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ABSTRACT 

The 160 Ma White Horse pluton intruded a thick sequence of miogeoclinal 

Paleozoic carbonate rocks in the northeastern Great Basin Region, Nevada. The 

dominantly quartz monzonite pluton (-16 km^ of exposure) lacks internal fabric, 

concentric zoning, and stoped blocks, but hosts several smaller granite and granodiorite 

bodies as well as numerous microdiorite mafic enclaves. The structural aureole extends 7 

km along the eastern side of the elliptical intrusive body. Continuous and discontinuous 

spaced axial planner foliations and harmonic to disharmonic, tight to isoclinal folds wrap 

around the western margin of the pluton. Folds verge toward and away from the pluton 

and a rim anticline is preserved along the pluton margin. In several locations fold axes are 

cut by the pluton host rock contact. The aureole was shortened approximately 54% 

during emplacement. However, a maximum of 52 % of the exposed pluton area is 

unaccounted for after the ductile aureole strain is restored. The pluton contact geometry 

is highly variable and parallel to subparallel with host rock anisotropy. Along the 

southern aureole the contact dips 14° to the north (towards the intrusion) and in the 

southeast the contact turns over to dip 45° to the southeast (away from the intrusion). In 

the northeastern aureole the contact dips 31° to the northeast while at structurally higher 

elevations the contact dips 45° to the southwest. Several dikes cut host rock structure and 

turn to propagate towards one another, preserving the late stage stoping process. Aureole 

tectonites consist of carbonate mylonites and coarse mylonites interlayered with annealed 

marble. Intracrystalline slip, grain boundary migration, subgrain rotation and grain size 
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sensitive diffusion creep accommodated ductile deformation. Significant syntectonic 

grain growth occurred during carbonate grain recrystallization. Minimum sfress 

estimates from piimed calcite tectonites range from 30 to 34 MPa. Minimum strain rate 

estimates range from 10""s'' at 600° C to 10''^s"' at 400° C. Temperatures correspond 

with the peak thermal gradient predicted for the aureole. 

Magma chamber construction was accomplished by contemporaneous brittle and 

ductile translation of host rocks. Stoping accounts for missing host rock area, truncated 

bedding, and the consistent subparallel orientation of the pluton contact with host rock 

structure. Ductile deflection of the host rocks was accomplished by lateral expansion of 

the magma chamber after magma ascent had ceased. This process produced pluton-

vergent and divergent folds and a rim anticline. 

Calculated aureole strain rates preclude the possibility of simple end-member 

emplacement diking and diapiric models. The large viscosity contrast between the host 

rocks and the magma as well as the lack of fabric within the intrusion suggests aureole 

deformation (chamber construction) was driven by buoyancy and/or overpressure and 

was completed before the magma had achieved a yield strength. 
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CHAPTER I 

INTRODUCTION 

Magma emplacement studies often suffer from a lack of constraints on the 

structural evolution of contact aureoles. In fact, a recent and provocative model for 

evolution of sub-arc magma chambers is based primarily on the internal structures and/or 

geochronological data from various phases of a composite pluton (e.g., Glazner, Bartley, 

Coleman, Gray, and Taylor, 2004). 

While many insightfiil end-member models have been developed to characterize 

such processes as diapirism (Marsh, 1982; Weinberger and PodUchakov, 1994) and 

ballooning (Furlong and Meyers, 1985; Paterson and Vernon, 1995), few studies of 

natural plutons have been able to quantify the nature and magnitude of deformation 

attending magma emplacement into the crust. 

A few studies have attempted to estimate strain rates in aureoles (e.g., Karlstrom, 

Miller, Kingsbury, and Wooden, 1993). Nyman, Law, and Morgan (1995) used 

microstructures and isotopic constraints to evaluate temperature and strain rate profiles in 

the aureole of the Papoose flat pluton. McNulty, Tobisch, Cruden, and GUder (2000) 

estimated the relative contribution of different space-making mechanisms and Yoshinobu 

et al. (2003) calculated the amount of stoping that occurred inside a shallow-crustal 

magma chamber reservoir. However, no study to our knowledge has attempted to 



estimate parameters such as strain rate, stress, and viscosity in a contact aureole based on 

micro-structural constraints. 

This work utilizes micro-structural and field observations from a pluton that was 

emplaced in carbonate rocks at a pressure of-250 MPa to characterize the rheology of a 

contact aureole and establish rates of various processes active during the evolution of the 

chamber. 

The White Horse pluton in northeastem Nevada is partially enclosed by strongly 

deformed aureole rocks that have unequivocally been deflected around the intrusion 

during emplacement. The sfratigraphy in the aureole is moderately well preserved, 

providing more then purely kinematic information regarding aureole deformation. 

Calcite, an unlikely mineral due to its weak rheology and ease of annealing is commonly 

observed to be pinned by interstitial mineral phases. Pinning preserved micro-structural 

data pertaining to host rock viscosity at the latest stages of magma chamber construction. 

In the following research the rheology of the White Horse aureole is evaluated 

using observations taken from detailed geologic mapping and micro-structural analysis of 

host rocks surrounding the intrusion. In addition to structural relationships we consider: 

(1) is it possible to quantitatively determine the effective host rock viscosity within the 

contact aureole; (2) if so, how does the rheology of a contact aureole vary spatially and 

temporally during magma emplacement; (3) what variables might confrol the rheology of 

the aureole during magma chamber construction to produce both brittle and ductile 

deformational structures. 



The White Horse magma chamber was constructed by brittle stoping and lateral 

deflection of host rocks in the aureole. Both the folding model as well a measured host 

rock strain rates (10""s"' to 10''^s"') preclude simple dike or diapir ascent models. 

Instead, a more complex piercing style diapir (Paterson, Fowler, and Miller, 1996) 

followed by contemporaneous stoping and ductile deflection of rock material may more 

closely approximate the emplacement history. 

Tectonic setting 

The White Horse pluton is part of a Mesozoic magmatic province in the Great 

Basin region of Nevada and Utah (Farmer and DePaolo, 1983; EUson, Speed, and 

Kistler., 1990; Wright and Wooden, 1991; EUson, 1995; Miller and Hoisch, 1995). The 

magmatic province is loosely defined by of a broad swath of isolated intrusions and 

volcanic rocks extending from the Luning-Fencemaker thrust and initial strontium (Sr) 

0.706 isopleth to the Sevier thrust in central Utah (Figure 1.1). This area is inboard of 

various Mesozoic arcs but is temporally and tectonically linked to these litho-scale 

structures (Oldow, 1984; Smith, Wyld, Miller, and Wright 1993; ElUson, 1995; Wyld and 

Wright, 1997). 

Three pulses of Mesozoic magmatism are present and range from the late Triassic 

to Late Cretaceous (Ellison et al., 1990; Smith et al , 1993). Late Triassic metaluminous, 

mafic to intermediate plutonic bodies are restricted to the continental magmatic arc west 

of the Lunning-Fencemaker thrust belt and are petrogenetically related to eastward 

subduction of the Farallon'plate beneath the North American plate. Jurassic plutonic 



bodies are exposed as isolated intrusions between the Paleozoic Roberts Mountain and 

Sevier thrusts. These intrusions range in composition from granite to quartz 

monzodiorite to granodiorite with initial Sr values ranging from 0.706 to 0.713 and are 

consistent with a crustal component in the magma's source region (Wright and Wooden, 

1991). Late Cretaceous peraluminous two mica granite plutons where emplaced in the 

same geographic area as Jurassic intrusions. Their bulk chemistry and EpsilonNd values 

of > -12 are consistent with derivation from mantle sources. 

The compositional and isotopic differences and geographic overlap of Jurassic 

and Cretaceous age intrusions in the region has led to controversy over their genesis. 

While the source rocks to many Jurassic intrusions are interpreted to have mantle 

affinities, zircons with inherited Precambrian age cores have been found in several 

intrusions. This has confirmed the interpretation that older Precambrian crust contiibuted 

to Jurassic magmatism (Farmer and DePaolo, 1983: Miller and Hoisch, 1995). Because 

the plutons generally intrude supercrustal, miogeoclinal rocks, a two layer crustal model 

was developed to account for the mantle-crust source disparity. Evidence for a two layer 

Paleozoic over Precambrian crustal model is strongly supported by Archaean and 

Proterozoic rocks exhumed from below mid-crustal depths in central Nevada and 

southern Idaho (Snoke and Miller, 1983). Isotopic variations of O, Pb, Nd, and Sr in 

Jurassic age intrusions are interpreted to support the two layer litho-tectonic model which 

has been extended westward from the craton as far as the Sr 0.706 isopleth (Farmer and 

DePaolo, 1983; ElUson, 1995). 



The geographic overlap of Jurassic metaluminous and Cretaceous peraluminous 

intrusions is still unresolved. Wright and Wooden (1991) suggested that the abrupt 

change in isotopic signature from a dominantly mantle source for Jurassic intrusions to a 

dominantly crustal source for Cretaceous intrusions is not characteristic of long standing 

magma genesis and may have tectonic implications. They suggest that the eastward 

translation of allocthonous supercrustal and Jurassic intrusions along a low angle 

lithospheric scale thrust fault followed by intrusion of Cretaceous peraluminous granites. 

Oldow (1984) originally proposed this model for the development of the early Cretaceous 

Luning-Fencemaker and Sevier thrust belts, suggesting eastward translation along a 

regional lower angle decoUemont on the order of 200 km. Alternatively, Miller and 

Hoisch (1995) call upon an enigmatic crustal scale duplex structures or reverse faults to 

locally depress the lower curst and induce regional metamorphism and melting of the 

lower crust. The interpreted result of this tectonism now exposed as metamorphic core 

complexes in the Ruby Mountains, Pilot Peak range, and Albion, Grouse Creek and Raft 

River Ranges (Snoke and Miller, 1983; Miller and Hoisch, 1995; Lee, Barnes, Snoke, 

Howard, and Frost, 2003). 

Geophysical investigations of deep crustal structure are inconclusive with regard 

to Mesozoic petrogenesis. The upper mantle and lower crust is abnormally thin (36 km) 

(Houser et al., 1987), however crustal structure is dominated by Cenozoic low-angle 

crustal scale normal faults (AUmendinger et al. 1986). To the east, the seismic profiles 

image moderately west dipping reflectors indicative of eastward thrusting kinematically 

compatible with Paleozoic and Mesozoic tectonism. 



Regional Geology in the Basin and Range Province 

Cenozoic extension has created the modem physiographic basin and range 

topography in cenfral Nevada and western Utah. Deep alluvial valleys and moderately 

elevated mountain ranges dominate the physiography. These features are accommodated 

by horst and graben structures generated along low-angle detachment faults including the 

Pilot Peak, Schell Creek, Snake Creek, House Range, and Sevier Desert detachment 

faults (AUmendinger et al., 1983). The Goshute Mountains and the Toano Mountains are 

grouped as a single physiographic feature referred herein as the Goshute-Toano range. 

Lithologies within the Goshute-Toano range include a thick package (-11 km) of 

Paleozoic carbonate and minor amounts of shallow-water clastic sedimentary rocks 

(Ketner et al, 1998) and several intrusions and related dikes. Sedimentary rocks are 

laterally continuous over the most of eastern Nevada and western Utah. The stratigraphic 

units from the Cambrian to the Triassic are present in the area. Lithologies consist of 

limestone and dolostone, with less abundant quartzite, shale, and conglomerate. 

The White Horse pluton intruded the upper portion of the Guihnette Formation 

(Devonian) and lower Chainman Shale (Mississippian) (Figure 1.2 and Figure 1.3). The 

Guilmette Formation is locally -1200 m thick (Ketner et al., 1998) and consists of 

dolomite and calcite mudstone, siltstone, wackstone and grainstone with minor amounts 

of quartzite (LaMaskin and Elrick, 1997). The Chainman Shale consists of limestone and 

dolostone, calcareous siltstone, and argillite. The units regional thickness is > 500 m 

(Heintze, 1978) but its exposed thickness in the Goshute-Toano Range and Leppy Hills, 



40 miles to the north is approximately 150 m (Schneyer, 1984; Ketner et al., 1998). The 

reduction in thickness is interpreted to be the result of thinning by low angle normal 

faults (Hintze, 1978; Schneyer, 1984; Ketner et al., 1998) 

Mesozoic age structures within the region include normal faults, thrust faults, 

folds, "attenuation faults", and metamorphic foliation. These structures are commonly 

localized near or within metamorphic terrains and pluton contact aureoles. The cross 

cutting relationships of many of these kilometer scale structures indicates that they 

developed prior to associated Jurassic age intrusions (Table 1.1). Miller and Hoisch 

(1995) noted that the structures were commonly proximal to intrusions and suggested that 

these crustal discontinuities helped to localize magmatic intrusions. 

"Attenuation faults" are younger-on-older bedding-parallel to subparallel 

detachment features. These faults are commonly exposed throughout eastern Nevada and 

western Utah and range in age from early Jurassic to Oligocene. Maximum displacement 

is not clear, however these structures are responsible for thirming strata as much as 100% 

(Welsh, 1994). The mechanism of faulting is thought be gravitational sliding, initiated by 

crustal thinning and surface denudation (Hintze, 1978, Silberling and Nichols, 2002) in 

the limbs of regional anticlinoria (Welsh, 1994). 

The Goshute-Toano range is a relatively low strain region that has been deformed 

into an open north-south trending regional anticline (Ketner et al., 1998). Within the 

range, eight litho-tectonic packages of rocks are separated by "attenuation faults" and 

high angle normal faults (Ketner et al., 1998). Separation of these terrains, plates, and 

blocks is interpreted to have occurred in the Cenozoic (Ketner et al , 1998). However, 



with the exception of the Ferguson Mountain detachment fauU it is possible that many of 

these faults developed in the Mesozoic and were reactivated during Cenozoic extension. 



Table 1.1. Jurassic age structure in the vicinity of the White Horse pluton (modified from 
EUson, 1995). 

Range Intrusive Age 
(Ma) 

Pre-intrusion structures References 

Toano Silver Zone 
Pass, 162-152 

Bedding-parallel to sub 
parallel normal and thrust 
faults occurred before 
bedding parallel foliation was 
cut by intrusion. 

Coats, Marvin, and Stem 1965; 
Snoke and Miller, 1988; Miller, 
Nakata, and Glick, 1990; Miller 
and Hoisch, 1992. 

Silver Island 
Mountains 

Crater Island, 
150-155 

Bedding-parallel faults cut 
normal faults, which are in 
turn cut by the intrusion. 

Armstrong and Suppe, 1973; 
AUmendinger et al., 1984; Miller 
etal., 1990; Miller and 
AUmendinger, 1991. 

Pilot Range 

Newfoundland 
Mountains 

Dolly Varden 
Mountains 

White Horse 
Mountains 

Gold Hill 

Miner's Spring 
grarute, 155-165 

Newfoundland 
stock, 150-155 

Melrose stock, 
165 

White Horse 
intrusion, 160 

152 

Snake Range Snake Creek-
William Canyon 
intrusion, 160 

Bedding-plane faults 
developed during or before 
polyphase metamorphism 
deformed intrusion. 

Thrust and normal faults cut 
by intrusion. 

Bedding parallel faults are 
folded and both structures are 
cut by intrusion. 
"Attenuation faults" are 
intruded by dikes and pluton 
aureole folding is syn-
emplacement 
Open folds cut by Ochre 
Mountain thrust which was in 
turn cut by normal and strike 
slip faults, all predate 
intrusion 
Regional metamorphic 
isograds are deflected by 
intrusion 

Miller and Barton, 1987; Snoke 
and Miller, 1988; Miller and 
Hoisch, 1992. 

AUmendinger and Jordan, 1984; 
AUmendinger, MiUer, and Jordan, 
1984; Miller etal., 1990. 
AUmendinger, 1984; Zamundio 
and Atkinson Jr., 1995. 

AUmendinger and Miller, 1991; 
Miller ad Hoisch, 1995; Silberling 
and Nichols, 2002. 

Stacey and Zartman, 1978; Snoke 
and Miller, 1988; Robinson, 1992. 

MUler, Gans, Wright, and Sutter, 
1988. 
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Figure 1.1. Simplified map of Jurassic intrusions and regional structure in the Basin 
and Range Province (modified from EUson et al., 1990 and Miller and AUmendinger, 
1991). 
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Figure 1.2. Geologic map of the White Horse Mountain region (Simplified from Silberling and Nichols, 2002). 
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Figure 1.3 Litho-tectonic section for Goshute Range locally near the White Horse 
intrusion. Jg = Jurassic granite and associated dikes(?), Tg? = Tertiary dike. 
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CHAPTER II 

GEOLOGY OF THE WHITE HORSE PLUTON 

AND CONTACT AUREOLE 

Introduction 

The eastern part of the White Horse pluton and contact aureole are well exposed 

over an area of approximately 16 square kilometers with approximately 450 meters of 

vertical relief and with an unknown area of the pluton covered by Quaternary alluvium to 

the west (Figure 2.1). The pluton contact is exposed over a linear distance of 

approximately 7 km and has a jagged trace in plan view with several apophyses and pods 

intruding parallel and perpendicular to host rock anisotropy. 

Study of the emplacement history and petrology of the White Horse pluton began 

in the mid to late 1950's when Adair and Stringham (1957) interpreted contact-paraUel 

host rock structures as evidence for magma emplacement into pre-existing structures. 

Messin (1973) described the petrology of the pluton in detail and also concluded that 

aureole structures were pre-emplacement and that the pluton exploited preexisting 

structure. However, AUmendinger and Miller (1991) recognized that folding within the 

contact aureole was likely emplacement related. AUmendinger and Miller (1991) also 

documented the presence of an enigmatic rim anticline adjacent to the contact. 
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White Horse pluton 

The pluton consists of quartz monzodiorite with lesser amounts of porphyritic 

granodiorite near the margins and a fine grain quartz monzonite facies in the western 

exposed outcrop. Aplitic granite to granodiorite dikes intrude all three phases of the 

pluton (Messin, 1973). Pluton-related piliotaxitic andesitic(?) dikes intrude host rock 

outside the aureole. A K-Ar hornblende date of 160 Ma (Miller and Hoisch, 1995) and 

biofite date of 157 +/- 6 Ma (Messin, 1973) suggests a Middle to Late Jurassic age. 

Aluminum-in-homblende barometry and corrected stratigraphic reconstructions indicate 

emplacenient depth at < 7.5 +/- 1.9 km and 7.1 +/-2.0 km, respectively (Miller and 

Hoisch, 1995). In general, the pluton is metaluminous with an A/NCK ratio of 0.98. 

Initial Sr and Epsilonnd values are 0.7072 and -5.5, respectively (Miller and Hoisch, 

1995). Plutonic samples have hypidiomorphic texture and lack evidence for significant 

subsolidus or hypersolidus deformation. Quartz grains commonly display undulose 

extinction. 

Quartz biotite microdiorite enclaves (Figure 2.2) are quite common within the 

coarser grained phases of the pluton and range fi^om 2 cm to 1 m in length. Quartz and 

plagioclase xenocrysts are conunon inclusions in the enclaves, which are uniformly 

elliptical throughout the pluton. The measured two-dimensional aspect ratios of several 

enclaves in the southern margin of the pluton range from 0.43 to 0.66. Enclaves have a 

very weak long axis aUgnment along N5W (Messin, 1973). This trend is not mimicked by 

internal magmatic foliation (see below). 
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Magmatic fabrics such as igneous layering and foliations are only locally 

developed within the pluton. Magmatic foliations defined by aligned orthoclase and 

plagioclase phenocrysts do not show a consistent trend (Figure 2.1) at the map scale 

(Figure 2.1 and Figure 2.3). 

Host rock xenoliths were not observed within the White Horse pluton with the 

exception of the large potentially unconnected block along the northern contact (Figure 

2.1). The marble block has a homfelsic texture that has not preserved any sedimentary or 

metamorphic stiiictures or fabrics. Without these structures it is difficult to establish 

whether the block is attached to the wall or has been rotated in the pluton. 

Contact Aureole of the White Horse pluton 

Lithologies outside of the contact aureole consist of limestone, dolostone, and 

quartzite. Limestone and dolostone are commonly light gray to blue gray, massive, with 

bedding up to 1 m thick. Textures range from mudstone to grainstone. Quartzite is tan to 

gray and fine-grained. Quartzite beds reach 1 m thick and may occur in pairs separated 

by several meters of carbonate or as single beds. Fossiliferous layers are common and 

consist of recrystallized and weakly deformed amphipora, gastiopods, ostracods, bivalves 

and various shell fragments (Figure 2.4). Bedding has been weakly folded into a NS 

trending anticline which may be a continuation of the regional scale anticline mapped by 

Ketner et al. (1998) (Figure 2.5). 

The contact aureole consists of a structural and thermal aureole. The structural 

aureole is interpreted to extend from the pluton contact to the limit of strongly foliated 
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and folded host rocks. Outside the structural aureole host rocks are sub-horizontal or are 

weakly deformed into low ampUtude open folds (Figure 2.1). The thermal aureole 

extends from the pluton contact to the limit of observable contact metamorphic mineral 

growth and grain coarsening. The structural aureole is exposed around the southeastern 

and northeastem margin of the pluton and ranges in thickness from 100 m to 800 m in 

plan view (Figure 1.3 and Figure 2.1). The thinnest sections of aureole are adjacent to 

the regional attenuation faults that separate the Guilmette Formation from the Chairmian 

Shale argillite and the White Horse Pass limestone (Figure 2.1). These units are not 

internally deformed in the vicinity of the pluton, but may have been rotated about a 

horizontal axis into their current position during emplacement, and thus are included 

within the approximate aureole boundary along the S and SE side of the pluton. The 

thickest portion of the contact aureole is preserve along the N and NE sides of the pluton. 

The contact aureole in this region is interpreted to extend to the hinge of the rim 

monocline and transition smoothly but abruptly into undeformed subhorizontal limestone, 

dolostone, and quartzite beds (Figure 2.1). 

Lithologies within the contact aureole primarily consist of marble with minor 

amounts of quartzite. Marbles consist of fine to coarse crystals of (2-3 mm) of calcite 

and dolomite. Colors range from black to blue-gray to white to pink with finer grained 

samples commonly exhibiting darker colors and more intense deformation fabrics. 

Dolomite and calcite interlayering is common and may range in scale from several 

millimeters to several meters in thickness. Coarse marble and quartzite layers may be 

continuous for several hundred meters and have been used as marker beds. Trough 
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structures filled will fine, concave up carbonate mud laminations provide clear up 

indicators at several locations in the aureole. 

Quartzite marker beds are commonly exposed within the aureole. These rocks are 

commonly fine-grained, weather brown, tan or white, and range in thickness from 10 cm 

to 1.5 m. These marker units may occur as single beds or pairs and are mapable over 

distances of 2.5 km. However, some are commonly only several tens of meters in length. 

Tabular cross bedding is commonly preserved but is generally cryptic as a geopedal 

structure. 

The dominant and ubiquitous macro-scale metamorphic fabric within the 

structural aureole is a foliation parallel to subparallel with the axial planes of meso-scale 

folds within the aureole. This axial-planar foliation is manifested in two styles. The 

most prevalent foliation is a discontinuous, spaced foliation defined by coarse 1-3 mm 

flattened carbonate aggregates (Figure 2.5). This foliation occurs in the limbs and hinges 

of folds and is commonly bedding-parallel to sub-parallel. A fine continuous foliation 

may also be present and can be observed wrapping around coarse grained carbonate 

aggregates which were commonly white and up to 4 cm in length. Foliations display a 

wide range of orientations due to refraction and possible refolding of axial planes (see 

below). 

Lineations lie within the foliation plane and consist of stretched coarse grained 

calcite or dolomite aggregates (Figure 2.7). New lineation data has been combined with 

lineation data from Silberiing and Nichols (2002) in Figure 2.8. Lineations mapped in 

fold cores tend to have shallow plunges with frends parallel to fold axes, whereas 
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lineations in the limbs are orthogonal to the fold axes and plunge moderately to steeply 

away from the pluton. 

Folding within the aureole occurs at several different scales and with several 

different geometries. Aureole-scale folds are tight to isoclinal and are interpreted to 

maintain continuity around the exposed portions of the pluton (Figure 2.1). The aureole 

is divided into three stiiictiiral domains, denoted as domains I, II, and III: representing the 

northern, northeastem and southeastern aureole, respectively (Figure 2.1). To better 

understand the fold geometries stmctural domains were chosen on the basis of changes in 

frend of the contact in map view. 

Two main types of large fold geometries are observed within the structural 

aureole. A summary of their geometries is provided in Table 2.1. Folds in domains I and 

II exhibit tight to isoclinal inter-Umb angles and have axial planes that dip moderately 

away from the pluton. In domains I and II fold wavelengths range from approximately 

170 to 260 m and amplitudes range from 70 to 130 m. Folds in domain III are most 

commonly isoclinal, with axial planes that dip both toward and away from the pluton 

contact. Fold wavelengths range from 20 to 90 m and amplitudes range from 30 to 40 m. 

Axial pltmges of folds in all domains are shallow and have been calculated between 3 ° 

and 17° (Figure 2.5). 

Minor parasitic "s"- and "z"-folds occur on the scale of 10 cm to 2 m (Figure 2.9). 

These folds exhibit shallowly plunging axial frends parallel to the pluton-host rock 

contact and are commonly pluton vergent (Figure 2.1 and Figure 2.9). However, one 

parasitic fold in domain III verges to the south away from the intmsion. 
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Cross Sections 

Seven geologic cross sections have been constmcted that transect the pluton/host 

rock contact and the stmctural aureole (Figure 2.1). Cross section form lines were 

approximated from measurements of bedding and extrapolated to depth based on bedding 

geometry. Marker beds are quartzite and were extrapolated to depth. The correlation of 

marker unites is based on their geomefry (i.e. up-right or overturned) and repetition 

within the stratigraphic section. 

Cross sections A-A', B-B', and C-C (Figure 2.1) depict tight synclines which 

fransition abmptly into low strain sub-horizontal carbonate rocks outside of the stmctural 

aureole. These undeformed rocks extend at least 2 km from the contact aureole in section 

B-B'. The axial planes of these folds are inferred to be parallel to the pluton contact. 

Figure 2.10 depicts the abmpt transition from undeformed host rocks into the stmctural 

aureole. 

Cross section D-D' (Figure 2.1 and Figure 2.11) illustrates a series of anticlines 

and synclines which decrease in amplitude away from the contact. Axial planes dip 70° 

to 80° away from moderately west dipping pluton host rock contact. The west dipping 

contact was calculated from the contact map trace. The pluton host-rock contact at depth 

(below 2100 m) is project into the cross section from section C-C, located -800 meters 

to the north. Figure 2.11 shows the transition from the NE dipping contact in cross 

section C-C as it gains elevation and changes orientation, dipping 45° to the southeast at 

higher stmctural elevations. 
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Cross section E-E' depicts a tmncated synform hinge and two low-amplitude 

open anticline-syncline pairs to the east. This fold geometry in this area is subtler than 

other parts of the aureole. 

Cross sections F-F' and G-G' (Figure 2.1 and Figure 2.12) depict tight to 

isoclinal, disharmonic folds. Axial planes in F-F' dip both toward and away from the 

pluton. Folds along the southeast aureole abut an attenuation fault, which at this location 

is interpreted to dip steeply to the southeast. The interpreted fault plane dips have been 

estimated from three point calculations along the fault zone. Bedding orientations east of 

the fault dip moderately to the east. 

Cross Section H-H' (Figure 2.1) shows a shallowly inward dipping pluton 

contact. Locally the pluton appears to have intmded over the host rocks and the pluton 

contact parallels host rock bedding within several meters of the contact. Bedding has 

been projected into the section from the northeast (Figure 2.1) and defines a fold limb 

that dips moderately to the south. The fold verges to the south, similar to the parasitic 

fold exposed near the contact. The steeply dipping attenuation fault to the east juxtaposes 

a thick sliver of jasperoid between the Guihnette Formation and the Chainman Shale 

argillite. 

Large and small-scale folds verge toward the pluton around most of the aureole 

where the pluton host rock contact dips away from the intmsion. This geometry suggests 

pluton-down/host rock-up kinematics; a relationship which is somewhat enigmatic (see 

discussion). However, in the southern aureole where the pluton host rock contact dips 
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shallowly to the north (into the pluton, H-H'), a shallowly plunging z-fold verges to the 

south suggesting pluton-up kinematics. 

In summary, four significant observations may be extracted from the cross 

sections. First, folds not bounded by regional attenuation faults have longer wave lengths 

and higher amplitudes than folds bounded by attenuation faults. Second, folds tend to 

verge toward the pluton. Third, the pluton-host rock contact tmncates bedding form lines 

and marker beds at depth in cross sections A-A', B-B', C-C, D-D', E-E', G-G', and H-

H' as well as in map view. Lastly, aureole fold geometry shows evidence for pluton-

vergent asymmetric folds as well as more complex geometries. 

Pluton-host rock contact 

The pluton host-rock contact orientation is strongly variable over an exposed 

elevation of 450 meters. The contact is easily measured or has been calculated (i.e. three 

point problems) from the map trace. A 3-D representation of contact variations is 

presented in Figure 2.13. In the southern aureole, the contact (cross section H-H') strikes 

EW and dips 14° to the north. The contact is inferred to steepen and turn over to dip 88° 

to the southeast near cross section G-G' and then shallow to 46° (cross section F-F'). 

The contact orientation steepens as elevation increases and as it approaches an abmpt 

turn (near cross section E-E') tmncating the rim syncline. Between cross sections E-E' 

and D-D', the contact turns sharply to the southwest tmncating a contact-parallel 

antiform and, at it highest elevations, the contact turns over to dip 45° to the southwest. 

Between section D-D' and C-C and moving down in elevation the contact is changes 
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orientation to dip 34° to the NE. This orientation continues along strike until cross 

section B-B' where the contact is interpreted to steepen -80" to the north. 

Several apophyses extend from the contact. These stmctures are generally < 100 

m in length and no more than 60 to 80 m in thickness with blunt ends. These apophyses 

appear folded in map view, but show no evidence of being folded. Thus, their orientation 

is the product of propagation first parallel and then perpendicular to host rock anisotropy. 

Contact geomefries suggest that the magma chamber has been denuded to a 

stmctural level that is below the chamber roof and above the floor. Although the highly 

variable contact geometry and the presence of local subhorizontal contacts might suggest 

the roof, walls, and floor of the White Horse magma chamber are exposed I suggest that 

this is not the case. First, the shallowly dipping northeast host rock over pluton contact 

(sections C-C and D-D') is stmcturally - 300 m below the highest exposure of the 

pluton making it unlikely that this contact represents any portion of the roof. Secondly, 

the southem contact which is shallowly dipping into the pluton body is exposed at an 

elevation of 1930 m while the NE contact which dips moderately away from the pluton is 

exposed at -2050 m. If these contacts represented the upper and lower terminus of 

chamber respectively, then the height of the chamber would only be 120 m. This 

thickness is inconsistent with the -350 m of exposed stmctural relief of the pluton. 

Thermal aureole and metamorphic grade 

The areal extent of the thermal aureole is interpreted to coincide with the 

stmctural aureole. The thermal aureole is defined by metamorphic porphyroblast growth 
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and grain coarsening and extends to 800 m from the contact in map view (Figure 2.14). 

Talc and tremolite are present just outside of stmctural domains I and II in fine grained 

undeformed host rocks (Figure 2.14). The thermal aureole is less well defined along the 

southeastem and southem contact because the outcrop exposure is poor. Silberling and 

Nichols (2002) indicated that Chainman Shale argillite has a homfels textiare, thus the 

thermal aureole must extend into the hanging wall of the regional attenuation faults 

(Figure 2.1 and 2.7). 

Porphyroblasts within the thermal aureole include olivine, calcium (Ca) pyroxene, 

fremolite, and talc. Antigorite is retrograde after olivine. These minerals are restricted to 

the dolomite and calcite marbles of the Guilmette Formation. Olivine occurs as 

recrystallized and fractured aggregates sometimes occurring in an unusual tabular 

morphology up to 2.5 mm in length; however, individual grains may be as small as 0.01 

mm in diameter. Grains tend to have uniform extinction and no SPO. Grain boundaries 

may be cuspate and are embayed in some grains. Retrograde antigorite is seen within 

olivine fractures and pseudomorphing olivine laths. 

Ca-pyroxene occurs as euhedral to anhedral crystals ranging from 0.2 to 2.5 mm 

in diameter. Grains have uniform extinction, occasionally exhibit polysynthetic 

twinning and lack a SPO. 

Tremolite occurs with a rhombohedral, blocky, or needle-like habit throughout the 

aureole and just outside. However, tremolite does not occvu" closer than 100 m to the 

pluton contact. It is commonly subparallel to the dominant rock fabric suggesting it may 

have grown during aureole deformation. 
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Talc is observed outside the aureole as long needle like crystals from 0.1 to 0.6 

mm in length. Within the aureole talc occurs as small books on the order of 0.05 mm in 

length. Talc occasionally occurs with forsterite in smaU books ranging from 0.1 to 0.2 

mm and in other samples proximal to the pluton host rock contact. 

Metamorphic grade decreases away from the pluton contact (Figure 2.14). Phase 

stability equilibriums were calculated at 2 Kbar using GeO-Calc (Brown, Berman, and 

Perkins, 1988). Peak metamorphic conditions are constrain by the reaction di + dol = fo 

+ cc + CO2 which is stable between 590° and 630° C over a wide range of CO2 mole 

fractions (Brown et al, 1988) (Figure 2.15). The cc+ antig (reUct after forsterite) + dol 

assemblage is found as far as 400 m from the contact suggesting that peak thermal 

condition likely extended farther from the aureole than might be expected. Peak 

metamorphic conditions at the outer aureole are likely greater than 400° C as constrained 

by the cc + tr assemblage (Figure 2.15). 

The peak regional temperature estimates base on the conodont metamorphic index 

from samples near White Horse Pass are about 300° C (Silberling and Nichols, 2002). 

Peak temperature estimates near Furgeson Mountain north of White Horse Pass are as 

high as 400° C (Welsh, 1994). 
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Table 2.1. Summary of fold geometry. 
Domains I and II (Cross Domain III (Cross Sections 
Sections A - D) F - H ) 
Tight to Isoclinal Isoclinal 

Amplitude (m) 70-130 30-40 

Wave Length (m) 17-260 40-90 
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Figure 2.2. Mafic enclave in granitic host with xenocyrsts(?) 
of plagioclase. 
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N=34 

Figure 2.3. Southern hemisphere projection of 
poles to magmatic foliation planes. 
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Figure 2.4. Fossils preserved outside of the stmctural aureole. A) Amphipora 
grainstone. B) Bivalve in lime mudstone. C) Shell fragments 
in lime mudstone. 
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Figure 2.5. Aureole foliations. A) Fine continuous foliation and discontinuous spaced 
foliation defined by coarse dolomite aggregates. Delta clast indicates dextral shear sense. 
B) Discontinuous foliation defined by coarse carbonate aggregates. C) Discontinuous 
spaced foliation oriented sub-paralUel to bedding. D and E) Discontinuous spaced foliation 
sub-parallel with bedding. Bedding has been crenulated/ptygmatically folded. 
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Calculated beta axis 04/347 

N-69 

Poles to bedding outside 
the stmctural aureole 

Calculated beta axis 17/297 

N=44 

Poles to bedding in 
northern aureole (Domain I) 

Calculated beta axis 05/327 Calculated beta axis 07/202 

N-122 N=71 

Poles to bedding in northeast 
aureole (Domain II) 

Poles to bedding in southeast 
aureole (Domain HI) 

Figure 2.6. Poles to bedding both inside and outside of the contact aureole. 
Bedding orientation measurments are grouped into loose geographic domains 
to better define gross fold geometry within the aureole. 
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Figure 2.7. Stretching lineation. White mineral aggregates are 
elongate parallel to the lead holder. 
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Explanation 

Lineation ^^ 

Lineation (Silberiing and Nichols, 2002) / 

Small fold axis A) \ 

Small Fold Axis = 

Lineations (including Silberling 
and Nichols. 2002) = • 

Scale 1:30,000 
v/ \ I/. </ ;.7 %-'c# 

Qa 

•" Mca , 

Figure 2.8. Simplified geologic map of lineation, small fold, and major fold 
distributions in contact ameole. See Figure 2.1 for explanation. 
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Figure 2.9. Examples of minor parasitic folding in the aureole. A) W-fold in the hinge 
of pluton vergent kink fold. B) Disharmonic cylindrical fold. C) Isoclinal or similar 
fold with pluton vergent geometry. 
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Figure 2.10. Fold from the northern aureole near cross section B-B'. Host 
rocks to the left of the structural aureole are subhorzontal (undeformed) and 
extend as such for ~2 km to the edge of the map area. 
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Figure 2.11. View of northeastem pluton host-rock contact. Image looks southeast back 
across cross section line C-C and D-D'. Black lines mark fold hinges and white lines trace 
bedding. In the foreground the pluton contact dips 34 degrees to the NE. In the background 
the contact climbs the ridge and rolls over to dip 45 degrees to the SE. 
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Figure 2.12. Photograph of folds in cross section G - G'. The image was taken at an 
oblique angle to the cross section and fold axes but parallel to the ridge axis. Fold one 
is tuncated at the pluton contact while fold two continues to follow the pluton host-rock 
contact in the southem aureole (Figure 2.1). Folds three and four could not be mapped 
further around the aureole. 
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Figure 2.13. Schematic diagram of the pluton host-rock contact and selected cross 
sections. Gray band depicts variations in contact orientations around the exposed 
aureole as interpreted from cross sections. Red lines are approximate stmctural 
contours. Contact attitude measurments or estimats from map trace are indicated 
with and arrow and dip direction in the plane of the contact. The soUd upper 
surface of the gray band (contact plane) represents the approximate elevation of 
exposure as mapped in the field; approximate elevations are noted. 
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Mew Mcs? 

Explanation 
O Tremolite - only porphyroblast 

Q Talc-only porphyroblast 

/\, Complex mineral assemblage 

O PorphyroblastB absent 

Fabric I - Red - dolomite tectonite 
with anealed calcite 

Fabric II - Orange - monomineralic 
dolomite and calcite tectonites 

Fabric III- Yellow - calcite hom^ds 
texture commonly with > 30% 
porphyroblasts 

Qa - alluvium 
Jgr - quartz monzonite 
Mca - argillite 
Mcs - siltstone 
Mew - White Horse limestone 
Dg - Guilmette Formation 

{"~) Axial trace of overturned anticline 

-f^ Axial trace of ovatumed syncline 

^ Axial trace of synform, dashed where 
•. approximate 

Axial trace of antiform, dashed where 
'•'•, approximate 

^ s^ Axial trace of nHMiocline. dashed where 
- approximate 

Scale 1:24000 

Figure 2.14. Simplified geologic map showing disribuiotn of aureole petrofabrics, 
porphyroblasts, and folds (for detailed explanation see Figure 2.1). 

2km 
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CHAPTER III 

HOST ROCK RHEOLOGY 

Introduction 

Rock rheology of is governed by external stresses, temperatures, strain rates and 

properties such as mineral assemblage, fluid content, and anisotropy. Under the 

appropriate conditions, rocks may record and retain information pertaining to peak 

conditions of deformation in the form of micro-stmctures and deformation mechanisms. 

Micro-stmctures encompass a broad classification of features that may range from small-

scale folds and faults to lattice defects within individual mineral grains. Experimental 

rock deformation studies have shown that recrystalUzed grain size, subgrain size, and 

dislocation density may be a function of differential stress. By comparing experimental 

rock deformation studies extrapolated to geologic strain rates with results from naturally 

deformed samples it might be possible to place quantitative constraints on host rock 

rheology. This chapter focuses on micro-stmctural observations from deformed 

carbonate rocks in the aureole of the White Horse pluton with the goal of constraining the 

stiess, sfrain rate and viscosity of the contact aureole. 

Micro-stmctures 

Micro-stmctural and textural observations were made in over 40 samples from the 

aureole. These observations include mineralogy and texture, intracrystalline deformation, 

grain size, crystallographic orientation and sfrain. In the following sections, textures 
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within individual minerals will be described and compared to mineral deformation 

textures with other minerals in polyphase samples. Rock descriptions are presented in the 

Appendix. 

Undeformed samples of dolomite and limestone tend to have a fine grained 

equigranular micritic texture. Calcite and dolomite have lobate boundaries, uniform 

extinction, and lack micro-stmctural evidence of regional or pluton related deformation. 

Figure 3.1 presents several examples of undeformed rocks from outside the aureole. 

Thin sections have been stained with Alizarin Red-S. to distinguish calcite (red) 

from dolomite. Two dolomite marble samples exhibiting sweeping undulose extinction 

in dolomite were stained with potassium ferricyanide to test for the presence of baroque 

(ferroan) dolomite (AUman and Lawrence, 1972). Baroque dolomite was not identified, 

therefore, sweeping extinction in dolomite is likely a result of externally induced lattice 

deformation. Common accessory minerals in calcite marble include olivine, diopside, 

antigorite, opaque oxide, tremolite and talc. Quartzite samples may contain trace white 

mica and opaque oxide. 

Summary of microstmctures in primary phases 

Recrystallized dolomite grains are commonly anhedral and range in length from 

0.02 to > 2 nmi. Coarser grains (> 0.1 mm) may exhibit sweeping imdulose extinction or 

uniform extinction, whereas finer grain sizes generally exhibit uniform extinction. Grain 

boundaries may be straight, curved or lobate in coarser grains (Figure 3.2A), but are 

sutured in some finer grained samples. Shape-preferred orientation (SPO) of grains is 
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well developed in most dolomite aggregates less than 1 mm in diameter regardless of 

thefr grain boundary geometiies (Figure 3.2B). Polygonal texture is common in samples. 

Subgrains were not clearly identified, however misaligned grains with pooriy defined 

boundaries suggest development of neoblasts. Twinning is rare in dolomite. When twins 

are present they are commonly straight thin (type I) (Burchard, 1993) or thick (type II) 

(Burchard, 1993) twins, similar to those in calcite. 

Euhedral dolomite grains are also present in some samples. These grains 

commonly preserve a possible rhombohedral or hexagonal form but are embayed by 

calcite (Figiure 3.2). Euhedral grains lack an SPO and are oriented at high angles to the 

dominant rock fabric in the sample. 

Calcite grains are anhedral and range from 0.01 to > 2 mm in length. Grains have 

uniform extinction and boundaries range from straight to lobate (Figure 3.4). Coarser 

grains define the SPO and SPO intensity decreases with decreasing grain size. Subgrains 

are absent from most samples. Multiple sets of twins are common in calcite grains > 0.1 

mm in diameter. Twins are almost always low temperature (< 300° C) type I or type II 

varieties (characterized by Burchard, 1993). 

Quartz grains are generally anhedral and range in diameter from 0.01 to 0.7 mm. 

Samples tend to have equigranular or seriate textures. Extinction is commonly sweeping 

and rectiUnear subgrains are present in sample WH-78-02. Grain boundaries may be 

sutured or curved (Figure 3.5) and polygonal textures are common. SPO is weakly 

developed in samples with the most lobate grain boundaries (Figure 3.6) and absent in 

most sections. 
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An opaque phase is present in some marble samples within the aureole. The 

oxide rich layers commonly define a foliation in thin section and envelope fine grain 

calcite and dolomite mineral aggregates, usually < 0.05 mm in diameter. The phase is 

also associated with finer grains and lobate grain boundaries. The two dimensional 

volumetiic percentage of material may be as large as 1 % but weight percent calculations 

have not been done. Hand specimens associated with these samples tend to be dark gray 

to black in color. 

Aureole petrofabrics 

In order to systematically evaluate relationships between mineral assemblages, 

micro-stmctures and aureole deformation, samples have been divided into petrofabric 

groups. Fabrics have been defined on the basis of mineral assemblage, SPO, and grain 

boundary tj'pes. A map of the aerial distribution of the fabrics within the structural 

aureole is presented in Figure 2.14. 

Fabric I consists of micro-layered dolomite and calcite (Figure 3.7A-C). This 

layering is parallel to measured foliation and parallel or subparallel to bedding. Dolomite 

grains display a clear SPO. Grain boundaries are curved to lobate and polygonal texture 

is readily observed in dolomite aggregates. Calcite grains may exhibit an SPO among 

dolomite grains. However, calcite grains in layers that lack dolomite have coarser grain 

sizes, lack an SPO and exhibit lobate grain boundaries. 

Fabric II dominantly consists of monomineralic dolomite and calcite tectonites 

and has been subdivided into Fabric Il-dol (primarily dolomite) and Fabric II-cc 
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(primarily calcite). Fabric Il-dol contains several sub-textures. The first texture (Figures 

3.7D and F) is equigranular, has a strong SPO, straight to curved grain boundaries and 

some polygonal texture. This texture is also maintained in finer grained samples. The 

second texture (Figure 3.8E) exhibits a qualitatively tri-modal grain size distribution 

which consist of coarse grains with sweeping undulose extinction and no SPO. 

Aggregates of coarse grains are surrounded by fine elongate grains which exhibit a strong 

SPO and lobate grain boundaries. Still finer grains have curved to sfraight boundaries and 

a less intense SPO. The fine grains define flow lines which wrap around the coarse 

aggregates. Some similar fabrics display a bimodal grain distribution. 

Fabric II-cc is a monomineralic calcite tectonite. Replacement of another 

carbonate phase has occurred in some samples (Figure 3.4A). As with Fabric Il-dol, the 

calcite tectonites exhibit several textural variations. The first texture (Figure 3.7G and I) 

exhibits a strong SPO developed in both coarse and fine grain sizes. Coarse 

porphyroblasts define the foliation as the SPO decreases with decreasing grain size. The 

second texture (Figure 3.7H) is equigranular with a less intense SPO. In this fabric the 

SPO is almost entirely defined by coarse porphyroclasts. Many tectonites exhibit 

characteristics of both subtextures. The interstitial opaque phase present is inherent to 

these fabrics. 

Fabric III most commonly consists of calcite and a considerable amount of 

metamorphic porphyroblasts of olivine, diopside and retrograde antigorite (Figure 3.7J-

L). In this fabric, calcite grains tend to have curved or polygonal grain boundaries, 

uniform extinction and lack an SPO. Porphyroblasts do not exhibit an SPO. 
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Distribution of petrofabrics within the aureole 

The distribution of fabrics within the aureole does not correlate with the pluton 

contact or outer limit of the stmctural aureole (Figure 2.14). Fabrics I, II, and III are 

inter-dispersed and fabrics I and II may be found at any distance from the contact. Fabric 

III is restricted to being within about 400 m of the contact. There does appear to be some 

lateral continuity of fabrics along fold axes and fabric repetition across fold hinges. This 

apparent distribution is most easily correlated with the folding of lithologic layers within 

the aureole and is consistent with the characterization scheme that is sfrongly dependant 

on mineral assemblage. 

Grain size measurements 

Digital grain size analysis was conducted on five monomineralic tectonite 

samples of calcite and dolomite marble, quartzite, and undeformed dolostone and 

limestone from different locations within the stmctural aureole. Samples do not include 

any obviously annealed samples and a comparative sample of quartzite from outside of 

the aureole was not available for analysis. Grain boundary maps were constmcted from 

photomicrographs oriented orthogonal to the rock fabric. Maps were either constmcted 

by hand from single photomicrographs using Adobe Photoshop (carbonate samples) or 

where computer generated (quartzite sample) from muUiple photomicrographs taken at 

different extinction angles. NIH hnage and the Lazy Grain Boundary method 

(Heilbronner and Bmhn, 1998; Heilbronner, 2000) where used to average and compile 
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the digitally processed bit map images into a single grain boundary map. Figures 3. 9 

displays grain boundary maps and histograms of grain size analysis. 

Two dimensional grain areas were digitally calculated in pixels using NIH Unage 

particle analysis function and pixel areas were converted to micrometers with the 

following equation: 

image width{um) 
= micrometers I pixel (eq. 3.1) image width{pixels) 

where image width was taken from the objective magnification and field of view from the 

digital camera. Grain areas of deformed (elliptical) grains were corrected to represent 

two-dimensional spherical grains: 

r - A— * conversion (eq. 3.2) 

V n 

where r is the radius in micrometers, A is the area in pixels and the conversion is equal to 

equation 3.1. Histograms of two dimensional grain radii data were entered into a 

computer program StipStar (Hielbronner, 1998) and the three dimensional percent 

frequency of radii [h(R)%] and the volumetric percent frequency of radii [V(R)%] were 

calculated. Histograms of these analyses are presented in Figure 3.9. The reported mean 

is the calculated graphical mean from cumulative percentage grain size distribution 

curves. 

Undeformed Umestone and dolostone have the finest grain sizes at 8 ^m and 33 

\xm., respectively. Measured grain growth in calcite in the aureole was greater than one 
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order of magnitude ranging from 8 ^m outside the aureole to 150 |a,m inside the aureole. 

Dolomite grain growth was less significant than calcite ranging from 33 |im outside the 

aureole to 92 [im inside the aureole. A summary of grain size measurements from the 

samples of various lithologies is presented in Table 3.2. 

Micro-boudinage 

Micro-boudinage of metamorphic tremolite occurred in sample WH-89-02 

(Figure 3.10). Although tremolite occurs in several other samples within the aureole 

(Figure 2.14), the grains are not deformed. Percent extension from tremolite grains using 

a single photomicrograph was calculated tracing boudinaged fragments in Adobe 

lUusfrator and realigning the deformed grain segments parallel to foliation. Strain 

estimates ranged from 7% to 38 % within the single section. The extreme variation in 

strain measurements is easily attributed to variation in the tensile strength of the mineral 

grains and timing of mineral growth. Tremolite grains have a nematoblastic texture and 

so the extension direction could not be defined. However, this texture implies pure 

flattening strain occurred during mineral growth. 

C-axis orientations of calcite 

The c-axis orientations in calcite, dolomite and quartzite tectonites were 

evaluated. Crystallographic orientations are significant in that they are sometimes 

distinct to crystal plastic deformation regimes of different phases. If the c-axes are 

aligned with a imiform LPO then the grains should exhibit a uniform increase in 
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birefiingence when the fiill wave plate on a petrographic microscope is inserted. Such a 

uniform distiibution of c-axes plotted on a southem hemisphere projection stereogram 

will exhibit a single maximum. If the grains lack an LPO or have a LPO with a complex 

distribution of c-axes, then grains will not exhibit a uniform change in birefringence. 

Furthermore, the stereogram of c-axes will have a random distribution (no LPO) or a 

complex maxima distribution of c-axes. Most quartzite, calcite, and dolomite tectonites 

do not exhibit a uniform birefiingence change. A more thorough and quantitative 

evaluation of c-axes orientation is necessary to constrain the presence and type of LPO in 

different samples. 

A 5-axis universal stage was used to analyze calcite c-axis orientations in two 

mutually perpendicular thin sections. C-axis orientations of 45 grains were calculated 

and plotted using MICROSTRUCTURE v. 2.5 (AUmendinger, 1988-1992). Twin 

orientations collected from grains (following procedures outlined in Passchier and 

Trouw, 1996) were converted to c-axis orientations. Calcite has three e-twin lamellae 

planes {0112} inclined to the c-axis. MICROSTRUCTURE calculated two possible c-

axis orientations per grain based on a single twin orientation. The two calculated c-axis 

orientations were then compared to the optically approximated e-twin and c-axis 

orientation and the correct calculated orientation was selected from the two possibilities. 

The distribution of c-axes is plotted on an equal-area southem hemisphere projection 

(Figure 3.11). C-axis orientations exhibit a random distribution. This suggests that there 

is no axes alignment or that more measurements may be needed to resolve a complex 

distribution. 
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The calculated optimum kinematic axes for e-twin lamellae formation were also 

calculated with MICRCROSTRUCTRUE v. 2.5. Calculated contractional axes (Figure 

3.11) exhibit a girdle subparallel to the sample foliation plane (indicated by the dashed 

line. Figure 3.11). The extensional axes are distributed as a weak maximum, 

perpendicular to the foUation plane. 

The e-twin lamellae kinematic axes are incompatible with the strain regime 

necessary to develop the foliation. In general, contractional axes should be oriented 

perpendicular to the foliation plane if twinning resulted during foliation development. 

Thus, e-twining likely occurred after foliation development during a later low 

temperature deformation event. This interpretation is supported by the low temperature 

unrecrystallized type I and II twin style (Burchard, 1993). 
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Table 3.1. Summary of grain size measurements. 
Sample # Lithology Apparent 

Distance from 
Pluton (m) 

Number of 
grains 
measured 

Mean Grain 
diameter 
V(R)% m 

WH-78-02 
WH-13-02 

WH-150-03 

WH-178-03 

WH-204-03 
WH-209-03 

Quartzite 
Limestone 

Marble 
Limestone 

Marble 
Dolostone 

Marble 
Dolostone 
Limestone 

91 
200 

176 

139 

2125 
916 

3054 
347 

2998 

695 

1523 
1293 

201 
158 

134 

94 

35 
8 
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Figure 3.2. Close-up of dolomite microstmctures (white line denotes bulk 
rock SPO. A) Crossed polar image of dolomite exhibiting lobate grain boundaris 
and SPO. B) Plane light image of dolomite with straight to curved grain 
boundaries, polygonal texture and grain SPO. 
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Figure 3.3. Subhedral dolomite crystal embayed by calcite grains. 
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Figure 3.4. Calcite microstmctures (white lines mark macroscopic SPO). A) Plane 
light image (calcite stained red) depicting curved to straight grain boundaries and 
strong SPO. B) Crossed polar image of curved to straight grain boundaries. 
Grains are elongate and define a SPO but also contain some polygonal texture. 
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Figure 3.5. Quartz grain boundaries (crossed polars). A) Sutured and diffuse 
grain boundaries indicative of grain boundary migration recrystallization, no 
SPO. B) Curved grain boundaries. 
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Figure 3.6. Quatzite samples from within stmctural aureole. A) Bedding is 
preserved at grain size change (dashed white line), B) sample shows SPO 
(white line) and lobate grains, evidence of dynamic recrystallization by grain 
boundary migration, C) and D) are undeformed. 
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Fabric I Fabric Il-dol Fabric II-cc Fabric III 

Figure 3.7 Aureole petrofabrics shown with increasing distance from the pluton contact from top to bottom 
and measured distance from contact. A-C) Fabric I, mixed calcite (red) and dolomite (gray) under crossed polars. 
D-F) Fabric H-dol, dolomite under crossed polars. G-I) Fabric II-cc, calcite under plane light; J-L) Fabnc HI, 
calcite (red) raatiix with forsterite, diopside and antigerite porphyroblasts under crossed polars. 
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Figure 3.8 Grain boundary maps and 3-D volumefric percentage (V(R)) and frequency percentage 
(h(R)) histograms of grain diameters. Areas or grains touching the edge of the image were not 
included in grain size analysis. A) undeformed marble, B) undeformed limstone, C) defomied 
quartzite, D) coarse calcite mylonite, E) coarse calcite mylonite, F) coarse dolomite mylonite. 
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Sample WH-94-02 

n = 45 

* - c-axis of calcite 

D = calculated axis of extent!on 

• = calculated axis of compression 

dashed line = foliation plane 

Figure 3,10. Southem hemisphere projection of calculated calcite c-axis 
orientations and calculated extension and compression directions for e-twin 
lamelle. 
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CHAPTER IV 

DISCUSSION 

In this chapter, the following observations and results are used to develop a model 

of the stmctural evolution of the White Horse pluton and contact aureole. 

(1) Timing of regional deformation and emplacement related deformation; 

(2) Ductile deflection of host rocks around the margin of the pluton; 

(3) Variable fold geometry and vergence within the contact aureole; 

(4) The highly variable pluton host rock contact geometry; 

(5) The lack of significant magmatic stmcture within the pluton; 

(6) Recrystallized calcite grain size and estimates of rheology of the contact aureole. 

Timing of deformation 

The initiation of regional low angle attenuation faults and emplacement of the 

White Horse pluton are the earliest tectonic events in the region (Dl; Silberling and 

Nichols, 2002). Table 4.1 presents Mesozoic and Cenozoic deformation events 

summarized from Silberling and Nichols (2002). These authors suggest that contact 

metamorphosed argillite of the Chainman Shale and pluton related dikes in the hanging 

wall of the stmcturally highest attenuation fault consfrain fault development as pre- to 

synemplacement. This interpretation is in agreement with our observation that 

attenuation faults at the outer margin of the White Horse pluton stmctural aureole have 

been rotated into their current position. Estimates of attenuation fault geometry from the 

61 



map trace indicate that the fault planes dip steeply SSE in the vicinity of the White Horse 

pluton. This steep geometry is not observed elsewhere in the region and suggests that the 

faults have been deflected in to their current position about a horizontal axis. Attenuation 

faults also maintain geometric continuity with footwall bedding and axial planar foliation 

in the aureole (Figure 2.1). These aureole stmctures might otherwise be predicted to be 

discordant with the fault plane. 

The influence of the attenuation faults on emplacement of the pluton may have 

been manifested as a variation in aureole fold geometry. Folds adjacent to the faults tend 

to have smaller amplitudes and wavelengths (i.e. are smaller and tighter) than folding else 

where in the aureole. We suggest that the attenuation fault plane may have partitioned 

sfrain into the Guilmette Formation to produce a tighter fold frain. 

The timing of regional D2, D3 and Cenozoic deformation events is clearly post 

emplacement (Silberling and Nichols, 2002). D2 stmctures consist of open upright to 

overturned folds that deform compositionally related White Horse dikes and Dl 

attenuation fault planes (Silberling and Nichols, 2002). D3 stmctures such as the Sugar 

Loaf Thmst tmncate D2 fold hinges. Cenozoic deformation included reactivation of the 

Ferguson Mountain detachment fauU to the north (Ketner et al., 1989) and development 

of a number of high angle normal faults, some of which intersect the aureole. These 

younger stmctures are too far from the White Horse contact aureole or are of too low of 

an intensity to have altered the aureoles emplacement stmcture (Figure 1.2). 
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Strain 

Sfrain within the aureole may be characterized as brittle or ductile translation of 

host rock out of the map plane or the area now occupied by the White Horse pluton 

(Figure 2.1). Quantitative estimates of sfrain extrapolated to the extent of the aureole 

suggest that equal proportions of ductile and brittle sfrain accommodated magma 

emplacement. Aureole strain may be attributed to the processes of folding and stoping. 

Mechanism of folding 

The dynamics of folding in the aureole, and magma chamber constmction are 

coupled in such a way that considering the mechanics and kinematics of folding will 

undoubtedly elucidate the magma chamber constmction process. However, to do so the 

folding mechanism must account for the presence of a rim anticline and pluton vergent 

fold geometry. 

In general, fold geometry suggests that aureole folds are best approximated by 

buckle folding rather than passive shear flow and layer parallel shear models (Figure 4.1). 

The shear flow mechanism of folding requires axial planar shear bands to accommodate 

folding. Zones of intense shearing are observed in aureole host rocks (Figure 2.5 A). 

However, neither the frequency of these zones nor the interpreted displacement along 

these zones is significant enough to accommodate the passive shear flow model. Figure 

2.6D and E show foliation cross-cutting slightly disturbed bedding. 
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Lineation data support a buckle folding model accommodated by internal 

longitudinal strain. Models for lineation development on the surface of buckle folds 

show that the principle extension direction in co-axial fold experiments (Ghosh, 1974; 

Skjeraa, 1975) may be both parallel and orthogonal to the fold axis: a product of internal 

deformation by tangential longitudinal strain (Ramsay, 1967). Lineation orientations in 

the layer flexural slip model are predicted to be oriented at high angles to fold axes 

(Ramsay, 1967). Lineations measured in the White Horse aureole are either parallel or 

orthogonal to fold axis suggesting that folding was accommodated by internal layer 

deformation during buckle folding. 

The buckle folding model requires layer parallel shortening at magma chamber 

walls to produce folding. This simple kinematic model can account for both the rim 

anticline and pluton vergent folds. Current models (Glazner and Miller, 1997) suggested 

that rim monoclines could result from the increasing pluton/host-rock density contrast 

which allows the crystallizing magma to sink within its thermally softened aureole. 

Miller and Bedford (1999) interpreted thin host rock flaps to have foundered in magma 

creating a margin anticlines and monoclines around the Almo pluton and Zamundio and 

Atkinson Jr. (1995) suggested that aureole rocks around the Melrose stock may have been 

ductilly translated downward along the margins of a crystal poor meU. Field evidence to 

support these observations includes steep pluton host-rock contacts and steeply plunging 

lineations and shear zones. The highly variable contact geometry, and absence of steeply 

plunging lineations and aureole shear zones around the White Horse pluton are 

incompatible with vertical pluton-down or host-rock-down kinematics. Furthermore, the 
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anticline is not interpreted to be a thin host rock flap which foundered in the magma 

(cross section D-D'). Uistead, the tight upright fold geometry (Figure 2.1) may be most 

simply predicted as the resuU of horizontal shorting at the chamber wall. 

Acceptance of the folding model has two significant implications: (1) magma 

ascent must have been arrested during late stage folding and, (2) multiple pulses of 

magma or an elongate stream of magma must have fed the chamber. The implication that 

magma ascent had ceased, at least during late stage folding, stems from the observation 

that the fold geometries in cross sections D-D' and H-H' (Figure 2.1) are incompatible 

witii upward deflection of host rocks. The only model compatible with late stage 

chamber expansion implies flux of magma into a pre-existing chamber with already 

folded wall rocks which would orient principle stresses normal to the chamber walls. 

This type of stress distribution has been interpreted for the Ubehebe Peak pluton 

(Everman, 1998) 

Fold asymmetry implies that the host rocks where thmst over the magma in some 

locations and under magma in other parts of the aureole. Given the local minor sub

solidus fabric in the pluton and the interpreted lack of observed region contractional 

stmctures, fold vergence should not be related to post-emplacement regional deformation. 

Instead, we suggest that inclined host rock bedding and foliation planes acted as resistant 

boundary surfaces that directed magma above (Figure 2.1, cross section H-H') and 

beneath (Figure 2.1, cross section C-C) the host-rocks during chamber growth. 
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Interpretation of microstructures and petrofabrics 

Folding was accommodated at a microscopic scale by crystal plastic deformation 

witiiin the host rocks. Evidence for this is preserved in aureole tectonite microstmctures 

and pefrofabric characterizations. 

Carbonate grain growth occurred in the aureole as a result of pluton emplacement 

and subsequent thermal relaxation. Two types of grain growth occurred: (1) static 

annealing resulting from post emplacement heat conduction during stress relaxation and 

(2) syntectonic grain growth, resulting from high temperature growth kinetics outpacing 

recrystallization mechanisms at low strains rates. 

Fabrics I and III show sfrong evidence for static annealing of calcite. Calcite 

grains in calcite rich layers of Fabric I (Figure 3.7A-B) lack an SPO, are medium to 

coarse grained (~ 0.5 mm or greater) and have serrated to lobate grain boundaries. These 

characteristics are indicative of partially annealed calcite textures (Covey-Cmmp, 1994). 

The interstitial calcite grains in dolomitic layers of Fabric I are smaller in diameter and 

preserve an SPO. The confrasting grain size and grain boundary geometries within 

Fabric I layers suggests that dolomite pinned the calcite grains during post emplacement 

aimealing. The dolomite grains preserve an SPO suggesting that they were internally 

resistant to static grain grovi^h. The calcite matrix in Fabric III (Figure 3.7) lacks an SPO 

and grains have lobate grain boundaries suggesting that grains in this fabric were also 

armealed. The random distribution of high-grade metamorphic porphyroblasts in this 

fabric suggests that the peak metamorphic conditions where achieved after magma 

chamber constmction (and host rock deformation) had ceased. 
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Fabric II has undergone syntectonic grain growth. The samples tend to have a 

moderate to well developed SPO and curved to lobate grain boundaries indicative of 

infracrystalline slip and dynamic recrystallization (Passchier and Trouw, 1998). Ui the 

absence of significant regional deformational or metamorphism, dynamic 

recrystallization and grain growth could only have occurred contemporaneously during 

pluton emplacement. Evidence for syntectonic grain growth has been documented in 

laboratory deformation experiments on limestone (Schmid, Panozzo, and Bauer, 1987; 

Walker, Rutter, and Brodie, 1990). Grain growth in these experiments is generally 

restiicted to several times the original grain size in dry samples at temperatures < 700° C 

(Walker et al. 1990). However, calcite grain size is an order of magnitude or greater than 

the undeformed grain size. Rutter (1972) observed similar magnitudes of grain growth in 

wet calcite deformation experiments. Walker et al. (1990) observed significant grain 

growth during dry experiments at temperatures > 700° C and strain rates < 10"̂  s'\ 

Quartzite does not show evidence of significant dynamic recrystallization (Figure 

3.6). Grains are generally equigranular, lack an SPO and may preserve sedimentary 

features such as grain size distributions. Grain boundaries are commonly curved or 

lobate and in rare cases are serrated. Two interpretations may be reached with respect to 

the deformation history of quartzite samples: (1) quartzite underwent dynamic 

recrystallization during pluton emplacement but was subsequently annealed, or (2) 

quartzite samples never experienced significant dynamic recrystallization possibly as a 

result of the partitioning of strain into weaker carbonate rocks. Measurement of the 
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quartz crystallographic textures may be able to resolve this question in the fiiture as these 

textures are preserved during annealing (Heilbronner and Tullis, 2002). 

The distribution of fabrics within the aureole is considered random (see Figure 

2.14). Fabric distributions do not define discrete zones within the aureole. Strong 

tectonite fabrics are preserved close to the pluton contact and/or within areas of high 

grade metamorphic mineral assemblages, while annealed fabrics are present toward the 

outer margins of the aureole. As discussed above (Chapter III) calcite tectonites with 

sfrong fabrics (Fabric II) generally contain an abundance of an interstitial opaque phase 

(Figure 3.7G-I). This phase is absent in Fabrics I and III. This phase has likely pinned 

the grains in Fabric II-cc, preserving it during post emplacement annealing. Dolomite 

tectonites appear to be resistant to aimealing as grains do not appear annealed anywhere 

within the aureole as these samples always preserve a SPO. However, dolomite grain 

size is greatest near the pluton contact (Figure 3.7D-F). 

Interpretation of deformation mechanisms 

The precise interpretation of operative deformation mechanisms in calcite and 

dolomite tectonites cannot be completed without detailed crystallographic measurements 

of lattice-preferred orientations. However, predictions can be made based on 

microscopic textures and LPO. The calcite marble tectonites of fabric II exhibit evidence 

of deformation by both intracrystalline slip and diffusion creep. Grains with a strong 

SPO, lobate grain boundaries and no evidence of a single maximum LPO may fall within 

the infracrystalline slip deformation regime (Schmid, Paterson, and Boriand, 1980; 
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Schmid et al., 1987)(Figure 3.8G-I). Experimental deformation conditions in this regime 

ranged from 500° to 700° C at strain rates between 10"̂ s"' to lO'^s"'; at shear stresses from 

57.7 to 149 MPa (Schmid et al., 1987). Fabrics with equigranular textures and straight to 

curved grain boundaries are texturally similar to the grain-boundary sliding regime only 

observed in Solhofen limestone (Schmid et al., 1987). Experimental deformation 

conditions in this regime ranged from 700° to 900° C at strain rates of lO^̂ s"' and shear 

stress of 6 to 41 MPa respectively. 

Determination and interpretation of characteristic textural and crystallographic 

orientations is not as diagnostic of dolomite deformation regimes as with calcite. The 

course polygonal SPO texture (Figure 3.8D and F) is similar to a polygonized texture 

observed by Leiss and Barber (1999). This texture is interpreted to have developed by 

grain boundary migration. AUematively, the mantled porphyroclast in Figure 3.8E 

exhibits a texture similar a texture developed from subgrain rotation crystallization 

(dislocation creep) (Paschier and Trouw, 1998). The fine grain texture is similar to 

calcite in the grain size sensitive flow regime (diffusion creep regime) displaying curved 

grain boundaries and an equigranular texture. However, simply comparing dolomite 

textures to calcite textures may result in spurious interpretations of deformation 

mechanisms. 
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General interpretations of rock texture and LPO suggest that ductile deformation of both 

dolomite and calcite tectonites may have been accommodated by intracrystalline slip, 

dislocation creep and diffusion creep mechanisms. However, a quantitative evaluation of 

tectonite LPO will be necessary to diagnose specific deformation mechanisms. 

Piezomefry and sfrain rate 

Paleo-peizometiy is the measured approximation of differential stress applied to a 

material at the time of deformation. This method of stress measurement is 

experimentally calibrated to the development of lattice dislocation density, recrystallized 

grain size, subgrain size, or twin density. The precision of this method as applied to 

natural rocks is consfrained by several assumptions: (1) post-deformational static 

annealing (grain growth) has not occurred, (2) grains are deforming by crystal plastic 

mechanisms, and (3) steady-state creep has been achieved during deformation. 

Selected calcite samples from the White Horse aureole appear to meet all of the above 

stated criteria for a first approximation of differential stress. Experimental steady-state 

creep for calcite is commonly achieved in the laboratory within about 5% strain (Turner 

and Weiss, 1963; Schmid, Borland, and Paterson, 1977). Although it is not possible to 

precisely determine whether White Horse aureole rocks achieved steady-state creep 

conditions, it is a reasonable assumption given the weak rheology of calcite and the 

dominantly fine grain equigranular fabric in the selected sample (Hirth and Tullis, 1992; 

Wang, 1994) (Figure 3.9). Static annealing is assumed to be negUgible because grain 

growth in calcite samples 
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is interpreted to be syntectonic. Finally, it must be assumed that flow laws may be 

exfrapolated to geologic strain rates. 

Quartz samples are not included in the study because even the most intensely 

recrystallized samples are not interpreted to have achieved steady-state creep following 

micro-stmctural criteria of Hirth and TuUis (1992). Dolomite has also been omitted from 

the study due to the lack of available experimental parameters and applicable flow laws. 

The following piezometer (Twiss, 1977) correlates stress estimates to 

recrystallized grain size. This piezometer as with most others assumes equilibrium 

between grain area and intracrystalline sfrain energy has been achieved, (e.g. yield 

sfress). In doing so, dislocation creep mechanisms are assumed to be accommodating 

grain recovery; an assumption that is not necessarily valid. The equation is as follows: 

cy = Bd-°'' (eq.4.1) 

where B = material constant (related to Burger's vector and youngs moduli of material), d 

is grain diameter in mm, and a is differential stress (cr' - cr^). For calcite, it shall be 

assumed that B = 7.5 (Twiss, 1977). Differential stress estimates for samples WH-13-02 

and WH-150-02 using grain size data show in Figure 3.8 range from 26 to 29 MPa 

respectively (Table 4.2). A second piezometer (de Bresser, Evens, and Renner, 2002) has 

been used for comparison: 

^ ^ ^ Q 3 . 4 3 ± 0 . 1 5 J - 0 . 8 9 (cq. 4 .2 ) 
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where d is equal to grain diameter in micrometers. This piezometer is reserved 

specifically for coarser grained calcite tectonites with evidence for grain boundary 

migration. It is important to restate that precise determination of operative and dominant 

deformation mechanisms have not yet been identified. However, current minimum 

differential sfress estimates range from 30 to 34 MPa (Table 4.2). Stress estimates from 

both piezometers are in good agreement, however the larger stress estimates will be used 

as they are calculated from a piezometer was calibrated to calcite. The more general flow 

law of Twiss (1977) was calibrated primarily with determinations made with metal alloy, 

olivine, and quartz phases. Estimates of differential stress applied to host rocks at the 

time of emplacement may now be applied to the calculation of the latest host rock strain 

rates during emplacement. 

Numerous flow lows have been developed for calcite based on laboratory 

deformation experiments of limestone and marble (Rutter, 1974; Schmid et al., 1977; 

Schmid et a l , 1980 and Walker et al., 1990). These flow laws are dependant on the 

operative deformation mechanism accommodating tectonite strain (Wang, 1994) and may 

be modified with respect to applied material constants or state variables based on 

interpreted deformation mechanisms (Heilbronner and Bmhn, 1998; De Bresser et al., 

2002; Renner, Evans, and Gunter, 2002). The following flow law for calcite (Walker et 

al., 1990) has been fit to experimental data of fine grained hot pressed calcite deformed at 

flow stresses >25 MPa: 
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E = Aa"d-'"exp 
[ Q: 

RT, (eq. 4.3) 

Where E is strain rate, R is the gas constant (8.134), T is absolute temperature (K), A, m, 

and n are material constants assumed to be 100 KJ/mole, -1.34, and 3.33 respectively, Q 

is the activation energy (190 KJ/mole), d is grain size diameter in microns (131), and c 

is the differential sfress in MPa (34). Maximum strain rate estimates range form 10'^' to 

10" s" depending on host rock temperature during deformation. Prograde metamorphic 

mineral assemblages indicate a thermal gradient through the aureole ranging from -600° 

C at the contact to as low as 400° C at the outer aureole. A summary of calculations is 

presented in Table 3.2. 

The estimated strain rates through the aureole span a range calculated in several 

other pluton aureoles. Nyman et al. (1995) calculated strain rates for the ductilly 

deflected portion of the Papoose Flat pluton at 10'̂ ^ s''. Sheet like intmsions such as the 

East Piute and Old Woman plutons may have been emplaced at rates of 10"" s"' to 10"'̂  s" 

(Karlstrom, Miller, Kingsbury, and Wooden, 1993; McCaffery, Miller, Karlstrom, and 

Simpson, 1999). However, theoretical models predict much faster rates of emplacement. 

Hot stokes diapiric modes may be required to operate at rates of 3x10'^ s"' (Mahon, 

Harrison, and Drew, 1988). Estimates by Johnson, Gerbi, and Paterson (2001) suggested 

that dike-fed ballooning chambers require host rock sfrain rates on the order of 10"̂  s"' to 

10"' s"' to allow felsic magma to flow through a dike without freezing. Strain rates in the 

White Horse aureole preclude end member diaper and dike ascent mechanisms. 
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Effective Viscosity 

Effective viscosity ( T]^^ ) is differential stress divided by the strain rate: 

n e f f = ^ (eq.4.4) 
E 

Where G is differential sfress and E is strain rate. Calculated values of aureole viscosity 

are presented in Table 4.3. Host rock viscosities range from approximately 10̂ ^ to lO'^ 

Pa«s and are highly dependant on sfrain rate. 

Viscosities within the aureole are relatively large compared to magma viscosities. 

Low melt fraction (< 30%) magma viscosities may be as high as -10^ Pa*s (Rutter and 

Nueman, 1995) and -10^ Pa»s (Rushmer, 1995). If the White Horse intmsion deformed 

its host-rocks without itself being deformed then either the magma had a larger viscosity 

(and therefore yield strength) than the host rocks or other forces such as buoyancy and/or 

overpressure must have been operating during the emplacement. The absence of a 

pervasive internal fabric suggests that magma must have been emplaced prior to 

achieving a yield strength thus requiring buoyancy and/or overpressure to drive aureole 

deformation. 

Stmctural restoration of ductile strain 

BuUc strain has been calculated for the northern contact aureole. The interpreted 

continuity of meta-quartzite marker beds at depth were used for the line-length 

restoration of folding in cross sections A-A' and C - C The current geometry of these 

markers was reconstmcted from both the mapped exposures, the detailed mapped 
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geomefry of aureole folding, and the projection of the beds into cross section B-B'. A 

regional pin line was placed outside of the aureoles and the extent of the aureole was 

estimated from fold geometry. The horizontal length of the marker bed was measured 

within the aureole and then compared with the restored horizontal line length form the 

local pin line place at the outer limit of the stmctural aureole. Cross section restoration of 

quartzite marker beds in sections A-A' and C-C (Figure 4.2) indicate as much as ~ 54% 

shortening in the northern aureole. 

The aureole sfrain estimate was then extrapolated to estimate the plan view 

aureole area restoration. The outer limit of the stmctural aureole was estimated and the 

plan view thickness of the aureole was measured. As a first approximation 54% 

shortening was assumed throughout the exposed aureole (Figure 4.3). Restoration of 

shortening in the exposed aureole accounts for ~ 48 percent of the pluton map area. 

Therefore, host rocks in the remaining 52 percent of the pluton area must have been 

fransported vertically out of the map plane or currently reside under alluvium to the west. 

This calculation assumes that the aureole exposed in plan view is complete and that 

shortening in the entire aureole was 54%. The southem part of the contact aureole 

appears to have been thinned by a younger attenuation fault and is therefore possibly 

giving a minimum restoration area. In addition, fold geometry does not support our strain 

estimate in this part of the aureole and appears to be much less. 
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Role of stoping 

Four observations have led to the conclusion that stoping significantly aided in the 

emplacement of the White Horse Pluton. First, the plan view restoration of folded 

aureole host rocks does not account for the exposed portion of the pluton, leaving at least 

half of the area unaccounted for. Second, the geometry of northeastem contact and 

contiguous folds in cross section implies that bedding form lines are tmncated at depth. 

Third, the jagged plan view geometry of the contact tmncates fold axes. Lastly, the two 

apophyses abmptly turning to meet each other allude to the possibility that tabular blocks 

might be rifted from the aureole. 

Interpretation of magmatic stmcture 

The absence of a well defined magmatic foliation in the body of the intmsion 

might occur under two sets of circumstances. If regional strain field was weakly 

developed during emplacement and particularly during the later stages of crystallization 

when the magma had achieved an yield strength then a clear fabric may have not 

developed. Altematively, if intemal flow was turbulent, then a consistent fabric may not 

develop. Regardless, the absence of a concentric foliation or solid-state foliation in the 

margins of the intmsion argues against overpressure or intmsion once the margins of the 
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body had achieved a yield strength. However, the deformed state of the host-rocks 

suggests that chamber constmction must have occurred before the magma achieved a 

yield-strength. 

Messin's (1973) observation that mafic enclaves (his xenoliths) have a weak 

although 'statistically unimpressive' NS alignment subparallel to the regional sfrain axis 

(Miller and AUmendinger, 1991) suggests that the regional strain field did influence 

magma. However, Vemon (1983) noted that mafic enclaves tend to align themselves 

with the pluton's magmatic fabric. The lack of consistency between the magmatic fabric 

and enclave aligimient argues that apparent enclave alignment is likely coincidence. 

Alternate emplacement models 

Given the observations and interpretations above, it is possible to account for 

most, if not all the exposed part of the pluton with ductile shortening in the wall rocks 

and vertical franslation of host rocks via stoping. However, only part of the pluton is 

exposed, the exposure is over a relatively short vertical distance. 

Distention of the magma chamber roof by ductile or rigid translation cannot be 

evaluated given the current exposure of the pluton. We interpret the exposed pluton 

contact to be part of the magma chamber wall. However, the plastically deformed state of 

the host rocks suggests that distention could have easily occurred. Vertical laccolithic 

inflation may be dismissed as an end-member model; both bedding and foliation planes 

are interpreted to be tmncated in the subsurface and supersurface by the pluton host rock 

contact (Figure 2.1). 
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This makes it impossible for these stmctures to be deflected over the now eroded 

chamber roof from their currently exposed stmctural depth. 

Both the limited vertical exposure and moderate to subhorizontal pluton host-rock 

contact geometries could lead to the interpretation that the pluton is a sill. However, as 

with laccolith style inttnsions the tmncated bedding and foliation planes are not 

compatible with this model and should be concordant with host rock stmcture at depth. In 

addition, the multiple ductile aureole folds are not compatible with the predicted brittie 

and elastic strain fields predicted to govern sill intiiision. AUematively, it is possible the 

inhesion or exposed part of the intmsion was emplaced as a thick (at least 300 m thick) 

horizontal tabular body. 

The floor down-drop model described by Wiebe and Collins (1998) requires the 

brittle downward translation of the magma chamber floor with simultaneous injection of 

magma into a pre-existing magma chamber. Evidence presented for this model includes 

horizontal layered mafic sheets, ladder dikes, enclave swarms, and graded beds of 

igneous crystals. The intemal compositional stmcture of the White Horse pluton is not 

homogenous. It is comprised of smaller bodies of aplite, granodiorite, and quartz 

monzogranodiorite. Enclaves in the White Horse pluton were never observed in elongate 

clusters or layers indicative of magmatic fransport channels/tubes and settling stmctures. 

Rather, enclaves are distributed evenly. 

Petrographic evidence indicated that host rock assimilation did occur at least at 

the margin of the pluton (Messin, 1973). Estimates for total volume attributed to 

assimilation are generally sihall. 
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We suggest that the passive infilling fault dilation model (e.g. Hutton, 1988; 

Tikoff and Teyssier, 1992; Miller and Hoisch, 1995) is not viable for the following 

reasons: (1) regional scale, brittle, east-west frending, Jurassic age stmctures are not 

observed in the Goshute-Toano Range, and (2) lack of evidence for sheeted dikes in the 

exposed part of the pluton. The lack of sheeted stmctiire in the intmsion indicates that 

fault-controlled emplacement is unlikely. Thermal models by Yoshinobu et al. (1998) 

suggest that igneous bodies constmcted in brittle passive reservoirs would show evidence 

of sheeted dike intmsion at their margins, be completely sheeted if fault slip rates were 

less than 10 mm/yr and show some evidence for sheeting in the margins of the pluton if 

slip rates are less than 50 mm/yr. The total estimated shortening in the back arc region 

during the Jurassic is estimated to be 35 to 55 km (Miller and Hoisch, 1995). Using a 

maximum displace placement estimate of 55 km moving intermittently over 27 Ma 

during the Jurassic the fastest slip rate attainable is 2 mm/yr. In addition, estimates for 

shortening in the Great Basin are a sum across the region. Therefore, the total possible 

displacement in the Goshute-Toano region should be significantly reduced, thus reducing 

slip rates to negligible values. 

Emplacement Model 

The model presented in Figure 4.4a is the preferred approximation for the 

evolution the White Horse pluton given the available stmctural and rheologic data. The 

model must account for a large area of absent host rocks (up to 52% of the pluton map 

area), formation of a rim anticline, and folding of host rocks by layer parallel shortening. 
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Blocks TO through T3 represent hypothetical time slices during magma chamber 

constmction and Figure 4.4b shows the modem contact geometry. The time slice blocks 

omit the upper and lower portion of the magma chamber as these areas are not interpreted 

to be exposed. 

The initial block (TO) shows a possible stmctural scenario in the Great Basin 

region during the early Mesozoic with regional open NS trending folds and two 

subparallel attenuation faults. A series of dikes represents the magmatic front of the 

White Horse pluton, concealed at depth below the extent of the diagram. As the dikes 

propagate they interconnect and rift (slope) blocks of host rocks from above. The 

inference that dikes initiate chamber constmction comes form the observation that 

intmsive dikes, sills, and small pods may be found in the region north of the White Horse 

intmsion (Figure 1.2, Silberling and Nichols, 2002) as well as in the Pilot Range (Miller, 

1984; MiUer, Hillhouse, Zartman, and Lanphere, 1987). 

The transition from TO to Tl occurs with the accumulation of magma into a 

chamber. We reject the simple end-member single diapir and dike fed models based on 

slow strain rates measured in the aureole. However, calculated strain rates do not help 

constrain alternative ascent mechanisms. 

Emplacement of the pluton at its current depth is not clearly understood, however 

several scenarios for the cessation of magma ascent seem possible: (1) a now eroded, 

pre-emplacement attenuation fault acted as a stmctural discontinuity dismpting ascent, 

(2) neufral buoyancy between the magma and host rocks was achieved and/or, (3) 

magmatic or tectonic overpressure relaxed. The presence of dikes in the hanging wall of 
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the upper attenuation fault in the southem aureole suggests that a fault discontinuity 

would not arrest magma ascent. Reduction in buoyancy contrasts due to magma 

solidification could arrest the magmas ascent. However, granodioritic compositions are 

likely less dense than dolomite (Glazner and Miller, 1997), while granitic intmsions have 

a lower density than both calcite and dolomite (Glazner and Miller, 1997) implying that 

the dominantly quartz monzonite White Horse pluton might still retain buoyancy over it's 

host rocks while in a crystalline state. The still buoyant magma could stop or be 

infinitely slowed before neufral buoyancy is reached if the thermal budget was exhausted 

by the higher thermal gradients encountered in the upper cmst. While in a crystalline 

state the magma body might remain more buoyant than its host-rocks for an indefinite 

period of time. However, the reduction in buoyancy contrast as well as the thermal 

budget of the mama could reduce the magma's abiUty to overcome host rock failure and 

creep strength. The interpretation that magma had not achieved a yield strength prior to 

emplacement implies a large melt fraction and thus sufficient heat to continue ascending. 

If buoyancy forces were still active and regional stmctiires invisible to the ascending 

magma, then a decrease in magmatic overpressure may have stopped the magma's ascent. 

Whether the initial magma chamber volume consisted of 52% of pluton area is 

unknown. Regardless of the initial chamber size, once magma had collected (Tl) any 

pre-existing regional folding would have been deflected around the magma body. Folds 

would tighten into a rim syncline and contiguous anticline. Attenuation fault planes 

would have rotated into a steeper geometrical position (Figure 2.1). 
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The pluton contact at Tl mimics the modem map trace. Numerous apophyses, 

bends and pods extend out from the contact, some intercormecting and stoping blocks 

from the aureole. These pods (dikes) may represent the next radial extent of the aureole, 

after magma chips into host-rocks at depth the pluton contact tmncates bedding form 

lines producing a myriad of contact orientations dipping into and away from the magma 

body, resembling Figure 2.13. 

The model assumes that stoping occurs throughout the emplacement process. The 

truncation of fold axes and the preserved pluton dikes strongly suggest that stopping was 

at least a late stage emplacement process. However, the regional diking supports the 

assumption that stoping could have also occurred early, if not throughout chamber 

constmction. If stoping did not occur early in the emplacement history, then ductile 

deformation must have accommodated early chamber constmction and lateral expansion. 

If stoping (creating 52% of the exposed pluton area) followed the completion of ductile 

deformation then folded host rocks might have been removed from the aureole leaving no 

evidence of folding or very weakly folded aureole host rocks rather than the tight to 

isoclinal folds now preserved. Regardless if folds were preserved or not, it is intuitive 

that if stoping (diking) occurred at the end of chamber constmction that it should also 

occur early in chamber constmction when pluton host-rock viscosity contrasts (e.g. 

Rubin, 1993) and thermal gradients (e.g. Marsh, 1982) are larger and theoretically more 

conducive to the process. 

The transition from T2 to T3 is accommodated by the flux of additional magma to 

the chamber. Models for diapiric ascent and dike emplacement predict rim synclines 
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adjacent to the pluton. However, in order to accommodate the rim anticline magma must 

be emplaced in batches The chamber volume increase is accommodated by 

intensification and outward migration of aureole deformation in a layer parallel sfrain 

field, along with consumption of host rocks adjacent to the contact. In plan view the 

attenuation faults have been slightly deflected around the chamber and any evidence of 

regional folding has been fransposed in the aureole, hi T2 the rim syncline present in Tl 

has been stoped from the aureole leaving behind a rim anticline adjacent to the contact. 

Pods of magma are again observed reaching out into the host rocks, possibly representing 

the next extent of the brittle magmatic front. 

Time three depicts a schematic diagram of the contact as it has been mapped 

today with stoped blocks restored. In this diagram final influx of magma has chipped out 

a majority of the rim anticline (stoped blocks replaced) and tightened folds to the north 

producing axial planes inclined to the south, whereas the remaining rim anticline 

maintains an upright tight geometry. Granodiorite and aplite have fractionated or intmded 

in the chamber. The fine grain size, blobby contact geometry, and occupation in areas of 

restorable aureole folds imply late stage development of these igneous phases with 

respect to magma chamber constmction. T4 (Figure 4.4b) shows the modem variable 

contact geometry, tmncated form lines and intense aureole folding. 
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Table 4.2. Summary of differential stress measurements. 
Piezometer 

Twiss (1977) 

De Bresser et al. (2002) 

Sample 
WH-13-02 

WH-150-02 
WH-13-02 
WH-150-02 

Differential stress (MPa) 
26 
29 
30 
34 
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A 

plate flexure 
overpressure 

buoyancy 

B 

buckling 
layer parallel 

shortening 

Figure 4.1. Folding models (modified from Twiss and Moores, 1992). 
A) Equalized force distribution for plate flexure. B) Equalized force 
distribution for plate buckling. 
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no veilical exaggeration 
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Figure 4.2. Restored cross sections A-A' and C - C'depicting the current 
thickness of the aureole and the restored length of quartzite marker beds (red line). 
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Figure 4.3. A 2-D plan view sfrain restoration assuming ~54% sfrain everywhere 
within the contact. Stain values were taken from sfrain estimates in cross section 
A-A'and C-C. The area in purple represents the current pluton host rock contact. 
The red dashed line represents the lateral extent that restored host rocks could 
reach into the pluton. The yellow area represents is the void space within the 
plane view of the pluton. 
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CHAPTER V 

CONCLUSIONS 

The 160 Ma White Horse pluton intmded Paleozoic miogeoclinal carbonate and 

clastic sediments in what is now the Basin and Range province of Nevada and Utah. 

White Horse magma chamber evolution encompassed a combination of simultaneous 

ductile and brittle deformation. Stmctural and rheologic observations have led to the 

following conclusions: 

1. Folding or ductile deflection of host rocks is solely attributed to the 

emplacement of magma and was accomplished by layer (bedding parallel) 

folding which resulted in buckle folding of host rocks and synchronous 

deflection of aureole fold axis around the intmsion; 

2. Stoping was the primary mechanism of brittle deformation accounting for 

up to ~ 52% of the area of the magma chamber; 

3. Regional strain field prior to, during, and after emplacement was minimal, 

implying that aureole stmctures are related to pluton emplacement and 

have not been subjected to subsequent overprinting deformational events; 

4. Pre-emplacement regional stmcture probably influenced the evolution of 

the stmctviral aureole; 

5. The peak metamorphic gradient through the aureole ranged from ~ 600° 

near the pluton contact to 400° C in the outer aureole; 

6. Both static and syntectonic grain growth occurred within the aureole; 
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7. Maximum estimated emplacement related stresses from aureole rocks 

ranged from 30 to 34 MPa, estimated strain rates ranged from ranged 

from 10""s"' to 10"'̂ s"' and calculated viscosities range from 10 to 10 

P«s; 

8. Chamber constmction was probably completed before the magma had 

developed a yield strength suggesting that deformation in the aureole 

(chamber constmction) was driven by magmatic overpressure. 
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Sample: WH-2-02 Rock name: quartzite 
Rock description: Brown to tan, fine grain and massive. 
Major phases: 100%) quartzite 
Minor and accessory phases: trace white mica, trace opaque oxide 
Microstmctures and textures: Quartz is anhedral, grain sizes range from 0.01 to 0.5 mm, 
and exhibit undulose extinction. Grain boundaries may be polygonal to curved and 
grains have a weak SPO. White mica is anhedral and occurs as inclusions in quartz or as 
interstitial aggregates. Opaque oxides are anhedral, interstitial and generally less than 
0.05 mm in diameter. 

Sample: WH-2-03 Rock name: muscovite microdiorite (dike) 
Rock description: White to gray, fine grained, porphyritic with 2 to 3 mm phenocrysts of 
alkali feldspar. 
Major phases: 80% Plagioclase 15% muscovite, 5% calcite 
Minor and accessory phases: N/A 
Microstmctures and textures: Rock texture is piliotaxitic. Plagioclase is subhedral, 
grains range from 0.01 to 0.2 mm in length. Muscovite is anhedral, grains may be up to 
0.1 mm in diameter. Calcite is anhedral and grains may be up to 1 mm in diameter. 
Calcite is likely assimilated from host rocks. 

Sample: WH-4-02 Rock name: limestone (undeformed wackstone) 
Rock description: Blue-gray, very fine grained and massive. 
Major phases: 100%) calcite 
Minor and accessory phases: N/A 
Microstmctures and textures: Calcite is undeformed, grains range from 0.01 to 0.2 mm 
in diameter. Fossil peloids are present. 

Sample: WH-8-02 Rock name: dolostone (undeformed mudstone) 
Rock description: Gray, very fine grained with bedding defined by millimeter scale silty 
partings. 
Major phases: 100%) dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Dolomite is anhedral, grain sizes range from 0.008 to 0.1 
mm in diameter, and grain boundaries are curved to lobate. 
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Sample: WH-13-02 Rock name: dolomite calcite marble 
Rock description: Blue-gray, fine grained with a discontinuous spaced foliation defined 
by 1 to 3 mm aggregates. 
Major phases: 70% calcite, 30% dolomite 
Minor and accessory phases: trace opaque oxide 
Microstiiictures and textures: Fabric II; calcite is anhedral, grain sizes range from 0.05 to 
0.2 mm, grain boundaries are curved to lobate and grains are equigranular with some 
polygonal boundaries. Coarse calcite aggregates define a SPO. Grain sizes range from 
0.2 to 0.6 mm. Dolomite is anhedral, grain sizes range from 0.025 to 0.15 mm, grains 
lack a clear SPO and may occur as impure replacement(?) of the calcite grains. 

Sample: WH-15-02 Rock name: calcite marble 
Rock description: Blue-gray to white, fine to medium grained with discontinuous spaced 
foliation defined by 1 to 4 mm gray bands. 
Major phases: 80% calcite, 20% dolomite 
Minor and accessory phases: frace fremolite, trace opaque oxides 
Microstiiictures and textiires: Fabric I: Calcite is anhedral, grains range from 0.1 to 1.2 
mm in diameter, grain boundaries are straight to lobate, and type I and II twins are 
common. Dolomite is subhedral, grains range from 0.1 to 0.6 mm in length, grain 
boundaries are straight to curved and grains have a SPO. Dolomite usually occurs in 
submillimeter layers. Opaque oxide is subhedral, grains range from 0.1 to 0.2 mm in 
diameter and have straight grain boundaries. 

Sample: WH-23-02 Rock name: dolostone (undeformed mudstone) 
Rock description: Blue-gray, fine grained, bedding defined by millimeter scale white 
silty partings and fractures. 
Major phases: 95%o dolomite, 
Minor and accessory phases: 5% calcite, frace opaque oxides 
Microstmctures and textures: Dolomite is anhedral, grain sizes range from 0.006 to 0.08 
mm in diameter, grain boundaries are curved to lobate. Calcite is anhedral, grain sizes 
range from 0.01 to 0.16 mm in diameter, grain boundaries are curved. Opaque oxides are 
anhedral, grains range from 0.02 to 0.05 mm in diameter, and grain boundaries are 
sfraight to curved. 

Sample: WH-25-02 Rock name: quartzite 
Rock description: Tan to brown, fine grained, massive. 
Major phases: 100%) quartzite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Quartz is anhedral, grains range from 0.4 to 0.6 mm in 
diameter, grains exhibit undulose to sweeping undulose extinction and grain boundaries 
are roughly polygonal. Grains exhibit a weak SPO and some neoblasts may be present. 
Opaque oxide is reddish brown, ranges from anhedral to euhedral, and grain sizes range 
from 0.005 to 0.01 mm in diameter. 
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Sample: WH-32-02 Rock name: biotite hornblende quartz monzonite 
Rock description: White to pink, medium grained with up to 1 cm phenocrysts of alkali 
and plagioclase feldspar. 
Major phases: 40% plagioclase, 30% alkaU feldspar, 20% quartz 
Minor and accessory phases: 5% biotite, 5% homblende, trace sphene, frace opaque 
oxide, frace apatite 
MicrostiTictures and textures: Plagioclase is euhedral to subhedral, grains range from 0.3 
to 6 mm in length. Albite twins are common. Alkali feldspar (microcline) occurs in 1 
mm zoned subhedral blocks and perthite is anhedral. Quartz is anhedral, grains range 
from 0.4 to 3 mm in diameter, grain boundaries are curved to lobate and grains exhibit 
sweeping undulose extinction. Biotite occurs as subhedral interstitial books up to 1 mm 
in diameter or subhedral grains included in homblende. Homblende occurs as anhedral 
to subhedral laths, grains range form 1 to 2.5 mm in length and commonly contain 
inclusions of biotite. Sphene is anhedral, grains maybe up to 1.1 mm in length. Opaque 
oxide is anhedral, interstitial and occurs ~ 0.2 mm diameter grains. Chlorite occurs as 
subhedral books on the order of 0.3 mm in length and is an aUeration product from 
biotite. Apatite is euhedral with acicular gains up to 0.2 mm in length and occurs in as 
inclusions in most phases. 

Sample: WH-34-02 Rock name: biotite homblende quartz monzonite 
Rock description: see WH-32-02 for description. 

Sample: WH-42-03 Rock name: dolomite calcite marble 
Rock description: Blue-gray, medium grained with millimeter scale light colored 
laminations defining discontinuous spaced foliation. 
Major phases: 70%) calcite, 30% dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric I; Calcite is anhedral, grains range from 0.3 to 1.5 
mm and 0.05 to 1 mm in diameter. Grain boimdaries are sfraight, curved, to lobate, no 
SPO. Dolomite is anhedral to subhedral, grain sizes range from 0.1 to 0.6 mm and 0.05 
to 0.4 mm in diameter with clear SPO and some type I and II twins. 

Sample: WH-43-02 Rock name: calcite marble 
Rock description: Blue-gray, fine grained with sub-millimeter discontinuous spaced 
foliation. 
Major phases: 95% calcite 
Minor and accessory phases: 5% dolomite, trace fremolite 
Microstmctures and textiires: Calcite is anhedral, grains range 0.1 to 1.4 mm in diameter 
with curved grain boundaries, uniform extinction, type I and II twins and SPO. Dolomite 
is subhedral to euhedral, grains range from 0.3 to 0.6 mm in diameter and lack SPO. 
Tremolite occurs as subhedral to euhedral laths, grain sizes range from 0.5 to 2 mm in 
length, grains are commonly fractured or kinked and have a weak SPO subparallel with 
calcite. 
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Sample: WH-44-02 Rock name: calcite marble 
Rock description: Gray, fine grained with recrystallized gastropods and amphipora. 
Calcite aggregates (amphipora?) define a discontinuous spaced foliation. 
Major phases: 90% calcite 
Minor and accessorv phases: 10%) dolomite 
Microstmctures and textures: Calcite is anhedral, grains range from 0.04 to 0.3 mm 
diameter and 0.2 to 1.4 mm diameter in coarse recrystallized aggregates. Grain 
boundaries are sfraight to curved, both grain size ranges have a SPO. Dolomite is 
anhedral to euhedral with anhedral grains ranging from 0.1 to 0.2 mm and euhedral grains 
ranging from 0.2 to 0.5 mm. Grain boundaries are embayed (GBMR?) by calcite and 
grains lack a SPO. 

Sample: WH-46-03 Rock name: quartzite 
Rock description: Gray, fine grain and massive. 
Major phases: 100% quartzite 
Minor and accessory phases: frace opaque oxide 
Microstinctures and textures: Quartz is anhedral, grains range from 0.05 to 0.3 mm in 
diameter. Grains exhibit sweeping imdulose extinction, define a weak SPO and grain 
boundaries are curved to serrate. Opaque oxide has euhedral hexagional form and grains 
range from 0.02 to 0.06 mm in diameter. 

Sample: WH-57-02 Rock name: calcite marble 
Rock description: Blue-gray, fine grain, with 1 to 2 mm white calcite aggregates defining 
a discontinuous spaced foliation. 
Major phases: 100%) Calcite 
Minor and accessory phases: trace woUastonite, trace opaque oxide, trace dolomite 
Microstmctures and textures: Fabric III; calcite is anhedral, exhibiting straight, curved, 
and lobate grain boundaries, uniform extinction and no SPO. Grain sizes range from 0.01 
to 0.05 mm and 0.1 to 0.3 mm in diameter. Tremolite forms euhedral tabular laths; 0.2 to 
1.0 mm in length without an SPO. Opaque oxide is interstitial. Dolomite forms euhedral 
tabular crystals ~ 0.25 mm in length. 
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Sample: WH-60-02 Rock name: calcite marble 
Rock description: dark gray, fine grained with discontinuous spaced foliation defined by 
2 to 3 mm calcite aggregates. 
Major phases: 95% calcite 
Minor and accessory phases: 5%o diopside, trace talc(?), trace opaque oxide 
Microstmctures and textures: Fabric II: Calcite is anhedral, grain sizes range from 0.1 to 
1.6 mm in diameter, grain boundaries are straight to curved, type I and II twins are 
common and aggregates define a SPO. Fine grains range from <0.05 to 0.1 mm with 
sfraight to curved grain boundaries and grains define a good SPO. Diopside is euhedral 
prismatic, grains range from 0.1 to 0.4 mm in length and define a SPO subparallel to that 
of calcite. Opaque oxide grains range from 0.0001 to 0.002 mm in diameter and are 
commonly infra- and intergranular. A single acicular talc aggregate occurs parallel to the 
calcite SPO. 

Sample: WH-61-02 Rock name: dolomite calcite marble 
Rock description: Dark gray, fine grained with discontinuous spaced foliation defined by 
millimeter scale white calcite aggregates. 
Major phases: 60%) calcite, 40%) dolomite 
Minor and accessory phases: frace opaque oxide, trace talc 
Microstmctures and textures: Fabric III; Calcite is anhedral, grains range from 0.01 to 
0.2 mm in diameter with straight to curved grain boundaries, type I and II twins, and lack 
a SPO and LPO. Recrystallized fossil grain sizes range from 0.05 to 1 mm in diameter 
and lack a SPO. Dolomite is anhedral, grain size ranges from 0.05 to 2 mm in diameter, 
with sfraight to curved grain boundaries, clearly defined SPO and lacking a LPO. 
Opaque oxides are anhedral, interstitial, grain size range from 0.03 to 0.25 and lack a 
SPO. Opaque oxide is interstitial and ubiquitous throughout the section. 

Sample: WH-64-02 Rock name: diopside calcite marble 
Rock description: Light gray to white, very fine to fine grained. 
Major phases: 65%o calcite, 30%) diopside 
Minor and accessory phases: 5% olivine, trace antigorite 
Microsti^ctures and textures: Fabric III; calcite is anhedral with straight to lobate grain 
boundaries, grain sizes ranging from 0.02 to 0.6 mm with uniform extinction, no SPO, 
and some type I and II twins. Diopside is subhedral to euhedral, grain sizes range from 
0.1 to 2 mm and lacks an SPO. Olivine is anhedral, grains range from 0.1 to 0.2 mm in 
diameter, are heavily fractured and commonly have interstitial antigorite. Antigorite is 
anhedral, grains are usually 0.1 mm or less in diameter and are interstitial to olivine 
grains. Antigorite is likely the resuU of a retrograde reaction from olivine. 
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Sample: WH-65-02 Rock name: calcite marble 
Rock description: Blue-gray to white, fine to medium grained with a weak millimeter 
scale light and dark layering. 
Major phases: 15% calcite, 25% dolomite 
Minor and accessorv phases: N/A 
Microstmctures and textures: Fabric 1; Calcite is anhedral, grains range from 0.1 to 1 mm 
m diameter, grain boundaries are lobate and type I and II twins are common. Dolomite 
may is anhedral to Subhedral, grains range from 0.1 to 1 mm in diameter. Coarser 
Subhedral laths range from 0.5 to 1 mm in length and have sfraight grain boundaries. 
These grains appear undeformed with the exception of type I an II twins. 

Sample: WH-66-02 Rock name: quartzite 
Rock description: Sample missing. 
Major phases: 100%) quartz 
Minor and accessory phases: frace opaque oxide 
Microstiiictures and textures: quartz is anhedral, grains range from 0.05 to 0.6 mm in 
diameter, exhibit uniform extinction, and have curved to cuspate grain boundaries. 
Opaque oxide is subhedral and grains may be up to 0.8 mm in diameter. 

Sample: WH-70-02 Rock name: biotite homblende granite 
Rock description: See sample WH-71-02 for description. 

Sample: WH-71-02 Rock name: biotite homblende granite 
Rock description: White to pink, medium to coarse grained with plagioclase and alkali 
feldspar phenocrysts up to 1 cm. 
Major phases: 30% plagioclase, 40% alkaU feldspar, 20% quartz. 
Minor and accessory phases: 5% biotite, 5% homblende, trace sphene, trace apatite, trace 
opaque oxide 
Microstmctures and textures: Rock texture is hypidiomorphic granular. Plagioclase is 
subhedral to anhedral, grains range from 0.5 to 2 mm in length, grains are commonly 
normally zoned, and albite twins are common. Alkali feldspar is anhedral, grains range 
from 0.5 to 2 mm in diameter, display perthitic and microcline gridiron twins. Inclusions 
of euhedral plagioclase grains is common. Quartz is subhedral to anhedral, grains range 
from 0.1 to 0.8 mm in diameter and are interstitial. Homblende is subhedral to euhedral, 
grains range from 0.4 tol mm in length and may have inclusions of biotite and opaque 
oxide. Biotite occurs as subhedral to euhedral books, grains range from 0.2 to 1 mm in 
diameter and may be interstitial or occur as inclusions in homblende and alkali feldspar. 
Sphene is euhedral and grains are may be up to 0.6 mm in length. Opaque oxide is 
anhedral and occurs as interstitial grains and inclusions in biotite, homblende, and 
feldspar. Apatite occurs as euhedral laths. Grains range from 0.4 to 1 mm in length and 
occur as inclusions in most major and minor phases. 

Sample: WH-74-02 Rock name: microgranodiorite 
Rock description: See WH-75-02 for description. 
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Sample: WH-75-02 Rock name: microgranodiorite 
Rock description: Pink to white, fine grained with phenocrysts of plagioclase up to 1 mm 
and alkali feldspar up to 0.5 mm in diameter. 
Major phases: 40% plagioclase, 25% quartz, 15% alkaU feldspar. 
Minor and accessory phases: 10% muscovite, 5% biotite, 5% homblende, trace chlorite, 
frace opaque oxide, trace apatite. 
Microstmctures and textures: The rock texture is hypidiomorphic granular. Plagioclase 
is anhedral to subhedral, grains range from 0.05 to 3 mm in diameter are normally zoned 
and exhibit heavy seritization. Alkali feldspar is anhedral to subhedral, grains range from 
0.1 to 6 mm in diameter with perthitic texture. Quartz is anhedral, interstitial, and grains 
range from 0.2 to 1 mm in diameter. Muscovite is subhedral, books may be up to 0.5 mm 
in diameter. Biotite is anhedral, interstitial and grains may be up to 0.5 mm in length. 
Apatite occurs as acicular inclusions in feldspar up to 0.1 mm in length. Opaque oxide is 
anhedral, grains range may be up to 0.05 mm in diameter and are common inclusions in 
biotite. 

Sample: WH-77-02 Rock name: calcite marble 
Rock description: Blue-gray, medium grained with a sugary texture with a fine 
continuous foliation. 
Major phases: 75% calcite, 25%) dolomite 
Minor and accessory phases: trace opaque oxides 
Microstmctures and textures: Fabric I; Calcite is anhedral, grains range from 0.2 to 2.25 
mm in diameter, grain boundaries are lobate and grains lack a SPO. Dolomite is 
anhedral, grains range from 0.05 to 0.2 mm in diameter, grain boundaries are straight to 
curved and polygonal texture is common. Grains exhibit a SPO and occur interstitially 
between calcite. Opaque oxide is anhedral, interstitial and grains may by up to 0.005 mm 
in diameter. 

Sample: WH-78-02 Rock name: quartzite 
Rock description: Tan, fine grained and massive. 
Major phases: 100% quartz 
Minor and accessory phases: trace opaque oxide, trace white mica 
Microstmctures and textures: Quartzite is anhedral, grain sizes range from 0.02 to 0.6 
mm in diameter, grain boundaries are curved to lobate. Undulose extinction is common 
and grains have a poorly defined SPO. 
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Sample: WH-79-02 Rock name: limestone (packstone) 
Rock description: Dark gray and fine grained. 
Major phases: 100%) calcite 
Minor and accessory phases: trace tremolite 
Microstiiictures and textures: Calcite is anhedral, grains range from 0.010 to 1 mm in 
diameter, grain boundaries are curved to lobate. Tremolite is euhedral and ranges from 
0.2 to 1.2 mm in length. Fauna include recrystallized gastropods, amphipora, 
calcispheres(?), and peloids(?). 

Sample:WH-80-02 Rock name: dolomite marble 
Rock description: Dark gray, fine grain with discontinuous spaced foliation defined by 
millimeter scale light and dark banding. 
Major phases: 100%) dolomite 
Minor and accessory phases: trace opaque oxide 
Microstiiictures and textures: Dolomite is anhedral, grain sizes range from 0.01 to 0.2 
mm, grain boimdaries are cuspate, and the sample lacks a SPO. Opaque oxide may be 
interstitial dust or occur as subhedral grains ranging from 0.05 to 0.16. 

Sample: WH-87-02 Rock name: dolomite marble 
Rock description: Blue-gray, fine grained with a discontinuous space foliation defined by 
1 to 3 mm carbonate aggregates. 
Major phases: 100% dolomite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Fabric II; dolomite is anhedral, fine grains range in size 
from 0.02 to 0.1 mm in diameter, grain boundaries are curved to lobate and grains exhibit 
a SPO. Coarse grains range from 0.2 to 1.5 mm in diameter with slight sweeping 
extinction and curved grain boundaries. Aggregates define a SPO. Opaque phases are 
intergranular and ubiquitous throughout the section. 

Sample: WH-89-03 Rock name: calcite marble 
Rock description: Gray-dark gray fine grained with discontinuous spaced foliation. 
Major phases: 100% calcite 
Minor and accessory phases: trace tremolite, frace opaque phase 
Microstmctures and textures: Fabric II; calcite is anhedral, fine grains range from 0.2 to 
0.3 mm in diameter, grain boundaries are curved to lobate and define a strong SPO. Type 
I and II twins are common. Tremolite is euhedral to subhedral, grains range from 0.5 to 3 
mm in length. Tremolite grains exhibit a nematoblastic texture and are commonly 
boudinaged. Opaque phases are interstitial and commonly surrounding calcite grains. 
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Sample: WH-90-02 Rock name: dolomite calcite marble 
Rock description: Blue-gray, fine gained with bedding defined by a white millimeter 
scale carbonate layers. A discontinuous spaced foliation is weakly defined by 
submillimeter white layers. 
Major phases: 75% calcite, 25% dolomite 
Minor and accessory phases: trace tremolite 
Microstinictures and textures: Fabric II; calcite is anhedral, grains range from 0.05 to 0.2 
mm in diameter, grain boundaries are sfraight to lobate and polygonal textiire is common. 
Grains define a weak SPO and type I and II type twins are common. Dolomite is 
anhedral to subhedral, fine grains range from 0.02 to 0.5 mm in diameter, grain 
boundaries are sfraight to curved or lobate and define a clear SPO. Secondary dolomite 
(post emplacement?) is subhedral to euhedral grains range from 1 to 1.5 mm in length. 
and are oriented at high angles to tiie dominant foliation. Tremolite occurs as acicular 
and grains may be up to 1.5 mm in length. Grains may be parallel or perpendicular to the 
dominant calcite/dolomite SPO. Many grains appear to be heavily altered. 

Sample: WH-93-02 Rock name: dolomite marble 
Rock description: Dark gray, fine grained with discontinuous spaced foliation defined by 
~1 mm thick carbonate layers. 
Major phases: 100% dolomite 
Minor and accessory phases: trace oUvine, frace white mica, trace antigorite 
Microstmctures and textures: Fabric II; dolomite is anhedral, grain sizes range from 
0.015 to 0.2 mm in diameter, grain boundaries are curved to lobate. Grains define a weak 
SPO and may have a LPO. White mica occurs as subhedral books, grains range from 0.1 
to 0.3 mm in diameter. Olivine is anhedral, grains range from 0.2 to 0.4 mm in diameter 
and occur in ~ 1 mm aggregates. Antigorite is interstitial with olivine. 

Sample: WH-94-02 Rock name: dolomite calcite marble 
Rock description: Blue-gray, medium grained with discontinuous spaced foliation 
defined by 1-2 mm thick carbonate aggregates. 
Major phases: 60% calcite, 40% dolomite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Fabric I; calcite is anhedral, grains range from 0.03 to 1.6 
mm in diameter. Grain boundaries are straight to curved, type I twins are common, a 
LPO may be present and a SPO is absent. Dolomite is anhedral, grain sizes range from 
0.06 to 0.4 mm in diameter, grain boundaries are commonly sfraight to curved, and grains 
define a sfrong SPO. Opaque oxide is anhedral, grain sizes range from 0.1 to 0.15 mm in 
diameter. 
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Sample: WH-96-02 Rock name: calcite dolomite marble 
Rock description: Light gray to white, medium grained, with discontinuous spaced 
foUation defined by 0.5 mm white and gray layers. 
Major phases: 75% calcite, 25% dolomite 
Minor and accessory phases: frace opaque oxide 
Microstmctures and textures: Fabric II; Calcite is anhedral, grain sizes range from 0.2 to 
2 mm m diameter, grain boundaries are curved to lobate and grains define a SPO. Type 1 
twins are common and a LPO is observed. Dolomite is anhedral, grains range from 0.03 
to 0.9 mm in diameter, grain boundaries are commonly curved, and type I and II are 
present. Opaque oxides are anhedral and interstitial. Grain sizes range from 0.02 to 0.1 
mm in diameter and grain boundaries are straight to curved. 

Sample: WH-97-02 Rock name: dolomite marble 
Rock description: Blue-gray, fine to medium grained with a discontinuous spaced 
foliation defined by 0.25 to 1 cm white polycrystaUine aggregates. 
Major phases: 100% calcite 
Minor and accessorv phases: trace fremolite 
Microstmctures and textures: Fabric II: calcite is anhedral, grains range from 0.02 to 0.6 
mm in diameter, type I and II twins are common, grain boundaries are lobate to curved, 
and grains define a clear SPO. Coarse grains range from 0.1 to 1.4 mm in diameter, 
grains boundaries are lobate, and grains exhibit sweeping undulose extinction. Tremolite 
occurs in subhedral laths, grains range from 0.1 to 0.4 mm in length and exhibit a SPO 
parallel to that of calcite. 

Sample: WH-98-02 Rock name: calcite marble 
Rock description: Dark gray, fine grained with discontinuous spaced foliation defined by 
1 to 2 mm layers of darker finer grained carbonate. 
Major phases: 100%) calcite 
Minor and accessory phases: trace dolomite, trace white mica 
Microstmctures and textures: Fabric II; calcite is anhedral, grains range from 0.25 to 0.2 
mm in length, grain boundaries are curved and grains define a clear SPO. Dolomite is 
euhedral to subhedral, grains range from 0.25 to 1 mm in length. White mica is euhedral, 
occurs in 0.1 to 0.2 blocks and exhibits undulose extinction. 

Sample: WH-103-02 Rock name: dolomite marble 
Rock description: Dark gray to white, fine grained, discontinuous space foliation defined 
by 3 to 8 rmn carbonate lenses. 
Major phases: 90% dolomite 
Minor and accessory phases: 10% calcite 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.07 to 
0.4 mm in diameter, grain boundaries are sfraight to curved and some polygonal texture is 
observed. Grains define a SPO and possible LPO. Calcite is anhedral, grains range from 
0.1 to 0.5 mm in diameter and lack a SPO. Calcite grain aggregates are commonly 2 to 3 
mm in length and define a good SPO. 
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Sample: WH-104-02 and 104b Rock name: calcite marble 
Rock description: Blue-gray, fine to medium grained with a discontinuous spaced 
foliation defined by white 5 mm to 2 cm carbonate aggregates. Aggregates are 
recrystallized amphipora. 
Major phases: 75% calcite, 25% dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric I; calcite is anhedral, grains range from 0.1 to 1.2 
mm in diameter, grain boundaries are straight to curved and lack a SPO but may have a 
LPO. Dolomite is anhedral, grains range from 0.03 to 0.3 mm in diameter, grain 
boundaries are straight to curved and grains define a good SPO and possible LPO. 

Sample: WH-105-02 Rock name: dolomite calcite marble 
Rock description: Blue-gray, fine grained with a discontinuous spaced foliation defined 
by 1 to 5 nrni thick carbonate aggregates. 
Major phases: 70% calcite, 30% dolomite 
Minor and accessory phases: N/A 
Microsti-uctures and textures: Fabric I; calcite is anhedral, grains range from 0.1 to 1.2 
mm in diameter and grain boundaries are curved to lobate. Type 1 and II twins are 
conunon and grains lack a SPO. Dolomite is anhedral, grains range from 0.03 to 0.2 mm 
in diameter, grain boundaries are straight to curved, and grains define a good SPO. 

Sample: WH-106-02 Rock name: calcite marble 
Rock description: Blue-gray, fine grained with discontinuous spaced foliation defined by 
millimeter scale white laminations. 
Major phases: 100%) Calcite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Fabric II; calcite is anhedral, fine grains range from 0.02 to 
0.1 mm in diameter and coarse grains range from 0.1 to 0.7 mm in diameter. Type 1 and 
II twins are common. Grain boundaries are curved to sfraight and coarse grain 
aggregates define a good SPO. Grains may have a LPO. Opaque oxides are anhedral, 
interstitial and range from 0.01 to 0.03 mm in diameter. 

Sample: WH-107-02 Rock name: argillite 
Rock description: Black, very fine to fine grained with angular carbonate clasts ranging 
from 1 mm to 10.5 cm in diameter defining weak spaced foliation(?). 
Major phases: 70% quartz, 30%) carbonate (limestone) clasts 
Minor and accessory phases: N/A 
Microstmctures and textures: Quartz is anhedral, grains range from 0.01 to 0.1 mm in 
diameter, exhibit sweeping undulose extinction and have lobate grain boundaries. 
Limestone clasts may be up to 14 mm in diameter, and are subangular to angular. Clasts 
intemal grains define a SPO continuous between clasts. 
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Sample: WH-lllb-02 Rock name: calcite marble 
Rock description: Dark gray to white, fine to medium grained with a discontinuous 
spaced foUation defined by 1 to 3 mm carbonate aggregates. 
Major phases: 80% calcite, 20%) dolomite 
Minor and accessory phases: N/A 
Microstiiictures and textures: Fabric I; calcite is anhedral, grains range from 0.08 to 1.1 
mm in diameter, type I and II twins are common. Grain boundaries are curved and gains 
lack an SPO. Dolomite is anhedral, grains range from 0.06 to 1.2 mm in length, grain 
boundaries are curved and grains define a good SPO and possible LPO. 

Sample: WH-112-02 Rock name: dolomite marble 
Rock description: Sample missing. 
Major phases: 100%o dolomite 
Minor and accessory phases: trace calcite 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.03 to 
0.7 mm in diameter, grain boundaries are straight to curved, and grains define a clear 
SPO and possible LPO. Coarse dolomite grains range from 0.3 to 0.9 mm in diameter, 
exhibit sweeping undulose extinction and have curved to lobate grain boundaries. Coarse 
grained aggregates define a clear SPO. Calcite is anhedral, grains range from 0.1 to 0.4 
mm in diameter, are interstitial and lack a SPO. 

Sample: WH-113-02 Rock name: calcite dolomite marble 
Rock description: Pink, medium grain marble with bedding defined by gray bands of 
dolomite. 
Major phases: 50%) calcite, 50%o dolomite 
Minor and accessory phases: trace quartz, trace white mica, frace plagioclase(?) 
Microstmctures and textures: Fabric I; calcite is anhedral, grains range from 0.1 to 0.8 
mm in diameter, grain boundaries are curved to lobate, and grains lack a SPO. Dolomite 
is anhedral to subhedral, grains range from 0.1 to 0.2 mm in length and have a good SPO. 
Quartz is anhedral, grains exhibit undulose extinction and may be up to 0.2 mm in 
diameter. White mica and plagioclase are rare and occur as 0.1 to 0.3 grain aggregates. 

Sample: WH-114-02 Rock name: calcite marble 
Rock description: Gray and fine gained. 
Major phases: 60% calcite, 30%) antigorite. 
Minor and accessory phases: 10% dolomite 
Microstmctures and textiires: Fabric III; calcite is anhedral, grains range from 0.2 to 0.5 
mm in diameter, grain boundaries are curved and grains exhibit type I an II twins. 
Antigorite occurs as subhedral to euhedral laths, grains may be up to 1.5 mm in length. 
Antigorite is likely refrograde olivine. Dolomite is anhedral, grain boundaries are curved, 
grains range from 0.05 to 0.2 mm in diameter and are interstitial to calcite. 
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Sample: WH-117-02 Rock name: diopside calcite marble 
Rock description: Blue-gray, fine to medium grained with a fine continuous foUation. 
Major phases: 85% calcite 
Minor and accessory phases: 10% dolomite, 5% diopside 
Microstiiictures and textures: Fabric III; calcite is anhedral, grains range from 0.3 to 0.8 
mm in diameter, grain boundaries are curved and grains commonly exhibit a polygonal 
texture. Diopside is anhedral, grains may be up to 0.1 mm in diameter and commonly 
occur in aggregates up to 0.3 mm in diameter. Dolomite is anhedral, grains range from 
0.05 to 0.2 mm in diameter, grain boundaries are straight to curved and grains are 
generally interstitial to calcite. 

Sample: WH-120-02 Rock name: calcite marble 
Rock description: Black, fine grained, fissile with discontinuous spaced foliation defined 
by 1 mm white carbonate aggregates. 
Major phases: 95%o calcite 
Minor and accessorv phases: 5% dolomite 
Microstmctures and textures: Fabric III; calcite is anhedral, grains range from 0.03 to 0.5 
mm in diameter, grain boundaries are curved to lobate, type I and II twins are rare and 
grains define a very weak SPO. Dolomite is anhedral, interstitial, grains range from 0.05 
to 0.6 mm in diameter and grain boundaries are straight to curved. 

Sample: WH-123-02 Rock name: limestone (undeformed packstone) 
Rock description: Gray, very fine grained with bedding defined by millimeter scale silty 
partings. 
Major phases: 100% calcite 
Minor and accessory phases: trace opaque oxides 
Microstiiactures and textures: Calcite is anhedral, grains range from 0.05 to 0.1 mm and 
grain boundaries are curved. Oxides are subhedral and grains are ~ 0.02 mm in diameter. 
Fossils include recrystallized gasfropods, bivalves, and amphipora. 

Sample: WH-124-02 Rock name: calcite dolostone (undeformed mudstone) 
Rock description: Blue-gray, fine grained and massive. 
Major phases: 65%) dolomite, 35% calcite 
Minor and accessory phases: N/A 
Microstinctures and textures: Dolomite is subhedral, grains range from 0.05 to 0.15 mm 
in diameter. Calcite is anhedral, grains range from 0.005 to 0.05 mm in diameter and 
exhibit curved grain boimdaries. 
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Sample: WH-126-02 Rock name: limestone (undeformed mudstone) 
Rock description: Blue-gray, fine grained and massive. 
Major phases: 100% calcite 
Minor and accessorv phases: frace dolomite 
Microstiiictures and textures: Calcite is anhedral, grains range from 0.01 to 0.15 mm in 
diameter with aggregate grains ranging from 0.2 to 0.3 mm in diameter. Dolomite occurs 
as euhedral grains ranging from 0.02 to 0.05 mm in length. 

Sample: WH-129-02 Rock name: calcite marble 
Rock description: Black, fine to medium grained with a discontinuous spaced foliation 
defined by light gray 1 to 2 mm thick lenses of carbonate. 
Major phases: 95%) calcite 
Minor and accessory phases: 5% opaque oxide, trace siderite(?), trace quartz 
Microstructures and textures: Fabric II; calcite is anhedral, grain sizes range from 0.02 
to 0.4 mm in diameter, grain boundaries are curved to lobate. Grains define a good SPO 
and possible LPO. Type I and II twins are common. Siderite occurs as euhedral 
rhomboids, grains range from 0.5 to 1 mm in diameter. Quartz is anhedral, grains range 
from 0.1 to 0.2 mm in diameter. 

Sample: WH-130-02 Rock name: dolomite calcite marble (undeformed) 
Rock description: Blue-gray, fined grained and massive 
Major phases: 60%) calcite, 40% dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Calcite is anhedral, grains range from 0.045 to 0.2 mm in 
diameter, grain boundaries are curved to lobate and type I and II twins are common. 
Dolomite is anhedral, grains range from 0.005 to 0.5 mm in diameter and grain 
boundaries are curved to lobate. Calcite and dolomite layers alternate in 1 to 3 mm. 

Sample: WH-131-02 Rock name: limestone (undeformed wackstone) 
Rock description: Blue-gray, fine grained, fossil bearing with bedding defined by 
millimeter scale red silty partings. 
Major phases: 100% calcite 
Minor and accessory phases: N/A 
Microstmctures and textures: Calcite is anhedral, grains range from 0.005 to 0.025 mm 
in diameter and grain boundaries are curved to lobate. Fossils include peloids, 
calcispheres, bivalves, and gastropods. 

Sample: WH-132-02 Rock name: dolostone (undeformed mudstone) 
Rock description: Gray, fine grained and massive. 
Major phases: 100% dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Dolomite is subhedral to anhedral, grains range from 0.02 
to 0.25 mm in diameter and grain boundaries are curved to lobate. 
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Sample: WH-134-02 Rock name: tremolite calcite marble 
Rock description: Gray, fine grained with a discontinuous spaced foliation defined by 1-
3 cm white calcite aggregates. 
Major phases: 95% calcite 
Minor and accessory phases: 5%) fremolite, trace dolomite 
Microstmctures and textures: Fabric II; Calcite i? anhedral, grain sizes range from 0.04 
to 0.8 mm, grain boundaries are curved to lobate, define a clear SPO and type I and II 
twins are common. Coarser aggregates range from 0.5 to 1 mm width and define a weak 
SPO. Tremolite is subhedral to euhedral, grains range from 0.3 to 1 mm in length and 
define a SPO consistent with calcite. Grains have been weakly boudinaged. Dolomite is 
anhedral, grains range from 0.2 to 1.2 mm in diameter, grain boundaries are lobate and 
grains lack a SPO. 

Sample: WH-134b-02 Rock name: tremolite calcite marble 
Rock description: Blue-gray to dark gray, fine grain, bedding(?) defined by dark gray 
layers up to 5 mm thick. Discontinuous spaced foliation is defined by 1 to 3 mm coarse 
aggregates. 
Major phases: 95%) calcite 
Minor and accessory phases: 5% dolomite, frace tremolite 
Microstmctures and textures: Calcite is anhedral, grain sizes range from 0.01 to 0.3 mm 
in diameter, grain boundaries are curved to lobate and grains lack a SPO. Dolomite is 
subhedral, grains range in size from 0.2 to 2 mm and grain boundaries are straight to 
curved. Tremolite is euhedral, grain sizes range from 0.16 to 1 mm in length and define a 
SPO parallel to that of calcite. 

Sample: WH-136-02 Rock name: calcite marble 
Rock description: Gray to black, fine to medium grained with a discontinuous spaced 
foliation defined by coarse white to gray calcite aggregates. 
Major phases: 100%o calcite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Fabric II; Calcite is anhedral, grains range from 0.02 to 0.2 
mm in diameter, have curved to lobate grain boundaries and define a clear SPO. An LPO 
may be present. Some polygonal boundaries are observed. Opaque oxide is anhedral and 
grains are -0.05 mm in diameter. 
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Sample: WH-137-02 Rock name: dolomite marble 
Rock description: Blue-gray, very fine to fine grained with a discontinuous spaced 
foliation defined by millimeter scale white carbonate grain aggregates. 
Major phases: 100%) dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.02 to 
0.1 mm in diameter and coarse grains range from 0.8 to 1 mm in diameter. Very fine 
grain boundaries are weakly lobate and fine grain boundaries are curved. Very fine 
grains define a clear SPO which wraps around coarser grain aggregates. 

Sample: WH-138-02 Rock name: dolomite marble 
Rock description: Dark gray, fine grained with a discontinuous space foliation defined 
by millimeter scale white carbonate aggregates. 
Major phases: 95%) dolomite 
Minor and accessory phases: 5%o calcite 
Microstmctures and textures: Fabric II; Dolomite is anhedral, grains range from 0.03 to 
0.3 mm in length, grain boundaries are straight to curved, grains define a clear SPO and 
possible LPO and exhibit a polygonal texture. Calcite is anhedral, interstitial and grains 
range from 0.06 to 0.2 mm in diameter. 

Sample: WH-141-02 Rock name: calcite dolomite marble 
Rock description: Gray to white, medium to coarse grain, with 1 to 2 mm white calcite 
aggregates defining discontinuous spaced foliation. 
Major phases: 85% calcite 
Minor and accessory phases: 15%) dolomite, trace opaque oxide 
Microstmctures and textures: Calcite is anhedral, grain sizes range from 0.02 to 0.5 mm, 
exhibit uniform extinction, curved to lobate grain boundaries, type I and II twins, no 
SPO, and possible LPO. Dolomite is anhedral occurring in 0.1 to 0.7 mm diameter 
aggregates. Grain range from 0.02 to 0.25 mm in diameter, grain boundaries are curved to 
lobate and lack an SPO or LPO. Opaque oxide is interstitial. 

Sample: WH-143-02 Rock name: dolomite calcite marble 
Rock description: Black, fine grained with discontinuous spaced foliation defined by 1 to 
3 mm diameter carbonate aggregates 
Major phases: 60% dolomite, 40% calcite 
Minor and accessory phases: trace fremolite, trace opaque oxide 
Microstmctures and textures: Fabric I; dolomite is anhedral, grains range from 0.03 to 
0.3 mm in diameter, grain boundaries are curved to lobate and grains define a SPO. 
Calcite is anhedral, grains range from 0.05 to 0.8 in diameter, type I and I twins are 
common in grains > 0.2 mm and grains lack a SPO. 
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Sample: WH-144-02 Rock name: calcite marble 
Rock description: sample missing 
Major phases: 100%) calcite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric II; calcite is anhedral, grain sizes range from 0.02 to 
1 mm in diameter, grain boundaries are curved to lobate and grains define a clear SPO. 
A LPO may be present. Type 1 and II twins are common in grains > 0.1 mm in diameter. 

Sample: WH-145-02 Rock name: limestone (undeformed packstone) 
Rock description: Blue-gray, fine grained a with 10 to 20 cm thick fossil amphipora 
layers defining bedding. 
Major phases: 100%o calcite 
Minor and accessory phases: N/A 
Microsti-uctures and textures: Calcite is anhedral, grains range from <0.0025 to 0.2 mm, 
grain boundaries are curved to lobate and type II twins are common in grains > 0.1 mm in 
diameter. 

Sample: WH-146-02 Rock name: quartzite 
Rock description: Gray, fine grained and massive. 
Major phases: 100%) quartz 
Minor and accessory phases: trace opaque oxides 
Microstmctures and textures: Quartz is anhedral, grain sizes range from 0.1 to 1.0 mm in 
diameter, grain boundaries are curved to lobate, and exhibit patchy undulose extinction. 
Opaque oxides are anhedral, grains are ~1.0 mm in diameter and are interstitial. 

Sample: WH-147-02 Rock name: dolomite marble 
Rock description: Gray to white, fine grained, with 2 to 4 mm white calcite aggregates 
defining discontinuous spaced foliation. 
Major phases: 100%) dolomite 
Minor and accessory phases: trace calcite 
Microstmctures and textures: Fabric II; dolomite is anhedral, grain sizes range from 0.02 
to 2.5 mm in diameter, exhibit slight sweeping extinction, grain boundaries are straight 
and lack a SPO and LPO. Coarse grain polycrystaUine aggregates range from 0.3 to 1.2 
mm in length and define a SPO. Calcite is anhedral, grains range from 0.05 to 0.1 mm in 
diameter and lack a SPO or LPO. 

Sample: WH-149-02 Rock name: calcite dolomite marble 
Rock description: Blue-gray to dark gray, fine grained and massive. 
Major phases: 60%) dolomite, 40% calcite 
Minor and accessory phases: trace siderite(?) 
Microstmctures and textures: Fabric I; dolomite is anhedral, grains range from 0.01 to 
0.1 mm in diameter with curved to lobate grain boundaries and no SPO. Calcite is 
anhedral, grains range from 0.05 to 0.25 with curved grain boundaries and no SPO. Type 
I and II twins are common. 

120 



Sample: WH-150-02 Rock name: calcite marble 
Rock description: Gray, fine grained with a discontinuous space foUation defined by 2 to 
3 mm fine grained carbonate layers and 1 mm white carbonate aggregates. 
Major phases: 100%) calcite 
Minor and accessorv phases: trace dolomite, trace opaque oxide 
Microstmctures and textures: Fabric II; calcite is anhedral, grains range from 0.01 to 0.5 
mm in diameter, grain boundaries are lobate to curved and grains define a strong SPO. 
Coarse grains may be up to 1 mm in length and have a SPO. Dolomite is anhedral, 
interstitial grains range from 0.01 to 0.3 mm in diameter, have lobate grain boundaries 
and grains lack a SPO. Opaque oxide is very fine grained, interstitial and occur in 
concenfrated layers up to 1 mm in width. Calcite grains have the finest grain sizes in 
dolomite layers. 

Sample: WH-151-02 Rock name: quartzite 
Rock description: Gray, medium grained and massive. 
Major phases 100%o quartz 
Minor and accessory phases: trace opaque oxides 
Microstmctures and textures: Quartz is anhedral, grains range from 0.01 to 0.7 mm in 
diameter, grains have sweeping undulose extinction and curved to lobate grain 
boundaries. 

Sample: WH-154a-02 Rock name: dolomite marble 
Rock description: Dark gray, fine grained with discontinuous spaced foliation defined by 
3 mm to 1 cm white elongate carbonate aggregates. 
Major phases: 100% dolomite 
Minor and accessory phases: trace calcite, trace opaque oxide 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.03 to 
0.25 mm in diameter, grain boundaries are curved and grains have a clear SPO. Calcite is 
anhedral and grains range from 0.05 to 0.4 mm in diameter. Opaque phases are 
subhedral, grains are ~ 0.2 mm in diameter and have straight grain boundaries. 

Sample: WH-156-02 Rock name: calcite marble 
Rock description: Black, very fine grained with a discontinuous spaced foliation defined 
by black to dark gray millimeter scale layers. 
Major phases: 100%) calcite 
Minor and accessory phases: trace opaque oxide 
Microstmctures and textures: Fabric II; calcite is anhedral, grains range from 0.01 to 1 
mm in diameter, grain boundaries are curved to lobate and twins are common in grains > 
0.2 mm in diameter. Grains define a clear SPO. Opaque phase is interstitial and 
associated with the finest calcite grains. 
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Sample: WH-159-02 Rock name: limestone (undeformed wackstone) 
Rock description: Blue-gray, very fine grained with white 1 to 2 mm aggregates defimng 
bedding. oo o & 
Major phases: 95%) calcite 
Minor and accessorv phases: 5% talc, trace quartz 
Microstmctures and textures: Calcite is anhedral, grains range from 0.0025 to 0.005 mm 
in diameter, grain boundaries are sfraight to curved, large grains exhibit sweeping 
extinction and type I and II twins may be present. Talc is euhedral, tabular and grains 
may be up to 1 mm in length. No SPO is present. Possible recrystalUzed fossils include 
calcispheres(?), peloids(?) and osfracod fragments. 

Sample: WH-161-03 Rock name: dolomite calcite marble 
Rock description: Dark gray, fine grained with a fine continuous foliation and 
discontinuous space foliation defined by 2 to 4 mm white carbonate aggregate layers. 
Major phases: 70%) calcite, 30% dolomite 
Minor and accessory phases: frace opaque phase 
Microstinctures and textures: Fabric II; calcite is anhedral, grains range from 0.01 to 0.4 
mm in diameter, grain boundaries are straight to curved and have a clear SPO. Grains 
surrounded by the opaque phase range from 0.001 to 0.002 mm in diameter. Type I and 
II twins are common. Dolomite is anhedral, grains range from 0.01 to 0.1 mm in 
diameter and appear to be replacing calcite. 

Sample: WH-164-02 Rock name: calcite dolomite marble 
Rock description: Gray to white, fine to medium grained with a discontinuous spaced 
foliation defined by 1 to 2 cm white calcite aggregates. 
Major phases: 60%) calcite, 40% dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric I; Calcite is anhedral, grain size ranges from 0.05 to 
1.2 mm with straight to curved grain boundaries, type I and II twins, and lack a SPO and 
LPO. Dolomite is anhedral, grain size ranges from 0.05 to 2 mm in diameter, grain 
boundaries are straight to curved, and grains define a SPO but lack a LPO. 

Sample: WH-167-02 Rock name: calcite dolomite marble 
Rock description: Blue-gray, fine grained with a discontinuous spaced foliation defined 
by white carbonate aggregate layers. 
Major phases: 75%) calcite, 25% dolomite 
Minor and accessory phases: frace tremolite 
Microstmctures and textures: Fabric II: calcite is anhedral, grains range from 0.05 to 0.8 
mm in diameter, grain boundaries are straight to curved and polygonal texture is 
common. Grains have a weak SPO when not intermixed with dolomite and coarse 
aggregates range from 0.6 to 1.2 mm in diameter. Dolomite is anhedral, grains range 
from 0.04 to 0.3 mm in diameter, grain boundaries are curved and grains lack a SPO. 
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Sample: WH-168-02 Rock name: quartzite 
Rock description: Buff to gray, fine to medium grained with bedding defined by 3 to 5 
mm layers of brown to white grains. 
Major phases: 95%) quartz 
Minor and accessory phases: 5% calcite 
Microstmctures and textures: Quartz grains are anhedral, grains range from 0.02 to 0.6 
mm in diameter, exhibit sweeping undulose extinction, have a week SPO and grain 
boundaries are commonly lobate. Rectilinear subgrains may be present. Neoblasts(?) 
range from 0.001 to 0.5 mm in diameter. Calcite is anhedral, grains range from 0.001 to 
00.8 mm in diameter, grain boundaries are lobate and grains exhibit patchy extinction. 

Sample: WH-171-03 Rock name: argillite 
Rock description: Black, fine grained and massive. 
Major phases: 100%) Quartz 
Minor and accessory phases: N/A 
Microstmctures and textures: Quartz is anhedral, grains range may be as large as 0.0125 
mm in diameter, and grain boundaries are straight to curved. 

Sample: WH-175-03 Rock name: dolomite marble 
Rock description: Light gray, fine grained with a fine continuous foliation and 
discontinuous spaced foliation defined by white millimeter scale dolomite aggregates. 
Major phases: 100%) dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.04 to 
0.4 mm in diameter, grain boundaries are straight to curved and polygonal texture is 
common. Grains define a good SPO and twining is rare. 

Sample: WH-178-03 Rock name: dolomite marble 
Rock description: Blue-gray, fine to medium grained with a discontinuous spaced 
foliation defined by centimeter long white coarse grained carbonate aggregates. 
Major phases: 80%) calcite, 20% dolomite 
Minor and accessory phases: trace tremolite 
Microstmctures and textures: Fabric I; calcite is anhedral, grains range from 0.3 to 1.4 
mm in length and grain boundaries are straight to curved. Grains are heavily twined and 
lack a SPO. Dolomite occurs as both subhedral single crystals and small aggregates. 
Aggregate grains range from 0.02 to 0.3 nun, grain boundaries are curved and grains 
define a good SPO. Singular dolomite crystals are subhedral to euhedral, grains are ~ 0.2 
mm in length and lack a SPO. 
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Sample: WH-186-03 Rock name: dolomite marble 
Rock description: Dark-gray to gray, fine grained with a discontinuous spaced foliation 
defined by millimeter scale white carbonate mineral aggregates. Stockwork veining 
shows sinistral shear sense. 
Major phases: 100%o dolomite. 
Minor and accessory phases: frace calcite, frace tremolite(?), trace opaque 
Microstiiictures and textures: Fabric II; dolomite is anhedral, fine grains range from 
0.05 to 0.2 mm in diameter and coarse grains range from 0.2 to 2.5 mm in diameter. 
Grain boundaries are curved to lobate, subgrains are rare and a clear SPO is present. 
LPO may also be present. Calcite is anhedral, grains range from 0.05 to 0.1 m in 
diameter, grain boundaries are curved to lobate and grains are interstitial. Tremolite(?) 
occurs as subhedral laths and has been heavily aUered. An interstitial opaque phase 
defines 0.5 to 2 mm thick laminations. 

Sample: WH-191-03 Rock name: quartzite 
Rock description: Buff tan to white, fine to medium grained, with cm scale cross 
bedding define by grain size variation. 
Major phases: 100%) quartz 
Minor and accessory phases: N/A 
Microstmctures and textures: Quartz is anhedral, fine grains range from 0.02 to 0.25 mm 
in diameter. Coarse grains range from 0.1 to 0.75 mm in diameter with patchy undulose 
extinction and curved to cuspate grain boundaries. Subgrains range from 0.02 to 0.04 
mm in diameter. 

Sample: WH-193-02 Rock name: spary dolostone (undeformed?) 
Rock description: Reddish brown, fine to medium grained with bedding defined by 
coarser angular carbonate clasts up to 1 cm in diameter 
Major phases: 80% dolomite 
Minor and accessory phases: 20% calcite cement, frace quartz 
Microstmctures and textures: calcite is anhedral and interstitial, occurring as a cement. 
Dolomite is anhedral, grains range from 0.05 to 0.3 mm in diameter and do not exhibit a 
LPO or SPO. Grains appear supported by reddish brown calcite spar. Quartz is anhedral, 
grains range from 0.025 to 0.5 mm in diameter, exhibit patchy undulose extinction, and 
lack an SPO. 

Sample: WH-200-03 Rock name: microdiorite (dike) 
Rock description: Gray and fine grained. 
Major phases: 75%o plagioclase, 15% calcite, 
Minor and accessory phases: 10% homblende 
Microstmctures and textures: The rock texture is piliotaxitic. Plagioclase is subhedral to 
euhedral and may be as large as 0.05 mm in length. Homblende is anhedral and grains 
may be up to 0.1 mm in length. Calcite appears as disaggregated patches up to 0.5 mm m 
diameter with inclusions(?) of homblende. 
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Sample: WH-204-03 Rock name: dolostone (undeformed mudstone) 
Rock description: Dark gray, fine grained with calcite veins parallel to bedding. 
Major phases: 90% dolomite 
Minor and accessory phases: 10% quartz, trace calcite, trace opaque oxides 
Microsti-uctures and textures: dolomite is anhedral, fine grains range from 0.02 to 0.05 
nun in diameter, coarse grains range from 0.05 to 0.15 mm in diameter, grain boundaries 
are curved to lobate and grains exhibit sweeping extinction. Quartz is subhedral, grains 
range from 0.05 to 0.1 mm in diameter. Opaque oxide is anhedral, grains range from 
0.02 to 0.05 mm in diameter. 

Sample: WH-205-03 Rock name: dolostone (undeformed) 
Rock description: Blue-gray, fine grained with 2 to 4 mm amphipora defining bedding 
on the order of 10 to 20 cm thick. 
Major phases: 100% dolomite 
Minor and accessory phases: N/A 
Microstructures and textures: dolomite is anhedral, grains range from 0.03 to 0.8 mm in 
diameter, grain boundaries are straight to curved. Coarse grained aggregates define a 
SPO. This sample is not from within the aureole. 

Sample: WH-209-03 Rock name: limestone (undeformed wackstone) 
Rock description: Gray to blue-gray, fine grained with pink silty 1 to 3 mm thick layers 
defining bedding. 
Major phases: 100%o Calcite 
Minor and accessory phases: N/A 
Microstioictures and textures: Calcite is anhedral, fine grains range from 0.005 to 0.01 
mm in diameter, coarse grains range from 0.1 to 0.3 mm in diameter. Coarse grain 
aggregates are recrystallized fossil gastropods, calcispheres(?), and peloids(?). 

Sample: WH-210-02 Rock name: micromonzodiorite (dike) 
Rock description: Yellow to brown, porphyritic texture with 1 to 2 mm plagioclase and 
alkali feldspar phenocrysts. 
Major phases: 10% plagioclase, 20% alkaU feldspar, 10% biotite 
Minor and accessory phases: trace apatite, trace calcite 
Microstmctures and textiires: The rock texture is piliotaxitic. Plagioclase is subhedral to 
euhedral, phenocrysts range fonn 1 to 2.5 mm in length, albite twins are common and 
zoning is normal. Alkali feldspar phenocrysts are anhedral, grains range from 0.5 to 2 
mm in diameter. Feldspar ground mass comprises 60% of the sample and has a 
piliotaxitic texture. Biotite is subhedral, grains range from 0.05 to 0.1 mm books and are 
interstitial to feldspar. Opaque oxides are anhedral, interstitial and may be up to 0.2 mm 
in diameter. Apatite is euhedral, laths range form 0.05 to 2 mm in length and generally 
occur as inclusions in plagioclase. Calcite is likely assimilated from host rocks and 
occurs as interstitial grains on the order of 0.001 mm in diameter. 
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Sample: WH-211-03 Rock name: calcite marble (undeformed packstone) 
Rock description: Blue-gray, fine grained with 1 mm to 1 cm amphipora aligned parallel 
to bedding. 
Major phases: 100%o calcite 
Minor and accessory phases: N/A 
Microstmctures and textures: Calcite is anhedral, grains may be up to 1 mm in diameter 
and type I and II twins are present in grains greater than -0.2 mm in diameter. 

Sample: WH-222-03 Rock name: dolomite marble 
Rock description: Gray, fine to medium grained marble with white amphipora up to 1 cm 
in length defining foliation(?) and bedding. 
Major phases: 100%) dolomite 
Minor and accessory phases: N/A 
Microstmctures and textures: Fabric II; dolomite is anhedral, grains range from 0.07 to 
0.5 mm in diameter, grain boundaries are straight to curved and polygonized texture is 
common. Grains have a weak SPO and possible LPO. 
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