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ABSTRACT 

 

Metamorphosed strata of the Sing Peak pendant, central Sierra Nevada, CA, 

record structures formed during the contemporaneous emplacement of adjacent plutons 

and regional deformation in the mid-Cretaceous.  Host rocks in the Sing Peak pendant 

consist of deformed metavolcanic rocks of the mid-Cretaceous Minarets Caldera 

sequence and less common Jurassic metasedimentary rocks.  Structures in the Sing Peak 

pendant include: a) a penetrative, subvertical, NNW-striking foliation defined by 

stretched phenocrysts and recrystallized biotite, epidote and amphibole; and b) a dextral 

sense ductile shear zone with a shallow/moderate plunging (~40º) NNW-trending 

lineation.  The shear zone can be traced into the Jackass Lakes pluton along the 

northeastern and northern margins of the pendant.  The Jurassic metasedimentary rocks 

are locally folded with NNW-striking axial planes and the folds are commonly truncated 

by the Jackass Lakes pluton.  Structures within the Jackass Lakes pluton include a well-

developed NNW-striking, steeply west dipping magmatic foliation and a moderately 

north plunging (~40º) lineation defined by elongated biotite and hornblende phenocrysts.  

The magmatic structures are continuous across compositional zones within the Jackass 

Lakes pluton and parallel to the elongated axis of mafic enclaves observed within the 

pluton.  Abundant xenoliths (up to 300 m long) of metavolcanic rocks appear to be 

concentrated near the roof pendant but are also found throughout the pluton.  

Metamorphic foliations observed within the xenoliths are sub-parallel with those in the 

host rocks and the magmatic foliation of the pluton.  Some xenoliths contain dikes of the 
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Jackass Lakes pluton, up to 1 m in width, that have been folded with axial planes striking 

sub-parallel to the metamorphic foliation in the xenoliths, host rocks and magmatic 

foliations in the pluton.  These observations suggest that the magmatic and metamorphic 

foliation as well as the folded dikes were formed during chamber construction and most 

likely due to regional deformation.  Based on the lineation data, the deformation in the 

ductile shear zone and the ~ 98 Ma Jackass Lakes pluton is the result of regional 

transpression.  Previous work has suggested that regional dextral transpression was not 

initiated until ~ 90 Ma in the central Sierra Nevada.  Therefore, the Jackass Lakes pluton 

– host rock system represents the earliest documented regional dextral transpression in 

the central Sierra Nevada.  
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CHAPTER I 

INTRODUCTION 

 
 The study of modern continental arcs suggests that subducted plate geometry, 

convergence angle, velocity, thickness and temperature variations within the down-going 

slab effect the style and kinematics of deformation within the arc (Issacs, 1988, Uyeda, 

1982, McNulty et al., 1998, Dewey and Lamb, 1992, and Dewey, 1980).  The volume, 

location, and paths of magma being generated in the arc also provide mechanisms by 

which the style and deformation within a magmatic arc may vary in time and space 

(Tobisch et al., 1995).   Reconstructing this dynamic environment within modern 

magmatic arcs is difficult even when the geologic setting is well known.  Ancient arcs 

offer important clues about the subsurface evolution that are not easily observed in 

modern arc systems, especially determination of paleo-strain regimes and the effects on 

continental arc development. 

 The Sierra Nevada batholith is the plutonic part of a large-volume magmatic arc 

that was emplaced mostly during the Cretaceous (Bateman, 1992).  The batholith is 

comprised of several hundred individual plutons and their wall rocks that are superbly 

exposed due to recent glacial erosion.  However, the mechanisms of magma ascent and 

emplacement and the significance of mid-Cretaceous regional deformation are 

controversial and remain poorly understood.  The suggested mechanisms of pluton 

emplacement and magma ascent include diapirism, dike transport, flattening, return flow 

of wall rocks, stoping, ring dike intrusion, domal melting and zone melting (Pitcher, 

1979, and Hutton, 1988a).  Many recent studies suggested that magma “chambers” need 



 2 

not exist but rather a series of dikes are emplaced to form shallow level intrusions 

(Glazner et al., 2004, Coleman et al, 2004, Mahan et al., 2003).  Structures observed 

within the plutons and host rocks include magmatic and metamorphic foliations, folds, 

faults, cleavage, relict bedding, and ductile shear zones (Bateman, 1992).  Studying these 

structures and their relationships to one another provides insight as to how an arc evolves 

throughout its lifetime.   

The nature of strain regimes within an arc during pluton emplacement has long 

been controversial.  Arc-perpendicular shortening, arc perpendicular extension and 

regional transpression are all well represented in the literature (e.g., Apperson, 1991; 

Glazner, 1991; Hamilton, 1995; Paterson et al., 1998).  Knowledge of the movement 

history of ductile shear zones is vital for understanding the tectonic/magmatic evolution 

of an arc and the construction of sub-volcanic magma chambers.  Ductile shear zones and 

faults provide anisotropies in the shallow-to-deep crust and have been interpreted as 

“pathways” for magma ascent and pluton emplacement.  The presence of several shear 

zones within the central Sierra Nevada allow for detailed deformational histories in the 

presence of magmas to be constrained.  For example, Tong (1994), Tobisch et al. (1992, 

1993, 1995) and McNulty (1995) showed that ductile shear zones in the central Sierra 

Nevada that formed prior to 90 Ma exhibit dip-slip motion.  Glazner (1991), Saleeby 

(1991), and Tikoff and Teyssier (1992) proposed large-scale transcurrent faults (shear 

zones) induced by oblique subduction are responsible for the emplacement of the Late 

Cretaceous (post-90 Ma) portion of the batholith.  The post-90 Ma shear zones exhibit 

dip-slip and dextral strike-slip or transpressional motion.  Engebretson et al. (1985) 
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concluded that prior to 100 Ma, orthogonal convergence between the North American 

and Farallon plates dominated and was followed by oblique convergence that introduced 

a relatively small component of right lateral shear. 

Fabric patterns in plutons may provide information regarding regional 

displacement when emplacement related processes can be ruled out.  Magmatic foliation 

patterns within plutons can vary significantly depending on the depth of intrusion, 

emplacement dynamics and tectonic stresses present during the emplacement history 

(Patterson et al., 1988).  Several authors suggest that magmatic fabrics may image strain 

caused by regional tectonic processes (Paterson et al, 1989; Tobisch et al., 1995; Fowler 

and Paterson, 1996; Paterson et al., 1998; Benn et al., 2001).  Therefore, magmatic 

foliations may be analogous to the solid-state shear zones in that they record increments 

of deformation as the pluton is cooling.  These fabrics may be used in conjunction with 

the orientation of metamorphic fabrics to gain a better understanding of regional strain 

field evolution during batholith construction.  Well-preserved magmatic and 

metamorphic fabrics within the Jackass Lakes pluton-host rock system allow for a 

detailed study of mid-Cretaceous structural evolution.   
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CHAPTER II 

REGIONAL GEOLOGY OF THE JACKASS LAKES  

PLUTON – HOST ROCK SYSTEM 

 
 The Jackass Lakes pluton and its host rocks, located in the central Sierra Nevada 

batholith, provide an excellent opportunity to study pluton emplacement mechanisms and 

regional strain field evolution (Figure 2.1).  The near 100% exposure and high relief 

provide the opportunity to determine contact relationships and structural features in 3D.  

Extensive field mapping in the past 50 years by the United States Geological Survey 

(USGS) and academia has resulted in a large database of maps and structural information 

for the region.    

The granodiorite of Jackass Lakes (98.5 ±0.3 – 97.1 ±0.7 Ma, McNulty et al., 

1996) is exposed as an ~13 x 17 km rectangular body and has been interpreted as an 

incrementally emplaced, resurgent pluton that intruded its own volcanic ejecta (Figure 

2.2).  These metavolcanic rocks form the 144-132 and 101-98 Ma Minarets Caldera 

sequence and include tuffs, lapilli tuffs and tuff breccias as well as minor hypabyssal 

intrusive rocks (Fiske and Tobisch, 1994).  Numerous roof pendants, screens and large 

xenoliths within the granodiorite of Jackass Lakes have been interpreted to be a part of 

the Minarets Caldera sequence by Fiske and Tobisch (1994), but very little compositional 

or age data has been acquired to test this hypothesis.  Host rocks to the granodiorite of 

Jackass Lakes also include sparse Jurassic (?)- Paleozoic (?) metasedimentary rocks, most 

of which crop out near the western contact, but also crop out in other locales (Peck, 

1980).  Locally these metasedimentary rocks are apparently in stratigraphic contact with 
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the metavolcanic rocks of the Minarets Caldera sequence, although contacts are 

commonly deformed.  On the western contact, the granodiorite of Jackass Lakes cuts the 

slightly older granodiorite of Illilouette Creek (99.1±0.1 Ma, Tobisch et al., 1994).  The 

granodiorite of Jackass Lakes is cut on both its northern and southern boundaries by the 

Red Devil Lake pluton (95.1±2 Ma, Tobisch et al., 1995 and McNulty, 1994) and Mount 

Givens pluton (~90 Ma, Tobisch et al., 1995, McNulty, 2000) respectively.  The southern 

margin is also defined by quartzofeldspathic gneiss that crops out between the 

granodiorite of Jackass Lakes and the Mt. Givens Granodiorite (Figure 2.2).  These 

wallrocks may be part of the Minarets Caldera sequence but could have an intrusive 

origin as well. 

The granodiorite of Jackass Lakes is predominately comprised of medium-grained 

granodiorite but with several local petrologic variations.  Local variations include 

elongate dioritic intrusives, porphyritic leucogranite, swarms of mafic enclaves and other 

hybrid compositions.  Coyne et al. (2004) identified at least eight different rock types 

ranging from diorite to leucogranite within the Jackass Lakes pluton.  Aluminum-in-

hornblende barometry calculations by Ague and Brimhall (1988) yielded an emplacement 

depth of 13-15 km, or approximately 4.2 kilobars (kb) for the granodiorite of Jackass 

Lakes.  However field work conducted by Fiske and Tobisch, (1978, 1994), Peck (1980), 

McNulty et al. (1996) and Wolak et al. (2004) suggest that the granodiorite of Jackass 

Lakes could have been emplaced at significantly shallower levels than the aluminum-in-

hornblende barometry indicate.  Coyne et al. (2004) calculated an emplacement depth of 
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8-10 km, or approximately 2.8 kb, using the aluminum-in-hornblende geobarometer 

corrected/adjusted for temperature, this value will be used throughout this paper.   

Metavolcanic rocks of the mid-Cretaceous Minarets Caldera sequence comprise 

septa, wall rocks, roof pendants and xenoliths within the intrusive units of the field area 

(Figure 2.3).  Fiske and Tobisch (1978) interpreted these rocks to be remnants of a 

caldera-fill complex that they called the Minarets Caldera.  Thick sequences of the 

caldera fill and original volcanic textures are well-documented within the Ritter Range 

pendant, 15 km to the east of the field area (Fiske and Tobisch, 1978 and Fiske and 

Tobisch, 1994).  The western-most exposures of the metavolcanic rocks occur in the Sing 

Peak pendant and are some of the most extensive exposures within the granodiorite of 

Jackass Lakes (Figure 2.3).  

The Sing Peak pendant may be divided into two sections based on volcanic 

stratigraphy, structure/deformation, and contact relations with the intrusive granodiorite 

of Jackass Lakes.  A southern section (Figure 2.4), where the contact with the 

granodiorite of Jackass Lakes is shallowly dipping, and the northern section characterized 

by two distinct metavolcanic rock types and steep contacts with the granodiorite of 

Jackass Lakes (Figure 2.3).  Also, a previously undocumented shear zone is diagnostic of 

the northern Sing Peak pendant and the adjacent granodiorite of Jackass Lakes.  The 

shear zone has maximum dimensions of approximately 1.2 km wide and 4.5 km long and 

trends north-south (Figure 2.5).  

Metavolcanic xenoliths are abundant near the contact between the Sing Peak 

pendant and the granodiorite of Jackass Lakes but are also prevalent at structurally lower 
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elevations.  Near the Sing Peak shear zone, xenoliths tend to reflect the lithology and 

structure of those observed within the adjacent pendant but exceptions are present.  At 

structurally lower elevations the xenoliths do not reflect the extent of the deformation that 

is observed near the shear zone (Figure 2.3).  Xenoliths tend to be plagioclase-phyric 

meta-tuffs and meta-dacites lacking abundant lithic fragments (Wolak, 2004).  Dikes of 

granodiorite of Jackass Lakes are common within xenoliths throughout the field area and 

they are commonly folded with preserved magmatic structures. 
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  Figure 2.1. Generalized geologic map of the 1º Mariposa Quadrangle showing the location of the study area (red box),  
 major shear zones (QMSZ = Quartz Mountain shear zone; SPSZ = Sing Peak shear zone; BCSZ = Bench  
 Canyon shear zone; GLSZ = Gem Lake shear zone; RFSZ = Rosy Rinch shear zone; KPSZ = Kaiser Peak  
 shear zone; CWSZ = Courtwright-Wishon shear zone) and intrusive suites within the central Sierra Nevada, 

California. Larger pluton boundaries are also included within the individual intrusive suites.  Shear zone 
kinematics and deformation ages can be found in Table 4.1. Modified after Bateman (1992) 
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Figure 2.2. Regional geologic map of the Jackass Lakes pluton – host rock system. 
Modified from McNulty et al., 1996. MGG = Mount Givens Granodiorite; 
HDG = Half Dome Granodiorite; PP = Leucogranite of Post Peak; RDL 
and TL = Granodiorite of Red Devil Lake and Porphyric Granite of Turner 
Lake; JLP = Granodiorite of Jackass Lakes; MCS = Minarets Caldera 
sequence; IC = Granodiorite of Illilouette Creek; VOL = lower Cretaceous 
volcanics; MS = Metasedimentary rocks (Peck, 1980) 
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       A) 
        

B)  
 
Figure 2.4. Field photographs taken from the Lady Lake cirque basin. A) looking to 

the west at the shallowly dipping contact between the leucocratic 
granodiorite of Jackass Lakes and the Sing Peak pendant; B) standing on 
the contact looking to the north. 

Madera Peak 
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Figure 2.5. Approximate extent of the Sing Peak shear zone represented by the dashed 

line. Geology from Figure 2.3 
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CHAPTER III 

STRUCTURAL FIELD OBSERVATIONS 
 
 

 Magmatic fabrics, although varying in intensity, are the dominant structural 

feature observed within each of the intrusions.  Detailed mapping (1:10,000) within the 

granodiorite of Illilouette Creek, granodiorite of Jackass Lakes and the granodiorite of 

Breeze Lake documented variations in the intensity and orientation of magmatic fabrics 

within each intrusive unit.  The magmatic fabrics are defined by elongated biotite ± 

hornblende and lensoidal mafic magmatic enclaves.  Contact relationships between these 

intrusive units and their hosts are also variable and are vital to establishing the structural 

evolution during construction of the sub-volcanic magmatic system. 

 

Intrusive rocks 

Granodiorite of Illilouette Creek 

 The ~99±1 Ma (Tong, 1994) granodiorite of Illilouette Creek crops out near the 

western extent of the mapping area and represents the oldest intrusive unit in the field 

area (Figure 2.3).  The unit is characterized by a weak/moderate NNW-striking foliation 

and steep lineation (>60º) defined by elongated phenocrysts of hornblende and biotite 

aggregates (Figure 3.1).  Euhedral hornblende phenocrysts up to 2 cm long are diagnostic 

within the granodiorite of Illilouette Creek.  Sparse dioritic magmatic enclaves are found 

within the Illilouette Creek and are elongated parallel with the local magmatic fabric.  

Direct contacts between the Illilouette Creek and other intrusive units or host rocks are 

not observed.  Dikes of granodiorite of Jackass Lakes, ranging in thickness from < 1m to 
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over 10 m were emplaced along these contacts (Figure 3.2).  The emplacement of the 

granodiorite of Jackass Lakes brittely deformed the Illilouette Creek along these contacts 

as well as the entire contact zone between the JLP and IC.  Interestingly, xenoliths of host 

rock are not found within the Illilouette Creek. 

 

Granodiorite of Jackass Lakes 

 The granodiorite of Jackass Lakes intruded the granodiorite Illilouette Creek, 

Jurassic metasedimentary rocks and the Minarets Caldera volcanic sequence.  The 

granodiorite of Jackass Lakes consists of several petrologic variations ranging from 

granodiorite to leucogranitic, some with distinct mineral assemblage and structural 

differences.  Coyne et al. (2004) identified at least eight distinct rock types and 

speculated that several more likely exist.   

Only the two most voluminous and distinct rock types are mapped on Figure 2.3.  

The most voluminous of these is referred to as the granodioritic unit of the Jackass Lakes 

pluton.  It is a coarse-to medium-grained hornblende + biotite granodiorite with accessory 

apatite, zircon, titanite, and muscovite.  It has hypidiomorphic texture and a well-

developed NNW-striking and steeply west dipping magmatic foliation (Figure 3.3a).  A 

moderate/shallow plunging lineation is present and defined by elongated biotite 

aggregates and hornblende (Figure 3.3b).  Nearly all of the xenoliths present in the field 

area are enclosed by the granodioritic unit.  

 The more leucogranitic unit crop’s out in the southern half of the field area, 

beneath the inferred roof contact with the Sing Peak pendant.  It is fine- to medium-
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grained with hypidiomorphic texture and contains approximately 5% mafic minerals, 

principally biotite and sparse hornblende.  The few mafic minerals are weak-moderately 

foliated, the foliation is sub-parallel to the foliation in the granodioritic unit of the Jackass 

Lakes pluton (Figure 3.3a).  Contacts between the leucogranitic and granodioritic unit are 

variable over short map distances.  Inclusions of the leucogranitic rocks are observed 

within the granodioritic unit and vice versa.  Dikes of the leucogranitic rocks are also 

observed cutting the granodioritic unit and again vice versa.  Schleiren banding was also 

observed between the two rock types and may also indicate the presence of local magma 

tubes (Figure 3.4 and 3.5).  The various contact relations suggest that these two 

lithologies are probably similar in age but vary in their rheology over relatively short time 

periods and map distances. 

 

Granodiorite of Breeze Lake 

 The granodiorite of Breeze Lake is the youngest unit within the field area.  It is a 

fine-grained biotite ± hornblende granodiorite-to granite with hypidiomorphic texture.  

Relatively small (<20 cm) mafic magmatic enclaves are scarcely observed.  The fine-

grained phaneritic texture makes fabric recognition in the field difficult.  However, a 

NNW striking foliation is present with some local variation (Figure 3.6).  Contacts 

between the granodiorite of Breeze Lake and the granodiorite of Jackass Lakes are sharp 

and distinct with inclusions of JLP in the granodiorite of Breeze Lake (Figure 3.7).  

Mafic magmatic enclave swarms within the granodiorite of Jackass Lakes are 

concentrated near the contacts with the granodiorite of Breeze Lake (Figure 3.8).  
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HOST ROCKS 

Metasedimentary Rocks 
 

Highly deformed Jurassic (?) metasedimentary rocks crop out sporadically 

throughout the field area.  They are essential in evaluating the structural evolution of the 

region since they comprise the oldest rocks within the Jackass Lakes pluton – host rock 

system (Peck, 1983).  The rocks are primarily thinly-bedded micaceous quartzites and are 

commonly red stained in outcrop (Figure 3.9).  In outcrop, the unit ranges from nearly 

100% quartzite (white) to essentially 100% semi-pelitic schists (red-black) (Figure 3.9).  

The metamorphic mineral assemblage of muscovite + biotite + quartz + plagioclase 

suggests fairly high temperature deformation.  Biotite and muscovite habit resembles that 

of cordierite, although none was identified in thin section (Figure 3.10).  A cordierite 

precursor to the micas suggests lower amphibolite grade metamorphic conditions 

(~6000C) (Winter, 2001).  Locally, high concentrations of magnetite were identified in 

the semi-pelitic schist layers and outcrops.                                                                 

 Normal microfaults are observed throughout the field area and probably represent 

soft-sediment deformation, displacement is commonly <2-3 cm.  Detailed mapping of 

parasitic S, Z and M-folds within the larger xenoliths has yielded two synclines with near 

opposite axial planar orientations (Figure 2.3, Figure 3.11).   Plotting all measured 

bedding orientations on a single stereonet delineates two populations, steeply east and 

west dipping strata (Figure 3.12).  Fold hinge orientations indicate populations of 

complementing moderately/steeply plunging NNW and SSE fold hinges (Figure 3.12). 
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Contacts between the metasedimentary rocks and the granodiorite of Jackass 

Lakes are characterized by: a) sharp distinct contacts which lack deformation or chilled 

margins in both units and b) others where the metasedimentary rocks are intensely 

fractured as well as plastically deformed, resembling a magmatic breccia (Figure 3.13).  

The fracturing appears consistent with thermal shattering.  Contacts typically are parallel 

to the observed bedding orientation but exceptions are abundant.  Locally the 

granodiorite of Jackass Lakes cuts across metasedimentary bedding and truncates the 

limbs of folds.  Sills (?) of the granodiorite of Jackass Lakes are common within the 

metasedimentary xenoliths and are generally deformed.  Typically the sills are magmatic 

breccias with granodiorite of Jackass Lakes enclosing metasedimentary xenoliths (Figure 

3.13).  Even when indicated on the Figure 2.3, thin dikes or sills of granodiorite of 

Jackass Lakes are present separating the metasedimentary rock from the other units. 

 

Sing Peak pendant 

The Sing Peak pendant is comprised of two distinct metavolcanic units that vary 

significantly in terms of their stratigraphic characteristics, structure, contact relations and 

deformation intensity (Figure 2.3).  The southern portion of the pendant is primarily 

plagioclase-phyric dacitic to rhyolitic meta tuff.  It contains plagioclase + biotite/chlorite 

+ hornblende/actinolite + quartz ± garnet ± muscovite ± K-spar.  Metamorphic foliations, 

primarily defined by elongated mafic hornblende and biotite, strike NNW and dip steeply 

to the west.  Lithic fragments are rare but when observed are slightly elongated parallel to 

the local metamorphic foliation.  The sharp intrusive contact with the leucogranitic unit 
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of the Jackas Lakes pluton is shallowly dipping in the southern portion of the pendant 

near Madera Peak (Figure 2.3).  Locally, dikes up to 5 m wide of the granodiorite of 

Jackass Lakes intrude the pendant but lack any consistent orientation.  

The northern sections of the Sing Peak pendant are characterized by the two 

distinct metavolcanic rock types; 1) the plagioclase-phyric dacitic to rhyolitic meta tuff 

observed in the southern portion of the pendant and 2) a more mafic meta-lapilli tuff 

consisting of plagioclase + biotite/chlorite + hornblende/actinolite + epidote + garnet + 

quartz ± muscovite ± K-spar.  A weak to strong NNW- striking foliation is defined in 

both rock types by euhedral to subhedral porphryoblasts of plagioclase surrounded by 

strongly recrystallized and elongated biotite, quartz, ± epidote and ± amphibole.  

Throughout the northern portions of the pendant, the contact with the granodiorite of 

Jackass Lakes is steeply dipping either westward or eastward (Figure 3.14, Plate 2).  The 

contact is not a linear sharp contact but rather is a series of orthogonal “stair steps” that 

step into the pendant as much as 5 m.   

The contact relationship between the two metavolcanic rock types is locally 

variable in the western and northern sections of the pendant.  Although the contacts are 

always sub-vertical, they typically are not sharp, distinct contacts but rather represented 

by a brecciated zone of both rock types (Figure 3.15a).  Deformation within the pendant 

is concentrated near the contacts, resulting in the brecciated zones that can be up to 30 m 

wide.  The brecciated zones are characterized by a concentration of felsic pendant lithic 

fragments within a mafic pendant matrix and vice versa. Brecciated fragments are 

commonly deformed parallel to the contact orientations and the regional foliation.  Sharp 
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contacts are observed throughout the pendant but are not as numerous as the deformed 

variety (Figure 3.15b).   

Primary volcanic depositional structures are not observed within the Sing Peak 

pendant.  The deformation and degree of mylonitization has erased any depositional 

features.  Volcanic breccias are observed in the northern portion of the Sing Peak pendant 

but do not appear to be widespread.  Clasts are undeformed to weakly deformed and are 

lithologically similar to the rock types observed in the pendant.  Brecciated clasts range 

in size from 1 cm to as large as 35cm in diameter (Figure 3.16).  

 

Xenoliths 

Xenoliths are ubiquitous in the granodiorite of Jackass Lakes.  Metavolcanic 

xenoliths are concentrated near the Sing Peak pendant but are also found in high 

concentrations at structurally lower elevations, such as the Stanford Lake basin and 

Vandeburg Lake area (Wolak, 2004).  Xenoliths range in size from less than a meter to 

over 300 meters long (Figure 2.3).  Their long axes tend to be aligned with regional fabric 

patterns but there are several exceptions (Figure 2.3).  Xenolith compositions tend to 

reflect those observed in the Sing Peak pendant and also preserve similar structures.  In 

general, the metavolcanic xenoliths observed at the structurally lower elevations do not 

reflect the deformation experienced by those in close proximity of the Sing Peak pendant.  

Exceptions include xenoliths observed west of the pendant that are highly deformed and 

over 1 km from the Sing Peak pendant. 
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 Metamorphic foliations observed within the metavolcanic xenoliths, independent 

of lithology, tend to parallel those in the surrounding Jackass Lakes pluton (Figure 3.18).  

A few rare xenoliths contain metamorphic foliations that are not parallel to the 

surrounding granodiorite.  Highly deformed xenoliths west of the Sing Peak pendant 

preserve metamorphic foliations nearly perpendicular to that observed in the Jackass 

Lakes pluton (Figure 3.19).   

 Dikes of both the granodioritic and leucogranitic units are common within 

xenoliths.  Some dikes appear to mechanically break up the xenoliths in similar fashion to 

thermal shattering (Figure 3.20).  Commonly, the dikes are not deformed and slight 

xenolith rotation is observed as the xenolith is disaggregated. In some xenoliths located 

near the pendant and at structurally lower elevations, the dikes of plutonic rock are 

folded.  The axial planes of the folded dikes strike NNW with magmatic and 

metamorphic foliations parallel as well (Figure 3.21).  

 Mafic magmatic enclave swarms are also present and they strike approximately 

N-S, parallel to the magmatic fabric.  They are also more abundant on the eastern side of 

the Sing Peak pendant (Figure 3.17).  Typical aspect ratios for the elongated enclaves are 

approximately 3:1 and 4:1.  They range in composition from basaltic to dioritic and their 

presence suggests that magma mingling may have been important in the petrologic 

evolution of the Jackass Lakes pluton magma chamber.  There is no fabric deflection 

observed within the granodiorite of Jackass Lakes around the swarms. 
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Deformation 

 A previously undocumented shear zone is located throughout the northern and 

central portions of the pendant (Figure 2.4).  The deformation is characterized by a zone 

of highly deformed metavolcanic mylonites with; 1) a sub-vertical NNW-striking 

foliation defined by stretched prophyroclasts of plagioclase, epidote, biotite and lithic 

fragments, 2) a ~45º north-plunging lineation and 3) mylonitic dikes of granodiorite of 

Jackass Lakes folded with NNW-striking axial planar orientations (Figure 3.22).  The 

dikes of the granodiorite of Jackass Lakes contain magmatic fabrics that are parallel to 

the mylonitic foliation developed in the pendant.   

 As previously mentioned, deformation within the pendant is concentrated near 

depositional/eruptive contacts within the metavolcanic rock.  The shear zone is most 

intense in the region near Gale Lake and northward until the pendant “pinches out” 

(Figure 3.23).  Stretched lithic fragments over three meters in length are commonly 

observed (Figure 3.23).  In the Gale Lake area, the contact between the two pendant rock 

types is deformed to the extent that the felsic unit locally “pinches out” (Figure 2.3).   

Microstructural analysis of shear zone samples reveals kinematic indicators and 

mineralogical variation within the rocks of the pendant and the granodiorite of Jackass 

Lakes.  Both of the pendant compositions contain porphyroclasts of plagioclase and K-

spar as well as metamorphic epidote, and magmatic hornblende in a fine-grained 

recrystallized quartz matrix.  Epidote and hornblende are more prevalent in the mafic 

meta tuff and are primarily responsible for the variation in pendant rock types (Figure 

3.24a).  Anhedral/euhedral garnet porphyroblasts are found within the host rocks in thin 



 21 

bands that are parallel to the plunging lineation (Figure 3.24b).  The garnet 

porphyroblasts are only observed in the highly deformed pendant rocks.  

Sigma-type feldspar porphyroclasts within the Sing Peak shear zone mylonite 

contain recrystallized tails of mica and quartz.  Winged porphyroclasts indicate a dextral 

sense of shear in thin section and when they are visible hand specimen (Figure 3.25a).  

Dynamically recrystallized quartz comprises the matrix within the pendant rocks 

independent of deformation (Figure 3.25b).  Using the above mineral assemblage and the 

solid-state deformation within the pendant, metamorphic conditions can be approximated.  

A temperature maximum of ~550-600 ºC and pressure minimum of 3-4 kb correspond 

with lower amphibolite facies (Winter, 2001).  
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Figure 3.1. Poles to magmatic foliation (A, n=13) and lineation (B, n=2) for the 

granodiorite of Illilouette Creek  
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Figure 3.2. Field photographs of the granodiorite of Illilouette Creek (IC) being 

brittely deformed by the granodiorite of Jackass Lakes (JLP)  
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Figure 3.3. A) Plot of poles to magmatic foliation for leucogranitic unit (red, n=27) 

and granodioritic unit of the Jackass Lakes pluton (black, n=116).  B) Plot 
of lineation measurements for the Jackass Lakes pluton(n=13). Mean plot 
vector = 47.7º 
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A)  
 

B)  
 
Figure 3.4. Field photographs showing the variable contact relationships between the 

leucocgranitic (LJLP) and the granodioritic units of Jackass Lakes (JLP). 
A) Distinct, sharp contact; B) contact defined by schleirien banding  

LJLP JLP 

JLP LJLP 



 26 

 

A)  
 

B)  
 
 
Figure 3.5. Field photographs showing the varying contact relationships between the 

leucogranitic (LJLP) and granodioritic units of the Jackass Lakes pluton 
(JLP). A) Contact defined by schleirien banding B) schleirein banding in 
granodioritic unit cut by the leucogranitic unit  
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Figure 3.6. Plot of poles-to-foliation for the granodiorite of Breeze Lake (n=8) 
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Figure 3.7. Field photograph of xenolith of granodiorite of Jackass Lakes (JLP) within 

the granodiorite of Breeze Lake (BL)  
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Figure 3.8. Field photograph showing the jagged contact (dashed) between the 

granodiorite of Jackass Lakes (JLP) and the granodiorite of Breeze Lake 
(BL).  Note the concentration of magmatic enclaves (MME) within the 
granodiorite of Jackass Lakes at the contact with the granodiorite of 
Breeze Lake  
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Figure 3.9. Field photographs of the thinly bedded metesedimentary rocks 

demonstrating the mineralogical/lithological variation from quartzite 
(white) to semi-pelitic (black/rusty) 
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Figure 3.10. Photomicrograph of the metasedimentary rocks showing the habit of 

muscovite. M = muscovite; Q = quartz; B = biotite 
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Figure 3.11. Photographs of the various folds observed within the metasedimentary 

rocks.  A) Tight, isoclinal “M” folds in a xenolith of metasedimentary rock 
(sharpie for scale).  B) Core of largest syncline mapped in the field area 
(backpack for scale) 
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Figure 3.12. Plot of poles-to-bedding (red, n=38) and measured fold hinges (blue, 

n=17) for the metasedimentary rocks within the field area 
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A)  
 

B)  
 
Figure 3.13. Photographs of the different contact relationships between the granodiorite 

of Jackass Lakes (JLP) and the metasedimentary rocks (MS).  A) distinct 
sharp contact; B) zone referred to as magmatic breccia 
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Figure 3.14. Panoramic photo mosaic of the Sing Peak pendant from the north.  Approximate contacts between the 
pendant and granodiorite of Jackass Lakes (JLP) are dashed 
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A)  
 

B)  
 
 
Figure 3.15. Field photographs of the contact variations between the two metavolcanic 

rock units observed in the Sing Peak pendant; A) brecciated contact zone; 
B) sharp, distinct contact, M = mafic pendant and F = felsic pendant 
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Figure 3.16. Field photograph of undeformed volcanic breccias located in the northern 

Sing Peak pendant 
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A)  
 

B)  
 

Figure 3.17. Field photographs of mafic magmatic enclave swarms within the 
granodiorite of Jackass Lakes   
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Figure 3.18. Plot of poles-to-foliation for the metavolcanic xenoliths measured within 

the field area (n=27)  
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Figure 3.19. Field photographs of deformed metavolcanic xenoliths (X) that contain 

metamorphic foliations not parallel to those observed in the granodiorite 
of Jackass Lakes (JLP). A) Pencil is pointing in the strike direction of the 
magmatic foliation; B) deflection of the metamorphic foliation near the 
contact with the granodiorite of Jackass Lakes 
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Figure 3.20. Field photograph showing the disaggregation of a xenolith within the 

granodiorite of Jackass Lakes (Photo width ~3m) 
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Figure 3.21. Granodiorite of Jackass Lakes (JLP) dikes intruding into metavolcanic 

xenoliths (X). Dikes are being folded around axial planes parallel to the 
metamorphic foliation within the xenoliths, the magmatic foliation in the 
dikes and the regional magmatic foliation; red = axial plane; white = 
metamorphic foliation 
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A)  
 
 

B)  
 
Figure 3.22. Field photographs of A) mylonitic dike of granodiorite of Jackass Lakes 

near the contact with the Sing Peak pendant and B) ~30º north-plunging 
lineation within the Sing Peak shear zone (Pencil pointing south in A and 
north in B) 
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Figure 3.23.    Field photographs from the Sing Peak shear zone near Gale Lake, the most pervasive zone of shearing. 
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A)  
 

B)  
 
Figure 3.24 Photomicrographs of the mylonitic rocks within the Sing Peak pendant; A) 

mafic pendant as viewed in XPL; EP = epidote, P = plagioclase, Q = 
quartz. B) Garnet porphyroblasts observed within the highly deformed 
felsic pendant lithology as viewed in PPL; G = garnet, Q = quartz, B = 
biotite 
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A)  
 
 

B)  
 

Figure 3.25. Field photograph (A) and photomicrograph (B) of the dextral shear sense 
indicators (sigma clasts) within the Sing Peak shear zone; P = plagioclase 
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CHAPTER IV 

DISCUSSION 
 
 

 Any hypothesis considering magma chamber construction during the 

emplacement of the granodiorite of Jackass Lakes or mid-Cretaceous deformation in the 

central Sierra Nevada must consider the following observations: 

1. Micaceous quartzites and semi-pelitic schists contain multiple folding histories 

that predate the metavolcanic and plutonic rocks; 

2. Two distinct metavolcanic rock types are present in the Sing Peak pendant and in 

the surrounding xenoliths; 

3. Well-developed hypersolidus foliation and lineation occurs in various phases of 

the granodiorite of Jackass Lakes, granodiorite of Illilouette Creek and 

granodiorite of Breeze Lake; 

4. Throughout the area, solid-state and magmatic fabrics are sub-parallel; 

5. Dikes of granodiorite of Jackass Lakes are folded within the pendant and 

xenoliths while maintaining hypersolidus fabrics, thus, folding is 

contemporaneous with ~98 Ma emplacement; 

6. The Sing Peak shear zone contains moderate/shallow north-plunging lineations 

with kinematic indicators that support a dextral component of oblique shear; 

 The following discussion will place the above observations into a regional 

geologic context.  I will then explore the implications of the results to shear zone 

development, magma emplacement, and the regional plate kinematics between the 
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Farallon and North American plates during the mid-late Cretaceous 

construction/evolution of the Sierra Nevada batholith. 

 

Pre-Caldera Events 
 

The oldest rocks within the field area are metasedimentary rocks of purported 

Jurassic (?) – Paleozoic (?) age.  It cannot be confirmed that the micaceous meta-

quartzites and semi-pelitic schists are Jurassic since no fossils have been recognized 

within the field area.  However, these outcrops and others within the Jackass Lakes 

pluton – host rock system were mapped as Jurassic by Peck (1980).  Metasedimentary 

rocks exposed as roof pendants and discontinuous screens occur along strike with belts of 

interpreted Jurassic to possibly Lower Paleozoic metasedimentary rocks further west and 

north in the western metamorphic belt (Schweickert and Bogen, 1983).  Further south, 

isolated metasedimentary rocks that crop out in roof pendants that are interpreted to be 

both Jurassic and Lower Paleozoic (compare Saleeby, 1986 and Girty and Pardini, 1987).  

Regardless of their exact age and provenance, these sequences represent the oldest rocks 

in the field area and also the most complexly deformed. 

The metasedimentary rocks contain at least one phase of open to tight folds that 

predate emplacement of the granodiorite of Jackass Lakes.  These folds have NW and SE 

trends and an associated axial planar cleavage.  Given the discontinuous nature of the 

outcrops, it is not possible to reconstruct the evolution of deformation within these rocks. 

Emplacement of the granodiorite of Jackass Lakes into the metasedimentary rocks likely 
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tightened folds and produced some of the plastic strains observed in the more deformed 

sections. 

 

Caldera and magma chamber construction related events: 101-98 Ma 

Significant volcanism and resulting caldera collapse was probably occurring 

throughout the mid-Cretaceous.  Caldera collapse associated with the eruption of the 

Minarets Caldera sequence is well-documented 15 km to the east in the Ritter Range 

pendant.  Fiske and Tobisch (1994) approximated the location of the Minarets Caldera 

boundary fault and showed it to entirely enclose the granodiorite of Jackass Lakes.  They  

assumed that the granodiorite of Jackass Lakes was a resurgent pluton (Figure 4.1).  

However, the granodiorite of Jackass Lakes is truncated on both the north and the south 

by younger intrusions, so the ourcrop pattern today may be much more symmetrical than 

the original geometry of the intrusion (Figure 4.1).   

Significant caldera collapse probably occurred during and/or prior to the 

emplacement of granodiorite of Jackass Lakes, as represented by the interpreted roof 

contact and pendant observed.  It is not likely that the rocks of the 101-98 Ma Minarets 

Caldera sequence were buried to a depth of ~ 8-10 km (~2.8 kbar) by the time the ~ 98 

Ma granodiorite of Jackass Lakes was emplaced.  Geobarometry calculations could be 

erroneous resulting in emplacement of the granodiorite of Jackass Lakes at significantly 

shallower levels in the crust as suggested by Fiske and Tobisch (1978, 1994), Peck 

(1980), McNulty et al. (1996) and Wolak et al. (2004).  Therefore, caldera collapse is the 
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most likely and most reasonable explanation for the metavolcanic rocks vertical 

displacement.  

Contacts between the two distinct volcanic rock types within the Sing Peak 

pendant are interpreted as depositional/volcanic contacts during Minarets Caldera 

activity.  Distinct, sharp contacts may represent separate ash fall deposits, whereas the 

contact zones containing abundant lithic fragments and breccias may represent more 

disturbed higher energy deposition (Figure 3.15 and 3.16).  The brecciated contacts may 

have resulted from faulting and/or shearing associated with collapse or pluton 

emplacement.  Extensive flattening after deposition is also possible but hard, if not 

impossible to constrain since deformation is so pervasive.  Trying to distinguish volcanic 

contacts is speculative since relict volcanic textures are not widely preserved due to the 

extensive deformation and/or metamorphism.   

Magmatic and crystal-plastic structures observed within the 99±1 Ma granodiorite 

of Illilouette Creek can be used to constrain the regional deformation during this time 

period.  The granodiorite of Illilouette Creek contains a NNW striking steeply west-

dipping foliation, sub-parallel with all of the intrusive rocks foliations in the field (Figure 

4.2).  However, a steeply plunging stretching lineation and lack of strike-slip kinematic 

indicators suggests either a contractional or an extensional regional strain field was 

occurring at around 99 Ma.  Tong (1994) noted a solid-state foliation within the 

granodiorite of Illilouette Creek just to the west of the field area and also interpreted a 

contractional strain field during its emplacement.  Therefore, at about 99 Ma, dip-slip 

shear zones contributed to the strain evolution in this portion of the batholith.  
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~98 Ma deformation 

The presence of parallel well-developed hypersolidus fabrics within the 

granodiorite of Jackass Lakes and solid-state fabrics in the pendant and xenoliths are 

essential in constraining ~98 deformation.  Zircon geochronology from McNulty et al. 

(1996) indicates that the granodiorite of Jackass Lakes solidified through zircon closure 

at 98 Ma.  Magmatic fabrics observed in the granodiorite of Jackass Lakes are parallel 

throughout the pluton, including across distinct compositional zones and with mafic 

magmatic swarms.  This observation, and the lack of any type of fabric surrounding 

xenoliths, suggests that fabric formation occurred after xenolith incorporation and likely 

late in the history of chamber construction (Wolak, 2004).  Thus, the magmatic fabric is 

interpreted to preserve the youngest increment of strain and probably has overprinted any 

evidence for earlier magma emplacement mechanisms. 

Solid-state fabrics within the metavolcanic roof pendant have consistent 

orientations although their intensity varies significantly.  Mylonitic rocks within the shear 

zone contain a well-developed moderately plunging (~45º) lineation.  The age of the 

deformation within the highly deformed zone can be constrained using dikes of 

granodiorite of Jackass Lakes observed within the shear zone.  These dikes are commonly 

folded and contain axial planar magmatic foliations that are parallel to the fabric 

observed within the pendant mylonites (see also Wolak, 2004 and Blevins, 2004).  

Magmatic fabrics observed within the granodiorite of Jackass Lakes outside of the Sing 

Peak shear zone are parallel to the solid-state fabrics within the pendant (Figure 4.3).  

Wolak (2004) observed similar dikes of granodiorite folded within xenoliths at much 
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lower structural levels within the granodiorite of Jackass Lakes.  These km-scale parallel 

structures suggest regional deformation contemporaneous with emplacement of the ~98 

Ma granodiorite of Jackass Lakes.  

Solid-state fabrics within the metavolcanic rocks of the pendant also vary in 

intensity due to the presence of the Sing Peak shear zone.  Within the pendant, strong 

fabric development occurs between the contacts of the two metavolcanic rock types.  The 

more intense deformation along these contacts is interpreted to result from 

bedding/depositional anisotropies that can more easily accommodate the strain 

throughout the unit.  The amount of vertical displacement is difficult, if not impossible to 

constrain, since the pre-deformed (not mylonitized and/or metamorphosed) strata are not 

observed within the area.   

The lithological variations within the metavolcanic pendant and xenoliths as well 

as extensive 3-D exposure (Figure 4.4) allow for the evaluation of the translation and 

possible rotations of xenoliths within the pluton.  Recent models for pluton emplacement 

have tended to de-emphasize the role that processes such as stoping may play (Glazner et 

al., 2004).  These authors suggest that xenoliths within plutons are not widespread, and 

when they do occur, may be explained as in situ xenoliths that reflect the ghost 

stratigraphy into which the chamber was constructed. 

Ghost stratigraphy within screens is observed in portions of the field area.  Near 

Gale Peak, the western contact between the pendant and the granodiorite of Jackass 

Lakes, the xenoliths reflect the lithology and structure observed within the pendant 

(Figure 4.5).  However, other locations near the Sing Peak pendant do not contain 
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xenolith concentrations that preserve a ghost stratigraphy (Figure 4.6).  In most cases 

there are no discordancies between foliations within the xenoliths and foliations observed 

within the intrusive.  There are exceptions where foliations are nearly orthogonal to one 

another suggesting block rotation (Figure 3.19).  In other localities, the 3-D exposure 

allows tests of the along-strike or along-dip trend of the xenoliths.  In these exposures 

xenoliths cannot be reconstructed, therefore, material is missing from the map and cross 

section plane (Figure 4.4 and 4.6).  These observations suggest that the vertical transfer 

of host rock via stoping cannot be ignored within the granodiorite of Jackass Lakes. 

The leucogranitic unit, located beneath Madera Peak in the relatively undeformed 

roof pendant, poses questions regarding the emplacement mechanisms and late stage 

petrologic processes occurring in the Jackass Lakes pluton – host rock system (Figure 4.7 

and 4.8).  The varying contact relationships between the leucogranitic and granodioritic 

units of Jackass Lakes pluton demonstrate the stark rheology contrasts between the two 

units over short map distances (Figures 3.4 and 3.5).  The sharp contacts are interpreted 

to have been produced via diking.  The dikes (of either unit) typically contain jagged 

contacts and can often be mapped to termination.  The two rock types must be similar in 

age with differentiation processes acting at depth responsible for the petrologic variation.  

Processes such as fractional crystallization, magma mingling and magma mixing are well 

documented for the evolution of the granodiorite of Jackass Lakes and would produce the 

observed contact relationships (Coyne at al., 2004).  However, the sub-vertical magmatic 

fabric within the leucogranitic unit cuts these distinct compositional contacts and must 

post-date these petrologic processes. 



 54 

 Gradational contacts between the two units are more problematic.  However, 

leucogranitic “caps” are observed beneath the roof of many shallow intrusions, including 

those located beneath volcanic systems (Barnes et al., 2001; Bachl et al., 2001; Miller and 

Miller, 2002).  Bachmann and Bergantz (2004) propose that melt segregation occurs as a 

combination of multiple processes (hindered crystal settling, micro-settling and 

compaction) after convection has ceased within the chamber (≥50% crystals).  One 

possible result of melt segregation is an extended range of crystallization ages.  This is 

one explanation for the small range of U-Pb ages determined by McNulty et al. (1996) for 

the granodiorite of Jackass Lakes.  Bachman and Bergantz (2004) suggest that these melt 

segregation processes would result in crystallization ages ranging from 10-100’s k years 

if detectable. 

The youngest rock in the field area is the granodiorite of Breeze Lake.  The 

granodiorite of Breeze Lake cuts across both the granodiorite of Illilouette Creek and the 

granodiorite of Jackass Lakes.  Inclusions or small xenoliths of the Jackass Lakes 

granodiorite are observed within the granodiorite of Breeze Lake, suggesting either the 

JLP was cool enough to deform brittely during emplacement or the strain rate as a result 

of emplacement was high.  The outcrop pattern of the granodiorite of Breeze Lake 

resembles that of a dike so dike-like rapid emplacement is favored.  The jagged contacts 

resemble those between the granodiorite of Jackass Lakes and the northern Sing Peak 

pendant and are consistent with diking.  The weak magmatic fabrics are sub-parallel to 

the regional fabric but with slightly more variation.  This slight variation could be due to 

measurement error as the fabrics are difficult to discern in the fine-grained intrusive. 
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Implications for magma chamber construction 

The relationship between magmatic fabrics, solid-state shear zones and magma 

chamber construction has received considerable attention in the literature in recent years, 

particularly with reference to the Sierra Nevada batholith (Bateman, 1992; Tobisch et al., 

1994; McNulty et al., 1996; Cruden and Tobisch, 1996; Tikoff et al., 1999; Glazner et al., 

2004, and many others others).  Interpretations of the sub-parallel magmatic fabrics in the 

granodiorite of Jackass Lakes, granodiorite of Illilouette Creek and the solid-state 

metamorphic fabrics within the Sing Peak shear zone must consider their contact 

relations, intensities, intrusive geometry and the presence of folded dikes within the host 

rocks.  

A review of magmatic fabric formation by Paterson et al. (1989) outlined criteria 

for identifying and interpreting magmatic and solid-state fabrics.  Magmatic foliation 

patterns within plutons can vary significantly depending on the depth of intrusion, 

emplacement dynamics and tectonic stresses present during the emplacement history 

(Patterson et al., 1988).  Several authors suggest that magmatic fabrics may image strain 

caused by regional tectonic processes (Paterson et al, 1989; Tobisch et al., 1995; Fowler 

and Paterson, 1996; Paterson et al., 1998; Benn et al., 2001).  These authors also 

recognize that since magmatic fabrics may image only the final increment of strain any 

previous evidence for emplacement mechanisms or magma flow can thus be erased.  

The interpretation of contemporaneous fabric formation suggests that the shear 

zone formation and granodiorite of Jackass Lakes emplacement occurred during regional 

deformation.  The moderately/shallow plunging lineation and dextral kinematic indicators 
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throughout the rocks of the pendant and the granodiorite of Jackass Lakes suggest 

transpressional kinematics. Although strong mylonitic textures are only observed within 

the granodiorite of Jackass Lakes near the deformed pendant, the magmatic fabrics are 

nonetheless sub-parallel throughout the field area.  Thus, granodiorite of Jackass Lakes 

provides strong evidence for syntectonic pluton emplacement and represents a magmatic-

plastic shear zone, at least in its western extent.  The “boundaries” of the Sing Peak shear 

zone can thus include the western granodiorite of Jackass Lakes and extend further 

northward out of the mapping area, possibly even including much more of the pluton 

(Figure 2.1).  Attempting to trace the magmatic fabrics and shear zone northward and 

southward is prohibited by the younger intrusions cutting the granodiorite of Jackass 

Lakes.   

The lack of significant solid-state deformation within the granodiorite of Jackass 

Lakes suggests that the transpressional strain regime was relatively short lived.  U-Pb 

zircon ages from McNulty et al. (1996) yielded concordant ages ranging from 98.5 ± 0.3 

– 97.1 ± 0.7 Ma for the entire pluton.  The western segment, most proximal to the Sing 

Peak pendant, yielded the younger upper age limit.  Therefore, transpression was active 

during pluton emplacement and cooling.  The ~95 Ma Red Devil Lake pluton to the north 

displays similar patterns in magmatic fabric orientation but different kinematics of 

deformation.  Younger, post ~95 Ma, extensional deformation along the Bench Canyon 

shear zone within the Red Devil Lake pluton is preserved (McNulty, 1994).  

 



 57 

Implications for 98 Ma central SNB deformation 

 The idea of dextral transpressional deformation is not a new concept for the 

central Sierra Nevada.  The Jackass Lakes pluton – host rock system is located near 

several well-documented shear zones of which the geometry and kinematics have been 

interpreted to reflect the kinematics of convergence between the Farallon and North 

American plates during the Cretaceous (Figure 4.9).  The new data from the Sing Peak 

shear zone provide further insight into the evolution and tectonic regime during the 

emplacement of the central Sierra Nevada batholith at around 98 Ma. 

 Cretaceous shear zones in the central Sierra Nevada are typically broken up into 

two groups; 1) those that show steeply plunging stretching lineations and 2) those that 

show mostly oblique and/or sub-horizontal stretching lineations (Tobisch et al., 1995).  

Mid-Cretaceous shear zones tend to be defined by steeply plunging lineations, whereas 

Late Cretaceous shear zones tend to have a component of oblique or strike-slip 

displacement.  Two central Sierran shear zones, the Bench Canyon and Quartz Mountain 

shear zones are located in close proximity to the Sing Peak shear zone and have been 

extensively studied (Figure 4.9).  The Bench Canyon shear zone, located near the eastern 

contact between the granodiorite of Jackass Lakes and the 132-144 Ma rocks of the 

Minarets Caldera sequence, has a long and complex deformational history.  McNulty 

(1995) concluded that the Bench Canyon underwent three distinct periods of 

deformation; 1) 101-95 Ma extension, 2) 95-90 Ma contraction and 3) 90-78 Ma 

extension.  The early (101-95 Ma) deformational history was based on the observation of 

extensional structures (normal faults, extensional low-angle ductile shears and 



 58 

asymmetric tension gashes) outside of the shear zone (McNulty, 1995).  None of these 

structures were observed within the present field area.  

 The Quartz Mountain shear zone is located approximately 5 km to the west of the 

field area.  Deformation is preserved within solid-state fabrics of the granodiorite of 

Illilouette Creek and the granodiorite of Ostrander Lake (Tong, 1994).  Steeply north 

plunging stretching lineations and a lack of extensional structures in the region suggested 

that deformation occurred during a period of contractional strain within the arc (Tong, 

1994).  This contractional strain regime is favored prior to and during emplacement of the 

granodiorite Illilouette Creek and supported by the extensive shortening observed in the 

metasedimentary xenoliths.   

Shear zones along strike with the Quartz Mountain shear zone, including the 

Kaiser Peak and Courtwright-Wishon, display similar deformational histories (Tobisch et 

al., 1995) (Table 4.1, Figure 4.9).  Pre-90 Ma, contractional deformation was 

predominant along the Quartz Mountain and Kaiser Peak shear zones (Tobisch et al., 

1995).  Extension associated with the emplacement of the Mount Givens granodiorite is 

preserved within the Kaiser Peak and Courtwright-Wishon shear zones (Tobisch et al., 

1995).  The similar deformational history and strike orientation of these shear zones 

suggests they may have been part of a larger shear zone prior to their separation during 

the emplacement of the Mount Givens granodiorite (Tobisch et al., 1995, McNulty et al., 

2000). 

The above kinematic history and that observed within shear zones located farther 

to the east and southeast of the field area suggest a change in kinematics around 90 Ma 
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during construction of the Sierran arc.  Greene and Schweickert (1995) mapped the Gem 

Lake shear zone and observed moderately/steeply plunging stretching lineations that were 

accompanied by several dextral kinematic indicators (S-C fabrics, asymmetric 

porphyroclasts and crenulations).  Field constraints suggest that the dextral transpression 

was initiated as early as 91 Ma continued until 80 Ma within the shear zone.  Moderate 

and/or shallow plunging lineations are observed to the southeast within the Rosy Finch 

shear zone and are also interpreted to be the result of regional transpression (Tikoff and 

Teyssier, 1991, 1992, 1994) (Figure 4.9).  Several authors propose that the oblique 

component of convergence became dominant around 90 Ma and was responsible for the 

strike-slip motion observed on these two eastern shear zones (Engebretson et al., 1985; 

Glazner, 1991; Tikoff and Teyssier, 1991, 1992, 1994; Tobisch et al., 1992, 1995; 

McNulty, 1995).  The similarities in kinematics and the age of deformation along these 

two shear zones lead some authors to propose that they are part of the Sierra Crest shear 

zone that may extend more than 150 km (Tikoff, 1994 and Tikoff and Greene, 1997).  

Moderate/shallow plunging stretching lineations within the Sing Peak shear zone 

suggests a transpressional strain regime during emplacement of the granodiorite of 

Jackass Lakes, ~98 Ma.  Thus, this is the earliest documented regional transpression 

within the central Sierra Nevada (Table 4.1).  Engebretson et al. (1985) noted that around 

100 Ma there was a significant component of obliquity between the subducting Farallon 

plate and the North American plate (Figure 4.10).  Tobisch et al. (1995) suggested that 

around 100 Ma the convergence vector made an angle ~ 20º to the arc normal.  However, 

current field studies and models for the evolution of the central Sierran arc suggest that 
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the component of right lateral shear was not large enough to induce dextral motion until ~ 

90 Ma.  It was around this time that the convergence vector passed through a “critical 

point/angle” initiating the dextral deformation (Tobisch et al., 1995).  Although 

transpression was probably not the dominant strain regime during the mid-Cretaceous, it 

must have been significant during the syntectonic emplacement of the granodiorite of 

Jackass Lakes.  These new insights further demonstrate the dynamic interactions between 

tectonic and magmatic forces during the construction of continental arcs.  

The Sing Peak shear zone differs substantially from the previously mentioned 

central Sierra Nevada shear zones in several characteristics.  First, the Sing Peak shear 

zone is the only shear zone in which deformation is preserved in both the solid and 

magmatic state.  Each of the shear zones listed in Table 4.1 only contains solid-state 

fabrics either in host rocks and/or plutonic rocks.  This interpretation poses questions 

regarding the 1) dimensions of shear zones and 2) importance/significance of magmatic 

fabric interpretation.  If the entire granodiorite of Jackass Lakes deformed as part of the 

Sing Peak shear zone, it would be ~13 km wide and at least 17 km long, much wider than 

any of the central Sierra Nevada shear zones (Figure 4.9).  This scenario is possible and 

further mapping of the eastern granodiorite of Jackass Lakes, at structurally lower levels 

within the pluton, may help constrain the dimensions of the shear zone in 3D.   

Since shear zones in the central Sierra Nevada have traditionally been defined by 

“solid-state” deformation, the idea that syntectonic plutons can represent zones of 

pervasive shearing warrants further testing.  Reconnaissance mapping of solid-state shear 
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zones and their surrounding intrusives may improve our understanding of strain variation 

during arc construction.  
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Figure 4.1. Regional geologic map of the Jackass Lakes pluton – host rock system 
with the approximated trace (dashed) of the Minarets Caldera fault as 
mapped by Fiske and Tobisch, (1994) 
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Figure 4.2. Plot of poles-to-foliation for all of the intrusive rocks within the field area.  

Granodioritic unit of Jackass Lakes pluton – Black, n=116;  leucogranitic 
unit of Jackass Lakes pluton – Red, n=27; granodiorite of Illilouette Creek 
– Blue, n=13; granodiorite of Breeze Lake – Green, n=8 
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Figure 4.3. Plot of poles-to-foliation for the coarse-grained granodiorite of Jackass 
Lakes (black, n=116) and the metavolcanic rocks of the Sing Peak pendant 
(red, n=53) 
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Figure 4.5. Photograph of the western Sing Peak pendant and granodiorite of Jackass 

Lakes (JLP) contact (dashed) near Gale Lake.  Xenolith (red) lithology 
and structure mirrors that in the pendant suggesting the possible presence 
of a “ghost” stratigraphy 

Sing Peak 

JLP pendant 
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Figure 4.6. Detail from Figure 2.3 showing the xenolith distributions not 
representative of a “ghost” stratigraphy.  Xenolith types cannot be 
reconstructed in relation the pendant suggesting that vertical transport of 
xenoliths is occurring. F = felsic metavolcanic ; M = mafic metavolcanic; 
Geology from Figure 2.3 

F 
F 

M 
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    Figure 4.7. Photograph showing the shallowly dipping contact (dashed) between the leucogranitic granodiorite of                                           

Jackass Lakes (LJLP) and the Sing Peak pendant below Madera Peak (photo looking east).  Contact sketched and 
dashed where approximated.   
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Figure 4.8. Oblique view of geologic cross sections demonstrating the changing  
  contact relationships between the host rocks, leucogranitic unit and  
  granodioritic unit of the Jackass Lakes pluton. Shaded plane orientations  
  represent the approximate orientation of the contacts.  Geology and cross  
  section locations from Figure 2.3 
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 Figure 4.9. Generalized geologic map of the 1º Mariposa Quadrangle showing the location of the study area (red box), major 

shear zones (QMSZ = Quartz Mountain shear zone; SPSZ = Sing Peak shear zone; BCSZ = Bench Canyon shear 
zone; GLSZ = Gem Lake shear zone; RFSZ = Rosy Rinch shear zone; KPSZ = Kaiser Peak shear zone; CWSZ = 
Courtwright-Wishon shear zone) and intrusive suites within the central Sierra Nevada, California. Larger pluton 
boundaries are also included within the individual intrusive suites.  Shear zone kinematics and deformation ages 
can be found in Table 4.1. Modified after Bateman (1992) 
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Figure 4.10. Sequence of dots showing the trajectory of a point on the surface as the  
  Farallon plate moved across the Pacific basin (ages in Ma). Coordinates  
  remain fixed relative to North America. Note the change in convergence  
  angle that occurred at ~100 Ma. Figure from Engebretson et al., (1985) 
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Table 4.1. Summary of shear zone deformation within the central Sierra Nevada.  
 
1 – McNulty, 1995 
2 – Tong, 1994 
3 – Krueger, this paper 
4 – Tobisch et al., 1995 
5 – Greene and Schweickert, 1995 
6 – Tikoff and Teyssier, 1992; Tikoff, 1994; Tikoff and de Saint Blanquat, 1997 

  Activity Lineation 
Kinematics 

of 
Shear Zone Age (Ma) Geometry Deformation 

Bench Canyon1        
early 101-95   extension 
main 95-90 steep N-plunging contraction 
late 90-78   extension 

Quartz 
Mountain2 98 steep N-plunging contraction 

Sing Peak3 98 moderate/shallow dextral 
    N-plunging transpression 

Kaiser Peak4       
early pre-90   contraction 
late 90   extension 

Courtwright-       

Wishon4       
early 90   extension 
late post-90   contraction 

Gem Lake5 91-80 steep/moderate  dextral 
    N-plunging transpression 

Rosy Finch6 88-84 steep and/or shallow dextral 
    N-plunging transpression 
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CHAPTER V 

CONCLUSIONS 

 

 Detailed mapping, coupled with structural analysis, allows for a concise structural 

evolution to be extracted for the Jackass Lakes pluton – host rock system.  

1. Folding and faulting development within the metasedimentary rocks occurred 

during chamber construction of the granodiorite of Illilouette Creek.  Steeply 

plunging lineations and a lack of extensional feaures within the mapping area 

suggest a contractional strain field at ~ 99 Ma.  

2. Volcanism associated with the Minarets Caldera and subsequent caldera 

collapse was occurring from approximately 101-98 Ma within the 

contractional strain field. 

3. Emplacement of the granodiorite of Jackass Lakes and shear zone 

development occurred simultaneously.  Parallel magmatic and metamorphic 

fabrics, specifically moderately plunging (~45º) lineations, indicate that a 

regional dextral transpressional strain field was present around ~98 Ma.  

4. The regional transpressional strain field was active from approximately 98 Ma 

to no later than 95 Ma. 

 The idea of regional dextral transpression in the central Sierra Nevada is not new.  

However, the Sing Peak shear zone is the earliest documented regional transpression in 

the central Sierra Nevada, suggesting that significant strike-slip motion was active prior 

to 90 Ma.  Also, the idea that magmatic fabrics, not just solid-state metamorphic fabrics, 
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can preserve paleo strain fields within ancient magmatic arcs is a new tool that can 

provide valuable insights into the complex tectonic and magmatic evolution of 

continental arcs.  
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APPENDIX 
 

STEREONET DATA AND PLOTTING PROCEDURES 
 
 
 
 The orientations of magmatic/metamorphic fabrics were measured at 

approximately 300 stations throughout the Jackass Lakes pluton – host rock system.  The 

program Stereonet 6.3.2, developed by Richard Allmendinger, was used to plot planes, 

poles to planes, lines, and mean vectors for; 1) magmatic fabrics and 2) metamorphic 

fabrics throughout the study area.  Stereonet plots can be found in figures throughout this 

paper while A.1-A.11 list the data used to create each of the plots. 
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# Strike Dip 
1 S 9 W 66 W 
2 S 16 W 75 W 
3 S 60 E 90 S 
4 S 0 E 80 W 
5 S 12 E 85 S 
6 S 8 W 75 W 
7 S 22 E 77 W 
8 N 35 W 70 E 
9 N 55 W 80 N 
10 N 6 W  72 E 
11 N 21 W 75 E 
12 N 55 W 71 E 
13 N 21 W 85 E 

 
A.1.1.   Magmatic foliation measurements from the granodiorite of Illilouette Creek 
 
 
 

# Strike Dip 
1 300 45 
2 348 66 

 
 
A.1.2.      Magmatic lineations measured in the granodiorite of Illilouette Creek 
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# Strike Dip  # Strike Dip  # Strike Dip 
1 S 28 E 61 S  40 S 25 E 90 W  79 S 5 W 84 W 
2 S 3 E 90 W  41 N 0 E 79 S  80 S 18 E 66 S 
3 S 10 E 72 S  42 S 2 W 75 W  81 S 6 W 82 W 
4 S 12 E 83 S  43 S 10 E 67 S  82 S 20 W 85 W 
5 S 4 E 81 S  44 S 2 E 77 S  83 S 26 E 78 S 
6 S 3 E 77 S  45 S 26 E 79 S  84 S 26 E 75 S 
7 S 5 E 86 S  46 S 24 E 77 S  85 S 14 E 72 S 
8 N 0 E 86 S  47 S 1 W 87 W  86 S 9 E 74 S 
9 N 3 E 74 S  48 S 18 E 80 S  87 S 10 E 80 S 
10 S 22 E 86 S  49 S 15 E 79 S  88 S 21 E 77 S 
11 N 10 E 78 S  50 S 2 W 71 W  89 S 24 E 78 S 
12 S 10 E 72 S  51 N 5 E 86 S  90 S 15 E 88 S 
13 N 7 E 82 S  52 S 6 E 87 S  91 S 5 W 87 W 
14 S 1 W 90 W  53 N 20 W 74 E  92 S 24 E 90 S 
15 N 0 E 82 S  54 S 5 W 76 W  93 S 35 E 79 S 
16 S 10 E 82 S  55 S 4 E 85 S  94 S 5 W 88 W 
17 N 6 E 84 S  56 S 8 E 90 W  95 S 10 W 90 W 
18 S 34 E 90 W  57 S 36 W 79 N  96 S 2 E 73 S 
19 S 8 E 81 S  58 S 0 E 82 W  97 N 5 W 85 E 
20 S 4 E 79 S  59 S 9 E 77 S  98 S 2 W 84 W 
21 S 2 E 85 S  60 S 10 W 90 W  99 S 35 E 70 S 
22 N 6 E 85 S  61 S 2 W 90 W  100 S 13 E 83 W 
23 S 10 E 76 S  62 S 18 E 81 S  101 S 15 E 70 S 
24 S 9 E 85 S  63 S 7 E 77 S  102 S 6 E 86 W 
25 N 10 E 80 S  64 S 11 E 82 S  103 N 14 W 85 E 
26 N 26 W 72 E  65 S 1 E 86 W  104 S 55 E 74 S 
27 S 20 E 73 S  66 N 6 E 85 E  105 S 1 E 87 W 
28 S 42 E 74 S  67 N 0 E 75 E  106 S 36 E 77 S 
29 S 3 E 86 S  68 S 2 W 68 W  107 S 9 E 75 S 
30 S 30 E 68 S  69 S 16 W 88 N  108 S 12 E 85 S 
31 S 9 E 79 S  70 S 19 E 83 S  109 N 16 W 65 E 
32 S 41 E 80 S  71 S 21 E 77 S  110 S 24 E 86 S 
33 S 14 E 79 S  72 S 38 E 90 S  111 S 10 E 82 W 
34 S 36 E 84 S  73 S 16 W 79 W  112 S 2 W 81 W 
35 S 22 E 61 S  74 S 9 E 69 W  113 S 15 E 76 W 
36 S 22 E 68 S  75 N 20 W 72 N  114 S 5 E 86 S 
37 S 25 E 79 S  76 S 11 E 77 S  115 S 27 E 81 S 
38 S 8 E 73 S  77 S 25 E 69 S  116 S 30 E 87 S 
39 S 36 E 75 S  78 N 11 E 86 E     

 
 
A.1.3. Magmatic foliations measured within the granodiorite of Jackass Lakes 
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# Strike Dip 
1 S 14 E 72 S 
2 S 16 E 77 S 
3 S 45 E 82 S 
4 S 35 E 86 S 
5 N 30 W 85 N 
6 S 40 E 78 S 
7 S 32 E 90 S 
8 S 20 E 85 S 
9 S 35 E 90 S 
10 S 15 E 90 S 
11 N 0 E 75 S 
12 S 12 E 83 S 
13 N 8 W 85 E 
14 N 29 W 82 N 
15 N 22 W 87 E 
16 S 6 W 75 W 
17 S 30 90 S 
18 S 25 E 90 S 
19 S 26 E 80 S 
20 S 17 E 86 S 
21 S 27 E 86 S 
22 S 17 E 87 S 
23 S 27 E 82 S 
24 S 28 E 82 S 
25 N 23 W 72 N 
26 S 24 E 87 S 
27 S 18 E 78 S 

 
 
A.1.4. Magmatic foliations measured within the leucogranitic unit of the Jackass 

Lakes pluton 
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# Trend Plunge 
1 359 19 
2 330 57 
3 318 48 
4 340 50 
5 10 39 
6 10 55 
7 0 45 
8 2 40 
9 356 60 
10 334 48 
11 334 46 
12 346 54 
13 351 45 

 
 
A.1.5. Magmatic lineations measured in the granodiorite of Jackass Lakes  
 
 
 

# Strike Dip 
1 S 12 E 83 
2 S 3 E 75 
3 S 5 W 79 
4 N 15 E  81 
5 S 16 E 82 
6 S 44 E 70 
7 N 14 W 82 
8 S 5 E 82 

 
A.1.6.             Magmatic foliation measurements in the granodiorite of Breeze Lake 
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# Strike Dip  # Strike Dip 

1 N 8 W 85 N  35 S 8 E 90 W 
2 S 6 W 89 W  36 S 10 W 90 W 
3 S 7 E 82 S  37 S 10 E 90 W 
4 N 0 W 82 S  38 S 2 W 90 W 
5 S 0 E 86 W  39 N 0 E 76 S 
6 S 8 E 90 W  40 S 15 W 90 W 
7 S 14 E 68 S  41 S 15 W 90 W 
8 S 10 E 83 S  42 S 12 E 78 S 
9 S 10 E 78 S  43 S 3 E 82 S 
10 N 4 E 89 E  44 S 0 E 84 W 
11 N 10 E 73 S  45 S 6 E 82 S 
12 S 3 E 82 S  46 S 0 E 70 W 
13 S 10 E 90 S  47 S 10 E 85 S 
14 S 0 E 84 W  48 S 20 E 74 S 
15 S 7 E 70 S  49 S 21 E 71 S 
16 S 35 E 84 S  50 S 4 W 78 W 
17 S 11 E 83 S  51 S 12 E 85 S 
18 S 6 E 78 S  52 S 23 E 76 S 
19 S 15 E 84 S  53 N 32 W 82 E 
20 N 10 E 76 S 
21 S 27 E 69 S 
22 S 11 E 84 S 
23 S 12 E 72 S 
24 S 26 E 75 S 
25 N 5 E 75 S 
26 S 4 W 69 W 
27 S 4 E 90 W 
28 S 11 E 86 S 
29 S 14 E 85 S 
30 S 5 W 83 W 
31 S 4 W 84 W 
32 S 10 W 90 W 
33 S 12 E 88 S 
34 S 6 E 76 S 

 
A.1.7. Metamorphic foliation measurements in the Sing Peak pendant 
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# Trend Plunge 
1 5 47 
2 6 47 
3 353 36 
4 358 38 
5 346 24 
6 5 45 
7 15 45 
8 357 30 
9 0 48 
10 320 43 
11 355 33 
12 175 55 
13 341 34 
14 338 39 
15 346 40 
16 5 38 
17 4 47 
18 348 45 
19 337 56 
20 354 54 

 
 
A.1.8. Metamorphic lineation measurements in the Sing Peak shear zone 
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# Strike Dip 
1 S 46 E 50 S 
2 N 50 W 58 N 
3 N 10 W 62 E 
4 N 14 W 44 N 
5 S 14 E 90 W 
6 S 17 E 70 W 
7 N 85 E 86 S 
8 N 11 E 60 S 
9 S 60 E 69 S 
10 S 34 W 84 N 
11 S 10 W 42 N 
12 N 56 W 86 N 
13 S 0 E 70 W 
14 S 4 E 63 W 
15 N 0 E 80 S 
16 S 14 E 72 S 
17 S 38 E 79 S 
18 S 1 W 65 W 
19 S 3 W 64 W 
20 N 2 E 47 E 
21 N 39 W 79 N 
22 N 14 W 66 E 
23 S 26 E 74 S 
24 S 14 E 49 S 
25 S 24 E 71 S 
26 S 6 E 90 W 
27 N 22 W 59 N 
28 S 50 E 78 S 
29 S 36 E 90 S 
30 N 8 W 86 E 
31 N 54 W 86 N 
32 S 34 W 46 N 
33 S 54 E 87 S 
34 S 24 E 56 S 
35 S 55 E 60 S 
36 N 10 E 31 E 
37 N 28 W 61 E 
38 S 4 W 64 W 

 
A.1.9.   Bedding orientations measured within the metasedimentary rocks  



 87 

# Trend Plunge 
1 128 45 
2 124 44 
3 116 50 
4 127 46 
5 190 78 
6 180 66 
7 139 50 
8 134 49 
9 121 53 
10 124 50 
11 128 59 
12 125 55 
13 127 54 
14 317 83 
15 306 86 
16 313 75 
17 310 80 

 
 
A.1.10. Asymmetric fold hinge lines measured in the metasedimentary rocks 



 88 

 
# Strike Dip 
1 N 8 E 75 S 
2 S 3 E 90 W 
3 S 8 E 90 W 
4 S 15 E 83 S 
5 S 15 E 83 S 
6 S 6 E 71 S 
7 S 8 E 85 S 
8 S 5 W 82 W 
9 S 0 E 90 W 
10 S 4 W 90 W 
11 N 3 E 79 S 
12 S 15 E 83 S 
13 N 5 E 77 S 
14 S 12 E 78 S 
15 S 22 E 85 S 
16 S 5 E 90 W 
17 S 23 E 81 S 
18 S 25 E 74 S 
19 S 8 E 76 S 
20 N 25 E 52 S 
21 S 12 E 77 S 
22 S 40 E 70 S 
23 S 22 E 87 S 
24 S 40 E 84 S 
25 S 5 E 85 S 
26 N 40 W 65 E 
27 N 40 E 65 E 

 
 
 
A.1.11.    Metamorphic foliations measured within metavolcanic xenoliths 
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DETAILED PETROGRAPHIC DESCRIPTIONS 
 
 
Sample:  JLP-RK-88F  & JLP-RK-88L Rock Name:  Quartzofeldspathic mylonite  
Macroscopic 
Description:  Highly deformed pendant mylonite sample taken from area of pervasive 
shearing within the host and intrusive rock 
Major phases: 70% Quartz, 15% Muscovite, 10% Plagioclase, 5% Biotite 
Minor phases:  Garnet, Chlorite, K-Spar 
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains with a weak SPO.  Quartz-rich augens that are mostly monomineralic may 
represent relict phenocrysts.  Muscovite and biotite are strongly foliated with biotite 
altering to chlorite.  Garnet porphyroblasts are euhedral-anhedral and likely are 
combination of spessertine and almandine.  Plagioclase porphyroclasts are intensely 
deformed and altering to quartz and muscovite.  Deformed plagioclase porphyroclasts 
with recrystallized tails (sigma-clasts) indicate dextral kinematics.   
 
 
Sample:  JLP-RK-108   Rock Name:  Plagioclase-phyric metarhyolite/tuff 
Macroscopic 
Description:  Highly deformed and recrystallized rocks of pendant with some large 
plagioclase and K-spar phenocrysts from the nearby granodiorite of Jackass Lakes.  
Sample taken from the contact zone between the pendant and the pluton.  
Major phases:  70% Quartz, 15% K-Spar, 10% Plagioclase, 5% Biotite 
Minor phases: Muscovite, Sphene, Garnet, Zircon, Chlorite, Apatite 
Overall shape of grains:  euhedral-subhedral K-spar and plagioclase,  
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains.  K-spar and plagioclase phenocrysts are from the nearby granodiorite of Jackass 
Lakes and are not volcanic in origin, they lack significant deformation. 
 
 
Sample:  JLP-RK-109a & JLP-RK-109b      Rock Name:  Quartzofeldspathic 
mylonite 
Macroscopic 
Description:  Highly deformed quartz mylonite from near the contact of the pendant and 
the pluton.  Contains more mafic minerals (hornblende, biotite) than the felsic pendant, 
but no epidote. 
Major phases: 60% Quartz, 10% Biotite, 10% K-spar, 10% Actinolite/Hornblende 
Minor phases: Zircon, Sphene, Illmenite, Muscovite 
Overall shape of grains:  Plagioclase and K-spar are subhedral-anhedral.  
Hornblende/actinolite altering to biotite and is subhedral to anhedral.  
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains. Quartz augens are near monomineralic.  K-spar and plagioclase are altering to 
quartz and sericite respectively locally.  Amphibole and biotite crystals contain high 
abundance of zircon as indicated by halos. 
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Sample:  JLP-RK-110b  Rock Name:  Plagioclase-phyric metarhyolite-tuff  
                and biotite hornblende granite 
Macroscopic 
Description:  Rock is a combination of plagioclase-phyric metarhyolite tuff and biotite 
hornblende granite.  Taken from the contact zone between the pendant and the pluton.  
Major phases:  60% Quartz, 20% K-spar, 10% plagioclase, 5% hornblende 5% biotite 
Minor phases:  Chlorite, Zircon, Sphene, Muscovite, Allanite, Apatite, Magnetite, 
Sericite 
Overall shape of grains:  Anhedral-euhedral K-spar, plagioclase and amphibole.  
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains. Quartz augens are near monomineralic.  K-spar has alteration twins and is altering 
to quartz and microcline.  Plagioclase cores are altering to sericite and muscovite.  
Hornblende is altering to biotite and then biotite is altering to chlorite locally.  Zircon 
halos are common in hornblende and biotite.  
 
 
Sample:  JLP-RK-111b  Rock Name: Plagioclase-phyric    
     metarhyolite-tuff and biotite hornblende granite 
Macroscopic 
Description: Rock is a combination of plagioclase-phyric metarhyolite tuff and biotite 
hornblende granite.  Taken from the contact zone between the pendant and the pluton. 
Major phases:  65% Quartz, 15% K-spar, 10% Plagioclase, 5% Biotite, 5% Hornblende 
Minor phases: Chlorite, Zircon, Sphene, Muscovite, Apatite, Magnetite, Sericite 
Overall shape of grains: Anhedral-subhedral K-spar, plagioclase and amphibole. 
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains. Quartz augens are near monomineralic.  K-spar has deformation twins and is 
altering to quartz and microcline.  Plagioclase cores are altering to sericite and muscovite.  
Hornblende is altering to biotite and then biotite is altering to chlorite locally.  Zircon 
halos are common in hornblende and biotite.  
 
 
Sample:  JLP-RK-121F   Rock Name:  Plagioclase-phyric meta-  
      rhyodacite tuff 
Macroscopic 
Description:  Pendant sample taken from the slightly more mafic outcrop near Sing Peak, 
weak foliation in this area 
Major phases:  70% Quartz, 10% Plagioclase, 10% K-spar, 10% Hornblende/Biotite 
Minor phases:  Sphene, Apatite, Zircon, Chlorite, Opaques,  
Overall shape of grains:  K-spar, hornblende and plagioclase are subhedral-anhedral.  
Microstructures and textures: Quartz matrix is recrystallized and characterized by small 
grains.  K-spar is altering to quartz and rarely microcline.  Few lithic fragments can be 
identified within sample.  Hornblende is altering to biotite and biotite to chlorite.   
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Sample:  JLP-RK-143   Rock Name:  Metarhyolite 
Macroscopic 
Description:  Rocks looks like 100% quartz and has strong foliation or rock cleavage. 
Almost looks like chert.  
Major phases: 60% Quartz, 40% Muscovite 
Minor phases: Opaques 
Overall shape of grains: Anhedral 
Microstructures and textures:  Quartz grains are very small and are recrystallized with 
undulose extinction.  Muscovite grains are strongly aligned (foliated) and also very small 
 
 
Sample:  JLP-RK-143a & JLP-RK-143b  Rock Name: Plagioclase-phyric  
                             meta-rhyodacite tuff 
Macroscopic 
Description:  Pendant sample taken from the slightly more mafic outcrop with a weak 
foliation in the area 
Major phases: 70% Quartz, 10% Plagioclase, 10% K-spar, 10% Hornblende/Biotite 
Minor phases: Sphene, Apatite, Zircon, Chlorite, Opaques 
Overall shape of grains: Anhedral-subhedral feldspars and amphibole grains 
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains.  K-spar contains deformation twins and is altering to quartz and rarely microcline.  
Few lithic fragments can be identified within sample.  Hornblende is altering to biotite 
and biotite to chlorite.  Quartz augens and phenocrysts contain subgrains and undulose 
extinction.   
 
 
Sample:  JLP-RK-156   Rock Name: Hornblende biotite quartz-rich granite 
Macroscopic 
Description:  leucogranitic unit of the Jackass Lakes pluton with a weak-moderate 
foliation.  Only contains about 5-10% mafic minerals 
Major phases:  60% Quartz, 20 % K-spar, 15% plagioclase, 5% Hornblende & Biotite 
Minor phases:  Opaques, Zircon, Apatite, Sphene 
Overall shape of grains:  Euhedral-anhedral grains of feldspar and quartz.  Average grain 
size of ~0.5mm-1mm 
Microstructures and textures:  Rock is a fine-grained biotite hornblende quartz rich 
granite with hypidiomorphic texture.  K-spar altering to microcline and some myrmekite 
present near K-spar and quartz grain boundaries.  Quartz phenocrysts display undulose 
extinction with some sub-grains, it is also interstitial and is rarely poikilitic.  Hornblende 
is dark brown with opaque and zircon inclusions.  Biotite is primarily dark brown and 
also contains zircon and apatite inclusions. 
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Sample:  JLP-RK-197   Rock Name:  Quartzofeldspathic mylonite  
Macroscopic 
Description:  Sample taken from the deformed felsic pendant within a dike of deformed 
granodiorite of Jackass Lakes.  Sample is taken directly from the contact.  Dike of JLP is 
deformed and boudined over several meters.  
Major phases:  70% Quartz, 20% K-spar, 5% Hornblende, 5% Biotite 
Minor phases: Plagioclase, Zircon, Apatite, Opaques, Chlorite, Muscovite 
Overall shape of grains:  Anhedral feldspars and amphibole within fine-grained quartz 
matrix 
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains with a weak SPO.  Quartz-rich augens that are mostly monomineralic may 
represent relict phenocrysts.  Feldspars are fractured and appear disaggregated.  Feldspar 
cores altering to sericite and muscovite are common.  Biotite and hornblende are strongly 
foliated and also disaggregated into smaller grains.  
 
 
Sample:  JLP-RK-198a   Rock Name:  Biotite muscovite schist 
Macroscopic 
Description:  thinly bedded micaceous meta-quartzite. 
Major phases: 35% Biotite, 35% Muscovite, 25% Quartz, 5% Plagioclase 
Minor phases: Zircon, Opaques,  
Microstructures and textures:  Muscovite and biotite are strongly foliated, have 
lepidoblastic texture and are as large as 1mm.  More quartz rich layers (lamina) contain 
recrystallized quartz grains with undulose extinction and fibrous muscovite.  Fibrous 
muscovite habit resembles and suggests a cordierite precursor (indicative of lower 
amphibolite facies, ~600ºC.  Porphyroclasts of plagioclase (<0.5mm) are altering to 
muscovite and are also more common in the quartz rich lamina. 
 
 
Sample:  JLP-RK-202l & JLP-RK-202f Rock Name: Quartzofeldspathic epidote 
      mylonite 
Macroscopic 
Description:  Highly deformed mylonitic rocks of the pendant that are more mafic than 
most of the pendant rocks.  Elongated lithic fragments have axial ratios approaching 20:1. 
Moderate-shallow N-plunging lineation.  
Major phases:  40% Epidote, 30% Quartz, 15% Hornblende, 10% Plagioclase 5% Biotite 
Minor phases:  Actinolite, Sphene, Zircon, K-spar 
Microstructures and textures:  Quartz matrix is recrystallized and characterized by small 
grains, some with undulose extinction.  Quartz rich augens may represent relict 
phenocrysts.  Sigma porphyroclasts of plagioclase are common and indicate dextral 
kinematics.  Recrystallized tails are commonly quartz rich.  Hornblende and biotite are 
strongly foliated with inclusions of zircon. Epidote is observed throughout sample but 
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concentrated in distinct bands.  Abundance of sphene, zircon and hornblende suggest a  
possible tonalitic – quartz diorite intrusive origin rather than volcanic.  
 
 
Sample: JLP-RK-229   Rock Name:  Quartz-rich granitic mylonite 
Macroscopic 
Description:  Dark gray sub-plutonic xenolith with abundant plagioclase phenocrysts and 
a strong foliation.  Similar description to the quartzofeldspathic gneiss between the 
granodiorite of Jackass Lakes and the Mount Givens Granodiorite described by Peck 
(1980) 
Major phases:  60% Quartz, 20% K-spar, 10% plagioclase, 5% Hornblende 5% Biotite 
Minor phases:  Sphene, Zircon, Apatite, Opaques  
Overall shape of grains:  Phenocrysts of felspars are subhedral to anhedral and up to 
1mm.  Quartz phenocrysts are elongated and up to 2mm long. 
Microstructures and textures:  Fine-grained recrystallized quartz matrix with small 
(<.2mm) flecks of hornblende and biotite throughout.  Biotite and hornblende crystals are 
strongly foliated and commonly contain zircon inclusions.  Relict quartz phenocrysts, up 
to 2mm, are elongated and contain several subgrains with undulose extinction, indicative 
of solid-state deformation.  Feldspar phenocrysts lack significant solid-state deformation 
and define what appears to be a well-developed magmatic fabric.  A moderately plunging 
(~45º) lineation is characterized by stretched quartz and hornblende phenocrysts. 
 
 
Sample: JLP-RK-340   Rock Name: Biotite hornblende granodiorite  
Macroscopic 
Description: Coarse-medium grained granodiorite with large (up to 1.5cm) phenocrysts 
of hornblende and generally lacks xenoliths. Weak magmatic fabric defined by 
hornblende phenocrysts. Deformed brittely by the granodiorite of Jackass Lakes. 
Major phases:  40% Plagioclase, 30% Quartz, 15% K-spar, 10% Hornblende, 5% Biotite 
Minor phases:  Opaques, Zircon, Apatite, Sphene 
Overall shape of grains:  Euhedral-Anhedral 
Microstructures and textures:  Sample is a biotite hornblende granodiorite with weakly 
foliated hypidiomorphic texture.  Average grain size is about 3mm.  Foliation is defined 
by biotite and hornblende, the latter of which can be up to 1.5cm long.  Quartz 
phenocrysts display undulose extinct and sub-grains.  K-spar is locally poikilitic as well 
as prismatic (up to 2mm).  Biotite is prismatic (up to 1mm), lies in the foliation plane  
and contains inclusions of zircon.  Myrmekite is common along K-spar and quartz grain 
boundaries. 
 
 
Sample:  JLP-RK-343   Rock Name:  Biotite hornblende granite 
Macroscopic 
Description:  Fine-grained granite-granodiorite with a weak foliation defined by biotite.  
Generally lacks xenoliths and mafic magmatic enclaves. 
 



 94 

Major phases:  30% K-spar, 30% Plagioclase, 30% Quartz, 5% Biotite, 5% Hornblende 
Minor phases: Opaques, Zircon, Apatite, Sphene, Chlorite, Muscovite 
Overall shape of grains: Euhedral-Anhedral 
Microstructures and textures:  Biotite hornblende granite with a weak magmatic foliation 
defined by biotite and feldspars.  Average grain size is 0.5mm.  Quartz is present as both 
phenocrysts and more commonly as interstitial.  K-spar is locally poikilitic but also 
prismatic (up to 1mm).  Biotite is dark - light brown and contain inclusions of zircon.  
Plagioclase phenocrysts are prismatic (up to 1mm) and normal zoning is common.  Cores 
of feldspars are locally weathered and altering to muscovite. 
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