is dependent upon which Plate or Plates the fault 

displaces or is in contact with.  Typically, within Plate I, Cross Fault B is poorly 

identified, as is typical for Cross Fault A.  However, where the fault contact is within 

Plate III, located in the southwest, gouge and brecciated thickness increase, ranging from 

3 to 10 centimeters, and locally observed to have multiple brittle surfaces and fractures.  
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The fault gouge associated with Fault B was observed to be light yellowish brown to 

reddish purple consisting of limonitic and hematitic alteration, respectively.  The 

alteration decreases within the center portions of the fault found within Plate III but then 

increases near the adit/mines within the southern limits of the fault.  Along the fault plane 

and within the gouge zone limonite striations were typically faint but noticeable whereas 

hematite striations resembled a highly polished surface along with red surface staining 

along the trace of the fault. 

Cross Fault C 

Cross Fault C is located approximately 110 meters east of Cross Fault B.  Cross 

Fault C exposures can best observed in the NW portions of the site where moderately 

dipping, Plates I and II of the RTC have been displaced (Figure 10).  Further S within 

Plate III the fault can be seen in sidewalls and ceilings of existing mine adits.  Cross 

Fault C typically trends north-south, however field measurements were observed striking 

both NE and NW (Appendix A Plate 1).  NE field measurements strike at approximately 

2 to 25 degrees NE with dips approximately 41 to 61 degrees SE.  NW measurements 

along the fault strike approximately 15 to 30 degrees NW dipping at 61 to 67 degrees NE.  

Fault C can be traced linearly across the entire study area.  Fault identification within 

Plate I and in places within Plate III was difficult and at times ambiguous due to pore 

outcrop exposures.  However, where the fault is poorly defined, the associated rocks are 

highly fractured.   

Based on fault gouge striations and slickenside lineation measurements, Cross 

Fault C has displays a normal component of offset.  Depending on the fault’s location the 
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hanging wall component is typically comprised of Plate III (Atolia Granodiorite) and its 

up and down thrown blocks are in the W and E, respectively. 

The surface thickness of Cross Fault C is highly dependent on which plate it 

transects.  From north to south the damage zone varies from a few centimeters to 15 

centimeters thick.  Within Plate I, Cross Fault C is poorly identified, as discussed in 

within Cross Fault A.  However, where the fault transects Plate III in the southwest, 

gouge and brecciated thickness increase, ranging from 10 to 30 centimeters, and are 

locally observed to have multiple striated and slickenside surfaces and fractures.  The 

fault gouge within Fault C was observed to be light yellowish brown to reddish purple 

consisting of limonitic and hematitic alteration, respectively.  There were no clear 

alteration patterns associated with fault gouge, however there were a few observed zones 

of cataclastic breccia that are indurated in a calcium carbonate matrix.  Along the fault 

plane and within the gouge zone limonite striations and slickensides were typically faint 

but noticeable whereas hematite striations resembled red to dark brown polished surfaces.  

These polished surfaces along faults and alteration characteristic are typically indicative 

of younger and shallower fault structures profoundly found throughout the Mojave. 

Cross Fault D 

Cross Fault D is located approximately 50 meters east of Cross Fault C. 

Exposures can best observed in the NW portions of the site where moderately dipping 

marker beds have been offset approximately 20 meters horizontally along a NW trend 

(Figure 10).  The fault plane of Cross Fault D was not observed. However, based on 

horizontal offset of Plate II, the normal sense of displacement along the fault is 

considered minimal compared to Cross Faults A through C and E.  It is conceivable that 
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the marker beds within Plate II have been severally folded instead of faulted to create this 

map pattern.  The trace of the fault could not be located north and south within Plate I 

and III, respectively due to the lack of observable outcrops. 

Cross Fault E 

Cross Fault E is a significant fault with the second largest amount of 

transtensional offset apparent from map separation of Plate II (Figure 10).  Cross Fault E 

exposures can best be observed in the central portions of the site.  Here again, moderately 

dipping market beds of Plates I and II of the RTC have been offset.  Cross Fault E strikes 

26 to 54 degrees NE and dips 31 to 52 degrees SE. Based on field measurements of fault 

gouge striations and slickenside lineation, displacement along Cross Fault E has an 

oblique component generally trending 45 to 55 degrees to the NE, plunging 30 to 40 

degrees.  Based on the oblique offset of Plate II (Johannesburg Gneiss) and mapped 

displacement vectors (Appendix A  Plate I), Cross Fault E is characterized as an oblique 

strike-slip normal fault structure.  

The surface thickness of Cross Fault E is marked by an approximately 

3 centimeters to 1 meter wide zone of gouge crushed rock and fault breccia.  Thickness of 

the damage zone is dependent upon which Plate or Plates the fault displaces or contacts.  

Within Plate I, Cross Fault A is poorly identified, as with Cross Faults A through C.  The 

fault gouge within Fault E was observed to be light yellowish brown to reddish purple 

consisting of limonitic and hematitic alteration, respectively.  Along the fault plane and 

within the gouge zone limonite striations were typically faint and difficult to identify. 

Fresh exposures typically reveal hematite striations that resemble a weathered iron 

stained surface. 
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Cross Fault F 

Cross Fault F is located approximately 200 meters east of Cross Fault E and is the 

easternmost cross fault.  No other cross faults were observed to the east.  Cross Fault F is 

poorly exposed and could only be identified within Plate III.  It strikes N-NE and dips 

75to 80 degrees SW.  Cross Fault F is considered to have minimal amounts of 

displacement based on observed disruption of the Johannesburg Gneiss outcrop pattern. 

The trace of the fault could not be located north of Plate II due to the lack of observable 

outcrops. 

Structural Blocks 1 through 6 

Within the western portion of the study area the RTC is comprised of 6 structural 

blocks that are bounded by Cross Faults A through F.  These structural blocks, from W-E, 

have been identified as structural Blocks 1 through 5/6 (Figure 10).  

Block 1 

Structural Block 1 is the western horst block and highest uplifted structural block 

within the study area.  It consists of primarily of Rand Schist and its horizontal map 

width is approximately 1,000 meters.  Block 1 is bounded in the W by Fault G, a N-NE 

trending normal fault that dips toward the NW (Appendix A - Plate 1).  Field 

identification and structural measurements indicate that the western fault (named Cross 

Fault G on Figure 14) strikes north 22 to 40 degrees E and dips NW at 52 to 60 degrees 

with rakes of 75-80 SW and 90 degrees down dip (Figure 15 and 16). 
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Figure 14. Major Cross Faults in the Rand Mountains including those outside of the study area, Cross Faults F’ and H-J were 
measured by Nourse (1989).  

 



 

 

Figure 15. Cross Fault G, looking NE along strike of the NW dipping fault 

 
 

Figure 16. Measuring rake striations along Cross Fault G, rake is 70 SW 
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Block 1 is bounded in the E by an oblique left-lateral normal fault (Cross Fault A) that 

trends N, NE and dips toward the SE. Along the eastern margin of Block 1 the Rand 

Schist-Johannesburg Gneiss contact has been horizontally displaced 742 meters in map 

view (Figure 10 and 36). 

Block 2 

Structural Block 2 lies E of Block 1 and is sandwiched between Blocks 1 and 3. It 

preserves all tectono-stratigraphic relationships typical of the RTC. Block 2 trends SWNE 

and is a relatively narrow, elongated graben that has been structurally down-dropped. Its 

horizontal map width ranges from 80 to 160 meters.  Block 2 is bounded in the W by 

previously discussed Cross Fault A and bounded in the E by Cross Fault B that trends N-

NE and dips SE. 

Block 3 

Structural Block 3 lies east of Block 2 and is sandwiched between Blocks 2 and 4. 

It preserves all tectono-stratigraphic relationships typical of the RTC. Block 3 is a 

relatively narrow, elongated graben that has been structurally down-dropped.  Its 

horizontal map width ranges from 60 to 300 meters.  Block 3 is bounded in the W by 

previously discussed Cross Fault B and bounded in the E by Cross Fault C that trends N 

and dips toward the SE. 

Block 4 

Structural block 4 lies east of Block 3 and is sandwiched between Blocks 3 and 5. 

It preserves all tectono-stratigraphic relationships typical of the RTC.  Block 4 trends 

SW-NE. It is a relatively narrow, elongated graben that has been also structurally down-

dropped. Its horizontal map width ranges from 100 to 200 meters.  Block 3 is bounded in 

35 



the W by previously discussed Cross Fault C and bounded in the E by Cross Fault E that 

trends N-NE and dips SE.  Block 4 was observed to have large magnitude oblique-normal 

sense of displacement relative to Block 5.  The map trace of Plate II is offset 520 m along 

the E margin of Block 4. 

Blocks 5 and 6 

Structural Blocks 5 and 6 are the eastern most graben blocks and define the lowest 

down-dropped structural within the study area, see Appendix A – Plate 1. Blocks 5 and 6 

preserve all tectono-stratigraphic relationships within the RTC.  Block 6 comprises the 

largest cohesive block within the study area where no other SW-NE trend cross cutting 

structures were observed.  Its horizontal map width stretches to approximately 1,500 

meters to the eastern limits of the study.  Block 5 is bounded in the W by Cross Fault E 

which trends N- NE and dips SE.  The cryptic boundary between 5 and 6 (Cross Fault F) 

is poorly defined due to lack of visible outcrops. 

Parallel Faults 1 through 7 

The word parallel fault originates from structures within the study area that trend 

at or near parallel to the Faults I and II of the RTC. Parallel Fault (PF)s 1 through 7 are 

located in the SW and NE portion of the study area and typically trend E-W or NW.  

Most of these faults dip toward the NW, whereas PFs 1 and 5 dip S or SW. 

Parallel Fault 1 

PF 1 is located only within Plate III and strikes typically E-W.  This fault is 

important because it predates the cross faults and may structurally related to displacement 

of the RTC.  Within Blocks 2 and 3, PF1 strikes N60 to 70W and dips 41 to 65 degrees S.  

Within Blocks 4 through 6 the strike is generally E-W, dipping 49 to 68 degrees S. 

36 



Within Block 3 the fault appears to be wrenched, see Figure 10.  Width of the fault zone 

varies from less than a meter to several meters.  Within this main trace of the fault there 

an approximate 50 to 100 meter zone fractured and highly deformed rock.  Fractures are 

generally in filled with epidote and chlorite and are highly altered.  These surfaces are 

typically sheared with visible slickensides and striations.  In a few areas these zones 

appear to be somewhat foliated.  PF1 can be traced from Cross Fault A to the eastern just 

E of Cross Fault F.  Rake measurements on slickenside striations indicate both strike slip 

and a normal component on movement.   

Field observations show that PF1 is offset by all cross faults and is cut by an early 

18 Ma aplite dike.  The epidote and chlorite alteration indicates greater depth of faulting 

relative to the cross faults that display hematite and limonite. Based on these 

observations, PF1 is younger than the RTC and older than cross fault complex and 18 Ma 

intrusives.  PF1 may be related to late stage movements on the Rand Thrusts.  

Alternatively it may record a reactivation of the RTC. 

Parallel Faults 2 through 4 

Parallel Faults 2 through 4 are located in Plate III and Plate IV within the central 

portions of Block 6, previously discussed. They consist of a family of N-NW trending 

faults that dip 31 to 48 degrees NE.  These faults are observed to be the youngest faults 

and cut all structures within the study area.  These relationships can also be on Cross 

Section A-A’’ through C-C presented in Plate II  Appendix A.  Their map traces are 

distinguished by abrupt disruptions of the low angle Plate III-Plate IV contact.  Normal 

fault displacements on the order of several meters to tens of meters are apparent on cross 

sections constructed perpendicular to strike (Appendix A  Plate 2). 
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Parallel Fault 5 

PF 5 located approximately 150 meters NE of PF 3 and 4 forms a fault contact 

between Plates III and IV, well exposed in a prospect pit.  PF 5 strikes 65 degrees NW 

and dips 62 to 68 degrees southwest. No visible fault gouge and/or fault striations were 

observed but its contact is severely fractured and hydrothermal altered and iron-stained. 

The fault contact is physically distressed due to brittle deformation. The northwestern and 

southeastern extent of this fault could not be identified in the field.  It appears to disrupt 

the low angle fault contact between Plates III and IV and continue further into Plate III to 

the SE.  Due to a lack of exposures this fault has been mapped for a total distance of 150 

meters along the Plate III and IV thrust contact. 

Parallel Faults 6 and 7 

Parallel Faults 6 and 7 are the shallowest dipping faults mapped within the study 

area (Figures 17 and 18).  They are located approximately 200 and 250 meters NE of 

PF 5, respectively.  Both faults strike N20 to 30W  and dip 24 to 29 degrees NE and 

display down dip striations that plunge 21 to 37 degrees toward the NE. These faults cut 

all structures including quartz intrusive dikes that preserve beautiful hematite striations 

along the trace of the fault that resembled polished steel.  Striations consistently trend and 

plunge toward the NE (Figure 18).  Near the main fault contact the fault zone is 

physically distressed due to brittle deformation.  There were no observed zones of fault 

gouge, however carbonate cemented cataclastic breccias were commonly associated.  
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Figure 17. Parallel Fault 6, expressed by resistant outcrops of brecciated quartz with 
hematite fractures. 

 

Figure 18.  Parallel Fault 7, showing well-developed down-dip striations. View is to the 
S60W.  
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FP 6 is located approximately 500 meters north of the Rand Fault III contact and 

fault trench locations.  It is predominately located within Plate III and offset Rand Faults 

I and II and Plate II and Plate IV within the northern portions of the study area.  Along 

the fault trace within Plate III, contact rocks are physically altered and show slight 

foliated fabrics.   
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STRUCTURAL DATA AND KINEMATIC ANALYSIS 

Stereonet Analysis of the Rand Thrust Complex 

Stereonet analysis of the Rand Thrust Complex was performed on field 

measurements taken from Plate I and Plate II (which included Rand Fault I and II); also 

from Rand Fault III within the study area.  Forty six structural measurements were taken 

within Plate I, 85 structural measurements were taken along Rand Faults I and II and 

Plate II and 16 structural measurements were taken within Rand Fault III.  Table 1 

summarizes mean foliation and lineation from these zones.  These mean values are 

derived from multiple stereonet diagrams presented in Appendix B  

Along Plates I and II in close proximity of Rand Fault I and II, and within Rand 

Fault III strike and dip of foliations were measured along unambiguous outcrops.  Other 

measurements also included measuring rake and trend and plunge of stretching lineations.  

Where ductile or mylonite stretching lineations could be identified and recognized at a 

hand sample scale, great care and emphasis was placed on methods and procedures of 

obtaining the structural data. Using stereographic projections poles to planes of foliation 

and lineation were plotted and fitted to a mean pole vector girdle further producing an 

average or best fit plan of foliation and a mean trend and plunge vector.  Details of these 

field measurements are tabulated below. 

Table 1.  Summary of Rand Thrust Complex mean foliation and mean lineation. See 
Plate 2 (Stereonet Analysis Plots) for detailed presentation of data  and comparison of 
Blocks 1-4 vs Blocks 5 and 6. 
 

Structural Level in RTC 
Mean Foliation Mean Lineation 
Azimuth 
RHR Strike Dip Trend Plunge 

 

Plate 1 106.8 N73W 31SW     
Plate 2/Rand Fault I and II  103.1 N77W 40SW 185 37 
Rand Fault III 309.2 N51W 23NE 5 31 
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Microstructural Analysis of Rand Fault III 

Microstructural analysis was done on thin sections cut from select hand samples 

in the eastern Rand Mountains.  These samples were collected by Lee Silver and Jon 

Nourse between September 1983 and July 1985.  For a complete list of Rand Mountain 

Samples collected see Appendix C – Table 1. Field samples that were analyzed at thin 

section scale included sample numbers: Atolia GRD #101-1, JN79, Fe Alkali Gr #106, 

MB-21, ERT 305A, ERT 305C, ERT 305F1, ERT 305F-2, ERT 530B, ERT530D, ERT 

605, ERT 606, and ERT 609. These samples represent rocks from Plates III and IV and 

Rand Fault III.  The samples listed above are also located on Plate 1 – Geologic Map 

(Appendix A). 

Thin section analysis was done not only to analyze mylonites but to also compare 

the characteristics between sheared rocks and their undeformed protoliths, and document 

the microscopic expression of crosscutting fractures.  Most thin sections of mylonitic 

fabrics were cut perpendicular to foliation and parallel to lineation trend.  One oriented 

sample of mylonitized granodiorite (Figure 19) is shown to illustrate a contrast with 

typical undeformed plutonic texture (Figure 20).  

 Asymmetric quartz grain-shape fabrics and corresponding (S-C) surfaces were 

the most common feature analyzed for shear-sense interpretation.  Also observed and 

noted were feldspar porphyroclasts with recrystallized tails, e.g., sigma and delta-type 

grains, that give the general overall direction of movement. Many of the thin sections also 

display crosscutting microfractures indicative of a younger brittle normal faulting event 

consistent with larger scale faults mapped in this area.  The photomicrographs below 

provide typical examples of these microscopic features.  Table 2 summarizes the 
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microstructures observed in each thin section, with reference to mesoscopic foliation and 

lineation. 

The contrast between Plate IV alkali feldspar granite and its ultramylonitic 

equivalent is quite dramatic.  Figure 20 is an example of the granite in its least deformed 

state. This sample is the only one of three samples cut that preserves residual biotite that 

has survived hydrothermal alteration.  The alkali feldspar and microcline grains are 

fractured, and a coarse “gumdrop” quartz grain displays evidence of recrystallization 

along its edge.  More typically the only mafic mineral remaining in this granite is 

magnetite, and quartz grains are significantly strained (Figure 21).  For comparison, 

Figures 22 and 23 show the ultramylonitic granite under crossed nicols and plane light, 

respectively.  Pertinent kinematic indicators are described in the captions. 
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Table 2.  Summary of thin section observations from Plate III, Plate IV and Rand Fault III mylonite zone. 
 

 

Sample 
Locations

Date 
Collected Rock Description

Foliatio
n Strike Dip

Lineation 
Trend Plunge

Shear Sense 
Indicator(s)

Mylonite 
Shear Sense

Late Fold 
Vergence

Late normal 
fault dip Comments

Cal-Kern Atolia 
Grd #101-1

Fall 1983 medium-grained hbld-bio-sphene 
granodiorite with a few larger white 
kspar phenos; unfoliated 

Not oriented

Lee's original sample locality for Atolia 
Granodiorite, U/Pb age = 87 Ma, reported in 
1986 GSA abstract--Mine dump, resampled in 
2013 by Nourse and McLarty

JN 79 Fall 1983 mylonitized Atolia Granodiorite Not oriented same locality as ERT 608, not oriented

Cal Kern WRT 
upper Fe 

granite #106-1  
11/18/1984

coarse grained leucocratic bio  alkali 
granite (abundant qtz and alkali 
feldspar, scattered biotites, also 
showing oxidation haloes); two TS 

Not oriented
Lee Silver sample locality; two zircon fractions 
analyzed, yielding an interpreted age of 100 Ma.

MB 21 Fall 1983
Ultramylonitic alkali granite with 
sheared qtz bands from Fault III Not oriented

ERT 305A 6/9/1984
Ultramylonitic granite, central part of 
Fault III trench zone

N25W 15 356 3
Quartz 

subgrain fabric
Top to N4W NNW

Kink fold at high angle to lineation verges NNW; 
associated reverse shear fractures

ERT 305C 6/9/1984
quartz mylonite 

N41W 16 360 10
Quartz 

subgrain fabric
Top to N10E

Sample used for qtz c-axis fabric work in Nourse 
Thesis (1989); reverses-sense shear fractures

ERT 305F-1 6/10/1984 quartz mylonite N11E 31SE 178 8 Quartz 
subgrain fabric

Top to N2W

ERT 530 B 2/11/1985 qtz rich mylonite; close to LTS 2 
locality

N11E 52 NW 211 24
Quartz 

subgrain fabric
Top to N31E

Isolated NE-dipping mylonite zone in Plate 4 
granite, probaly rotated substantially by cross 
faults.

ERT 530 D 2/11/1985 qtz rich mylonite; close to LTS 2 
locality

N11E 70NW 226 59
Quartz 

subgrain fabric
Top to N46E NE

45NE and 
80SW

(conjugates)

Isolated NE-dipping mylonite zone in Plate 4 
granite, probaly rotated substantially by cross 
faults.

ERT 605 3/26/1985
lineated qtz from top of Plate 4 
knob/klippe

N10W 39NE 10 14
Quartz 

subgrain fabric
Top to N10E 75SW

ERT 606 3/26/1985
qtz mylonite , S slope of Granite 
knob, 5 m below ERT 605

347 31 14 16
Quartz 

subgrain fabric
Top to N14E

ERT 609 3/26/1985 qtz mylonite from cap of little knoll 343 19 358 6
Quartz 

subgrain fabric
Top to N2W

60S and 70N 
(conjugates)

 



 

 

Figure 19.  Photomicrograph (under crossed nicols) of mylonitized Atolia Granodiorite, 
sampled from green, chloritized exposure directly above Plate II marble.  Mylonitic 
foliation is defined by dark bands of finally ground feldspar with residual plagioclase 
porphyroclasts and epidorte grains.  Notice thick, crosscutting calcite vein. 
 

 
 

Figure 20.  Photomicrograph of Plate IV alkali feldspar granite sample Fe Alkali Gr 
#106, collected by Lee Silver in 1983.  Microcline and alkali feldspar grains predominate 
and show insipient fracturing.  Note the large quartz grain on the right that is starting to 
recrystallize, and the residual biotite grain on the left.  Opaque minerals in this sample 
and sheared equivalents are commonly oxidized to hematite, giving this rock a 
characteristic orange color in the field. 
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Figure 21.  Photomicrograph of alkali feldspar granite sample ERT#1BMar05, collected 
by J. Nourse.  Notice the coarse quartz grain with undulatory extinction and dynamically 
recrystallized margins.  These features result from tectonic strain. 

 

 
 
Figure 22.  Photomicrograph of ultramylonitic alakali granite sample ERT 305A under 
crossed nicols. Foliation is defined by dynamically recrystallized quartz domains that 
alternate with bands of finely ground feldspar and residual feldspar porphyroclasts.  The 
recrystallized quartz grains display a subgrain fabric oriented about 25o to the foliation, 
indicating top-to-the left shear sense (top-to-the N4W).  Several feldspar sigma grain 
reinforce this interpretation. 
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Figure 23.  Photomicrograph of sample ERT 305A under plane light; same view and 
scale as Figure 22.  Asymmetries of feldspar porphyroclasts tend to be more obvious in 
plane light view. 

 

Later stage kink-folds commonly disrupt the foliation in the ultramylonitic 

granite.  These probably represent continued movement on the mylonite zone after it had 

“stiffened up” a bit, and tend to verge northward in the same direction as the shear sense 

indicators described above.  Figure 24 below shows a typical example: 

 
 

Figure 24.  North-vergent kink fold disturbs mylonitic foliation in granite ultramylonite 
sample ERT 305A. The reverse-sense shear fractures indicate semi-brittle conditions that 
accompanied this later stage deformation. Plane light view. 
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Several discrete zones of strongly lineated pure quartz mylonite occur at different 

structural levels within the sheared alkali feldspar granite. Most are close to the tectonic 

contact with underlying Plate III Atolia Granodiorite; one discrete zone was mapped at a 

higher level close to the cross cutting E-NE dipping normal fault.  The common 

characteristic of these quartz mylonites is a consistently oriented, dynamically 

recrystallized quartz subgrain fabric that indicates ubiquitous tectonic transport to the N 

or N-NE (Figures 25 and 26 below).  These type of grain-shape fabrics develop under 

greenschist facies metamorphic conditions, with temperatures between 300 and 400oC, 

depending on fluid conditions (Simpson et al., 1984). 

 
 

Figure 25.  Photomicrograph of quartz mylonite sample ERT 530B, collected from a 
higher-level shear zone in Plate 4. This crossed nicol view shows well-developed, 
dynamically recrystallized quartz sub-grain S-C fabric.  Elongate grains are oriented 
parallel to the “S” plane, while the “C” plane is parallel to the long dimension of the 
photo.  Shear sense is top-to-the left (N31E). 
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Figure 26.  Photomicrograph of quartz mylonite sample ERT 606, crossed nicols. This 
section illustrates the conversion of highly strained, early formed quartz ribbons into a 
dynamically recrystallized quartz sub-grain fabric.  Shear sense is top-to-the left (N14E). 

 

Many of the thin sections also reveal microfolds and/or microfractures that 

crosscut mylonitic foliation (Figures 27- 34 below).  Most of the microfractures display 

components of normal-sense slip and record a brittle overprint of the mylonite zone 

consistent with the mapped normal faults that disrupt the outcrops of Plate IV and its 

basal shear zone.  There may be components of strike-slip associated with these normal 

fractures, but further work would be necessary to document this possibility. Alteration 

minerals that fill the microfractures (typically hematite, calcite and/or quartz) reflect fluid 

conditions that accompanied brittle overprint.  
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Figure 27.  Photomicrograph of quartz mylonite sample ERT530D, under crossed nicols. 
Quartz sub-grain fabric indicates top-to-the right (N46E) shear sense. Notice the 
prominent NE-dipping normal fault that offsets domains of quartz sub-grain foliation.  
 

 
 

Figure 28.  Photomicrograph of sample ERT 530D#2, same view and scale as Figure 27, 
but under plane light.  The normal fault intersects two other fractures; the southwest-
dipping fracture displays incipient normal slip and is probably a conjugate.  All fractures 
are filled with hematite. 
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Figure 29.  Photomicrograph of quartz mylonite sample ERT 609, with band of granite 
ultramylonite; view is under crossed nicols. Notice the conjugate normal faults that offset 
the foliation; these shear fractures are healed with recrystallized quartz.  Shear sense 
indicated by the quartz fabric is top-to-the right (N2W). 

 

 
 

Figure 30.  Plane light photomicrograph of quartz mylonite sample ERT 606, same view 
and scale as Figure 29. This section illustrates the conjugate nature of the normal faults, 
more prominent under this view.  
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Figure 31.  Photomicrograph of quartz mylonite sample ERT605, collected from the 
prominent knoll at the far north end of the Plate 4 exposures.  This crossed nicols view 
shows quartz sub-grain fabric with top-to-the right (N10) shear sense. Notice the 
antithetic south-dipping, calcite-filled normal faults that offset domains of quartz sub-
grain foliation. 

 

 
 
Figure 32.  Photomicrograph of quartz mylonite sample ERT305C with bands of finely 
ground feldspar. This crossed nicols view shows top-to-the left (due north) quartz sub-
grain fabric.  Notice how foliation is disturbed by a south-vergent kink fold with 
associated, calcite-filled fracture. 
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Figure 33.  Photomicrograph of quartz mylonite sample ERT530D, under crossed nicols. 
NE-vergent quartz subgrain foliation is cut by sub vertical quartz-healed fractures that are 
in turn crosscut by thick fractures filled with hematite and calcite. 

 

 
 

Figure 34.  Plane light photomicrograph of sample ERT530D; same view and scale as 
Figure 33. 

In summary, the thin sections from Plate IV and sheared rocks of Rand Fault III 

record a kinematic history consistent with field relationships mapped at larger scales.  All 

mylonite samples preserve kinematic indicators demonstrating top-to-the N shear sense, 

compatible with the map scale observation that Plate IV has overridden the south-

southwest dipping mylonites localized along Rand Fault I.  Many of the thin sections 
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display normal-sense microfaults that displace earlier-formed, higher temperature 

myonitic fabric. These microfractures are consistent with a family of N-NW striking 

normal faults that cause map scale displacements of the Plate III/Plate IV contact.  

Geometric and Kinematic Analysis of Cross Faults 

Cross Faults A and E bound the western and eastern structural cross fault complex 

and display significant oblique left-slip offsets, whereas Cross Faults B and C display a 

more normal component of faulting. Table 3 below summarizes the mean structural data 

for each cross fault, determined from stereonets presented in Appendix B. 

Table 3.  Summary of Structural Data from Cross Faults A through E.  Fault D is not 
noted due to poor outcrop exposure.  For mean rake angles see Table 4. 

Structural Fault 
Identification 

Mean Strike and Dip Mean Striation 
Oblique Offset 

Mean Striation 
Normal Offset 

Azimuth 
RHR Strike Dip Trend Plunge Trend Plunge 

Cr
os

s F
au

lts
 

Fault A 29.7 N30E 56SE 69 43 121 56 
Fault B 9.5 N10E 45SE 40 20 67 42 
Fault C 14.9 N15E 47SE 55 34 150 37 
Fault E 25.7 N26E 52SE 54 31 

Field and geometric data of the Cross Faults and associated (jm) marker beds 

allow determination of slip vectors, total slip, and amount of horizontal extension within 

the study area and the Rand Mountains.  Table 4 below summarizes the slip data for each 

cross fault.  In calculating the total horizontal extension, an average marker bed dip of 35 

degrees SE was assumed and the outcrop separation was reduced to a point where the 

marker bed (jm) was at the same elevation.  Presented below are the steps (1-6) involved 

in solving the total horizontal extension of Cross Fault A.  The block diagrams below 

(Figure 35, Parts 1-3) illustrate the geometries and displacements of structural Blocks 1 

and 2 along Cross Fault A. 
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Figure 35.  Block diagrams illustrating before and after geometries of oblique-left slip 
Cross Fault A that offsets structural Blocks 1 and 2.  Block 1 (left) is upthropwn and 
Block 2 (right) is downdropped.  The marker bed (unit jm-grgn) is red.  The fault plane 
is gray.  Key angles and dimensions used in the analysis are defined in diagrams 1 and 2. 
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The first step in the kinematic analysis (using Fault A as an example) is to 

measure the outcrop separation of the marker unit in map view. Then, noting the 

difference in elevation between the marker bed outcrops, the outcrop separation is 

reduced by an amount x to yield the horizontal separation, H (Figure 36 and 37): 
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Figure 36.  Schematic map view of outcrop separation between (jm) marker beds offset 
along Cross Fault A.  
 

 
 
Figure 37.  Cross section illustrating reduction in horizontal separation (x) along Cross 
Fault A necessary to restore marker bed to same elevation on opposite sides of the fault. 
 

Steps 1 and 2 – Horizontal Separation. 

To determine the reduction in outcrop separation resulting from erosion to a level plane, 

solve for (x) in Figure 37. 

tan 35 =  (122 m
x

 )   ;  x = 174.2 m  

Next reduce outcrop separation to achieve horizontal separation, H: 

H = Horizontal separation = outcrop separation – (x) 

742 m -174.2 m = 567.8 m  

58 



The next three steps in the process involve calculating the net slip, S, along fault A 

(Figure 38), knowing the horizontal separation, H, and rake of the slip vector, β. 

Figure 38.  Diagram illustrating geometric relationships between pertinent angles, 
dimensions and parameters within the fault plane.  H and β are directly derived from field 
data (see also Table 4). 

Step 3. Determine the angle intersection of the marker bed with the dipping fault 

plane, θ’, using stereonet solution of the rake of the marker bed unit within fault plane. 

Step 4. Calculate interior angel γ (see Figure 38): 

γ = 180 - β - θ’ 

89 = 180 - 54 – 37 

Step 5. Calculate Net Slip (S) using the Law of Tangents for arbitrary triangles: 

H - S tan ( ½ ( γ - θ’ ))    = C1 = C3 = 0.24851 
H +S tan ( ½ ( γ - θ’ )) C2  

(First, Solve for C1 and C2 then calculate C3, then solve for S): 

H - S = (H+S) C3 = HC3 + SC3 

H -HC3 = S + SC3

H(1-C3) = S(1+C3) 

S =  H(1-C3) = 342 m 
(1+C3) 

Once the net slip, S, is determined, components of dip slip, strike slip and horizontal 

extension can then calculated by solving right triangles apparent in Figures 38 and 39. 
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Step 6. Calculate Dip Slip (DS) and Strike Slip (SS) components of fault 

displacement by solving right triangle within fault plane A: 

DS = S sin β = 276 m  SS = S cos β = 201 m 

Step 7. Calculate Vertical Separation (V) and Horizontal Extension (E) 

associated with fault displacement (see Figure 39): 

V = DS sin α = 253 m  E = DS cos α = 112 m 

Figure 39. Cross section illustrating relationship between dip slip, DS, and horizontal 
extension , E.  

The geometric steps presented above for Fault A were then applied to each of the 

other cross faults within the study area.  Results are presented in Table 4 below.  Also 

include in this analysis are four other cross faults outside of the study area mapped by 

Nourse (1989).  These cross faults are Fault F’, and Fault H through J (Figure 14).  Some 

values for the fault dip and rake were assumed and are not well constrained; these values 

are highlighted in yellow and present a source of error in calculating the total amount of 

extension with the Rand Mountains.  However, the values presented for Cross Faults A 

through G within the study area are well-constrained.  The total extension within the 

study area is 682 m.  Also see Table 4 below for summary of net slip parallel to slip 

vector, total strike-slip, and total dip-slip determined within the study area.  The most 

significant fault in my study area, Fault G, records 395 m of extension and a moderate 

component (163 m) of right-lateral displacement. 
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Table 4.  Summary of Cross Fault slip data within the study area and other parts of the Rand Mountains. Various angles and 
dimensions noted in this table are defined in the drawings of Figures 35-39; associated calculations are explained with these figures.  
See also Appendix D: Fault Kinematic Analysis Drawings.   

 

 
 
 
 

Strike h1 h2 d(h) Ang. Dir.

Fault A N30E 66 SE 1222 1100 122 54 NE 742 174 35 568 37 89 0.248512166 342 276 201 253 112
Fault B N2W 42 NE 1251 1195 56 77 SE 170 80 35 90 46 57 0.076591767 77 75 17 50 56
Fault C N15E 61 SE 1281 1266 15 77 NE 65 21 35 44 38 65 0.190967268 30 29 7 25 14
Fault D N2E 45 SE 1260 1257 3 80 NE 10 4 35 6 45 55 0.073411705 5 5 1 3 3
Fault E N26E 61 SE 1260 1254 6 41 NE 520 9 35 511 38 101 0.229116826 321 210 242 184 102
Fault G N31E 56 NW 1158 1140 18 77 NE 2402 67 15 -2335 18 85 0.526487548 724 706 -163 585 395

-1,116 1499 1302 305 1101 682
Fault F' N25E 60 SE 1097 1005 92 30 NE 3963 131 35 3832 38 112 0.201914199 2544 1272 2203 1102 636
Fault H N5E 60 NW 991 975 16 80 SW 480 60 15 420 17 83 0.544917672 124 122 21 106 61
Fault I N5E 60 SE 960 920 40 45 NE 1750 57 35 1693 38 97 0.234350758 1050 743 743 643 371
Fault J N32E 60 SE ? ? 0 45 NE 1856 0 35 1856 38 97 0.234350758 1151 814 814 705 407

= 7801 4869 2951 3781 2555 1475
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Analysis of Parallel Faults (PF) 

Analysis of PF 1-7 indicate timing variations of structural reactivation and fault 

overprinting.  PF 1 displayed both strike-slip and dip-slip components of faulting, see 

Figure 40.  The higher angle faults with low rake angles could be associated with rotation 

resulting in extension in one direction and shortening another within each structural 

block.  The dip-slip component could be associated to reverse or normal faulting and 

possibly related to movement and displacement of Rand Faults I and II, or older 

structural events.  Fault analysis for PF 2-5 indicates normal sense of displacement 

because of their strike orientation (Figure 41).  There were limited slickenside striations 

observed along these fault contacts, where observed, they displayed down-dip or normal 

striated offset.  The best case for normal faulting occurs along PF 6-7, these low angle 

faults displayed striations that trended N NE.  Below in Figure 40 and 41, red arrows 

illustrate general rake angle displacement direction along each PF.  
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Figure 40.  Parallel Fault 1 location, red arrows illustrate rake angle and striation displacement direction. 

 



 

 

 
 
Figure 41.  Parallel Faults 2-7, red arrows illustrate rake angle and striation displacement 
direction. 
 
CROSS SECTION ANALYSIS 

Cross section analysis was done along three transect lines - Cross Sections A-A’’, 

B-B’ and C-C’, see Appendix A – Plate 2.  Cross Section A-A’’ and C-C’ both trend SW-

NE which are located perpendicular to the RTC.  Cross Section B-B’ trends E-W parallel 
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to the RTC.  Cross Section analysis was done to better understand the structural 

complexities within the subsurface of the study area and constrain faults and their cross 

cutting  relationships. 

Cross Section A-A’’ shows the structural relationships between Plate I through IV 

and Rand Faults I through III of the RTC  This transect also illustrates the near horizontal 

contact between Plates III and IV along Rand Fault III within the SW portions of the 

study area and the relationship between PF 2 through 5 which clearly cross cut older 

structures.  Also, a small portion of Plate II in the NE portions of the section is displaced 

approximately 120 m N NE just at the base of Rand Fault III.  PF 7 is also shown cross 

cutting Plate I at a low angle.  Cross Section B-B’ illustrates the high angle nature of 

Cross Faults A-E and Structural Blocks 1-7.  Structural Block 1 is clearly defined as a 

horst block comprised entirely of Plate I.  PF 2-5 cross cut older structures including the 

low angle Rand Fault III contact.  Cross Section C-C’ analysis shows the relationship of 

PF 2-7 and subsurface fault contact of Rand Fault III.  It also illustrates displacement of 

Plate II approximately 180 m N NE within Plate I.  Here a small portion of Plate II in the 

NE portions of the section is has been dragged into Plate I.  PF 7 is also shown cross 

cutting and displacing both Plate I and Plate II at a low angle. 

DISCUSSION AND INTERPRETATION OF RESULTS 

Refined Mapping of Plate I, II and III Tectonostratigraphy 

The study of structural reactivation and overprinting relationships through 

geologic observation and mapping at1:3000 scale shows the Eastern RTC with updated 

locations of Plates I through III tectonostratigraphy. The general layout and locations of 

the three map units and two bounding faults (Cross faults A and E) is preserved. 
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However, geologic mapping of the RTC geologic contacts with GPS has refined 

previously mapped locations with the additional recognition of previously unmapped 

foliated zones in Plate III granodiorite.  Also recognized are several NW-trending 

monzogranite dikes within Plate III that were previously mapped as Plate IV alkali 

granite.  The previously defined geologic contacts and locations of structures are now 

refined and augmented with structural details presented on a new geologic map 

(Appendix A—Plate 1).  These relationships and the effects of later brittle faults are 

shown for the first time in cross section view (Appendix A—Plate 2). 

Systematic variations in Lineation along Fault I and within Plate II 

Mesostructure analysis reveals systematic variations in the Rand Fault I and II 

lineations.  The contradictory sense of shear in Faults I and Fault II is also recognized in 

by Nourse et al., (2013).  Furthermore, lineation patterns along Fault I and II change 

trend from NW-SE in the east to NS or SW-NE in the W (Appendix B). This systematic 

variation implies rotation of western blocks bounded by Cross Faults A and E.  The noted 

changes in lineation trends within the Rand Faults I and II suggest that Fault Blocks 1-4 

have experienced a maximum vertical axial rotation of approximately 45 degrees.  

New Constraints on Plate IV and its Basal Mylonite Zone (Rand Fault III) 

Based on detailed mapping, kinematic and cross section analysis, new structural 

relationships have been further documented during this study.  Several exposures 

previously mapped as Plate IV alkali granite (Nourse, 1989; Silver et al., 1995) are 

actually large dikes of leucocratic monzogranite intruded into Plate III Atolia 

Granodiorite (Appendix A—Plate 1).  Also, observed in the field Plate IV clearly cross-

cuts Rand Faults I and II within Block 6.  Based on stereonet analysis N vergence 
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displacement of Plate III along the Rand Fault III is documented by discordant lineation 

trends and microstructures is clearly defined.  Cross section analysis define a minimum 

northward displacement of ~180 m is demonstrated by offset of a marble unit within 

Plate II along the base of Plate IV.  Repetition of the Plate II-Plate IV contact by high-

angle normal faults implies recent and further extensions through the Rand Mountains, 

and Faults III becomes a north-vergent normal fault if the southern limb of Rand 

Mountain Antiform (Figure 6) is unfolded. 

Newly recognized brittle-ductile shear zone within Plate III 

Within Plate III a newly recognized brittle-ductile shear zone (EW trending fault) 

suggests possible later faulting related to movement along Rand Faults I and II and or 

younger secondary extensional events.  Stereonet analysis (Appendix B) illustrates two 

distinct vector displacements.  Normal displacement, illustrated by pattern of striation 

and possible foliation within the fault zone that trend and plunge toward the S, is 

consistent with the recognized movements and displacements along Rand Faults I and II. 

Strike-slip displacement patterns demonstrated by high angle faulting, rake angles of a 

few degrees, and direction of movement SW-NE suggests possible association with block 

rotation. 

Cross Fault Geometry and Kinematics 

My analysis described above demonstrates that the Cross Faults are dominantly 

normal faults with oblique offset associated with younger extensional events.  Cross 

Faults A and E in the W portions of the study area are predominantly left lateral oblique 

faults suggesting significant rotation within Structural Blocks 1 through 5.  Observed 

systematic variations in striation rake made during field mapping and stereonet analysis 
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suggest that the more N striking faults display normal displacement, whereas the NE 

striking faults have stronger strike slip components; see Table 4 for summary of rake 

measurements.  Offsets of marker beds along these faults are also greater.  Along Cross 

Fault A, (jm) marker beds are separated 742 meters in map view.  These relationships are 

clearly shown in the stereonet analysis and data tables previously discussed.  Within the 

study area a total displacement of 1499 m parallel to the slip vector was calculated, 

resolved into 1302 m of dip slip, 305 m of sinistral slip and 682 m of horizontal 

extension.  Besides extension, these findings imply that left lateral faulting is an 

important mechanism for rotating lineations within the RTC.  Vertical-axis rotation of 

Structural Blocks 1 through 4 may have been be driven by domino-style rotation in map 

view as pictured in Figure 42.  This type of model results in extension in one direction 

and shortening another.   A mechanism for  transrotation is discussed further below.  

 

 
 
Figure 42.  Map view of domino-style block rotation, from Fossen, 2010. 
 
Parallel Fault Kinematic Interpretation 

The NW striking faults (Parallel Faults 2 through 5) may be older normal faults, 

even though they are never observed to be offset by the N-NE-striking cross structures.  
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The NW strike of these faults is difficult to explain in the context of the transrotation 

model presented below.  The NW-striking normal faults (PF 6 and 7) displace Plate IV 

and Rand Fault III are potentially older faults and (older than the cross faults).  Their 

orientations are ideal to be related to extension near the Fault III mylonite zone that is 

typical of late stages of core complex evolution. In this view the parallel faults would be 

early to mid Miocene and the cross faults mid Miocene to Recent 

Proposed Conceptual Model for Regional Transrotation 

While thinking over the results of my investigation in terms of placing the Rand 

Mountains into a regional tectonic context, I was encouraged by my advisor to consider 

several aspects of significance. First, a large amount of previously unrecognized 

extension is recorded by multiple cross faults that transect the range.  This extensional 

strain and associated sinistral shear component necessitates that the Rand mountains 

block originated with a different shape and orientation.  Second, the mylonite zone of 

Fault III has certain characteristics of a Tertiary metamorphic core complex; e.g., normal 

slip, well developed shear indicators, greenschist facies deformation conditions) but it’s 

northward transport direction is anomalous relative to other Mojave Desert core 

complexes.  The best nearby comparisons are the Waterman Hills core complex (Walker 

et al., 1990) and the Whipple Mountains-Chemuevei Mountains core complex both of 

which record top-to-the N60E shear (Davis, et al., 1989).  Last, the Rand Mountains 

straddle an important transition area between the Garlock fault in the NW and three 

strands of the eastern California Shear zone (Lockhart, Harper Lake-Gravel Hills and 

Blackwater faults) in the SE.  As shown on Dibblee’s maps (1952 and 1967), the NW 

ends of these faults appear to terminate rather than projecting into the Rand Mountains.  
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Given that total dextral displacement on these faults may be significant; e.g., 3.5 km slip 

on the Blackwater fault (Oskin and Iriondo, 2004), why are there no prominent NW-

striking faults in the Rand Mountains? 

Early Miocene extension has long been recognized in the Mojave Desert, as 

manifested by the Waterman Hills (Walker, et al., 1990) and Whipple Mountains (Lister 

and Davis, 1989) detachment faults, both of which record large magnitude, N60E vergent 

normal displacements.  The general geomorphic expression of the Mojave province is 

also reminiscent of “Basin and Range” style extension.  A complicating factor, however is 

a family of Mid Miocene to Recent, NW-striking right-lateral oblique normal faults that 

bound many ranges and hills of the Mojave province.  Collectively termed the “Eastern 

California shear zone” since the mid-1990s (refs), these faults have accommodated 

dextral transtension related to evolution of the transform plate boundary between the 

Pacific and North American plates (Atwater and Stock, 1998). 

A further complication is large-magnitude clockwise rotation of major crustal 

blocks bounded by E-NE trending left-lateral faults.  Previously recognized examples 

(see gray shaded areas on Figure 1) include the western Transverse Ranges block 

(Hornefius et al., 1986; Luyendyk et al., 1991), the “NE Mojave Domain” near Fort Irwin 

region (Schermer et al., 1996), and the eastern Transverse Ranges block (Langenheim 

and Powell, 2010; Darin and Dorsey, 2013).  Common features of these rotated blocks 

are subparallel sets of easterly striking faults oriented transverse to domains of right-

lateral faults.  Distributed dextral shear on northwesterly faults that terminate against the 

transverse structures is accommodated by significant clockwise block rotation and 

significant left slip along the transverse faults. Clockwise rotations on the order of 105 
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degrees, 60 degrees and 39 degrees, respectively, have been proposed for the western 

Transverse Ranges, NE Mojave block and eastern Transverse Ranges block.  The concept 

is illustrated by Figures 43 and 44 of Luyendyk et al, (1991), Figure 14 of Schermer et al. 

(1986) and Figure 3 of Darin and Dorsey (2013).  Interestingly, the Rand Mountains 

region fits into a similar tectonic scenario in terms of relative timing and displacement on 

faults, apparent clockwise rotations of older lineations, and significant extension.  

The geometry of block rotation and accompanying extension in a transform 

regime is illustrated by Luyendyk et al., 1991.  Their model, reproduced below in 

Figure 43, shows the space accommodation issues that result from attempting to 

accommodate pure right-later strike-slip fault displacement by clockwise rotation  of a 

domain of transverse blocks, with coincident left-lateral faulting. Luyendyk’s solution to 

the space issues is to distribute a significant amount of crustal extension (here about 80%) 

between the fault blocks. 
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Figure 43.  Model for clockwise block rotation in southern California, reproduced from 
Luyendyk et al. (1991).  The top diagram shows geometric space issues that result from 
block rotation accompanied by pure strike-slip fault movement. The bottom diagram 
resolves these issues through extension (note the shaded gray areas between the blocks).  

Several elements of Luyendyk’s model may be directly applied to the Rand 

Mountains situation, with certain modifications.  Figure 44 shows the present-day 

configuration of mapped Quaternary faults that surround the Rand Mountains. Many of 

these faults, digitized from the USGS 30x60 minute Cuddleback Lake surficial geologic 

map (Amoroso and Miller, 2006), record strike-slip and/or normal movements that date 

back to middle Miocene time.  The E-NE trending Rand Mountains are oriented 

transverse to a major set of NW-striking right lateral faults that terminate in the low-lying 

ground to the SE.  To the NW is the Garlock fault, a major left-lateral transverse structure 

that records as much as 60km displacement since mid Miocene time (Nourse, 1988).  
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Figure 44.  Present-day configuration of mapped Quaternary faults, from Dibblee (1967), USGS active fault map, 2010, and 
Nourse, (1989). Note location of hypothetical Rand Mountain Fault, proposed herein. 



The Rand Mountains are bounded on the NW by a cryptic N-NE trending buried 

structure (Cantil Fault) that transects the S edge of Fremont Valley. The Rand Mountains 

themselves are dissected by a series of N and NE striking normal faults and oblique left-

lateral normal faults that were the focus of my thesis (Figures 10 and 44).  The 

occurrence of an E-NE trending fault block at the termination of NW trending dextral 

faults is analogous to the three other regions of southern California block rotation 

described earlier.   

A rigorous step-by step tectonic reconstruction of all these fault blocks is beyond 

the scope of this thesis.  However, I present below in Figure 45 a conceptual model to 

illustrate how the Rand Mountains structural geometry and history can be explained by a 

combination of transrotation and transtension.  Figure 44 is the actual present-day layout 

of faults in the Rand Mountains area (see also Figure 14 for expanded view) that need to 

be explained by any fault evolution model.  Conventional symbols indicate known or 

inferred displacements on strike slip faults and up/down movement on normal faults.  

Inclined arrows on normal faults indicate slip vectors associated with oblique left-lateral 

displacement that were determined from observed rakes of fault striations.  Notice the 

proposed E-NE trending fault, herein named the “South Rand fault.” This is a significant 

structure required to simultaneously accommodate clockwise rotation of the Rand 

Mountains block and NW termination of the Lockhart, Harper Lake-Gravel Hills and 

Blackwater faults. 
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Figure 45.  Conceptual model for transrotation within the Rand Mountains. See 
text for detailed description 

Figure 45 utilizes a modified version of Luyendyk’s transrotation model to 

conceptualize in map view the before (mid Miocene) and after (today) fault geometries in 

the Rand Mountains region.  The model embodies several assumptions: 

1. The maximum principle stress, σ1, is oriented N-S with minimum principle

stress (σ3 or extension direction) oriented east-west.  These stresses remain fixed in space 

as the blocks and bounding faults rotate in map view. 

2. Major strike-slip faults in the region initiate as conjugate shear fractures with

N30W strikes (Lockhart, Harper Lake-Gravel Hills and Blackwater faults) and N30E 

strikes (Garlock, Cantil and South Rand faults). 

3. The northerly faults and northerly faults record dextral and sinistral

displacement, respectively, since middle Miocene time (about the past 15 Ma).  

4. During this time interval, right lateral shear between the Pacific and North

American plates (Atwater and Stock, 1998) was directed N60W (until 8 Ma) and N37W 

(8 Ma to now).  At a local scale, this relative plate motion vector required a component of 

extension across right-lateral faults with more northerly strikes. 
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5. Transtensional strain was accommodated by oblique normal movement along

the right lateral faults (with coincident counterclockwise rotation), simultaneous with 

clockwise rotation of elongate crustal blocks between the left lateral faults, which also 

rotated clockwise. 

6. Smaller scale NE-striking cross faults within the Rand Mountains block were

also active at this time. These absorbed large magnitudes of extensional strain and lesser 

amounts of left-lateral shear. 

The general concept proposed is that transrotation of the various crustal blocks 

resulted in significant extension in the east-west direction and corresponding north-south 

shortening.  The cross faults analyzed in this thesis played an important role in this 

process.  In addition to having their strikes rotated passively as Rand Mountains block 

rotated clockwise about 45 degrees between the Cantil and South Rand faults, these cross 

faults record significant extension, with components of left slip on some.   

At the scale of Figure 45, N and NE striking cross faults may seem unimportant at 

first glance, but the cumulative slip values computed in Table 4 indicate that the Rand 

Mountains have been extended laterally at least 2.1 km in a direction perpendicular to 

fault strike.  The implication here is that rather than behaving like a rigid block, the Rand 

Mountains broke into multiple sub-blocks as the range rotated clockwise between the two 

boundary left-lateral faults.  In this perspective, the cross faults initially formed as NW-

striking right-lateral shear fractures, then absorbed normal slip as clockwise rotation of 

the Rand Mountains reoriented them into northerly strikes favorable for extension; i.e., 

striking at high angles to σ3.  Several of these normal faults (those with strikes closer to 

N25-30E) display oblique-slip striations that record components of left-lateral slip.  An 
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exception to this is prominent cross fault G, which preserves evidence for significant 

right-slip.  Fault G is interpreted to have initiated as a NW striking right-lateral oblique 

normal fault, and then rotated approximately 60 degrees clockwise. 

The overall effect was internal deformation of the Rand Mountains block via 

distributed displacement on a system of normal- oblique slip faults.  The blocks bounded 

by faults with left-lateral components preserve clockwise rotations, evident in discordant 

lineation trends, in excess of the 45 degrees of passive rotation experienced by the Rand 

Mountains block.  Specifically, fault blocks 1-4 and the large block W of cross fault I 

have rotated clockwise a total of 75 to 90 degrees.  These inferred rotations are supported 

by lineation directions along Rand Faults I and within Plate II that are oriented S or SW, 

in strong contrast to the regional southerly lineation trend. 

CONCLUSION 

My geological mapping and multi-scale structural analysis of the eastern Rand 

Mountains yields the following significant conclusions: 

1. The distribution of four tectonic plates of the Rand Thrust Complex as originally

described by Nourse (1989) and Silver et al. (1995) is confirmed, with adjustment to 

contact locations constrained by GPS hand-held receivers. The pre-existing foliation / 

lineation data set is significantly augmented with new measurements at a much smaller 

map scale (1:3000 as opposed to 1:16:000). 

2. Lineation trends from the basal Rand thrust (Fault I) and within Plate II Johannesburg

Gneiss display a systematic variation from SE azimuth at the E edge of the study area to 

SW at the W edge.  This variation may be explained in part by clockwise rotation of 

western fault Blocks 1-4 relative to eastern Blocks 5-6. 
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3. The configuration of Plate IV alkali granite and its basal mylonite zone (Fault III) is

significantly refined from that mapped by Silver and Nourse (1995).  The mylonite zone 

is crosscut and offset by several NW-striking normal faults and may be locally folded. 

4. The top to the north-NE shear sense for Fault III, mentioned briefly by Nourse (1989)

is confirmed and fully supported herein with detailed microstructural observations.  

Direction of transport from the average lineation trend is N5E, and minimum 

displacement from an offset slice of Plate II marble is 180 meters.  Photomicrographs 

display late-stage kinking of the ductile mylonitic fabric and younger brittle displacement 

along normal-sense hematite-filled shear fractures.  

5. The timing of mylonitization on the Rand Fault III is constrained to post-date the

87 Ma crystallization age of Plate III Atolia Granodiorite.  This ductile shear zone is also 

younger than Rand Faults I and II which it discordantly truncates.  Fault III restores to a 

moderately N-NE dip when the regional Rand Mountains antiform is unfolded to a pre 

Pliocene(?) configuration.  This restoration indicates that Rand Fault III was originally a 

normal fault with top to the N-NE displacement (in present-day geographic coordinates). 

6. Several generations of brittle faults crosscut the four plates of the Rand Thrust complex

and their bounding Faults I, II and III.  The oldest of these is an east-striking, south 

dipping semi-brittle shear zone that transects Plate III Atolia Granodiorite for a minimum 

of 1500 meters.  Ubiquitous chlorite and epidote associated with striated fractures suggest 

deformation at lower greenschist grade. 

7. The study area contains several N and NE-striking cross faults (Faults A-E and

Fault G) that displace low-angle Faults I and II of the Rand Thrust complex.  Additional 

cross faults of similar orientation occur to the east (Fault F’) and west (Faults H-J).  
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These faults record a combination of normal and oblique left-lateral normal displacement.  

Systematic calculation of net slip for each fault within the study area yields an aggregate 

horizontal extension and left-lateral displacement of 682 m and 305 m, respectively, 

across the study area.  The four remaining faults mapped by Nourse (1989) record 

additional horizontal extension and sinistral slip of 1.5 km and 3.8 km, respectively, with 

assumed slip vectors.  Depending on the degree of domino-style block rotation that 

accompanied strike-slip displacements, the integrated extensional strain produced by 

these faults is approximately 20% in the E-W direction.  

8. The Rand Mountains occupy an accommodation zone between the left-lateral Garlock

fault and three NW-striking right-lateral faults of the eastern California shear zone.  Mid-

Miocene to Recent displacements on these faults likely involved clockwise rotation of the 

entire Rand Mountains block, facilitated by sinistral slip along an E-NE-striking range-

front fault on the north and a hypothetical fault of similar orientation located to the S near 

the termination of the right-lateral faults.  Additional rotations and coincident extension 

occurred within the Rand Mountains along the cross faults mapped in this study.  A 

conceptual model is proposed to explain these transrotational effects in map view 

(Figure 45). 

RECOMMENDATIONS 

Several aspects of this study require further detailed study: 

1. The absolute timing of mylonitization on Fault III is unknown. Crosscutting map

relations show that Fault III moved after Plates 1, 2, and 3 were juxtaposed on low-angle 

faults, but so far no direct information on age of faulting is available.  Regional 

considerations and comparison with the Waterman Hills detachment fault suggest an 
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early Miocene age, but so far none of the 18 Ma rhyolite dikes known to occur in the 

Rand Mountains have been observed in contact with Fault III.  There may be 

opportunities to analyze minerals such as allenite or apatite, or perform 40Ar/39Ar or 

Helium exhumation studies to constrain the movement history. 

2. Likewise, absolute timing of the various parallel and cross faults documented in this

study could be better constrained.  The E-striking, south dipping fault in Plate 3 Atolia 

Granodiorite is probably younger than 18 Ma, based on observed epidote-chlorite fault 

surfaces that cut rhyolite dikes.  These dikes should be dated.  The faults with associated 

hematite and limonite alteration are younger than the epidote-chlorite faults, but there 

appears to be a complicated chronology that could be better constrained, particularly in 

zones where two orientations of fault striations exist.  Also, which of these faults may 

still be active? 

3. The conceptual model proposed to put the Rand Mountains into a context of regional

transrotation demands a more rigorous analysis; e.g. a series of balanced map 

reconstructions from Mid Miocene time to the present.  Such analysis is beyond the scope 

of this thesis and was hindered by the fact that several key faults previously mapped in 

the western Rand Mountains are difficult to access due to tortoise preserve road-closure 

of that area.  Kinematic information for these faults such as strike/dip and striation rake is 

limited to cryptic field notes taken by Nourse in 1983.  It is important to remap those 

faults and conduct the kind of detailed kinematic study presented in this current thesis.  
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APPENDIX A – PLATE 1 AND 2 

Plate 1 – Geologic Map 

Plate 2 – Geologic Cross Sections 
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Stereonet Analysis Plots 
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APPENDIX C 

Table 1 – Rand Mountains Sample Location 

Table 2 – Field Data Summary 
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APPENDIX D 

Fault Kinematic Analysis Drawings 
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