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ABSTRACT 

1. 76-1.64 Ga crustal growth in southwest Laurentia, an oblique shear zone 

with components ofleft-lateral strike-slip and thrust motions juxtaposed two blocks of 

deep-seated Proterozoic crust presently exposed in the New York and Clark mountains of 

the Mojave tectonic province, eastern California. Two localities, Mineral Hill and Willow 

Wash, were subjected to peak metamorphic conditions 720°C, 6.5 kbar 780°C, 

3.5 kbar, respectively, as determined by GASP barometry and Grt-Bt exchange 

thermometry. Ductile L-S tectonite fabrics consisting of a north-northwest striking, 

west-dipping tectonic and compositional foliation and a northwest-trending, shallow-

plunging mineral stretching lineation characterize the penetrative deformation of both 

areas. High-temperature quartz c-axis fabrics confirm that peak metamorphic conditions 

accompanied deformation. Additionally, quartz petrofabric analysis reveals a strong 

lattice-preferred orientation (LPO) that is geometrically related to the stretching lineation 

and foliation. Asymmetric S-C foliations, folds, and feldspar "fish" measured in the field 

and in thin section yield reproducible top-to-the-SE shear sense indicators. Although 

quartz LPO is well preserved, flat-field extinction in quartz grains is interpreted as 

evidence of annealing related to post-kinematic regional heating. Synchronous granulite-

facies metamorphism, medium metamorphic pressure, and oblique top-to-the-SE, sinistral 

shear suggest that the deep crust was simultaneously translated and contracted, placing 

3.5 kbar crust structurally above 6.5 kbar crust. The kinematic fabrics and contrasting 

barometry of these two related tectonic blocks may offer a direct example of large-scale 
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Paleoproterozoic strike-slip motions proposed by earlier workers (Bennett and DePaolo, 

1987) on the basis of isotopic mapping. The apparent contraction may be related to the 

1.705 "Ivanpah Orogeny", which juxtaposed the Yavapai and Mojave tectonic provinces 

(Wooden and Miller, 1990). 
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INTRODUCTION 

Plate tectonic processes rapidly generated continental crust during the Proterozoic 

along the southwest margin ofLaurentia (Condie, 1982; Hoffman, 1988). Today, modern 

tectonics primarily differentiates and thickens continental crust at subduction zones by 

mechanical accretion, by magmatism in island and continental arcs, and by structural 

thickening during orogeny. Many workers believe that these same plate-tectonic 

processes operated in the Proterozoic, and that this period in Laurentia is marked by 

prolific crustal growth (Condie, 1982; Bennett and DePaolo, 1987). Proterozoic 

basement of the southwestern U.S.is interpreted to have formed during the accretion of 

several major volcanic arcs- the Mojave, Yavapai and Mazatzal- to the Archean-age 

Wyoming-Superior craton between 1.8-1.7 Ga (Fig. 1; Condie, 1982; Karlstrom and 

Bowring, 1988; Wooden and Miller, 1990). The timing, order, and periodicity of the 

accretion of these three belts are uncertain. Some investigators propose episodic 

accretion followed by times of inactivity (Condie, 1982; Hoffman, 1988), whereas others 

suggest a continuous long-lived period of convergent-margin tectonics (Karlstrom et al., 

2001 ). The timing of each successive accretion event and the eventual amalgamation 

with greater Laurentia is also uncertain; some models hold that the Yavapai and Mojave 

arcs were amalgamated with each other prior to their accretion to the Wyoming province, 

but other models identify three separate accretion events (Bennett and DePaolo, 1987; 

Karlstrom and Bowring, 1988; Duebendorfer et al., 2001). Pb-isotope mapping 

delineates the present boundaries between these interpreted island arcs, called tectonic 

provinces, but it tells us little about the nature of the structural boundaries which separate 

them (Wooden and Miller, 1990; Wooden and DeWitt, 2000). Questions left unanswered 
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by regional geochemical and geochronologic studies can be best addressed by local 

structural and kinematic studies aimed at documenting the accretion-related tectonic 

displacement within these provinces and along their boundaries. 

To address these questions, I undertook a detailed structural and petrologic study 

of a small area centrally located within the Proterozoic Mojave province, an area that has 

been the subject of previous broad-scale investigations (Fig. 1 ). Field geologic mapping 

(Plates 1 and 2), structural analysis of microstructures and petrofabrics, and metamorphic 

geothermobarometry were undertaken to resolve the crustal conditions and tectonic 

mechanisms of metamorphic and deformational activity. 
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Figure 1. Nd- and Pb-isotopic mapping of the southwest US. Blue lines and lettering indicate Nd-isotope 
mapping and model mantle-differentiation ages (Bennett and DePaolo, 1987). Black lettering and light 
shaded regions indicate Pb-isotope boundary zones (Wooden and DeWitt, 1990). Dark grey regions are 
Proterozoic exposures in the area. 
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associated with defonnation events thought to be synchronous with island-arc accretion. 

Structural and petrologic relationships presented here allow me to construct a tectonic 

model that addresses regional differences in the observed geometry of an important 

province boundary zone. The growth of continental crust during the Proterozoic is 

crucial to understanding Earth's continuing evolution. Sediments and metamorphism 

hamper the study of ancient crust by obscuring rock sequences of interest. Thus, 

questions with far-reaching implications for early Earth history remain elusive. 

However, by study at various scales in the field and laboratory, and with a good 

understanding of the processes of modem plate tectonics, we can develop predictive 

models of geologic evolution. 
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GEOLOGIC BACKGROUND 

Gneisses of the Mojave tectonic province in southeastern California record a 

varied, 2.5 billion year tectonic history of metamorphism and deformation stretching 

from the Paleoproterozoic to the Tertiary. Strong metamorphic and deformation patterns 

make it difficult to resolve their geologic history from field relationships alone, but U-Pb 

ages from relict zircons in these gneisses reveal an ancient history of previous tectonic 

events. The Mojave crustal province (Fig. 1), a discrete region of the southwest U.S. first 

distinguished on the basis of Nd and Pb isotopic model ages, likely differentiated from 

the mantle between 2.3-2.0 Ga (Bennett and DePaolo, 1987). Characterized by pelitic 

gneiss, quartzofeldspathic gneiss and mafic schist, outcrops of Mojave province rocks are 

typically amphibolite to granulite facies, and they have undergone intense, penetrative 

deformation. Studies drawing on U-Pb zircon ages from metamorphic rocks and Sr-

isotope ages from intrusive rocks indicate that after early differentiation, the province 

was subjected to intense metamorphism and deformation between 1.8-1.6 Ga and again 

between 1.4-1.1Ga(Condie,1982; Wooden and Miller, 1990; Karlstrom, 1991). Most 

investigators agree that the Mojave province, as well as two similar but younger tectonic 

provinces to the south, the Yavapai and Mazatzal, originated as large island arcs prior to 

1.7 Ga (Condie, 1982; Karlstrom, 1988; Wooden and Miller, 1990) (Fig. 1). Ages from 

zircon cores indicate that the Mojave province contains rock at least 2.0 Ga in age, as 

predicted by Nd-isotope modeling. Between 1.8-1.6 Ga, all three Proterozoic provinces 

accreted to the southwest margin ofLaurentia, though for the purposes of this study only 

the Yavapai and Mojave provinces will be considered. 
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Models for the Mojave province's post-differentiation history vary, but most 

agree that between 1. 76-1.17 Ga the Mojave province sutured to the Yavapai province. 

The location and geologic character of the modern boundary between the Yavapai and 

Mojave is uncertain; in part this depends on the isotopic system used to define it (either 

Pb or Nd) and in part is due to the inherent problems with attempting to define a single 

line separating a complicated structural boundary between two tectonic provinces. 

Boundaries between these provinces based on Pb-isotope mapping (Wooden and DeWitt, 

1991) correspond generally to the original Nd-isotope mapping by Bennett and DePaolo 

(1987), all of which place the eastern boundary of the Mojave province between 115°-

1120 west longitude (Fig. 2). Whereas most subsequent studies embraced the position of 

province outlines defined by Bennett and DePaolo (1987), studies undertaken after 

Bennett and DePaolo (1987) do not discuss a possible left-lateral strike-slip system (Fig. 

1) on the eastern border of the Mojave province (Wooden and Miller, 1990; Wooden and 

DeWitt, 1991; Barth, 2000). 

The Cerbat Mountains, near the western border of Arizona (Fig. 2) and just within 

the eastern edge of the Mojave province as drawn by Bennett and DePaolo (1987), show 

well-constrained evidence ofpolyphase deformation from 1.74 to 1.68 Ga. Duebendorfer 

et al. (2001) describe two deformation events in the Cerbat Mountains. The first (D 1 ), 

marked by a northwest-striking, northeast-dipping foliation and associated tectonite 

fabric is interpreted as evidence for a suture between the Mojave and Yavapai provinces. 

This claim contrasts with that of Wooden and Miller ( 1990), who earlier suggested 1705 

Ma as a likely date for suturing between these provinces. Duebendorfer et al. described a 

second fabric (D2), a subvertical, northeast-striking foliation, as evidence for subsequent 
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accretion of the amalgamated Yavapai-Mojave provinces to the Wyoming craton between 

1720-1682 Ma. To the east in central and western Arizona Karlstrom et al. (1987) 

describe a range of tectonic blocks and shear zones, most showing west-vergent folding 

and shear which they use as evidence for similar tectonic transport. The shear zones are 

thought to separate crustal blocks composing the Yavapai province, and they suggest that 

intra-province deformation was prominent during the Yavapai's accretion to southwest 

Laurentia. These shear zones indicate several episodes of convergent tectonism 

distinguished by date: an unnamed event occurring pre-I. 7 Ga and a later post-1.69 event 

termed the Mazatzal orogeny (Karlstrom, 1987, 1988). 

Metamorphic core complexes, detachment faults, and block rotations due to 

widespread Cenozoic extension occur throughout the southwest U.S. to the east of the 

Sierra Nevada (Wemicke, 1992); this can lead to inaccurate interpretation of older 

structures and tectonic fabrics. The study area considered here, including the dry washes 

and hills on either side of the Ivanpah Valley, provides an ideal window into Proterozoic 

processes because this region was unaffected by Cenozoic extension (Wooden and 

Miller, 1992; Theodore, 1990; Wemicke, 1992.) Previous investigations have interpreted 

the largely quartzofeldspathic and micaceous gneisses on either side of the Ivanpah 

Valley as a combination of orthogneisses and paragneisses related to amphibolite- or 

granulite-facies metamorphism during deformation of a large island-arc sytem between 

1740-1721Ma(WoodenandMiller,1990). 
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Figure 2. Proterozoic Exposures of the southwest U.S. near Mineral Hill and Willow Wash. 

In two localities near Ivanpah Valley, Mineral Hill and Willow Wash (Fig. 3), 

isolated outcrops of Proterozoic biotite gneiss, augen gneiss, mafic tonalite, amphibolite, 

and leucocratic intrusives are structurally juxtaposed against Paleozoic sediments and 

Tertiary volcanics. In the Providence Mountains to the south, and in both Mineral Hill 
. 

and Willow Wash (Fig. 2), geochronological data were interpreted as evidence for the 

1.70 Ga "Ivanpah Orogeny" (Wooden and Miller, 1990), a term not widely adopted in the 

literature, but potentially very descriptive events discussed here. Wooden and 

Miller (1990) described the Ivanpah Orogeny as a granulite-facies, low-pressure 

metamorphic event that juxtaposed the Yavapai and Mojave provinces (Fig. 2). 
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Figure 3. Mineral Hill and Willow Wash study areas, Ivanpah Valley, California. Inset map 
shows position of the Mojave National Scenic Area in California. Detail on lower left shows 
position of both localities. 

Although geochronology in the area surrounding the Ivanpah Valley covers a large area, 

these sparse dates comprise the only record of the area's cooling or metamorphic history 

for the period. Little structural or geothermobarometric work has been done in the 

region. One earlier study in the Willow Wash area was mainly descriptive (Elliot, 1986), 

although it did postulate that these granulite-facies gneisses experienced a period of 

heating which imparted granoblastic textures to the rocks following penetrative 

deformation. An unpublished field guide of Mineral Hill provides locally detailed 

geologic mapping (reproduced in Plate 2), and it describes the gneisses as widely 
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migmatized during the Ivanpah Orogeny (Wooden and Miller, 1992). That report also 

includes ages of rocks from the Mineral Hill locality. There, ages of 1. 76 Ga and -1. 73 

Ga indicate polyphase metamorphism that affected igneous and sedimentary packages 

interpreted to have been part of an island-arc system that either received detritus from or 

was structurally overlying-2.5 Ga basement (Wooden and Miller, 1990). 
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PURPOSE 

The Proterozoic Mojave and Yavapai tectonic provinces have received increasing 

attention since Nd- and Pb-isotopic mapping revealed their present-day boundaries 

(Bennett and DePaolo, 1987; Wooden and DeWitt, 1991). The large proportion of this 

geological work has concentrated on the central and western parts of the Yavapai 

. province in Arizona (e.g., Karlstrom and Bowring, 1988), perhaps due to the area's 

extensive exposure of Proterozoic rocks as a result of Cenozoic extension. Karlstrom and 

Bowring (1988) use a combination of past structural studies and geothermobarometry to 

define a series of shear-zone bounded discrete tectonic blocks stretching east across 

central Arizona in an attempt to understand the intra plate dynamics of the Yavapai 

province during 1. 7 orogeny and accretion. Evidence for 1. 7 Ga granulite-facies 

metamorphism described in the Yavapai province in Arizona has been linked to structural 

evidence for orogeny and crustal growth during that time. 1. 7 Ga 

metamorphism and related deformation are described across the isotopic border in 

California on the eastern edge of the Mojave province (Duebendorfer et al., 2001). 

However, in the central Mojave province the granulite-facies "Ivanpah Orogeny" 

(Wooden and Miller, 1990) is known only from U-Pb ages of metamorphic zircon rims 

and to date little is known about the deformation and metamorphism of these rocks. 

The purpose of this study is to better understand the deformational and kinematic 

history of the high-grade rocks of the central Mojave province affected by the Ivanpah 

Orogeny, and to document their metamorphic conditions in the context of previously 

reported high-T mineral age constraints (Wooden and Miller, 1990). The New York and 

Clark mountains provide a unique opportunity to describe the effects of continental-scale 
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Proterozoic orogeny on an interior area of the Mojave province that has avoided 

subsequent Cenozoic extension common in the southwest U.S. region. Structures and 

kinematics addressed here provide the basis for assessing a previously proposed large 

pre-1.4 Ga left-lateral offset in the early Proterozoic basement (Bennett and DePaolo, 

1987). 

11 



METHODS 

A two-month, vehicular-supported summer field season in the Mojave National 

Preserve served as the basis for the ensuing petrologic and structural investigations. 

Rock types, mineral assemblages, and geologic relationships were mapped and described 

(Plates 1 and 2); sampling provided - 70 samples for later petrologic and structural 

analysis. Structural data, including orientations of tectonic foliation, stretching and 

intersection lineations, folds, faults, and crosscutting relationships, were collected on 

foot. 

Macroscopic shear-sense indicators were recorded in the field, laying down a 

kinematic framework for later analysis; these were recorded in the motion plane (Fig. Al; 

Appendix A). Later, oriented thin sections were examined for microscopic shear-sense 

indicators (Fig. A2; Appendix A) under a standard petrographic microscope. Oriented 

thin sections were also utilized to measure quartz c-axis petrofabrics under a petrographic 

microscope equipped with a universal stage (Appendix A). 

Petrography collected manually with a petrographic microscope and later 

augmented with data from electron microprobe analysis conducted at the University of 

Minnesota, was used to determine the metamorphic mineral assemblages. Gamet-biotite 

Fe-Mg exchange geothermometry and garnet-aluminum silicate-sillimanite-plagioclase 

geobarometry using the calibrations of Hodges and Spear (1982), were used to determine 

quantitatively the peak metamorphic conditions experienced by the gneisses of Willow 

Wash and Mineral Hill (Appendix B). 
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RESULTS 

Field Mapping 

Lithologic Units 

High-grade (i.e. uppennost amphibolite and granulite facies) gneisses are exposed 

along the banks of Willow Wash, a dry wash to the east oflvanpah Valley, in outcrops of 

mostly quartzofeldspathic gneiss. No previous detailed geologic map exists for the 

Willow Wash area, and so it was mapped in detail within a small area (Plate 1; Appendix 

C). An existing geologic map of Mineral Hill (Wooden and Miller, 1996) was used as a 

base for geothennobarometric and structural analysis in that area. A comparison of units 

described here to those of an unpublished descriptive survey (Elliot, 1986) as well as 

those recorded in the nearby Mineral Hill area (Wooden and Miller, 1996) is included in 

Table 1. 

Geologic mapping of Willow Wash (Plate 1) defined several major lithologic 

units, including leucocratic pegmatite (Xl), mafic schist (Xa), granite gneiss (Xg), 

quartzofeldspathic gneiss (Xq), biotite gneiss (Xbt), augen gneiss (Xag), and pelitic 

gneiss (Xp) (Table 1; Appendix C). Lithologic types are distinguished by rock 

composition, texture, and metamorphic mineralogy. The compositions of the 

heterogeneous gneisses, including the biotite, augen, quartzofeldspathic and pelitic units, 

vary widely (Fig. 4a). Quartzofeldspathic gneisses possess a striking compositional 

layering expressed mainly by biotite concentration. Layering occurs on all scales, from 

grossly differentiated 1-2 m layers to cm-scale laminae ofbiotite-rich and biotite-poor 

zones. In places mafic layers are isolated as discrete boudins (Fig. 4b ), probably as a 

result oflayer-parallel extension. Garnet occurs ubiquitously across these layers. 
13 



Table 1. Comparison of lithologic units described in the Ivanpah Valley. 

Willow Wash 
This study 
Unit Symbol 

Leucocratic Pegmatite XI 

Mafic Schist Xa 

Granite Gneiss Xg 

Quartzofeldspathic 
Xq Gneiss 

Biotitc Gneiss Xbt 

Augen Gneiss Xag 

Pclitic Gneiss Xpg 

Elliot, 1986 
Unit 

Leucosome 

Leucocratic Gneiss 

Mafic Rocks 
Ultmmafic Rocks 

Massive Felsic Gneiss 

Layered Felsic Gneiss 

Sillimanite Gneiss 

Mineral Hill 
Wooden and Miller, 1992 
Unit Symbol 

Leucocratic Rocks XI 

Amphibolite Xa 

Biotitc-rich 
Xbg Granodiotite 

Augen Gneiss Xag 

Pclitic Gneiss Xpg 

Gab bro Xgb 

Trondjhemite Xt 

Mafic Tonalite Xm 

Contacts between various quartzofeldspathic units are typically obscured by overburden 

and folding and warping of layers; in many cases contacts are gradational. 

Leucocratic pegmatite dikes, -1 m thick bodies of quartz and feldspar, cut the 

predominant quartzofeldspathic layered gneisses in many places throughout Willow 

Wash and Mineral Hill (Fig. 4 c,d). These commonly intrude along foliation and in 

places cut across foliation. The dikes are not associated with selvedges of concentrated 

mafic minerals, commonly interpreted as evidence for migmatization in other gneiss 
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belts. They do not show evidence of chilled margins or other grain-size heterogeneities, 

which typically indicate intrusion after post-uplift cooling of the host rock. Therefore, it 

is most likely that these dikes intruded the gneisses at relatively high temperature during 

metamorphism. The age of the pegmatite bodies is constrained to be 1.4-1.7 Ga by U-Pb 

dating of zircons from plutons that cross-cut these pegmatite dikes, which in turn cut 1. 7 

Ga granitoid gneisses in Mineral Hill (Wooden and Miller, 1996). 

Table 2. Mineralogical composition of gneisses from Willow Wash and Mineral Hill (this study; 
Elliot, 1986; Wooden and Miller, 1996). 

Thi• Lcuro-
Sludy cratic 

Elflol. 
1986 

Symbol 

Qtz 

Or 

Pl 

Bl 
Ort 

Sil 

Cul 

Hbl 

Cpx 

Opx 

or 
Sp 

XI 

30-70 

30-70 

10-20 

0--10 

0-10 

0-10 

0-10 

l.cuco• l...:uco-
1;0tt1c \.ndic 

Gnchs 

• • 
• • 
• • 
0 + 
+ + 

+ 

Ma lie 
Schiol 

Xm 

0--10 

10-20 

10--70 

10-70 
10-70 

10-60 

11.falk UH111111alic 
Rocl;._, Rods 

0 

• 

• • 
+ (I 

• .. 
+ 

Gra11i1ic Qwrw.1fcl 
Cinci.- d-sp;ithic 

x;-- Xq 

20-30 10-20 

30-SO 50-70 

10-20 0-20 

10-20 

0-10 0-10 

0--10 

Mnssivc Lnyl!l'Cd 
Fclsic 
Cincl'is .. 

• • 
0 + 
• • 
• • 
• • 

0 

0 

lliohlc · A•ll!CR 
Gnci.,. Gnci.'IS Gncis< 

Xpg 

10-20 3()....40 20-30 

10-20 20-40 20-30 

20-30 0--10 0-IO' 

30-50 10-20 10-20 

0-10 I0-·20 20.30 

0-S 0.10 

Younger-···-·-····-·······---·---------------->Older--·-----------·------·------------

Silll· 
1n011ilc 
Gnck• 

• 
• 
• 
• 
• 
• 

Mineral abbreviations: Qtz-quartz; Or-K-feldspar; Pl-plagioclase; Bt-biotite; Ort-garnet; Sil-
sillimanite; Cal-calcite; Hbl-homblende; Cpx-clinopyroxene; Opx-orthopyroxene; 01-olivine; Sp-
spinel. Elliot (1986) symbols: *abundant;+ common but not abundant; 0 rare. 

The occurrence of orange-colored carbonatite associated with the leucocratic 

pegmatites in Willow Wash further buttresses their proposed correlation with leucocratic 

intrusives found in Mineral Hill showing a similar association. These carbonatites are 
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bright orange in outcrop, and contain calcite, dolomite, siderite, and quartz. Previous 

workers (Wooden and Miller, 1996; DeWitt et al., 2000) concluded that the carbonatite in 

Mineral Hill may be related to the 1.4 Ga Mountain Pass rocks exposed in the Clark 

Mountains. 

Figure 4. Fabrics and younger units of the Ivanpah Valley gneisses. (a) Gneissose layering and 
foliation in Willow Wash, with quartzofeldspathic gneisses pictured. (b) Mafic gneiss boudin 
with quartzofeldspathic gneiss wrapping around it. ( c) Leucocratic pegmatite dike cutting 
concordantly with foliation. ( d) Leucocratic pegmatite dike cutting across foliation (designated by 
black lines). 
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These REE-rich carbonatites are likely related to the partial melting of silicate rocks 

between 1.8-1.7 Ga (DeWitt et al., 2000). Small(< 5 m) lenses of medium-grained, 

fissile mafic schist (Xa), composed of nearly monomineralic biotite, amphibole, or 

pyroxenes, routinely crop out in Willow Wash (Fig. 4b). Mafic schists in both Willow 

Wash and Mineral Hill show no intrusive relationship with the surrounding gneisses; 

rather, layers of quartzofeldspathic gneiss tend to gently deform around lenses or boudins 

of mafic schist, which are internally foliated with the same orientation. The mafic schists 

may be restite selvedges remaining from partial melting, or metamorphosed pre- or 

synkinematic mafic material, possibly dikes. 

The gently foliated granite gneiss in Willow Wash cuts older gneissic fabrics and 

is assumed to have intruded at 1. 7 Ga or earlier, based on its common occurrence with 

augen gneisses of this age which contain 1.7 Ga zircons (Wooden and Miller, 1996). 

This synkinematic (inferred from its subtle foliation) granite (Wooden and Miller, 1996) 

crops out in several places along Willow Wash, though the contact ofthis granite and 

surrounding gneisses in covered. 

The quartzofeldspathic gneisses (Xp, Xq, Xbt, Xag) likely began as a complex 

assembly of igneous plutonic bodies, mafic volcanics, and sediments associated with a 

large island-arc terrain (Condie, 1982; Wooden and Miller, 1990; this study). The 

individual units are interpreted as either orthogneisses or paragneisses according to their 

qualitative Al and Si content. Gneisses rich in aluminum-silicate minerals and quartz are 

interpreted to have come from sedimentary sources; more Fe-Mg rich gneisses are 

speculated to have been part of igneous suites intruded before deformation (after Wooden 
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and Miller, 1996). In particular, the sillimanite-bearing pelitic gneisses are interpreted to 

have originated as mature pelitic sediments within an arc environment (Wooden and 

Miller, 1996). Augen gneiss may also contain sillimanite; however, the formation of 

deformed feldspar augen in quartzofeldspathic rocks is commonly viewed as evidence for 

an igneous protolith (Passchier and Trouw, 1996). Wooden and Miller (1996) interpreted 

the biotite gneiss of Willow Wash as having been derived from an immature source, 

either volcaniclastic or sedimentary. I interpret the quartzofeldspathic gneiss (Xq), due to 

its low quartz and biotite content, as a meta-igneous body, perhaps close to granodiorite 

in composition based on similar interpretations by Wooden and Miller (1996) in Mineral 

Hill. However, the quartzofeldspathic gneiss's protolith could also be an arkosic 

sandstone or geywacke with either an eroding arc or plutonic source. 

Tectonite Fabrics 

L-S tectonite fabrics present in the quartzofeldspathic gneisses and-mafic schists of 

Willow Wash and Mineral Hill record noncoaxial Proterozoic deformation. Ductile 

fabrics are constrained to be> 1.4 Ga and possibly> 1.6 Ga, based on the ages of 

deformed early Proterozoic granitoids and cross-cutting pegmatite dikes (this study; 

Wooden and Miller, 1996). Although structural data from Mineral Hill are limited, the 

gross similarities between fabrics in these two areas allow general structural correlation 

(Fig. 5). In both areas, the rocks are characterized by a generally penetrative, northwest-

striking foliation, (Fig. 4a, 5) which dips ---60° Win Willow Wash and more steeply in 

Mineral Hill (Fig. 5a, e). Foliation is defined both by compositional banding between 

biotite-rich and biotite-poor layers and a C-type shear-band cleavage. 
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Figure 5. Lower-hemisphere equal-area projections of fabrics in gneisses of Willow Wash (a-d) 
and Mineral Hill (e-h). Fabrics include (a, e) poles to tectonic foliation, (b, f) lineation, (c, g) 
contoured lineation, and (d, h) poles to foliation with a best-fit great-circle girdle. Pole to this 
great circle is the beta axis (large black square); Large black dot shows stretching lineation. Note 
two differently oriented lineations, Li and Le. 

A tight maximum defines an average foliation orientation, yet gneissic foliation is 

commonly deformed in both Mineral Hill and Willow Wash by tight, similar-style 

asymmetric folds (Fig 6a). Poles to foliation show scatter along a great circle that may be 

explained by define a series of kinked, E-vergent folds (Fig. 6b, c ). Coplanar within 

foliation are two lineations - Le, a shallow-plunging stretching lineation trending 

defined by aligned biotite, and Li, a shallow plunging intersection lineation possibly 

composed of elongate feldspars, trending and visible in raised "relief' on foliation 

planes. 
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The most prevalent deformation fabric in both Willow Wash and Mineral Hill is 

the penetrative foliation; robust kinematic indicators are difficult to find in quartz-poor 

gneisses which only show this dominant foliation. However, macroscopic ductile 

tectonite fabrics, including mantled porphyroclasts (Fig. 7), monoclinic folded layers 

(Fig. 7a), ductile shear zones (Fig. 7c), S-C mylonites (Fig. 7f, e), and numerous folds 

with ambiguous kinematic history (described in Passchier, 1998 among others) are 

sporadically exposed in biotite, augen, and pelitic gneiss outcrops of Willow Wash and 

Mineral Hill. These asymmetric fabrics, when viewed in the motion plane (XZ plane of 

strain ellipsoid; Fig. Al, Appendix A) allow the determination of the paleo-kinematics of 

tectonic transport. Macroscopic kinematic indicators give a consistent top-to-the-SE 

shear sense in both Willow Wash and Mineral Hill (Table 3). 

Figure 6. Draped similar-style folds in gneiss of Willow Wash (a) with a stereonet (b) showing 
how such a fold train would yield dispersion of poles to foliation along a great-circle girdle. A 
block diagram ( c) shows how such folds might have formed. 
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Figure 7. Macroscopic kinematic indicators of Willow Wash and Mineral Hill including (a) 
monoclinic folded layering. (b) mantled porphyroclasts; ( c) mantled porphyroclasts and 
monoclinc folded layering; ( d) mantled feldspar porphyroclasts; ( e) S-C mylonite; ( f) S-C 
mylonite in thin section. All show top-to-the-left shear sense as viewed. 
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Microscopic Structure and Petrology 

Kinematics from thin sections 

Thin-section documented shear sense is especially important in this study, given the 

paucity of interpretable macroscopic fabrics observed in the field. Thin sections of 

quartzofeldspathic gneiss from Willow Wash and Mineral Hill document a history of 

noncoaxial ductile deformation involving crystal-plastic processes of quartz dislocation 

glide (Passchier, 1998) and feldspar diffusion creep (Gower and Simpson, 1992). The 

augen and pelitic gneisses contain the highest percentage of quartz among the units 

examined here (30-40%) (Table 2); they typically contain the best evidence for ductile 

deformation, whereas other units, such as the mafic schist and quartzofeldspathic gneiss 

show only characteristic gneissic layering and foliation. Ductile deformation was 

accommodated more easily in the quartz-rich rocks, which therefore host the most 

prominent L-S tectonite fabrics. 
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The quartz-poor mafic schists, quartzofeldspathic gneiss, and biotite gneiss all contain 

lobate quartz-feldspar grain boundaries (Fig.Sa) typical of rocks that experienced 

relatively high strain at high (>700°C) temperatures (Gower and Simpson, 1992). Units 

with higher quartz content also show lobate grain-boundary character in quartz and 

feldspar. However in these units, microcrystalline "ribbon" quartz or grains preserving 

former microcrystalline subgrain boundaries also occur (Fig. 8c ); these features are 

absent in the quartz-poor rocks. This absence is either an artifact of the inability of 

quartz in feldspar-rich rocks to record high-temperature strain or of a preferential 

partitioning of the ductile flow into weaker, quartz-rich units. Microcrystalline quartz 

does not occur in all gneisses; even in the quartz-rich units it only occurs in discrete 

elongate shear zones and is surrounded by the more common granoblastic texture. This 

may indicate incomplete annealing of the highly strained gneisses. 

Microstructural fabric asymmetries reflect heterogeneous deformation and strain 

partitioning. Thoose that record the paleokinematic history in gneisses from Willow 

Wash and Mineral Hill include S-C fabrics (Lister and Snoke, 1984; Passchier, 1998), 

feldspar "fish" (Gower and Simpson, 1992), and monoclinic shape asymmetries 

(Passchier, 1998; Fig. 9). Asymmetries consistently indicate top-to-the-SE, or up-plunge, 

lineation-parallel shear in both localities. Feldspar fish usually occurred as isolated 

domains within large annealed quartz grains (Fig. 9a, b). Subgrain boundaries indicate 

that these large annealed quartz grains were once zones of polycrystalline quartz that 

have since annealed (Fig. 9b). 
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Figure 8. Microscopic quartz fabrics. (a) Lobate grain boundary between quartz and feldspar. 
(b) Microcrystalline grain boundaries and dynamic quartz recrystallization textures. ( c) 
Microcrystalline quartz domains and dynamic recrystallization textures. ( d) same view as in ( c) 
with gypsum plate inserted, so that LPO can be assessed by color-continuity. F, Feldspar; G, 
garnet; Q, quartz. 

that have since annealed (Fig. 9b). The feldspar fish therefore represent relict deformed 

mineral porphyroclasts that acquired their shape asymmetry during crystal-plastic flow of 

the surrounding quartz. I interpret this relict fabric as evidence for either a relatively high 
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Figure 9. Microscopic kinematic indicators. (a) Feldspar "fish" with biotite tail, crossed nicols. 
(b) Feldspar fish in annealed quartz grain, plane-polarized light. (c) Asymmetric feldspar clast 
mantled by biotite in quartz matrix, plane-polarized light. ( d) S-C mylonite fabric with 
accumulated biotite on C planes, plain-polarized light. (e) S-C mylonite fabric, plane-polarized 
light. (t) Mantled garnet porphyroblast, surrounded by quartz. All photos are of the motion plane 
(Figure 9), and all show top-to-the-right shear sense. Q, quartz; G, garnet; F, feldspar; Bt, biotite. 
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strain rate or medium strain rate at high temperature; at low or medium strain rates, 

feldspar grains would likely simply rotate in an easily deforming matrix of 

quartz. In this case, to deform feldspar by diffusion creep in a matrix of weak quartz 

would require either high strain rate or temperatures high enough so that feldspar 

behaved rheologically like quartz or both. 

Quartz c-axis petrofabrics 

Quartz records bulk strain, the type of strain (coaxial or non-coaxial), the 

kinematics of deformation, and the qualitative temperature at which these strains were 

imparted in its LPO. Quartz c-axis fabric diagrams from the gneisses of Willow Wash 

and Mineral Hill are consistently centered (Fig. 10, Appendix A) when plotted with 

respect to Le: contoured diagrams from the quartz-rich units show maxima that delineate 

clear asymmetric girdles. This is used to provide a :framework from which to assess other 

kinematic indicators used in the field or laboratory as a check for whether the direction of 

maximum extension and elongation lineation were robustly defined (Passchier and 

Trouw, 1996; Schmid and Casey, 1986.) The apparent differences in diagrams plotted 

for samples with lineation trending -300° and those with a trend > 310° (Fig. 5c, g) is 

interpreted as evidence for two related but incongruent lineation populations, a true 

stretching lineation (Le) and a related syn-kinematic lineation (Li). Diagrams measured 

with respect to Li possess strong LPO. Diagrams measured with regard to a non-

stretching lineation also possess diffuse, sometimes non-centered maxima; these 
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Willow Wash Mineral Hill 

Figure 10. Quartz c-axis diagrams for Mineral Hill and Willow Wash. Though asymmetries are 
difficult to interpret, centered figures with maxima indicating prism <a> slip in Willow Wash 
indicate granulite-facies metamorphism. Note the dominant rhomb <a> slip in samples from 
Mineral Hill, possible evidence that conditions here were potentially at higher-pressure granulite 
facies. All are constructed from mutually perpendicular thin sections, except for WW20A and 
WWlB. See text and Fig. 8 for explanation. 

diagrams, because they are not measured with regard to the true motion plane, are 

impossible to use to interpret shear sense (Appendix A). 

Examination of c-axis diagrams oriented geographically with respect to Le reveals 

a combination of symmetric and asymmetric crossed girdles, indicating a history of 

ductile deformation that included non-coaxial shear. The polymineralic nature of 

quartzofeldspathic gneisses is perhaps primarily responsible for the generally diffuse 

pattern. Although Schmid and Casey (1986), Lister and Hobbs (1980), and others 

performed controlled experiments documenting the behavior of quartz c-axes and their 

use for interpreting shear sense in monomineralic quartzites, such a lithology was not 

available for analysis in the field area. Even with ambiguous asymmetries however, the 

quartz c-axis petrofabrics still provide a valuable check on the orientation of elongation 
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lineation, as well as qualitative constraints on temperature that accompanied ductile 

deformation. 

Slip-system activation in quartz is dependent on water content, strain rate, and 

temperature (Schmid and Casey, 1986), to name a few factors. The most active slip 

system in deformed rocks can be used as a qualitative proxy for metamorphic grade 

(Lister and Hobbs, 1985; Mainprice et al., 1986). The quartz c-axis orientations collected 

from the gneisses of Willow Wash universally show the greatest maxima as a cluster 

around the Y-axis, or the center of the c-axis diagram, indicating high-temperature (650-

7500C) prism <a> slip (Figs. 10; Appendix A). Gneisses from Mineral Hill also show 

centrally clustered maxima, but maxima here reflect activation of the rhomb <a> slip 

system; this may be evidence for higher-pressure granulite-facies metamorphism. I 

interpret the lower-temperature basal slip indicated by the dispersive maxima along the 

periphery of the diagrams as related to either prograde low-temperature deformation, 

which continued to accumulate strain once activated, or evidence for continued strain 

after peak metamorphic conditions were reached at depth. 

Geothermometry and Geobarometry 

Metamorphic Mineral Assemblage 

Many gneisses in the study area contain only a garnet-biotite mineral assemblage 

(Fig. 11), so petrologic evidence for mineral reactions is limited to garnet-biotite 

reactions. Biotite pseudomorphs after garnet are common (Fig. 1 lc) yet reactions 

involving garnet and biotite do little to constrain P-T path or metamorphic conditions due 

to their stability at a wide range of conditions. 
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Figure 11. Metamorphic garnet and biotite assemblages. (a) 'Halo' of quartz, feldspar and biotite 
around embayed garnet with two large quartz inclusions. (b) Embayed garnet with plagioclase 
and biotite filling embayment (used for GASP). (c) Consumed garnet replaced by a metamorphic 
biotite pseudomorph. ( d) Biotite, sillimanite, plagioclase and garnet. 

The mineral assemblage garnet+ biotite + plagioclase + K-feldspar + sillimanite, 

found in pelites from both Mineral Hill and Willow Wash indicates that the region 

experienced granulite-facies metamorphism. The absence of staurolite, muscovite, and 

prograde chlorite indicates that the stability fields for these minerals were exceeded 
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during peak metamorphism. Figure 12 shows feasible P-T conditions for this mineral 

assemblage. 

8 

6 

4 

2 

0 
300 

K 

400 500 600 
T °C 

700 800 

Figure 12. Petrogenetic grid of.KFMASH system (after Spear, 1993), showing possible P-T 
conditions based on stable metamorphic mineral assemblage Grt + Bt + Plag +Kspar +Sil. 

Microprobe Data 

Chemical compositions of garnet, plagioclase, and biotite were determined in 

900 

seven polished thin sections from Willow Wash and Mineral Hill on the electron probe 

microanalyzer at the University of Minnesota-Twin Cities. All mineral cation mineral 

compositions were normalized on the basis of an assumed oxygen proportion in order to 

maintain stoichiometric charge balance. 

Garnet 
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Large garnets(> lcm) are common in both localities, but their rims are universally 

corroded, showing large embayments filled with quartz and feldspar, which creates a 

pseudomorphic halo identifying the older grain boundaries (Fig. l la,b). Generally, garnet 

compositions (Table 4) are dominated by the almandine component; composition varied 

little, from Alm12SP02Py22Gro4 in Willow Wash to Alm73Spo2PY22Gro3 in Mineral Hill. 

Garnets appear optically unzoned; Fe-Mg microprobe transects through large garnets 

yielded either flat variation plots (Fig. 13) or a statistically insignificant rise in Xmg at the 

cores. Garnet oxide totals are consistently 1-3% over 100%, this may be an artifact of 

standardization using hydrous hornblende, potassium feldspar, and albite to calibrate Fe, 

K, and Na, respectively. The effects of these high totals are insignificant after 

recalculation for major cation proportion. 

Table 4. Representative garnet compositions. 

Willow Wash Sameles Mineral Hill Sam12Jes 
Wt%0xides WW4A \VW4A WW6A WW6A WWl7A WW31A MH84A MH84A MH86A MH86A 

Si02 38.445 38.563 38.413 37.981 38.130 37.973 37.759 38.142 35.037 37.079 
Ti02 O.o35 0.003 0.000 0.000 0.006 0.006 0.003 0.012 0.000 0.000 
A1203 22.122 22.259 22.182 22.115 21.993 22.389 21.960 22.021 27.772 24.726 

:EFeasFeO 34.288 34.042 33.084 35.162 34.973 35.185 35.943 34.549 31.232 32.704 
MnO 1.181 1.130 0.795 0.758 0.582 0.764 0.729 0.593 0.780 1.045 
MgO 5,688 5.603 6.829 5.509 5.736 5.101 4.854 6.060 5.282 5.824 
Cao 1.854 1.926 l.105 l.030 1.269 1.625 0.967 l.147 0.987 t.002 
Na20 0.013 0.006 0.000 0.016 0.018 0.028 0.000 0.035 0.009 0.000 
K20 0.034 0.001 0.025 0.014 0.036 0.o35 0.021 0.021 0.016 0.022 

Total Wt% 103.675 103.575 102.433 102.615 102.768 103.14 102.266 102.580 101.129 102.402 

Cations 
Si 2.936 2.948 2.946 2.937 2.939 2.924 2.944 2.938 2.708 2.846 
Ti 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Al 1.991 2.006 2.005 2.016 1.998 2.032 2.018 1.999 2.530 2.237 
Fe2+ 2.190 2.176 2.122 2.274 2.254 2.266 2.343 2.226 2.019 2.099 
Mn 0.076 0.073 0.052 0.050 0.038 0.050 0.048 0.039 0.051 0.068 
Mg 0.648 0.638 0.781 0.635 0.659 0.586 0.564 0.696 0.608 0.666 
Ca 0.152 0.158 0.091 0.085 0.105 0.134 0.081 0.095 0.082 0.082 
Na 0.002 0.001 0.000 0.002 0.003 0.004 0.000 0.005 0.001 0.000 
K 0.003 0.000 0.002 0.001 0.004 0.003 0.002 0.002 0.002 0.002 
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Representitive transect across a 3 mm garnet Sample WW4A 
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Figure 13. Graph of Mg/(Fe+Mg) for a transect across typical garnet for Willow Wash and 
Mineral Hill, showing no variation. 

3 

Garnets commonly contain inclusions of quartz and ilmenite, but no metamorphic 

mineral inclusions were observed that might constrain prograde conditions. If garnet 

grew progressively during changing P-T conditions of polyphase metamorphism, any 

evidence was erased at peak conditions or during post-metamorphic heating. Smaller, 

euhedral garnets, are less typically embayed, do not have corroded rims, or included 

quartz. These garnets are interpreted as having grown after the large garnets, because 

they do not show similar corrosion. Due to a small sample size, it is impossible to 

determine if large garnets consistently experienced P-T conditions different from the 

small garnets. 

Biotite 

Biotites in Willow Wash (AI1149Phl51) (Table 5) are compositionally similar to 

those in Mineral Hill (A.nll4sPhl52). In both localities, biotite is chloritized in this 
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may be due to regional retrograde metamorphism or to the injection ofleucocratic 

pegmatite dikes. Thin sections containing altered biotite were not analyzed. I analyzed 

only biotites that share at least one grain boundary with garnet, these shared grain 

boundaries were in places within garnet embayments (Fig. 11 b ). These are interpreted as 

preserved equilibrium metamorphic textures with un-zoned, chemically re-equilibrated 

garnets. 

Table 5. ReEresentative biotite comEositions 

Willow Wash Saml!les Mineral Hill Sam(!les 
Wt %Oxides WW4A WW4A WW6A WW6A WWl7A WW17A WW31A MH84A MH84A MH86A 

Si02 35.978 35.692 35.632 36.383 34.742 35.155 35.916 35.225 35.994 35.450 
Ti02 4.347 4.421 2.942 3.298 5.248 4.335 4.084 3.815 4.257 3.973 
Al203 19.589 16.098 19.955 18.967 19.969 19.640 16.972 18.887 18.303 19.428 

L Fe asFeO 19.659 20.278 17.093 18.788 16.480 16.471 19.172 17.761 17.941 17.860 
MnO 0.010 0.006 0.130 0.071 0.000 0.000 0.000 0.000 0.016 0.019 
MgO 10.317 10.422 10.885 I 1.397 I0.372 I0.661 10.773 10.610 I0.889 l0.676 
Cao 0.046 0.000 0.002 0.020 0.042 0.203 0.056 0.008 0.013 0.011 
Na20 0.132 0.132 0.157 0.094 0.140 0.164 0.151 0.119 0.156 0.089 
K20 9.323 9.724 9.361 9.842 9.486 8.709 9.811 9.825 9.818 9.467 

Total Wt% 99.421 96.860 96.177 98.864 96.557 95.488 97.003 96.407 97.481 97.018 

Cations 
Si 2.368 2.422 2.393 2.386 2.341 2.392 2.418 2.375 2.403 2.375 
Ti 0.215 0.226 0.149 0.163 0.266 0.222 0.207 0.194 0.214 0.200 
Al 1.520 1.288 1.579 1.466 1.586 l.575 1.347 1.501 t.440 1.534 
Fe2+ l.028 1.093 0.912 0.979 0.882 0.890 1.026 0.952 0.952 0.951 
Fe3+ 0.054 0.058 0.048 0.052 0.046 0.047 0.054 0.050 0.050 o.oso 
Mn 0.001 0.000 0.007 0.004 0.000 0.000 0.000 0.000 0.001 0.001 
Mg 1.012 1.054 1.090 1.114 1.042 1.081 1.081 1.067 1.084 1.066 
Ca 0.003 0.000 0.000 0.001 0.003 0.015 0.004 0.001 0.001 0.001 
Na 0.017 0.017 0.020 0.012 0.018 0.022 0.020 0.016 0.020 0.012 
K 0.783 0.842 0.802 0.823 0.815 0.756 0.843 0.845 0.836 0.809 
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Plagioclase 

In general, feldspar in the gneisses is mostly orthoclase (Table 2); however, 

domains of plagioclase occur as small subhedral grains at the edge of large potassium 

feldspars . Plagioclase compositions vary slightly from an average of An35 in Willow 

Wash to An24 Mineral Hill (Table 6). Plagioclase also shows no internal compositional 

zoning. All grains analyzed were in physical contact with both the garnet and biotite 

analyzed (e.g. Fig. I lb). 

Table 6. Representative plagioclase compositions. 

Willow Wash Mineral Hill Samples 
WW17A MH84A MH86A 

Wt%0xidcs 

Si02 58.702 60.446 59.745 
Ti02 0.053 0.056 0.006 
Al203 26.677 25.427 27.665 

k Fe as FeO 0.093 0.3% 0.078 
MnO 0.000 0.035 0.000 
MgO 0.000 0.000 0.097 
cao 7.392 6.112 3.41.3 
Na20 7.542 8.332 8.240 
K20 0.177 0.165 1.390 
Total Wt% 100.636 I 00.969 1-00.634 

Cations 
Si 2.597 2.657 2.621 
Ti 0.002 0.002 0.000 
Al 1.391 1.318 1.431 
Fe2+ 0.003 0.015 0.003 
Mn 0.000 0.001 0.000 
Mg 0.000 0.000 0.006 
Ca 0.350 0.288 0.160 
Na 0.647 0.710 0.701 
K 0.010 0.009 0.078 
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Geothermobarometry 

Grt-Bt geothermometry and GASP geobarometry using the calibration of Hodges 

and Spear (1982) and Fe3\ t!Fe2\t = 0.05 (Dyar, 2002) indicates that garnet, biotite and 

plagioclase in Willow Wash equilibrated at temperatures between 720-825°C and a 

pressure of -3 .5 kbar (see Table 7; Fig. 14; Appendix E). Temperatures in Willow Wash 

follow a bimodal pattern: two thin sections consistently yielded temperatures of - 720°C, 

and two consistently yielded temperatures of-825°C (Fig. 14). This may be evidence for 

disequilibrium, two phases of metamorphism, or potentially is an insignificant pattern 

resulting from analysis of only a few samples. Petrography (Appendix E) of these 

samples revealed no indication of different metamorphic phases that could explain the 

apparent differences in paleotemperature. Because there is no robust textural evidence of 

non-ideal disequilibrium or polyphase metamorphism, these values are averaged for the 

following discussion. Mineral Hill experienced similar temperature conditions, between 

765-780°C, but experienced far higher pressures of 6.5 kbar. Thus, both Willow Wash 

and Mineral Hill were subjected to lower granulite-facies metamorphism, very close to 

the temperatures needed to induce wet-pelite partial melting (Spear, 1993). The two 

areas may have experianced different pressures, however. Assuming an average density 

of quartzofeldspathic gneiss of2.7g/cm3
, then a pressure of3.5 kbar is roughly equivalent 

to a depth of 13 kilometers in homogeneous gneissic crust. Using a similar calculation, 

the pressure difference between the Willow Wash and Mineral Hill samples given by the 

GASP calibration is approximately equivalent to 11 kilometers of crust. Unfortunately 

paleopressure is only constrained for one sample in Willow Wash; although 

paleotemperature seems well-constrained, only one sample yielded geobarometric data. 
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Table 7. Geothennobarometry summary for Willow Wash and Mineral Hill. 

p .. T Conditions of Willow Wash and Mineral Hill 

WW4A 
WW6A 
WW17A 
WW31A 
WilJow Wash 

MH84A 
MH86A 
Mineral Hill 

Temperature (°C) 
825 
825 
750 
720 

-780 

780 
765 
-773 

Pressure (kbar) 

3.5 

3.5 

6.5 
6.5 
6.5 

The temperatures associated with garnet used in the 3.5 kbar GASP calculation for this 

sample (from Willow Wash) is very close to the median temperatures taken from both 

Mineral Hill and Willow Wash (Fig. 20; Table 7). 
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Figure 14. Petrogenetic grid of.KFMASH system (after Spear, 1993), showing possible P-T 
conditions based on stable metamorphic mineral assemblage (shaded regions), and P-T results 
calculated for Mineral Hill (MH) and Willow Wash (WW). Diagram assumes 3.5 kb pressure for 
all Willow Wash samples even though only one sample yielded a determination. Error 
bars indicate typical uncertainties of± 50 °C and± 0.5 kbar in derivation of P-T estimates from 
mineral composition data. 

Error in gethermobarometry 

If significant error has been introduced either from alteration of plagioclase or 

from analytical error, it is impossible to tell without measuring more samples to insure 

reproducibility. Plagioclase composition and physical state are reasonable when 

compared to samples with better-constrained pressures. While some plagioclase in the 

region may have been altered, grains chosen for measurement were not. Gneisses on 

either side of the Ivanpah Valley were exposed to temperatures above modeled conditions 

needed to melt dry pelites (> 750°, 4kb) (Thompson and England, 1984) and Elliot 
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(1986) interpreted light and dark gneissose layering as a result of partial melting. 

Although reaction kinetics generally increase with temperature, the presence of partial 

melt could potentially cause local disequilibrium and introduce large error in 

geothermobarometry. However, I interpret alternating bands as related to high strain, and 

not anatexis, on the basis of their penetrative, uniform orientation. Differences in 

calibration between GASP and Grt-Bt can be discounted; the Hodges and Spear (1982) 

calibration was followed in both cases. Following this reasoning the pressure determined 

for the Willow Wash area will be assumed to be correct, though there is no way to test for 

reproducibility of the results without further analysis of additional samples. 
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DISCUSSION 

Ortho- and paragneiss L-S tectonites in the Mineral Hill and Will ow Wash areas 

of I vanpah Valley record a history of high temperature metamorphism concurrent with 

non-coaxial deformation. The dominant fabric is a northwest-striking penetrative 

foliation, S, that has moderate dip (-60°) in Willow Wash, and a steeper dip (-80°) in 

Mineral Hill. Gneisses here possess two shallow-plunging lineations, an intersection 

lineation trending-350° (Li) and a stretching lineation trending -300° (Le). Centered 

quartz c-axis diagrams determined for the motion plane (Fig. 10) confirm that Le is 

indeed a true elongation lineation. Monoclinic and triclinic fabric asymmetries described 

in outcrop and in thin section (Figs. 7, 9) provide evidence for top-to-the-SE, Le-parallel 

tectonic transport. Stereographic analysis of S indicates that foliations in discontinuous 

outcrops describe large asymmetric isoclinal fold sets with axes perpendicular to 

lineation (Le). The asymmetry of these fold sets indicates a similar top-to-the-SE shear 

sense (Fig. 6c). Li may be related to an intersection of these folds with tectonic foliation. 

Quartz c-axis petrofabrics from the Ivanpah Valley gneisses feature dominantly prism 

<a> and rhomb <a> slip, which indicates that deformation fabrics related to Le in both 

localities were imparted during granulite facies conditions (Fig. 10). Samples from 

Willow Wash show dominant prism <a> slip, indicating relatively high-T granulite 

facies. Samples from Mineral Hill show dominant rhomb <a> slip, which may indicate 

relatively higher-P granulite type metamorphic grade. Granoblastic textures in quartz 

indicate that gneisses of the area expe_rienced a period of continued thermal annealing at 

depth (Saint-Blanquat et al., 2001) that acted to erase microcrystalline and "ribbon" 
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quartz (Fig. 8b) formed during progressive deformation, thereby entrapping ductiley-

sheared feldspar "fish" within single quartz grains (Gower and Simpson, 1992). 

Leucocratic pegmatite dikes (Figs. 4c, d) cut the L-S fabrics (Figs. lOa,11) in both 

Mineral Hill and Willow Wash. These dikes may be related to similar leucocratic 

pegmatite and associated orange carbonatites found in nearby Mountain Pass which 

yielded U-Pb cooling ages of 1375 Ma and are thought to originate at crustal levels below 

those presently exposed at the surface, as a result of partial melting (Dewitt et al., 2000). 

If correlative with the Mountain Pass bodies, the dikes in the Ivanpah Valley gneisses 

constrain the age of the L-S fabrics to be Early or Middle Proterozoic. 

Multiple investigations in the Mojave tectonic province (Condie, 1982; Wooden 

and Miller, 1990, 1994; Duebendorfer et al. , 2001) indicate that juxtaposition of diverse 

gneisses of intermediate ( quartzofeldspathic gneiss, biotite gneiss) and pelitic 

composition (pelitic gneiss) resulted from the Proterozoic amalgamation of discrete 

pieces of juvenile crust, likely island-arc terrains. The compositions of the Mineral Hill 

and Willow Wash gneisses are consistent with the range ofprotoliths that could be 

expected in either an oceanic or continental-margin magmatic arc. However, the Si-rich 

compositions (Table 2) in general are most consistent with a continental-margin arc or an 

island arc with continental-type lower crust. 

The gneisses of Mineral Hill and Willow Wash both experienced peak high-

temperature (>700°C) metamorphism according to Grt-Bt geothermometry; GASP 

geobarometry indicates that Mineral Hill experienced peak metamorphic pressures (6.5 

kbar) equivalent to a depth of about 24 km. In one sample from Willow Wash, garnet 

and plagioclase compositions indicate that it experienced peak pressures of 3.5 kbar (Fig. 
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14, Table 7), equivalent to a depth of about 13 km. Garnets showed no chemical 

zonation across grains (Fig. 13); a lack of zonation indicates that the garnets experienced 

post-crystallization diffusion_.controlled homogenization, which I interpret as further 

evidence that the gneisses stayed at depth for some time after growth and deformation. 

There, slow cooling from high temperatures is the most likely cause of chemical diffusion 

and grain boundary annealing. I suggest that the pronounced difference in paleo-pressure 

between samples from Mineral Hill and Willow Wash is evidence that these rocks 

equilibrated with a difference in depth of -11 km. Outcrops in Will ow Wash and 

Mineral Hill are structurally similar, and both contain similar pelitic and 

quartzofeldspathic compositions, but Willow Wash rocks lack pyroxene- and amphibole-

rich mafic tonalite and gabbro. The notably more mafic rock compositions in the Mineral 

Hill area (Table 2) may reflect either more mafic magmas of the same age as the other 

orthogneisses, or they may represent differentiated mafic lower crust. The dominantly 

rhomb <a> slip in gneisses from Mineral Hill documented in quartz c-axis analysis may 

further support the idea that the gneisses exposed here may have originated at deeper 

crustal levels. The absence ofmafic minerals in the Willow Wash gneisses may reflect 

different protolith types, but it is also possible that true granulite-facies anhydrous 

mineral assemblages did not form in these rocks because they equilibrated at relatively 

shallow crustal levels. 

Equilibrium Phase Relations and P-T paths 

The metamorphic mineral assemblage Grt + Bt + Sil + Pl found in both the 

Mineral Hill and Willow Wash areas suggests that gneisses here experienced 
42 



amphibolite- to granulite-facies metamorphism. Exotic mineral pseudomorphs, garnet 

inclusions, and zoned garnets that commonly indicate P-T-t paths in other metamorphic 

belts are absent from Ivanpah Valley gneisses. However, mineral reactions in the system 

Si02-Ah03-MgO-FeO-K20-H20 (KFMASH), commonly used to describe 

metamorphism in pelites, can be used to further constrain metamorphic conditions, as a 

check for geothermobarometry accuracy, and to provide explanation for the relatively 

high-Tl low-P conditions experienced in the Ivanpah Valley gneisses. Although biotite 

commonly replaced garnet, the wide stability range of these two phases does not help 

further constrain the metamorphic history of the region. All samples analyzed for Willow 

Wash and Mineral Hill plot in the sillimanite field of the AhSiOs stability diagram (Fig. 

15). The presence of equilibrium sillimanite and K-feldspar along with the absence of 

prograde chlorite, muscovite and staurolite indicate that pressure and temperature 

estimates from geothennobarometry are consistent with established equilibrium mineral 

reactions. Temperature estimates for the region are markedly high for low to medium 

pressures, as compared to a stable continental geotherm. However, P-T modeling of heat 

flow through various tectonic settings indicates that granulite-facies metamorphism could 

be associated with pressures as low as 3-4 kb with widespread magmatism acting as a 

source of excess heat (Spear, 1993; England and Thompson, 1984) (Fig. 15). P-T 

conditions determined for Mineral Hill and Willow Wash (med-low P, high T) are 

consistent with previous estimates of Proterozoic metamorphic conditions from the 

region (Duebendorfer et al., 2001 ). The range of geothermobarometry results is also 

consistent with a hybrid-model metamorphic field gradient involving both crustal 

thickening and simultaneous magma intrusion. Notably, the P-T conditions of Willow 
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Wash and Mineral Hill cannot be placed on a single, linear metamorphic field gradient 

(Fig. 15): although this could be a result of inconsistent geobarometry in Willow Wash, it 

is interpreted here as evidence for equilibration at different pressures due to the effects of 

crustal thickening or other tectonic influence. 
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Figure 15. AhSi05 petrogenetic grid for KFMASH system (after Spear, 1993) showing petite 
mineral reactions of similar conditions to geothermobarometry results for Mineral Hill and 
Willow Wash. Black squares indicate samples from Mineral Hill (MH) or Willow Wash (WW) 
as indicated. Dark grey line is metamorphic field gradient for a hybrid model that involves 
simultaneous magma intrusion and crustal thickening (Spear 1993; England and Thompson, 
1984). P-T results as shown in Fig. 14. 
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Jvanpah Shear Zone 

On both sides of the 12-kilometer-wide lvanpah Valley, tectonic fabrics 

expressed in high-grade gneisses reveal penetrative, mid-crustal, top-to-the-SE non-

coaxial strain (Fig. 16). I propose that a 12-kilometer wide shear zone, described by 

these fabrics, developed coeval with granulite-facies metamorphism in the area, based on 

quartz-petrofabric geothermometry. West-dipping tectonic foliation indicates that the 

originally deep (6.5 kb) Mineral Hill gneiss is currently structurally above the more 

shallow (3.5 kb) Willow Wash gneiss, delineating a large-scale SE-vergent ductile thrust 

zone that includes a strong component of sinistral shear. Displacement along the shear 

zone occurred before the emplacement of leucocratic pegmatite dikes at -1. 4 Ga (De Witt 

et al., 2000). I propose the possibility that a major crustal structure, here termed the 

Ivanpah shear zone (Fig. 16) underlies Ivanpah Valley, and that it juxtaposed two discrete 

pieces of Proterozoic lithosphere, the Mineral Hill and Willow Wash blocks, at about 1.7 

Ga. 
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Figure 16. Structural model of the Ivanpah shear zone. 

A thrusting tectonic model can explain kinematic and geothermobarometric 

evidence in the Mineral Hill and Willow Wash areas, assuming that the two areas indeed 

experienced differing pressure histories as a result of originating at different depths. 

After possible thrusting in the region, upper-plate Mineral Hill rocks could have 

experienced subsequent decompression.and cooling, whereas rocks from Willow Wash 

could have experienced burial and heating (Spear, 1993). 

Alternatively, if the GASP pressure measurement for Willow Wash is not 

reproducible, then the two regions, Mineral Hill and Willow Wash, may have 

experienced grossly similar conditions; in this case a thrust-shear model would be 

unnecessary to describe relations found in the Ivanpah Valley. 
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Regional Tectonic Context 

High-grade gneisses in the Willow Wash and Mineral Hill areas allow 

investigation into the mid-crustal structural and metamorphic conditions experienced by 

Laurentia's southwestern margin during the Early Proterozoic. Between 1.8 and 1.6 Ga, 

continental crust along this margin grew at exceptional rates, witnessed by the formation 

and accretion of the Mojave and Yavapai tectonic provinces to the growing craton 

(Condie, 1982; Bennett and DePaolo, 1987; Karlstrom, 1988; Windley and Condie, 1992; 

Duebendorfer et al., 2001). Previous studies of Proterozoic mid-crustal deformation in 

the Mojave and Yavapai provinces have attempted to reveal the process and timing of 

Laurentian crustal growth. Granulite-facies metamorphism described as the Ivanpah 

Orogeny by Wooden and Miller (1990) was dated using U-Pb in metamorphic zircon 

rims to about 1700 Ma (Wooden and Miller, 1990) in the Providence Mountains, just 

south of the Ivanpah Valley. Multiple investigations in western Arizona and southern 

Nevada (summarized in Karlstrom and Bowring, 1988; Duebendorfer et al., 2001) 

described a system of northeast-striking, west-vergent thrust and right-lateral shear zones 

in the western Yavapai tectonic province. Karlstrom and Bowring (1988) described a 

series of Proterozoic crustal 'blocks' interacting in a complex series of anastomozing 

northeast-striking shear zones during the formation and accretion of the Yavapai 

province. These Proterozoic movements are constrained to between 1800 Ma and 1600 

Ma with igneous zircons from cross-cutting plutons (Karlstrom and Bowring, 1988). 

Collectively these events are termed the Yavapai Orogeny, an -1700 Ma deformation and 

metamorphic event affecting the 'blocks' of the Yavapai province across central-western 

Arizona (Hawkins et al, 1996; Karstrom and Bowring, 1988; Dubendorfer, et al., 2001) 
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(Fig. 17). Wooden and Miller (1990) described the contemporaneous 'Ivanpah Orogeny' 

in the Mojave province as characterized by similar granulite-facies metamorphism and 

penetrative deformation at 1700 Ma, to the west of the Yavapai orogeny where 

recognized in Arizona. Karlstrom and Bowring (1988) placed a Mojave 'block' at the 

west end of their cross section through the Yavapai province, although it conspicuously 

lacks any structural data and the tectonic relation between the Yavapai and Mojave 

provinces was left unexplained. Duebendorfer et al. (2001) incorporated this previous 

work with their study of Proterozoic exposures near the proposed Yavapai-Mojave 

boundary in the Cerbat Mountains of Arizona (Fig. 2, 17). They proposed a two-stage 

tectonic model describing 1740-1720 Ma suturing of the Yavapai province to the Mojave 

province, followed by 1710-1680 Ma northward accretion of this composite 

superprovince to the Wyoming craton (Duebendorfer et al. , 2001). 

Integration of different field studies from west-central Arizona, the Cerbat 

Mountains, Ivanpah Valley and elsewhere may support some broad regional trends 

outlined by isotopic mapping. Bennett and DePaolo (1987) first differentiated the 

Mojave and Yavapai provinces on the basis ofNd-isotope mapping. Included in their 

tectonic model is a left-lateral shear zone that offset the eastern edge of the Mojave 

province by as much as 1000 km; they postulate displacement to have occurred between 

1800 Ma and 1400 Ma based on zircon cooling ages in crosscutting plutons. 

I propose here that the Ivanpah shear zone, characterized by SE-vergent 

convergence and left-lateral strike-slip motion, and chonologically constrained by cross-

cutting dikes and quartz petrofabrics, was contemporaneous with the 1700 Ma granulite-

facies metamorphic event known as the Ivanpah Orogeny (Wooden and Miller, 1990 ). 
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Further, its presence in the Mojave province along the southern margin of Proterozoic 

Laurentia may provide further insight into mechanisms of crustal growth during the 

Ivanpah Orogeny (Wooden and Miller, 1990), the Yavapai Orogeny (Karlstrom and 

Bowring, 1988), and the 1710-1680 Ma accretion ofa composite Yavapai-Mojave 

province to the Archean craton (Dubendorfer et al., 2001) (Fig. 17). The Ivanpah Valley 

gneisses have been previously considered a parcel of in situ Proterozoic crust (Wooden 

and Miller, 1994 mapping of the limit of Cenozoic extension indicates that this region 

did not experience the widespread detachment faulting and block rotation of western 

Arizona and southern Nevada (Wemicke, 1992). The Ivanpah shear zone described here 

lies 100 km to the west of a broad (-100 km) boundary zone between the Mojave and 

Yavapai provinces (Wooden and DeWitt, 1991) located on the basis of Pb-isotopic 

mapping. It lies closer, however to the boundary proposed by Nd-isotopic mapping 

(Bennett and Depaolo, 1987). The proposed Ivanpah shear zone may be an important 

zone of Proterozoic mid-crustal deformation related to the accretion of the Mojave and 

Yavapai to the southwestern margin ofLaurentia at-1.7 Ga. 

If the lvanpah shear zone originally placed 6.5 kb crust on top of 3.5 kb crust, this 

implies a vertical displacement of at least 11 km. To explain the large vertical offset 

required to juxtapose Mineral Hill and Willow Wash, I propose that this event may be a 

part of a broader, Early Proterozoic shear zone identified in Nd- and Pb-isotopic mapping 

of the region, along the boundary of Mojave and Yavapai provinces by Bennett and 

DePaolo (1987). If Bennett and DePaolo' s (1987) proposed-1000 km and similarly left-

lateral offset included a small convergent component, this could explain a 10-km crustal 

thickening related to 1.7 Ga granulite-facies metamorphism in the area. This offset, 
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potentially exposed in the Ivanpah Valley, could tie complex fabrics of the Yavapai 

orogeny to a model of composite Mojave-Yavapai province accretion to the Wyoming 

Craton, as described by Duebendorfer, et al. (2001 ). 

Tectonic History of the Jvanpah Valley 

The Mojave and Yavapai provinces, originally two large magmatic arcs, 

differentiated from the mantle in the early Proterozoic: the Mojave between 2.3-2.0 Ga 

and the Yavapai between 2.0-1.8 Ga (Bennett and DePaolo, 1988; Condie, 1982; Wooden 

and Miller, 1994; Duebendorfer et al. , 2001). By 1.8 Ga they were positioned near the 

southwestern margin ofLaurentia, composed by that time of the Wyoming and Superior 

cratons. The Mojave and Yavapai provinces sutured together at least partially along a 

northwest-trending boundary exposed in the Cerbat Mountains (Fig. 17) between 1. 71 

and 1.68 Ga. A west-vergent convergent and granulite-facies metamorphic event now 

evident in the Cerbat Mountains (Duebendorfer et al., 2001), but obscured in Ivanpah 

Valley by later deformation, accompanied the suturing of these two provinces. At about 

1. 7 Ga, a burst of synchronous metamorphism associated with this deformation affected 

the southwestern margin ofLaurentia (Fig. 1) and may have involved an unknown 

continent to the west (Barth and Wooden, 2000; Moores, 1991), the Archean craton 

(Duebendorfer et al., 2001), multiple Yavapai tectonic 'blocks' (Karlstrom and Bowring, 

1988), and the now-composite Mojave-Yavapai province (Duebendorfer et al. , 2001). 

During 1.7 Ga northward-directed movements of the Mojave-Yavapai provinces 

(Dubendorfer et al., 2001), the Yavapai province experienced deformation imparting a 

northeast-striking foliation within rocks now exposed in the Cerbat Mountains. 
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Figure 17. Proterozoic kinematics of southwest U.S. Proterozoic exposures (dark grey shapes) 
and Cerbat Mountain kinematics after Duebendorfer et al. (2001). Light-grey, dashed-line Pb 
Boundary zone after DeWitt and Wooden (1991). Arizona shear zones and tectonic blocks and 
kinematics after Karlstrom and Bowring (1988). Nd- model ages (blue lines and lettering) after 
Bennett and DePaolo (1987). Joshua Tree terrain and San Bemadino shapes after Barth (2000). 
Geographic Names: PM Providence Mts; MR McCullough Mts; CM Cerbat Mts; KR Kingston 
Range; OWM Old Woman Mts; ODM Old Dad Mts. Tectonic Blocks: AC Ash Creek; BB Big 
Bug; GC Green Gulch; M Mazatzal; JTT Joshua Tree Terrain. Major Shear Zones: BC Boriana 
Canyon; BW Big Wash; CH Chaparral; CR Crystal; GC Gneiss Canyon; MB Mesa Butte; MG 
Moore Gulch; SC Slate Creek; SH Shylock; SM Slate Mtn; IV Ivanpah. (Karlstrom and Bowring, 
1988; this study) Rectangular box around Willow Wash and Mineral Hill study area. 

Similar fabrics, along with right-lateral shear and continued west-vergent thrusting are 

recognized in a series of tectonic 'blocks' across Arizona (Karlstrom and Bowring, 

1988). At 1. 7 Ga, to the west in the Mojave Province, the collision with the Wyoming 

Craton initiated a mid-crustal, left-lateral shear zone (Fig. 16) with a small vertical top-
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to-the-SE thrust component that displaced the western half of the Mojave province as 

much as 1000 km to the south. Such a deformation event may have juxtaposed the 

Willow Wash and Mineral Hill blocks along the Ivanpah Valley shear zone. This shear 

was accompanied by 1.7 Ga granulite-facies metamorphism referred to elsewhere as the 

Ivanpah Orogeny (Wooden and Miller, 1990). Following the lvanpah Orogeny, rocks of 

Willow Wash and Mineral Hill resided at mid-crustal depths for an unknown period of 

time before eventual Phanerozoic exposure, which allowed for long-term thermal re-

equilibration and fabric annealing. 
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CONCLUSION 

In-situ Proterozoic crust underlies the New York and Clark mountains on either 

side of the lvanpah valley. Exposures of quartzofeldspathic and pelitic gneiss in the 

Mineral Hill and Willow Wash localities reveal L-S tectonites with northwest-striking, 

west-dipping penetrative foliation, and a shallow-plunging elongation lineation trending 

- 300°. Gneisses in the area likely experienced a -1. 7 Ga granulite-facies 

metamorphism termed the "Ivanpah Orogney" (Wooden and Miller, 1990; this study). 

Gamet-aluminum silicate-quartz-plagioclase geobarometry and gamet-biotite 

geothermometry indicate that the Mineral Hill and Willow Wash areas experienced 

metamorphic conditions of-720°C, 6.5 kb and-780°C, 3.5 kb respectively. These 

different metamorphic conditions may be evidence that the two localities originated at 

different crustal levels -11 km apart, and that originally deeper crust presently lies 

structurally above originally shallower crust. Consistent field and thin section kinematic 

indicators, including S-C mylonite, feldpar 'fish', and asymmetric folds, reveal a history 

of oblique shear with components of top-to-the-SE thrust and sinistral strike-slip motion. 

Quartz petrofabrics allow chronologic correlation of this non-coaxial deformation with 

granulite-facies metamorphic conditions. Microstructures and the interpreted paleo-

depths of Mineral Hill and Willow Wash suggest that this crust may have experienced 

simultaneous crustal contraction and translation here termed the Ivanpah shear zone. The 

large-magnitude (-11 km) displacement along the proposed shear zone may be related to 

a nearby, similarly sinistral shear zone previously proposed on the basis of Nd-isotopic 

mapping, and thought to be related to 1.7 Ga accretion of the Mojave and Yavapai 

tectonic provinces to the southwestern border ofLaurentia. 
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APPENDIX A: Detailed structural methods. 

Structural Techniques 

Macroscopic Structures 

At each outcrop, orientation of tectonic foliation and or compositional banding, 

and lineation (Fig. Al) were measured. Stretching lineation was assessed from mica 

grain alignment; intersection lineations and unclear lineations in feldspars were labeled 

and recorded. Stereographic plots of all lineations were contoured to identify whether 

local maxima might indicate more than one significant population. 

Microscopic Structures 

Standard, 30-micron thick petrographic thin sections were used in all analyses. Samples 

were oriented in the field with regard to foliation and lineation in the field, and then cut 

for thin section in the so-called "motion plane", perpendicular to foliation and parallel to 

lineation (Fig. Al; Hansen, 1987). The down-dip direction oflineation was recorded as a 

spatial reference. Kinematic indicators were identified in many of the thin sections; my 

interpretations of shear sense are based on relationships described by Passchier (1996) 

and in other sources from the literature. These included asymmetric fabrics such as S-C 

foliation and asymmetric folding. In addition, feldspar "fish" (Fig. A2e) were used to 

provide kinematic analysis following Gower and Simpson (1992). All shear senses were 

recorded with respect to incribed orientation marks observed macroscopically. Any 

observed kinematic evidence was checked for human bias by flipping the slide and re-

evaluating with respect to this re-orientation through the microscope. 
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Figure Al. Idealized Ivanpah Valley gneiss, showing C-foliation, S-foliation, stretching lineation 
(black half arrows on top), and the motion plane (light-shaded plane, xz) reference. * indicates the 
down-plunge indicator, drawn on for orientation. 
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Figure A2. Gneisses of the Ivanpah Valley. (a) compositional foliation and layering; scale bar is 
l m. (b) isoclinal folding in outcrop, scale bar is 10 cm. ( c) winged feldspar porphoblast. ( d) S-C 
cleavage in mylonitic pelitic gneiss; field of view is 3 mm. (e) feldspar "fish" in quartz matrix; 
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field of view is .5 mm. (f) asymmetry in biotite and feldspars; field of view is 2 mm. All 
indicators in (c-f) show top-to-the-left shear sense. 

Quartz C-Axis petrofabrics 

Crystallographic behavior of quartz. Quartz provides a detailed record of past 

deformation because of its ubiquity in the crust and because it deforms under a wide 

range of conditions. Four distinct crystallographic slip systems activate under different 

conditions, these reveal the character of metamorphism which accompanied deformation. 

Quartz records bulk strain, its type (coaxial or non-coaxial), the kinematics of 

deformation, and the qualitative temperature at which these strains were imparted. 

Quartz c-axis diagrams also provide a framework from which to look at other kinematic 

indicators in the field or lab and assess whether the direction of maximum extension and 

elongation lineation were robustly defined (Fig. A3; Passchier and Trouw, 1996; Schmid 

and Casey, 1986.) 

Lattice preferred orientations (LPO's) reflect the degree to which a mineral's 

lattice orientation is uniform due to growth of the mineral or strain accumulation. Quartz 

can experience strain during crystal-plastic deformation through dislocation creep or 

diffusion creep (Passchier and Trouw, 1996.) LPO can be determined by insertion of a 

fixed-wavelength gypsum plate in the light path; uniform warm or cool birefringent 

colors of individual, adjacent quartz grains indicate the presence of LPO in the sample 

(Fig. 8). Quartz c-axes record the LPO, which in tum can reflect a rock' s strain. 

Deformation of quartz occurs mainly as slip across several different 

crystallographic planes (Twiss and Moores, 1992.) Slip occurs most frequently on the 

basal plane, perpendicular to the c-axis, but slip can also occur on the rhomb planes in a 
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direction perpendicular to the al, a2, and a3 crystallographic axes, and along the prism 

planes (Fig. A3). During deformation these slip planes are moved in the directions of one 

of the crystallographic axes. Each one of these slip planes' orientation is fixed relative to 

the c-axis, so the activation of each one will change LPO diagrams relative to c-axes in a 

distinct way (Turner and Weiss, 1963). 

The orientations of quartz c-axes on a stereographic net reflects the LPO. The 

plots generated are known as c-axis fabric diagrams (Fig. A2). Previous studies have 

applied c-axis diagrams to a wide variety of deformed rocks; however, experimental data 

show that LPO is best resolved in rocks in which quartz comprises >80% of total 

composition, an uncommon occurrence in quartzofeldspathic high-grade gneisses of the 

lvanpah Valley area (Table 2). 

Sample Preparation. In order to effectively measure strain using c-axis fabrics, it is 

essential first that stretching lineation and tectonic foliation are constrained (Fig. Al) 

(Schmid and Casey, 1986; Passchier and Trouw, 1996.) Although c-axis orientations 

may be plotted for a single thin section, measuring two mutually perpendicular thin 

sections and then rotating the data onto a single composite stereoplot provides a more 

robust assessment. In this study, a large sample of c-axes were measured in motion-plane 

sections for Willow Wash and Mineral Hill, then two samples from each locality were 

picked for a mutually perpendicular measurement. This sampling method, though not 

ideal, allowed the documentation of LPO over a larger area then would be otherwise have 

been possible, given time considerations. 
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Universal stage measurements. The universal stage is the traditional method of 

measuring quartz LPO (Turner and Weiss, 1963). It allows a thin section to be examined 

by simultaneously rotating it around five different axes. Through manipulation of the 

grain in three dimensions, an investigator can systematically constrain the c-axis 

orientation of individual quartz grains. The orientation of the thin section, referenced to 

the lineation that typically lies parallel to the long edge of the slide, may then be read 

from the multiple arcs and rings that compose the universal stage. 

Interpretation of c-axis patterns. LPO patterns can be challenging, so to maximize 

objective analysis the raw data are contoured; the contours can be used to generate a 
synoptic plot or skeletal figure known as a girdle (Fig. A2) Lineation and foliation 

orientation provide reference; in this study a large black dot represents down-plunge 

lineation and a horizontal line represents the trace of foliation (Fig. A2). Together down-

plunge lineation and foliation delineate the motion plane (Fig. Al). The top of the c-axis 

stereoplots discussed here corresponds to the "up" direction in the field. In noncoaxial, 

progressive plane strain, as in simple shear, c-axis girdles are not symmetrical. 

Crystallographic asymmetries form during shear, which indicate the relative shear sense 

during deformation. The plane-strain girdle pattern (Fig. A2) alters to reflect the 

changing strain ellipse as progressive deformation continues. In this strain regime, the 

great circle girdle becomes asymmetric with regard to the foliation and lineation, and it 

points in the direction of tectonic transport, much like one would expect from a stair-

stepping porphyroclast or an asymmetric folded vein. 
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Figure A3. (a) Symmetrical, plane-strain quartz c-axis girdle. (b) Asymmetrical simple shear 
quartz c-axis girdle. ( c) Asymmetrical petrofabric diagram explanation, sample shows 
asymmetric, centered maxima, whose presence corroborates the existence of true elongation 
lineation (Le). ( d) S-C foliations for reference. ( e) Symbol inscribed on hand sample and thin 
section motion plane, indicating down-plunge direction. All diagrams except (a) show left-lateral 
kinematic sense. (after Passchier, 1996) 

Due to the orientation of the projection relative to the motion plane and lineation, 

asymmetry is relatively straightford to interpret (Fig. A3c) (Schmid and Casey, 1986; 

Passchier and Trouw, 1996; Lister and Hobbs, 1980). In some cases, such as low strain 

or high feldspar content, the scatter of c-axis orientations is ambiguous, and difficult to 

interpret. In the case of uncertainty about girdle asymmetry, I made no determination of 

shear sense. In both coaxial and noncoaxial examples discussed so far, all diagrams are 

centered with respect to the stereoplot, regardless of their symmetry (e.g. Fig. 10). This 

provides verification that the lineation is indeed a stretching lineation, and as such, 
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represents the direction of maximum elongation. In the case of an intersection lineation 

or other striation being mistaken for elongation lineation in the field, the c-axis diagram 

would not plot in the center of the field, this provides an internally consistent test for the 

c-axis and other field-collected kinematic data (Goodge et. al, 1993 from Behrmann and 

Platt, 1982.) 

Granulite Facies 

Figure A4. Quartz c-axis diagram from Fig. A2, with zones of c-axis maxima labeled, showing 
relative metamorphic facies temperature associations (after Passchier, 1996.) 

C-axis patterns formed during progressive simple shear also record information 

about metamorphic facies experienced during deformation, providing one of the only 

methods of correlating temperature and deformation without the use of crosscutting or 

textural relationships and geothemometry. Basal <a> slip, normal to the c-axis, is the 
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most common slip system in quartz. Basal slip occurs during relatively low-

metamorphic grade deformation and is the primary slip responsible for c-axis positions 

near the upper and lower edge of the figures (Fig. A3). As metamorphic grade increases, 

rhomb <a> slip becomes dominant; the resulting patterns will feature similar asymmetry 

but with points gathered closer to the center of the diagram. At yet higher metamorphic 

grade, the prism <a> slip system activates, generating maxima near center of the diagram. 

(Fig. 9; Schmid and Casey, 1986; Mainprice et al., 1980). 
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APPENDIX B: Detailed petrologic methods 

Thin section petrography 

Approximately 70 thin sections were prepared and examined to classify rock-

types, examine equilibrium relationships between metamorphic minerals, and define 

metamorphic grade qualitatively. Thin sections were studied using a petrographic 

microscope; details of mineralogical assemblages were recorded. 

Microprobe analysis 

Chemical analyses of garnet, plagioclase and biotite were obtained using the 

JEOL 8900 Electron Probe Microanalyzer located on the University of Minnesota's main 

campus (operating conditions of 15 kV, 35 nA, beam width 5-10 µm). Natural silicate 

minerals were used as standards for each element. Samples from the study area 

containing unaltered garnet, biotite, plagioclase and sillimanite were selected for analysis. 

In each section, domains were selected on the basis of the appearance of these minerals in 

textural equilibrium. Individual spot analyses of minerals in each sample were averaged, 

and then a representative analysis was chosen that best matched each average. These 

.representative analyses were used in order to satisfy internal stoichiometry. 

Compositions were recalculated from wt% oxide to cation% on a 12-oxygen, 8-cation, 

basis for garnet, an 11-oxygen, 7-cation basis for biotite, and an 8-oxygen 5-cation basis 

for plagioclase. The differences between temperatures derived from averages and those 

derived from representative analyses is negligible. Mineral compositions substantially 

inconsistent with those reported in Deer et al. (1992) were discarded during this process, 

including garnet with total oxides <100 wt %, biotite with <96 wt %, and plagioclase 

with <99 wt %. 
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Garnet-biotite exchange geothermometry 

During cooling, the fluids and energy that may have helped an assemblage of 

metamorphic minerals form during prograde metamorphism are typically absent, often 

"locking in" the assemblage during peak pressure and temperature conditions. 

Geothermobarometry takes advantage of the pressure and temperature dependence of the 

equilibrium constant for a specific metamorphic reaction to calculate the peak conditions 

experienced by a rock (Spear 1993). Equilibrium is assumed on the basis of appropriate 

textural relationships seen in thin section. For Willow Wash and Mineral Hill samples, 

multiple gamet-biotite pairs and gamet-plagioclase pairs were analyzed in seven polished . 

sections. Representative analyses from each sample were used in the Hodges and Spear 

(1982) calibration for the garnet-biotite exchange geothermometer and the Hodges and 

Spear (1982) calibration for the gamet-aluminum-silicate-quartz-plagioclase (GASP) 

geobarometer. 

The Grt-Bt exchange geothermometer, first experimentally calibrated by Ferry 

and Spear (1978), has been subject to numerous revisions (Hodges and Spear, 1982; 

. * Patmo Douce and Johnson 1993; Holdaway, 2000; and others) to account for Fe /Fe 

partitioning in biotite, differing C02 and H20 activities, rock composition, or for the 

presence of unusual equillibrium phase assemblages. The work by Ferry and Spear 

(1978) was based on experimental petrology; they analyzed the exchange behavior of Fe 

and Mg in low-Ca garnet and biotite mixtures at 2 kb between 500°- 800° C. The 

geothermometer is based on the following metamorphic reaction: 
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pyrope (grt) annite (bt) almandine (grt) phlogopite (bt) 

and temperatures were subsequently calculated on the basis of 

M1°/3 D..S 0 /3 D..V0 /3 
0 = 12454-4.662 T+ 0.057 P+ RTlnK1 

where T is in units Kelvin, P is in bars, and 

This work used a purely binary Fe-Mg system and proved inaccurate when applied to 

real-world systems with non-ideal garnet solution behavior (Hodges and Spear, 1982). 

Hodges and Spear (1982) tested the consistency of the original calibration using as a 

control samples from Mt. Moosilauke, Maine, where the distribution of aluminum 

silicates indicated conditions very close to that of the AhSi05 triple point, and 

compositions of pelitic gneisses are grossly similar to those found in the Ivanpah Valley. 

They found that only pyrope-grossular (Mg-Ca) mixing in the garnet system is non-ideal. 

To account for this non-ideality in garnet solid substitutions, a new term K* 1 was 

proposed to replace K 1: 

K*l = (Xpy)3(Xann)31 (Xph)3(Xa1)3
• (Ypy)3f(Ya1)3 

where (ypy)3/(ya1)
3 is defined by Hodges and Spear (1982) on the basis ofMargules 

parameters suggested by Ganguly and Kennedy (1974) as follows: 

or alternatively 
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I applied the above calibration of the Grt-Bt geothermometer using Spear's (1999) 

computer program GTB (GeoThermoBarometry). GTB includes several calibrations as 

recent as that of Holdaway, et al. (1997) (Fig. Bl). The different calibrations may result 

in up to a 400°C range in calculated temperatures, though many of these calibrations 

rely on occurences specific to a locality where the presence of an unusual phase 

eliminates them from broader application. The calibration by Hodges and Spear (1982) 

was chosen for the purposes ofthis study due to its continuing widespread use, allowing 

for simple comparisons with other studies. 
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Figure Bl. Temperatures determined from different calibrations of the Grt-Bt geothermometry 
with different calibrations. 
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Recent work (Dyar et al., 2002) has addressed problems arising from assumptions 

of the Fe3+ and Fe2+ distribution in biotite. Total iron is reported as Fe2+ by electron 

microprobe. Although both Fe3+ and Fe2+ exist within the biotite structure, only ferrous 

iron is present in garnet. To apply the Grt-Bt exchange geothermometer effectively, the 

ratio ofFe3+/Fe2+ must either be assumed to be zero or a reasonable non-zero value can 

be used on the basis of wet chemistry or other analytical technique. For this study, a ratio 

ofFe3+/Fe2+ = 0.05 was chosen based on Dyar's (2002) Mossbauer analysis ofbiotite in 

similar sillimanite-bearing pelitic gneisses. The incorrect assumption of this quantity 

can yield as much as 100°C difference when using the Hodges and Spear (1982) garnet-

biotite thermometer calibration (Fig. B2). 
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Garnet-Al2Si05-Quartz-Plagioclase (GASP) Geobarometry 

The GASP geobarometer, first practically calibrated by Ghent (1976), has since 

seen numerous revisions (Ferry and Spear, 1978; Holdaway, 2000; and others), mostly 

accounting for non-ideality in garnet solid-solution. The geobarometer is based on the 

reaction: 

garnet Al-silicate quartz 

3CaAhSh0s 

plagioclase 

For sillimanite-bearing assemblages, the expression for P is: 

0 = 9192-30.786T + RTlnK*2 

where Tis in units Kelvin and Pis in bars. The Hodges and Spear (1982) calibration 

updates that of Ghent (1976) in order to better account for non-ideal solid-solution in 

plagioclase and garnet. They concluded that only pyrope-grossular mixing in the garnet 

system is significantly non-ideal, and that the activity coefficient of the An component in 

plagioclase is approximately 2 at the AhSiOs triple point. This is accomplished by 

introducing a new term, K* 2, which accounts for the non-ideality as follows: 

K* 2 = (aan)3 /(agi.)3 

Where the activity of the grossular component is calculated by 

agr = (Xgr)exp ([3300 - 1.5(T)](Xp/ + Xa1Xpy + XpyXsp)/RT) (Hodges and 

Spear, 1982). 

The activity of the anorthite component is given by: 

a.an = YanXan 

I applied the above calibration of the GASP barometer using Spear's (1999) program 

GTB (GeoThermoBarometry). GTB includes a range of calibrations (Fig. B3), which 
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return 4 kbar range in calculated pressures, though many of these calibrations rely 

on mineralogical specifics that do not apply to the situation in the Ivanpah Valley, and 

were subsequently not used in this study. The calibration by Hodges and Spear (1982) 

was chosen for this study due to its continuing widespread use that allows for comparison 

with other studies. 
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APPENDIX C: Rock unit descriptions 

Willow Wash 

Pelitic Gneiss Xpg 

Pelitic gneiss is a red-brown, compact, small-medium grained, compact, quartz-

rich quartzofeldspathic gneiss, sillimanite may be easily seen on weathered surfaces. The 

presence of the aluminum-silicate mineral sillimanite distinguishes pelitic gneiss from 

augen gneiss. Sillimanite was only rarely identified in outcrop but in thin section it is 

relatively common, associated with high concentrations of garnet and biotite in these 

rocks. 

Pelitic gneiss, as its name suggests, is interpreted to have originated as an Al- and 

K-rich sediment. The saturation of AliSi05 in these rocks makes it an ideal candidate for 

GASP geobarometry. 

Augen Gneiss Xag 

Augen gneiss is primarily distinguished from other quartzofeldspathic units in the 

area by its feldspar-augen texture. Porphyritic and quartz- and garnet-rich, augen gneiss 

has a dense, typically ruddy-brown appearance in outcrop, and contains potassium-

feldspar augens usually less then 2 cm in diameter. Augen gneiss is composed of30-40% 

quartz, 20-40% potassium feldspar, 0-10% plagioclase, 10-20% biotite and 10-20% 

garnet. Augen gneiss is highly strained everywhere; it typically has a pronounced 

stretching lineation and displays common mylonitic fabrics. The augen gneiss unit shows 

kinematic indicators including feldspar "fish", asymmetric fabrics, and S-C foliations 

easily recognized in concentrated mica-rich zones. 
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The high potassium feldspar and biotite contents of the augen gneiss make for 

inconclusive speculation about its protolith, but Wooden and Miller (1994) interpreted it 

as a series ofplutons intruded synkinematically with the Ivanpah Orogeny (Wooden and 

Miller, 1996). 

Quartzofeldspathic Gneiss Xq 

Quartzofeldspathic gneiss is most easily recognized in the field on the basis of its 

composition and distinctive granoblastic texture. Feldspar-rich, chalky-grey outcrops 

contain medium-grained and more fissile rock, compared to the more quartz-rich rocks of 

the area. Quartzofeldspathic rocks in Willow Wash contain 10-20% quartz, 50-70% 

potassium feldspar, 10-30% biotite, and typically 10-20% garnet, although in some 

outcrops garnet is absent. Quartzofeldspathic gneiss typically is deeply altered and cut by 

veins of chlorite; because of its quartz-poor composition it shows a weak quartz LPO. 

This gneiss is generally granitic to granodioritic in composition and is similar to the 

biotite-rich granodiorite gneiss of Mineral Hill (Wooden and Miller, 1994), but with less 

biotite. 

Interpreted as orthogneiss, the protolith of the Willow Wash quartzofeldspathic 

gneiss are likely felsic plutonic rocks, intruded during or before metamorphism and 

deformation discussed here, likely in an island-arc setting (Wooden and Miller, 1996). 

Biotite gneiss Xbt 

Biotite gneiss, a biotite-rich quartzofeldspathic gneiss, is darker in color and more 

garnet-rich compared to the quartzofeldspathic gneiss, described above. In thin section, 

biotite exhibits a prominent grain-shape preferred orientation. It typically has a well-
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defined stretching lineation formed by mica alignment. Biotite gneiss is composed of 10-

20% quartz, 20-30% potassium feldspar, 20-30% plagioclase, 30-40% biotite, and 0-10% 

garnet, and in some cases it contains a small percentage of sillimanite. Biotite gneisses 

here contain zircons older then 1.8 Ga (Wooden and Miller, 1996). 

Wooden and Miller (1990) interpreted the biotite gneiss found in Willow Wash as 

derived from a less mature volcanic or sedimentary source compared to other units 

described here. Higher biotite content, without a correlated increase in aluminum-silicate 

minerals, is interpreted here as evidence that the biotite gneiss is likely an orthogneiss, 

formed at the same time as the augen, pelitic and quartzofeldspathic gneisses. 

Granite Gneiss Xg 

The unit mapped by Theodore et al. (2003) as Xgl, granite gneiss, was 

encountered only in one part of the study area. Granite gneiss in the area was described 

by Theodore et al. (2003) as inequigranular, leucocratic but foliated granite dated 

between 1.660-1.695Ga. The granite gneiss contains abundant feldspar and is composed 

of20-30% quartz, 30-50% potassium feldspar, and 10-20% plagioclase, with traces of 

biotite and amphibole. It possesses a subtle layer-parallel foliations, which is not always 

congruent to regional foliation. It cuts older gneisses, dated to 1. 700 Ga and earlier 

(Wooden and Miller, 1990), although contacts were not observed in the Willow Wash 

area. 

Mafic Schist Xm 

Mafic schist of Willow Wash encompasses a range of mineralogical 

compositions. Medium-grained and fissile in outcrop, these dark mafic rocks are nearly 

monomineralic lenses of granoblastic biotite, amphibole, or pyroxene with small amounts 
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of plagioclase. In places, highly fissile composite biotite-hornblende outcrops occur as 

layer-parallel tabular -to lenticular bodies not affiliated with any other lithologic group. 

Gneissose layering on either side of the mafic schists prominently deforms around these 

lenses, which are internally foliated congruent with regional foliation. 

Mafic schist may represent melanosome or mafic selvedges left behind after 

migmatization or partial melting during granulite-facies metamorphism of the host 

gneisses. Alternatively, mafic schist may be the remnants of deep-crustal dikes of mafic 

material that were recrystallized with amphibole and biotite. However, no cross-cutting 

Contacts of mafic schist were observed. 

Leucocratic Pegmatite (XI) 

Leucocratic pegmatite dikes intrude the gneisses of Willow Wash along foliation 

in they do not show evidence for the high strain or possess gneissose layering 

common in the surrounding gneisses. Coarse-grained and highly fractured in outcrop, 

these leucocratic rocks contain between 30-70% quartz, 30-70% potassium feldspar, 10-

20% plagioclase, and often exhibit differing amounts of garnet, calcite, and amphibole 

oikocrysts. Veins of chlorite cut most of these bodies. Pegmatites exhibit a granoblastic 

fabric in thin section, with no grain-shape preferred orientation. Although its distinctive 

light color and massive character is easily spotted in the gneiss-dominated area, intrusive 

relationships with the gneiss are uncommon. Outcrops in which pegmatite visibly cuts 

surrounding gneiss typically show a "feeder" sill intruding along foliation, then ductiley 

cutting through surrounding layered gneisses. The margins of the pegmatites show no 

textural zonation that might indicate a chilled dike. Similar pegmatites mapped in 

Mineral Hill are constrained to between about 1.7 and 1.4 Ga (Wooden and Miller, 1994). 
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In places in Willow Wash, the leucocratic pegmatite is associated with small zones of 

orange carbonatite related to the -1 . 4 Ga Mountain Pass intrusive system, much like 

those in Mineral Hill described by Wooden and Miller (1994). 

Leucocratic pegmatites likely represent either partial melt mobilized during peak 

granulite-facies metamorphism, or potentially felsic melt from a source related to the 1.4 

Ga Mountain Pass complex described by DeWitt et. al. (1987) and mentioned briefly in 

connection to Mineral Hill by Wooden and Miler (1994). In either case they intruded the 

surrounding gneisses at depth, after the major deformation and at near-peak P-T 

conditions (Wooden and Miller, 1990). 

Mineral Hill 

Wooden and Miller (1994) described the rocks of Mineral Hill in detail during 

field mapping (Plate 1 ). I have made no attempt to revise the units that they proposed in 

the unpublished USGS field guide to the area. I paraphrase their unit descriptions below. 

Lithologic units found in the Mineral Hill and Willow Wash areas are quite similar 

Pelitic Gneiss Xpg 

High garnet content and occasional presence of sillimanite differentiate pelitic 

gneiss from other units. Pelitic gneisses of Mineral Hill yielded zoned zircons with 

clustered dates of2.5, 2.3, 1.9 and 1.8 Ga (Wooden and Miller, 1994). The range and 

close cluster of ages, and the high aluminum content of these gneisses led previous 

investigators to conclude that the protolith for the pelitic gneiss in Mineral Hill was a 

pelitic sediment with a multiple-source provenance (Wooden and Miller, 1994 ). Pelitic 
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gneisses can contain 30-40% quartz and, like the biotite-rich granodiorite gneiss, show 

strong LPO and mylonite fabrics. 

Meta-quartz Diorite Xm 

The meta-quartz diorite is composed of a large percentage ofbiotite, with 10% 

potassium feldspar megacrysts; amphibolite dikes cut the unit both mafic and ultramafic 

(Wooden and Miller, 1996) in composition. The contact between metagabbro and meta-

quartz diorite is clearly defined but deformed. Igneous zircons found within the diorite 

have been dated to 1.765 with the U-Pb isotopic system (Wooden and Miller, 1994). 

GabbroXgb 

Granulite texture in metagabbro overprints original igneous textures; the rock is 

composed of plagioclase, clinopyroxene and orthopyroxene. Chemically, metagabbro 

has a composition of an aluminous gabbro. Retrograde biotite is present in some 

samples, potentially replacing hornblende. Metagabbro contains igneous zircons that 

indicate an age of 1.76Ga (Wooden and Miller, 1994). 

Biotite-rich Granodiorite Xbg 

A suite ofbiotite-rich metaigneous rocks of granodioritic composition form 1-5 

meter layers of medium-grained biotite-rich gneiss alternating with similarly thick layers 

of augen gneisses with coarse-grained porphyritic feldspar augens. These layers are 

thought to represent adjacent suites of igneous bodies deformed concurrently with the 

meta-quartz diorite (Wooden and Miller, 1994). Abundant sillimanite and garnet was 

found in several samples of mapped biotite-rich granodiorite gneiss, although it is not 
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mentioned in the original study. Rocks of the biotite-rich granodiorite gneiss contain up 

to 40% quartz, and commonly have a well-developed biotite stretching lineation, quartz 

LPO , high-strain kinematic indicators (i.e. feldspar "fish") and have been subjected to 

intense mylonitization. 

81 



APPENDIX D: Quartz c-axis petrofabrics from Mineral Hill and Willow Wash. 
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APPENDIX E: Geothermobarometry sample information. 

Table El. of Sam12Ies used for Geothermobarome!!l: 

Rock 
Unit Q!z Pl Kse Bt Grt Sil Hbl oex Crd II Chi 

Willow Wash 

WW4A Xqg * * :t. * * * 
WW6A Xpg * * * * * * 

WW17A Xqg * * * * * * * 
WW31A Xag * * * * * * 

Mineral Hil 

MH84A Xbg * * * * * * 
MH86A Xpg * {.: * * * * * 
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Sample MH84A 
Fe-Mg Exchange Geothennometer (Hodges and Spear,1982) 

GASP Geobarometer (Hodges and Spear, 1982) 
Fe3+/Fe2+ in Biotite = .05 
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APPENDIX F: MAP PLATES 
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