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ABSTRACT

Kinematic analysis and field mapping of the Homestake shear zone (HSZ) and Slide
Lake shear zone (SLSZ) in central Colorado provide new evidence for strain partitioning in the
mid-crust at ~1.4 Ga. The northeast-striking, steeply dipping HSZ comprises a ~10-km-wide set
of anastomosing ductile shear zones and pseudotachylyte-bearing faults. Approximately 3-km
south of the HSZ, the north-northeast-striking, shallowly dipping mylonites of the SLSZ form
three 1-10-m-thick shear zone splays. Both top-up-to-the-northwest and top-down-to-the-
southeast shear sense are recorded in the SLSZ and HSZ. Oblique stretching lineations in both
shear zones show vertical (top-down-to-the-southeast and top-up-to-the-northwest) and dextral
movement occurred during mylonite development. Quartz and feldspar deformation mechanisms
and quartz [c] axis lattice preferred orientation (LPO) patterns are consistent with deformation
temperatures ranging from ~280-500°C in the HSZ to ~280-600°C in the SLSZ. Mean kinematic
vorticity and quartz [c] axis LPOs for parts of each shear zone suggest plane and non-plane strain
general shear with contributions of 47-69% pure shear and 31-53% simple shear. Based on
micro- and mesoscale kinematics along with mean kinematic vorticity values and deformation
temperature estimates, we propose that HSZ and SLSZ formed during strain localization and

partitioning within a mid-crustal transpressional shear zone system that involved subvertical

shuffling at ~1.4 Ga.
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CHAPTER 1

INTRODUCTION

Continental tectonics can involve shortening and transpression during oblique
convergence (e.g. Harland, 1971; Sanderson and Marchini, 1984; Tikoff and Teyssier, 1994), as
well as crustal extension (e.g., Wernicke and Axen, 1988; Wheeler and Butler, 1994).
Subvertical shear zones with steeply plunging stretching lineations are commonly associated
with oblique convergence (Tikoff and Greene, 1997). Low-angle normal faults occur in active
and exhumed convergent tectonic settings in the western U.S. (Lister and Davis, 1989), the
Himalaya (Burchfiel et al., 1992; Murphy et al., 2002), the eastern Alps (Selverstone, 1988), and
the Scandinavian Caledonides (Anderson et al., 1991). Systems of oblique convergence can be
associated with wide orogenic zones with strike-slip shear zones (e.g. White Mountain shear
zone, western Idaho shear zone in the North American Cordillera) that partition transpression
into transtensional and transpressional structures (Teyssier et al., 1995; Tikoff and Greene,
1997; Giorgis et al., 2004; Sullivan and Law, 2007). This contribution focuses on the kinematic
partitioning of transpressional strain into low-angle and steep shear zones at mid-crustal levels
during intracontinental deformation of juvenile continental lithosphere. The work is relevant to
strain partitioning in crust that contains inherited anisotropy related to continental assembly.

Proterozoic rocks throughout central Colorado record an early high-temperature foliation
that was steepened into northeast-southwest trending upright folds during the Paleoproterozoic
and was further steepened and reactivated a series of prominent subvertical shear zones in the

Mesoproterozoic (Tweto and Sims, 1963; Karlstrom and Humphreys, 1998; Karlstrom and
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Figure 1. (A) Regional tectonic map of Proterozoic assembly in the southwestern U.S.
with Proterozoic boundaries from (Condie, 1986; Bennett and DePaolo, 1987; Karlstrom
and Bowring, 1988; Wooden et al., 1988; Wooden and DeWitt, 1991; Jones et al.,
2010a). Other shear zones mentioned in this study: BCSZ, Black Canyon shear zone;
GRSZ, Gore Range shear zone; SLLSZ, St. Louis Lake shear zone; ISRSZ, Idaho
Springs-Ralston shear zone; MMSZ, Moose Mountain shear zone; PPSZ, Poncha Pass
shear zone. (B) Inset generalized geologic map of the HSZ and SLSZ area (modified
from Shaw and Allen, 2007) with the location of Figure 2.



Williams, 1998; Shaw et al., 2001; McCoy et al., 2005; Shaw and Allen, 2007). These structures
comprise the crystalline core of the southern Rocky Mountains and provide an important location
to study deformation associated with the growth of Laurentia during the Proterozoic (Figure 1)
(e.g. Tweto and Sims, 1963; Karlstrom and Bowring, 1988; Hill and Bickford, 2001). Within this
setting, Proterozoic through Phanerozoic deformation has left a record of polyphase deformation
that marks the region’s assembly and unroofing - from Paleoproterozoic ductile movement at
lower to middle crustal levels, to Late Cenozoic upper-crustal brittle fracturing (Figure 1)
(Bickford et al., 1989; Bowring and Karlstrom, 1990; Shaw and Karlstrom, 1999; Shaw et al.,
2001; Tyson et al., 2002; Jessup et al., 2005; McCoy et al., 2005; Shaw et al., 2005; Jessup et al.,
2006; Shaw and Allen, 2007; Caine et al., 2010). Much of this northwest-directed deformation
occurred during the Proterozoic and was concentrated along a series of northeast-striking shear
zones that traverse the central portion of Colorado (Figure 1A).

The north-northeast striking Slide Lake shear zone (SLSZ) is a 1-km-wide, shallow to
moderately dipping mylonite and ultramylonite shear zone that is exposed 3-km-south of the
Homestake shear zone (HSZ) near the summit of Homestake Peak (4,023 m) (Figure 1B; 2). The
10-km-wide, steeply dipping HSZ has been mapped as one of the dominant shear zones in the
Colorado mineral belt (CMB) and has been mapped extensively (Tweto and Sims, 1963; Tweto,
1974). Timing of regional metamorphism/thermal events (Shaw et al., 2001; Shaw et al., 2005),
kinematics, and rheology (Shaw and Allen, 2007) are also well constrained. These studies
suggest that the deformed gneiss, mylonite, ultramylonite, and pseudotachylyte of the HSZ
record several distinct phases of strain associated with transpression in an exhumed seismogenic
zone (Shaw and Allen, 2007). Shaw and others (2001) use monazite ages to suggest that the

minor dextral component in D3 and D4 could record strike-slip motion associated at ~1
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A’ (Figure 6) is taken from this map. Sample locations denoted in white rectangles. A larger, detailed version of this map can be found in Plate 1.



The consistency of the strike-slip component within subvertical shear zones along the CMB has
led other researchers to suggest that this vertical and horizontal movement is part of a system of
transpressional shear zones (Nyman et al., 1994; McCoy et al., 2005; Siddoway et al., 2000;
Shaw and Allen, 2007). Due to the spatial proximity between the HSZ and SLSZ (Figure 2), the
well-established deformation history of the HSZ will be used to calibrate our new contribution to
the deformational history and kinematics of SLSZ as it relates to tectonic-scale processes during
the Proterozoic (Shaw et al., 2001; McCoy et al., 2005; Shaw and Allen, 2007).

Due to the slightly less accessible location of Slide Lake and Homestake Peak, relatively
little was known about the geometry of the SLSZ, the variability in rock types, consistency in
shear-sense indicators, or deformation mechanisms prior to this investigation. To constrain these
variables, we created a detailed (1:24,000) map of the SLSZ, (A-1), collected oriented samples
from different structural levels, documented fabric relationships to characterize deformation, and
quantified strain partitioning across both the HSZ and SLSZ. This project also builds on
extensive data from previous investigations, including: (1) detailed structural mapping of the
Holy Cross quadrangle (Tweto, 1974), (2) age dates from electron microprobe U-Th-Pb
monazite and **Ar/*’ Ar geochronology (Shaw et al., 2001; Shaw et al., 2005) that constrain
Paleo- and Mesoproterozoic metamorphism in the HSZ, and (3) rheologic and kinematic studies
of the HSZ (Allen, 1994; Shaw et al., 2001; Shaw and Allen, 2007), as well as the work of others
within the Sawatch Range and neighboring shear zones (Figure 1A).

We combine a detailed structural map of the SLSZ with mesoscale observations,
microstructural analysis, quartz [c] axis lattice preferred orientation (LPO) patterns derived from
electron backscatter diffraction (EBSD), and mean kinematic vorticity (Wy,) analysis to constrain

the kinematics of the SLSZ and HSZ. As the first major contribution to the SLSZ, this study



determines that the low-angle SLSZ records multiple stages of movement in a system that is
kinematically linked to the HSZ. Our new data confirms that the HSZ and SLSZ are part of a
transpressional system that involved the formation of low-angle shear zones in the mid-crust.
Results also provide insights into how strain was partitioned during the ~1.4 Ga tectonism that

others have postulated to be analogous to the interior of an orogenic plateau (Shaw et al., 2005).



CHAPTER 2

BACKGROUND

The evolution of a continental crust involves multiple pulses of tectonism, where new
crust is assembled onto preexisting crust, and structures associated with shortening, extension,
and transcurrent movements are created. Such structures can evolve into persistent
intracontinental tectonic zones through repeated reactivation during continental deformation.
(Harland, 1971; Molnar, 1988; Molnar and Tapponnier,1975; Bowring and Karlstrom, 1990;
Teyssier et al., 1995). Major northeast-striking shear zones throughout the southwestern United
States record deformation associated with the assembly and reactivation of structures within the
North American continent (Tweto and Sims, 1963; Bowring and Karlstrom, 1990; Karlstrom and
Humphreys, 1998; Shaw et al., 2001). Research over several decades has constrained the tectonic
history of Colorado’s Proterozoic shear zones (Figure 3, 4) (Tweto and Sims, 1963; Tweto,

1974; Shaw et al., 2001; McCoy et al., 2005; Jessup et al., 2005; Shaw and Allen, 2007).
Traceable from the Cheyenne belt of southern Wyoming (e.g. Karlstrom and Houston, 1984)
southward to New Mexico, the Proterozoic mid-crust that is exposed in central Colorado is part
of a ~1200-km-wide swath of juvenile lithosphere and blocks of older material that was
assembled onto the southern margin of Laurentia at about 1.8-1.6 Ga (Figure 1A) (Tweto and
Sims, 1963; Tweto, 1974; DePaolo, 1981; Karlstrom and Bowring, 1988; Bowring and
Karlstrom, 1990; Shaw and Karlstrom, 1999; Hill and Bickford, 2001; Shaw et al., 2001; Tyson
et al., 2002; Jessup et al., 2005; McCoy et al., 2005; Shaw and Allen, 2007). A variety of models
for this 200-m.y. history of continental growth have been proposed, yet uncertainty remains in

defining province boundaries and evidence for moderately dipping shear zones that



accommodated crustal shortening across the region (Bickford, 1988; Shaw and Karlstrom, 1999;
Hill and Bickford, 2001; Tyson et al., 2002; McCoy et al., 2005).

The Cheyenne belt, Wyoming, defines the southernmost boundary of the Archean craton
and the northern extent of a southeastward-younging series of accreted terranes associated with
the amalgamation of Laurentia (Karlstrom and Houston, 1984; Duebendorfer et al., 1987;
Karlstrom and Bowring, 1988; Bowring and Karlstrom, 1990; Bickford and Hill, 2007). The
Yavapai province lies south of the Cheyenne belt and is composed of metamorphic and igneous
rocks that are interpreted as a mosaic of arc-derived rocks and fragments of older continental
crust that were assembled across a complex system of northeast- and southwest-striking
subduction zones between 1.78-1.70 Ga (Duebendorfer et al., 1987; Shaw and Karlstrom, 1999;
Hill and Bickford, 2001; Jessup et al., 2005, 2006). Another model suggests that the Cheyenne
belt was not the exact suture and that juvenile terranes were reshuffled in a rifted suture zone
(Karlstrom and Houston, 1984; Duebendorfer and Houston, 1986; Hill and Bickford, 2001;
Tyson et al., 2002; Bickford and Hill, 2007). This model for juvenile crust is supported by Nd
isotopic data that suggests the crust of Colorado is derived from ~1.8 Ga mantle differentiation
(DePaolo, 1981). U-Pb studies have found Late Archean-Early Proterozoic ages in inherited
zircons within plutons of central Colorado, suggesting that some material was derived from the
recycling of previously accreted crust (Hill and Bickford, 2001).

The Mazatzal province south of the Yavapai, records deformation and metamorphism at
1.68-1.65 Ga that involved southeastward accretion of terranes onto the Yavapai province along
a northeast-striking zone (Figure 1A) (Shaw and Karlstrom, 1999). Shaw and Karlstrom (1999)
described this transition zone as a mosaic of tectonostratigraphic terranes, with many sutures

marking the progressive addition of material at the convergent margin.
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Poncha Pass shear zone (PPSZ, Figure 1A).
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Following the 1.7-1.62 Ga Mazatzal orogeny, a 200-m.y. period of continental stability
ensued, with magmatism and the reactivation of earlier structures occurring between 1.47 and
1.36 Ga (Figure 4) (Karlstrom and Bowring, 1988; Williams, 1991; Reed et al., 1993; Nyman et
al., 1994; Duebendorfer and Christensen, 1995; Kirby et al., 1995; Karlstrom and Humphreys,
1998; Williams et al., 1999; Jessup et al., 2005, 2006; Jones et al., 2010b). Magma emplacement
at ~1.4 Ga was previously described as A-type, occurring in an anorogenic tectonic setting, and
related to regional extension in the southwestern U.S. (Anderson, 1983; Hoffman, 1989; Frost et
al., 2001). In contrast to anorogenic interpretations based on the geochemical data (Anderson,
1983; Frost et al., 2001), field- and lab-based structural investigations of these granites suggest
that emplacement (Figure 3) was accompanied by northwest-directed shortening and strike-slip
deformation (Graubard and Mattinson, 1990; Shaw et al., 2001; Jessup et al., 2006; Jones et al.,
2010b). This deformation is attributed to far-field stresses invoked by distal subduction or
transpression on the southeastern margin of Laurentia (Nyman et al., 1994; Duebendorfer and
Christensen, 1995; Ferguson et al., 2004; Jones et al., 2010a).

Many granitic bodies are also associated with northeast-striking shear zones (Bickford,
1988; Bowring and Karlstrom, 1990) that facilitated the emplacement of ~1.4 Ga granites
(Figure 3). The 1.44 Ga Mt. Evans batholith is correlated with the reactivation of the Idaho-
Springs Ralston shear zone (ISRZ; Figure 1) (Aleinkoff et al., 1993; Nyman et al., 1994). Heat
advection related to granite emplacement in the mid-crust may have caused thermal weakening,
possibly decreasing the critical shear strength and reactivating the shear zones during the
Mesoproterozoic (Figure 3) (Selverstone et al., 2000; Shaw et al., 2005). In central Colorado, the
formation of shear zones created an anisotropy (i.e. pre-existing weakness) that possibly

controlled the distribution of Mesoproterozoic deformation and the occurrence of granites (e.g.

10



Davidson et al., 1992; D’Lamos et al., 1997). Reactivation of the Moose Mountain shear zone
(MMSZ, Figure 1A) and emplacement of the St. Vrain granite also occurred at 1.4 Ga
(Selverstone et al., 2000). In the Northern Sawatch, the St. Kevin granite (1.396 Ga; Doe and
Pearson, 1969) occurs in proximity to both the HSZ and SL.SZ and has been suggested to be
coeval with HSZ development (Shaw and Allen, 2007), however a correlation has yet to be made

between 1.4 Ga granite emplacement and SLSZ development.
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Figure 4. Model for the progressive assembly of the terranes (A, B, C) in central Colorado
during the Proterozoic. The first stage (1.73-1.66 Ga) regional shortening and sub-horizontal (S;)
fabric development; oceanic terrane B thrust into large recumbent folds. Continued crustal
shortening (1.65-1.63 Ga) steepened earlier folds into S, domains. Steep domains accommodated
far-field tectonic stresses during the 1.42-1.3 Ga event with mylonite and ultramylonite
development. Modified from McCoy et al., 2005.
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CHAPTER 3

STRUCTURAL FRAMEWORK

Initial mapping and structural interpretation of the HSZ (Tweto, 1974; Allen, 1994; Shaw
et al., 2001, McCoy et al., 2005; Allen, 2005; Shaw and Allen, 2007) defined a regional
northeast-striking shear zone system consisting of mylonites, ultramylonites, and
pseudotachylyte that cut ~1.8-1.6 Ga Proterozoic high-temperature transposed schist, gneiss, and
migmatite. We will use the Proterozoic deformational history of the HSZ (Table 1) and other
nearby shear zones (GRSZ, ISRSZ, SLLSZ, BCSZ; see Figure 1A) to calibrate our investigation
into the evolution of the SLSZ. Although the chronology of deformation uses the terminology
established by Shaw et al. (2001) (D; -D4; Table 1) and associated foliation and lineation
development during each phase of deformation, we recognize that these could represent a wide
spectrum of timing sequences including distinct and/or protracted events. Shear sense indicators
presented in this section are observed in the XZ plane (parallel to lineation and perpendicular to
foliation) unless otherwise noted.

Fieldwork was conducted over two summers (2008-2009) and involved mapping and
sampling of: (1) SLSZ in the vicinity of Homestake Peak and Slide Lake cirque, (2) a transect
from the southeast ridge of Homestake Peak to the southeast ridgeline of Mount of the Holy
Cross, and (3) the Continental Divide ridgeline from Homestake Peak to Camp Hale (Hwy 24).
From that work, a geologic map (Figure 2 and A-1), lower hemisphere equal area stereonets
(Figure 5; A-1), and a cross section (Figure 6; Plates 1 and 2) were compiled with structural data
from Tweto (1974) and additional field observations, including lithology, structure, and

mesoscale kinematic indicators (Appendix 11, III).
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Table 1
Summary of deformation episodes for the Homestake shear zone

Episode Age (Ga)* Fabric and deformation Temperature (°C)* Shear sense

D, > 1.7 S: sub-horizontal flow > 500 -

D, 1.7-1.62 S,/F, NW-SE upright folds > 500 t-NW

D3 1.42-1.38 S; mylonite 300-500 t-SE, dextral
S4 ultramylonite and

Dy ~ 1.38 pseudotachylyte 250-450 t-NW, dextral

Abbreviations: t-NW, top-up-to-the-NW; t-SE, top-down-to-the-SE
*Ages, temperature, and shear sense after Shaw et al. (2001); Shaw et al. (2005)

3.1. Deformation history and mesoscale structural observations of the HSZ

HSZ (Figure 1B; 2) is exposed on glacially polished outcrops along Homestake Creek as
well as above tree line at the old mining locale of Holy Cross City. The valley walls on either
side of Homestake Creek are covered by dense vegetation, along with Pleistocene to Holocene
glacial drift. HSZ consists of partially migmatized biotite gneiss and schist (bt+grt+sil+qtz+fsp+
ms) and calc-silicate gneiss (hbl+cal+qtz+fsp+ms), all cut by minor pegmatite veins and
unclassified Precambrian granites (Figure 2; A-1). The overall northeast-striking shear zone
(Figure 5A; 6) is exposed along Homestake Creek as a series of anastomosing splays (0.10 to 3-
m-thick) (Figure 2; A-1). Starting at the southwest end of the valley and trending toward the
northeast, the shear zone thins and splits into smaller splays toward the northeastern part of
Homestake Creek (Figure 7A). Mylonite was observed along Homestake Creek Road and
Hornsilver Campground (Shaw et al., 2001), ultramylonite was observed at Holy Cross City, and
pseudotachylyte was observed along the Holy Cross Jeep trail and along Homestake Creek

(Allen, 2005) (Figure 2; A-1).
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Paleoproterozoic deformation

The earliest stage of Paleoproterozoic deformation (D,) is characterized by high-
temperature, melt-present flow. The main foliation (S;) is subhorizontal and resulted from
viscous flow near the granite solidus at ~1708 + 6 Ma (Shaw et al., 2001). The presence of
prismatic sillimanite, biotite, and garnet within HSZ samples implies conditions within the
sillimanite isograd. This early foliation (S;) is present in the HSZ as well as the GRSZ, SLLSZ,
and ISRSZ (McCoy et al., 2005). In HSZ, S, is characterized by alternating bands of leucosomes
and biotite-rich melanosomes in migmatitic gneiss (bt+grt+sil+qtz+fsp+ms) (Figure 7B).

The second stage of deformation (D) also occurred during the Paleoproterozoic at
amphibolite facies conditions and involved northwest-directed shortening, forming northeast-
southwest-trending upright isoclinal folds (Table 1). Within the HSZ, this mid-crustal shortening
event steepened and transposed S, creating an S, axial-surface foliation (Figure 7C) at ~1658 =
5 Ma (Shaw et al., 2001). The ~1675 Ma Cross Creek granite/granodiorite (Tweto and Lovering,
1977) was emplaced to the northwest of HSZ (Figure 2) during this episode. The Cross Creek
granite crosscuts an early foliation (S;) and follows the general northeast-trend of the HSZ. The
steeply dipping foliation (S,) contains zones of high strain rocks that record general shear in the
region at ~1.65 Ga (Shaw et al., 2001). Recumbent nappes (F;) are preserved in lower strain

zones where refolded (F»,), creating fold interference patterns (Shaw et al., 2001).

Mesoproterozoic deformation
Following ~200 m.y. of stability, Mesoproterozoic deformation represents a major shift
in deformation style across the region from the distributed high-temperature, melt-present

deformation during the Paleoproterozoic into moderate temperature greenschist facies conditions
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and localized solid-state shear zone development (Table 1). The initial stage of deformation (D)
is recorded by mylonite development within the HSZ along anastomosing systems (Ss) that
reactivated and overprinted the steep foliation (S;,) (Figure 4; 6). Near Hornsilver Campground
and Holy Cross City areas (Figure 7D), narrow (1-3-m-thick) bands of quartzofeldspathic rocks
that contain interspersed ribbon quartz and phyllosilicate-rich layers with rigid feldspar
porphyroclasts make up the pervasive foliation (Ss: 059, 79°SE) that contains an oblique
stretching lineation (L3: 73° — 213) (Figure 5). Narrow (1-10 cm-thick) mylonitic quartz veins
occur along some of the mylonite splays. Feldspar porphyroclasts and shear bands record top-
down-to-the-southeast sense of shear during mylonite development (Ds) that occurred between
1.45 to 1.38 Ga (Figure 5, 6) (Shaw et al., 2001).

The final stage of reactivation (D) involved the development of mylonite and
ultramylonite (S4: 059, 79°SE) that record top-up-to-the-northwest shear sense and
pseudotachylyte that overprinted S; (Table 1). Analysis of timing, kinematics, and deformation
temperatures within both the HSZ (Shaw and Allen, 2007) and GRSZ (McCoy et al., 2005)
suggest that mylonite and ultramylonite are spatially and temporally coincident. Pseudotachylyte,
cataclasite, and brittle fractures are unique to D4 D4 ultramylonite contains a steeply plunging
stretching lineation (L4: 78° = 120) and records dextral and top-up-to-the-northwest (reverse)
sense of shear (Figure 5) (Shaw and Allen, 2007). In situ monazite geochronology yields ages for
the formation of ultramylonites (S4) at 1375 = 14 Ma in the HSZ (Shaw et al., 2001), and more
widely with D4 deformation across the HSZ at 1.38 Ga.

Pseudotachylyte (S4) occurs as black, discontinuous anastomosing veins in migmatite,
biotite gneiss, and alongside ultramylonite (Figure 7E). In the HSZ, pseudotachylyte has been

divided into eight northeast-striking, steeply dipping zones (0.2-2.3-km-wide and 1.5-7.3-km-
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long and varying in thickness 1-15 cm) (Allen, 2005), following and crosscutting the steep,
northeast-striking foliation (S;: 059, 79°SE). The existence of coeval ductile ultramylonite with
brittle-frictional pseudotachylyte points to unique conditions, suggesting local changes in
temperature, grain size, fluid pressure, and strain rate that affected the prevalence of mid-crustal
ductile vs. brittle deformation within an exhumed seismogenic zone (Allen, 2005; Shaw et al.,

2005; Shaw and Allen, 2007).
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Figure 5: Lower hemisphere
equal area stereonets showing
foliation and lineation
relationships in the field areas.
Black planes represent average
foliation plane and shaded
contours represent poles to
foliation for all measured planes.
Stretching lineations from this
study represented by dashed
contour lines. Stretching
lineations from Shaw and Allen
(2007) denoted with “x” and “0”.
(A) HSZ S5 (056, 79°SE), L3 (73°
— 213), and L4 (78° — 120). (B)
SLSZ low-angle splays, Sx (007,
24°SE) and Ly (09° — 165). (C)
SLSZ Bennett ridgeline
moderately dipping splay, Sx
(048, 60°SE) and L (60° — 121).

HSZ

Holy Cross City
Hornsilver Camp.
Homestake Valley

P N(S+/S9) =91
N(L+/Ls) = 101

o L:| Shaw and
C.I.=2.0 sigma

* L+[ Allen, 2007

SLSZ
Slide Lake cirque

NS =173
N(@L)=128
C.I. =2.0 sigma

SLSZ

Bennett ridgeline

N(S.) =16
N(L) =10
C.I. =2.0 sigma
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Figure 6. Geologic cross section of the field area (A-A"). Figure shows the multiple generations of foliation exposed in the
field area: S: early melt present foliation; S»/F> upright folds; S; mylonite; S: ultramylonite and pseudotachylyte (red-dashed
line); and S< SLSZ fabric. Sense of shear denoted by arrows for vertical motion and “x” and “®” for lateral displacement.
See Figure 2 and Plate 1 for explanation.
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Figure 7. Field observations from the HSZ. (A) View from Hornsilver Campground (Figure 2)
towards the southwest along Homestake Creek; yellow bands represent the northeast-striking,
subvertical HSZ and the red sliver at skyline represents the upper band of the SLSZ exposed at
Homestake Peak. (B) High-temperature (bt+qtz+sil+fsp) migmatite (S;) characteristic of the
region. (C) S; fabric folded and transposed into steep S, fabric at Hornsilver Campground. (D)
Subvertical ultramylonite outcrop near Holy Cross City. (E) Image viewed towards the NE along
strike; subvertical S, fabric overprinted by pseudotachylyte bounding the feldspar leucosome in
the center of the image.
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3.2. Mesoscale structural observations of the SLSZ

The shallow to moderately dipping SLSZ exists ~1200-m-above Homestake Valley at
and above tree line, and spans two prominent ridges and glacially carved cirques (Figure 2; 8A;
A-1). SLSZ occurs as three splays of mylonite and ultramylonite in an area composed of
amphibolite facies biotite gneiss (bt+grt+sil+qtz+fsp+ms), quartzofeldspathic gneiss
(qtz+fsp+ms+bt), calc-silicate gneiss (hbl+cal+qtz+chl), and migmatite (bt+grt+sil+qtz+fsp+ms),
all cut by pegmatite and granite. The overall north-northeast-striking SLSZ occurs as two
shallow dipping anastomosing slays that plunge toward the southeast (Figure 5B) and are joined
by at least one moderately, southeast-dipping mylonite splay (Figure 5C). Based on field
mapping, SLSZ exists as three major mylonite and ultramylonite splays that occur (1) ~10-m-
below the summit of Homestake Peak on the Continental Divide, (2) in Slide Lake
cirque/Bennett Gulch cirque, and (3) along the Bennett Gulch/Slide Lake ridgeline (Figure 2;
8A). We use the Proterozoic deformational events of the HSZ to calibrate our investigation of the
SLSZ, and recognize that these may represent a wide range of timing sequences that include

distinct and/or protracted deformational events.

Paleoproterozoic deformation

High-temperature rocks from the first (D;) and second (D) stages of Paleoproterozoic
deformation are found in the hanging wall and footwall of the SLSZ. Migmatitic gneiss (bt+grt+
sil+qtz+fsp+ms) is the same as that observed in the HSZ area, with leucosomes and biotite
melanosomes characterizing the high-temperature melt-present subhorizontal flow (S;). The mid-
crustal shortening event (D,) steepened and transposed S, creating the axial surface foliation (S;:

059, 79°SE) similar to that seen in the HSZ. Amphibolite facies gneiss (bt+gt-+sil+qtz+fsp+ms)
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with well-developed biotite foliation overprints older migmatite and are folded into northeast —

southwest trending upright folds (F).

Mesoproterozoic deformation

~1.4 Ga deformation in the SLSZ represents a change in both metamorphic conditions
and kinematics, from high-temperature amphibolite conditions and steep foliation development
to moderate-temperature greenschist conditions and the development of a shallow foliation.
SLSZ foliation (Syx) is associated with mylonite and ultramylonite development. As absolute
timing was not performed in the SLSZ, we refer to 1.4 Ga foliation as S Unlike the HSZ where
1.4 Ga foliation (S; and Sy) reactivated and overprinted earlier steeply dipping foliation (S,), the
shallowly dipping 1.4 Ga mylonite and ultramylonite (average low-angle Sx: 007, 24°SE)
contains a stretching lineation (average shallow Ly: 011° - 165) in the SLSZ and was found to
both truncate and exist parallel to earlier S, foliation (059, 79°SE).

The SLSZ is exposed along Bennett ridgeline (Figure 8A; 9A,B) and consists of at least
two, ~1-m-thick moderately dipping (048, 60°SE), upper greenschist facies mylonite
(qtz+fsp+bt) bands (Sx) bound by high strain zones that consist of grain-size reduced biotite and
quartz. Exposure of this splay is isolated to a narrow band of high-strain rock and mylonite
interspersed with foliated quartzofeldspathic gneiss on the ridge that divides Bennett gulch from
Slide Lake cirque. Moderately dipping mylonite (qtz+fsp+bt) contains rigid, pink feldspars that
are set in a matrix of phyllosilicate (bt+ms) and quartz ribbons. Mylonitic foliation (Sy) in the
hanging wall and footwall of this shear zone splay is parallel with the moderately dipping earlier

high-temperature foliation (Figure 8B). A well-developed, shallow and oblique, southeast
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Figure 8. Field observations of the SLSZ. (A)View towards the northeast along the Continental
Divide; three major splays (highlighted red) of the SLSZ. (B) Bennett ridgeline outcrop,
mylonite splay dashed and parallel to the surrounding foliation (C) Bennett ridgeline mylonite.
(D) Fabric truncation between the steep fabric (S;) within the hanging wall of the upper splay
and the subhorizontal fabric (Sx) of the SLSZ. (E) Porphyroclasts within quartz-calcite-biotite
mylonite from the upper splay, top-down-to-the-southeast motion.
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Figure 9. Additional field observations from the Slide Lake shear zone. (A) Fabric relationships
in Slide Lake cirque. (B) Grain-size reduced high strain domain in Bennett Gulch. (C) S-C fabric
in Slide Lake cirque. (D) Pegmatite offset by high strain domains in Bennett Gulch. (E)
Pegmatite cross-cutting steep S, fabric. (F) Pegmatite incorporated into shallow Sy SLSZ fabric.
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plunging stretching lineation (Lyx: 60° = 121) defined by of quartz and feldspar aggregates was
observed on the moderately dipping foliation surface (Sx: 048, 60°SE) (Figure 5C). Mesoscale
shear-sense indicators (e.g. asymmetric tails on porphyroclasts, shear bands, offset shear bands)
reveal dominant top-down-to-the-southeast sense of shear.

Homestake ridgeline (Figure 8A) is the most laterally extensive exposure of the SLSZ
that we mapped along the Continental Divide from the saddle southwest of Homestake Peak to
the unnamed peak that divides Bennett Gulch and Slide Lake cirque. On the southwestern saddle
(southwest of the Homestake summit), the low-angle calc-silicate (cal+qtz+bt+ms+chl)
ultramylonite is traceable along-dip for 100+ meters from the saddle down the southeastern side
of the Continental Divide. On the northeastern side of Homestake summit, low-angle (Sx: 003,
20°SE), greenschist facies ultramylonite (qtz+bt+fsp+ms = cal+chl) is traceable along the
Continental Divide. Ultramylonite is composed of small feldspar porphyroclasts and ribbon
quartz with alternating layers of phyllosilicates (bt+ms+chl). Quartz and feldspar grains form a
shallowly plunging lineation (Ly: 006° — 166). Foliation relationships (Figs. 5B; 6) at the
northeast end of this splay (Figure 8D) reveal a sharp contact between the low-angle SLSZ splay
(Sx: 003, 20°SE) and the overlying steep, high-temperature fabric (S,: 054, 78°SE). The shear
zone appears to truncate the steeply dipping fabric (S,) that is pervasive across the HSZ (Figure
8B). Mylonite and ultramylonite reveal mesoscopic shear sense indicators (e.g. porphyroclasts,
S-C fabric, shear bands) that record both top-up-to-the-northwest and top-down-to-the-southeast
(Figure 8E) sense of shear, possibly due to overprinting of earlier fabric.

The structurally lowest splay of the SLSZ was mapped as low-angle (bt+qtz+fsp+ms)
mylonite and ultramylonite that occurs on the glacially carved pavement in both Slide Lake

cirque and Bennett Gulch (Figure 2; 8A; 9A-D). This splay consists of several thin (1-3-m-

24



strands), shallowly dipping (Sx: 015, 29°SE) greenschist facies ultramylonite strands
(bt+fsp+qtz-ms+sil) that display a shallowly plunging southeast-trending stretching lineation (Ly:
16° > 164) (Figure 5B). Ultramylonite contains rigid, pink feldspar, ribbon quartz, and
phyllosilicates (bt+ms) in a matrix of bt+ms+chl. Thin strands of ultramylonite occurred as
discontinuous, anastomosing splays, bound by sections of migmatitie and biotite gneiss and some
high strain domains. High strain domains were extensive in the pavement, consisting of grain-
size reduced biotite and quartz that anastomose (i.e. follow and crosscut the foliation) throughout
this outcrop. A variety of folds were mapped in the shallowly dipping gneiss that bound splays of
the shear zone and included a steep southwest-plunging F; (81° - 256) and shallow northwest-
plunging fold axis F, (41° - 321). Mesoscale structural shear sense indicators (e.g. rigid feldspar
porphyroclasts with tails, shear bands) record dominant top-down-to-the-southeast and minor
top-up-to-the-northwest sense of shear, similar to the type of shear sense recorded in the

Homestake ridgeline splay.
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CHAPTER 4

KINEMATICS, DEFORMATION TEMPERATURES, AND VORTICITY

To characterize deformation within the mid-crustal rocks of the SLSZ and HSZ,
microscale structural analyses were performed on eleven HSZ samples and thirty-four SLSZ
samples (Table 1, 2; Appendix I, IV). Quartz lattice-preferred orientation (LPO) analyses were
performed on four samples from the two shear zones. Quartz and feldspar grain boundaries and
mineral assemblages were used to estimate temperatures of deformation. Mean kinematic
vorticity analyses (W) were also performed on four HSZ ultramylonites and six SLSZ
mylonites to document the spatial and temporal variability of pure and simple shear across the
two shear zones. Oriented samples were collected from Holy Cross City and Hornsilver
Campground in the HSZ and from Homestake ridgeline, Bennett ridgeline, Slide Lake cirque,
and Bennett Gulch in the SLSZ (Figure 2). The oriented samples were cut parallel to lineation
and perpendicular to foliation (XZ), with orientation preserved throughout thin-section

preparation.

4.1. Kinematics
Homestake shear zone

Mylonite from the Hornsilver Campground splay of the HSZ is characterized by aligned
biotite and muscovite interlayered with quartz-rich domains that define a penetrative foliation
(Sx: 059, 79°SE) (Table 2). The well-developed stretching lineation is defined by aggregates of

quartz, feldspar, and muscovite (Ly: 73° = 213). In many thin sections, quartz subgrains are
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elongate into ribbons (S fabric) drawn into shear bands (C fabric) of the aligned biotite and
muscovite (Figure 10A). This fabric (S3) contains o-type feldspar porphyroclasts with tails of
quartz subgrains and biotite mica fish that record top-down-to-the-southeast shear sense with
minor top-down-to-the-southwest sense of shear. Varying shear sense indicators within the same
sample may suggest different deformational episodes, with the more recent event partially
overprinting the previous event (e.g. top-up-to-the-northwest overprints top-down-to-the-
southeast shear).

Mylonite and ultramylonite in the Holy Cross City splay of the HSZ contain aligned
biotite and muscovite that are interlayered with quartz-rich layers. Rigid porphyroclasts are
interspersed within mylonitic quartz veins (Figure 10B) composed of quartz subgrains with
isolated muscovite and biotite grains. Two generations of well-developed stretching lineation are
defined by quartz, feldspar, and muscovite (L3: 73° > 213; L4: 78° = 120). Most porphyroclasts
in these mylonites appear as mono- and polycrystalline rounded feldspar porphyroclasts with and
without tails. Thin sections of mylonite and ultramylonite from the Holy Cross City splay
contain the greatest quantity and variety of shear-sense indicators; both 0- and o-type
porphyroclasts (Figure 10B), rhomboidal (Figure 10C) and lenticular (Figure 10D) mica fish,
oblique grain-shape fabric in quartz (Figure 10C, D), C’-type shear bands, boudinage (Figure
10E), and mylonitic textures (Figure 10F). Oblique grain-shape fabric created by quartz subgrain
alignment exists at steep angles (32-53°) to foliation and mica fish orientation (Figure 10C, D).
Shear sense indicators record top-down-to-the-southeast and top-up-to-the-northwest shear

sense, evidence for both S; and S4 deformation.
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Table 2
Summary of HSZ shear sense, vorticity, and temperature data

Shear % Pure  Deformation Temperature

Sample Rock type  sense Vorticity (Wy,) shear Temperature (°C) indicator”
Homestake shear zone - Hornsilver Campground

HS08-01 qtz my t-NW - - 300-400 q.d., m.a.
Homestake shear zone - Holy Cross City transect

HS08-07 qtz-fspmy  t-NW 0.58-0.68 60-51 450-500 q.d., m.a.
HS08-08 qtz-fspmy  t-NW - - 400-500 q.d., m.a.
HS08-09 gtz my t-NW - - 350-450 q.d., m.a.
HS08-10 gtz my t-NW 0.45-0.70 60-50  450-500 q.d., m.a.
HS08-11 qtz my t-NW - - 350-450 q.d., m.a.
HS08-12 qv t-NW - - 450-500 q.d., m.a.
HS08-13* qv t-NW - 450-500 q.d., m.a.
HS08-14" gtz my - - - 450-500 q.d., m.a.
HS09-03 qtz my t-NW - - 400-500 q.d., m.a.
HS09-04  qtzmy t-NW - - 300-450 q.f.d, m.a.

Abbreviations: qtz my, quartz mylonite; c.s. my, calc-silicate mylonite; fsp my, feldspar mylonite; gns,
gneiss; mbl, marble; qv, quartz vein; t-SE, top-down-to-the-southeast; t-NW, top-up-to-the-northwest.

* Samples analyzed with EBSD

® Temperature indicators; all samples used q.d, quartz, and q.f.d quartz and feldspar deformation

textures, m.a. mineral assemblage
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Figure 10. Photomicrographs of HSZ microstructures; crossed polars unless noted. (A)
Ultramylonite with S-C fabric with top-up-to-the-SW shear. (B) Mylonite with feldspar
porphyroclasts displaying top-down-to-the-SE shear sense. (C) Quartz vein containing oblique
grain shape fabric in quartz and mica fish with top-up-to-the-NW shear. (D) Quartz vein with
mica fish surrounded by quartz (qtz) subgrains display top-up-to-the-NW shear. (E) Mylonite
with sillimanite boudins and shear bands display top-down-to-the-SE; plane light. (F) Mylonite
with rigid feldspar porphyroclasts in quartz matrix displays top-up-to-the-NW shear; plane light.
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Slide Lake shear zone

Mica fish, asymmetric tails on rigid feldspar porphyroclasts, C- and C’- type shear bands
and oblique grain-shape fabric in quartz record both top-down-to-the-southeast and top-up-to-
the-northwest shear sense for three major splays of the SLSZ (Figure 11; Table 3; Appendix IV).
Twenty-three out of twenty-eight mylonite and ultramylonite samples from the SLSZ record top-
down-to-the-southeast shear sense.

The Bennett ridgeline splay of moderately dipping quartzofeldspathic mylonite contains
well-defined asymmetric feldspar porphyroclasts (Figurell A, B), mica fish, and C-type shear
bands. This suite of samples from the steeper-dipping mylonite records similar top-down-to-the-
southeast shear sense as the other two SLSZ splays, but the mineral assemblage and fabric within
the suite is dramatically different. Where the other two splays display qtz+fsp+bt+ms (= cal)
mylonite, the Bennett ridgeline splay contains ~80% qtz+fsp with minor bt+ms in the mylonite.
The pervasive foliation is defined by bands of quartz and feldspar that alternate with interlayered
large white mica laths and biotite grains (Figure 11B) (Sx: 048, 60°SE). Lenticular mica fish are
set in a matrix of quartz with polygonal grain boundaries that record high-temperature grain-
boundary area reduction. Smaller feldspar and biotite domains also exist with asymmetric-tailed
feldspar porphyroclasts domains that pin the high-temperature quartz domains (Figure 11B). In
each thin section, the most feldspar porphyroclasts record top-down-to-the-southeast shear sense
and a minority of the porphyroclasts record top-up-to-the-northwest sense of shear.

The upper ~100-m-thick Homestake Peak — Continental Divide splay records a large
contribution of top-up-to-the-northwest motion along the shallowly dipping shear zone. The
pervasive foliation is defined by white mica fish and biotite laths interlayered with quartz and

feldspar grains (Figure 11C) (Sx: 003, 20°SE). Quartz and muscovite make up shallowly
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plunging and weakly developed stretching lineation (Lyx: 016° > 166). Between mica-rich
domains, quartz and feldspar grains exist in a matrix of calcite, quartz, and biotite. Narrow
lenticular mica fish (Figure 11C), C’-type shear bands, and polycrystalline porphyroclasts
(Figure 11D) record top-up-to-the-northwest shear sense and a lesser top-down-to-the-SE shear
sense component in the upper splay. Sillimanite was also observed in samples from this splay,
both in the cores of mica fish and as northwest-southeast oriented boudins. A weak oblique
grain-shape fabric in quartz-rich regions developed at a steep angle to foliation (~57°) and
records top-up-to-the-northwest shear sense.

The Slide Lake cirque splay is located to the southeast of the ridgeline. Shear sense
within the 11 out of the 12 mylonite samples from this part of the shear zone records dominant
top-down-to-the-southeast motion. The pervasive foliation in the mylonite is defined by white
mica and biotite domains interlayered with quartz and feldspar grains (Sx: 015, 29°SE). A
combination of quartz, feldspar, and muscovite make up a weak- to well-developed stretching
lineation (Lx: 16° > 164). Mylonite samples display mica fish, S-C’ fabric, sillimanite boudins,
and O-type porphyroclasts bound by retrograde muscovite (Figure 11E). Boudins are oriented
northwest-southeast. C’-type shear bands record top-down-to-the-southeast sense of shear
(Figure 11F). Other samples contain lenticular and rhomboidal mica fish that are set in a matrix
of dynamically recrystallized quartz that record top-down-to-the-southeast and minor top-up-to-

the-N'W shear sense.
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Figure 11. Photomicrographs of SLSZ mylonites; crossed polars unless noted. (A) Quartz-
feldspar mylonite with porphyroclasts with asymmetric quartz and biotite tails, top-down-to-the-
SE shear; plane light. (B) Mylonite with quartz domains pinned by muscovite laths and biotite,
top-down-to-the-SE shear. (C) Ms-bt mylonite with mica fish displaying top-down-to-the-SE
shear. (D) Ultramylonite with polycrystalline quartz porphyroclasts displaying top-up-to-the-NW
shear. (E) Mylonite showing d-type sil-porphyroclasts recording top-down-to-the-SE shear. (F)
Mylonite with C’- type shear band showing top-down-to-the-SE shear sense.
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Table 3

Summary of SLSZ shear sense, vorticity, and deformation temperature data

Shear % Pure  Deformation Temperature
Sample Rock type  sense Vorticity (Wy,) shear Temperature (°C) indicator”
Slide Lake shear zone - Homestake ridgeline splay
SL08-08 c.s. my t-S - - 450-550 q.d., m.a.
SL08-07 c.s. my t-NW - - 400-500 m.a..
SL08-06 c.s. my t-SE - - 400-450 q.d., m.a.
SL08-05 mbl - - - 400-450 c.d., m.a.
SL08-04"  qv t-SE - 350-450 q.d., m.a.
SL08-03 c.s. my t-SE - - 300-400 q.d., m.a.
SL08-02 c.s. my t-SE - - 300-400 q.d., m.a.
SL08-01 c.s. my t-NW - - 300-400 q.d., m.a.
HS09-54  qtzmy t-SE - - 350-400 q.d., m.a.
HS09-31 calc my t-SE - - 500-650 m.a..
HS09-32  qtzmy t-NW - - 500-650 m.a..
HS09-33 qtz my t-SE - - 650+ q.d., m.a.
HS09-34 qtz my t-SE - - 650+ m.a.
HS09-35 qtz my t-SE - - 450-650 q.d., m.a.
HS09-36 qtz my t-NW - - 650+ q.d., m.a.
HS09-37 gns t-NW - - 300-400 q.d., m.a.
Slide Lake shear zone - Slide Lake cirque splay
HS09-21 qtz my t-SE - - 350-450 q.d., m.a.
HS09-22 gtz my t-SE - - 300-400 q.d., m.a.
HS09-23 qtz my t-SE - - 450-550 q.d., m.a.
HS09-24 gtz my t-SE - - 450-550 q.d.., m.a.
HS09-25 c.s.my t-SE - - 450-550 q.d., m.a.
HS09-27  qtzmy t-SE - - 350-400 q.d., m.a.
HS09-29 gtz my t-NW - - 450-550 q.d., m.a.
HS09-30 qtz my t-SE - - 500-600 q.d., m.a.
HS90-39 qtz my t-SE - - 500-650 q.d., m.a.
HS09-40 qtz my t-S - - 450-500 q.d., m.a.
HS09-41 qtz my t-SE - - 450-500 q.d., m.a.
Slide Lake shear zone - Bennett ridgeline splay
HS09-17 c.s. my - - - 300-350 q.d, m.a.
HS09-42°  gtz-fspmy  t-SE - - 450-600 q.d, m.a.
HS09-43 qtz-fspmy  t-SE - - 450-600 q.d, m.a.
HS09-44  qtz-fspmy t-SE 0.65-0.73 47-55 450-600 q.d, m.a.
HS09-45 qtz-fspmy  t-SE 0.67-0.73 47-53 450-600 q.d, m.a.
HS09-46  qtz-fspmy t-SE 0.63-0.65 55-68 450-600 q.d, m.a.
HS09-47  qtz-fspmy t-SE 0.58-0.65 55-58 400-600 q.d, m.a.

Abbreviations: qtz my, quartz mylonite; c.s. my, calc-silicate mylonite; fsp my, feldspar mylonite; gns,

gneiss; mbl, marble; qv, quartz vein; t-SE, top-down-to-the-SE; t-NW, top-up-to-the-NW.
*Samples analyzed with EBSD

bTemperature indicators; all samples used q.d, (quartz) and q.f.d. (quartz and feldspar) deformation

temperatures, and m.a. (mineral assemblage).
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4.2. Deformation temperatures

Deformation temperatures in the HSZ and SLSZ were assessed using a combination of
quartz deformation textures (Hirth and Tullis, 1992; Stipp et al., 2002a; Stipp et al., 2002b),
feldspar deformation textures (Pryer, 1993), mineral assemblages, and quartz LPOs (Mainprice
et al., 1986; Tullis and Yund, 1992). Quartz boundaries deform as temperature is increased
during dynamic recrystallization, and assuming constant strain rate and fluid composition, can be
used as a proxy for relative temperature conditions during deformation (Figure 12A). The phases
of grain-boundary mobility are defined by bulging (BLG, ~280-400°C), subgrain rotation (SGR,
~400-500°C), and grain-boundary migration (GBM, >500°C) (Stipp et al., 2002a; Stipp et al.,
2002b). These stages represent the dynamic recrystallization of quartz from dislocation glide and
creep (BLG) to climb-accommodated dislocation creep (SGR) and into high-temperature grain
boundary migration (GBM), where recrystallization-accommodated creep reduces internal strain
energy, and decreases dislocation density. Grain-boundary straightening results in polygonal
grain boundaries that allow for the lattice to progress toward a dislocation free lattice (i.e.
annealing) and Grain Boundary Area Reduction (GBAR) (Bons and Urai, 1992; Kruhl, 2001;
Stipp et al., 2002a).

Quartz LPOs were used to estimate temperature. At lower temperature conditions slip
occurs as basal <a> slip associated with 280-400°C, progressing into moderate temperatures
(400-500°) where dislocation creep involves prism <a> slip, and lastly into high temperatures
(>500 °C), where prism <c> slip dominates deformation (Figure 12A) (Wilson, 1975; Lister and
Dorsiepen, 1982; Mainprice et al., 1986; Law, 1990; Tullis and Yund, 1992; Kruhl, 1998).
Electron backscatter diffraction (EBSD) was used to obtain LPO diagrams. Diffraction patterns

were collected using a Zeiss Supra 55 VP scanning electron microscope coupled with a HKL
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Channel 5 EBSD camera at Montana State University. HKL Channel 5 Flamenco software was
used to index diffraction patterns.

Feldspar deformation mechanisms were also used to constrain deformation temperatures
in the shear zones. Feldspar starts to deform via internal micro-fracturing and dislocation glide
beginning at 400-500°C (Pryer, 1993), where feldspar grain boundaries develop core and mantle
structures characteristic of bulging and dislocation climb (BLG, 450-600°C) (Borges and White,
1980; Gapais, 1989; Gates and Glover, 1989; Tullis and Yund, 1991; Shigematsu, 1999). Above
600°C feldspar grains deform via SGR and BLG recrystallization that may involve the growth of
myrmekite (Vidal et al., 1980; Olsen and Kohlstedt, 1985; Tullis and Yund, 1987; Simpson and

Wintsch, 1989; Pryer 1993; Kruse and Stiinitz, 1999; Altenberger and Wilhelm, 2000).
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Figure 12. (A) Pole diagrams showing quartz LPO patterns for the [c] axes and <a> axes with
increasing temperature for non-coaxial, plane strain deformation (after Stipp et al., 2002b;
Passchier and Trouw, 2005; Langille et al., 2010a). (B) EBSD generated lattice-preferred
orientations for HSZ (qtz+fsp) mylonite (HS08-12, HS08-13) displaying patterns characteristic
of plane strain and prism <a> slip and (C) SLSZ sample SL08-04 displaying prism <a> slip and
plane strain patterns and HS09-42 displaying non-plane strain conditions with possible prism
<a> and rhomb <a> slip.
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Homestake shear zone

Quartz deformation textures within HSZ mylonite and ultramylonite are dominated by
subgrains that occur as small, individual grains and elongated ribbon grains, both are evidence
for subgrain rotation (SGR, 400-500°C). The mineral assemblage contains minor sillimanite,
cordierite, and garnet (Figure 13A) that are legacy to the earlier Paleoproterozoic (D) high-
temperature, GBAR-dominated flow found throughout the HSZ (Figure 13B). Quartz subgrain
development (Figure 13 C, D) varies from the Hornsilver Campground splay into the Holy Cross
City splay of the HSZ. Quartz grain boundaries in the Hornsilver Campground (Figure 13D)
mylonite contain elongate quartz ribbons with bulging grain boundaries (BLG, 280-400°C) and
undulose extinction in the interior of the grain. Holy Cross City mylonite contains ribbon quartz
grains and smaller, (Figure 13C) well-defined subgrains (SGR, 400-500°C) that align to form an
oblique grain-shape fabric that was used as a shear sense indicator. Feldspar in the Hornsilver
Campground mylonite lacks evidence for dynamic recrystallization, however in the Holy Cross
City mylonite, some feldspar porphyroclasts display core and mantle structures that are evidence
for bulging (BLG, 450-600°C) dynamic recrystallization (Pryer, 1993) and may be part of
earlier, high temperature deformation. Feldspar was also observed as fractured porphyroclasts
filled with phyllosilicates (Figure 13E) and surrounded by quartz subgrains.

Chlorite, biotite, sillimanite, and muscovite appear within HSZ mylonite and
ultramylonite and can be used to interpret metamorphic conditions during deformation.
Amphibolite facies migmatite and biotite gneiss (D; and D,) were overprinted by greenschist
facies mylonite (D3) and ultramylonite (D4). Both fibrous and prismatic sillimanite occur in

many of the HSZ sections as shear sense indicators (Figure 13F) and within shear bands. In most
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sections, sillimanite was fractured or boudinaged and filled with muscovite. This association

might record a retrograde reaction (Equation 1, Spear, 1993):

K-feldspar + Al,SiOs + H,O = muscovite + quartz, (D)

where quartz subgrains and muscovite encapsulate sillimanite around fibers and between
fractures. This sillimanite is likely the product of earlier, high-temperature deformation (D;/D;)
and during retrogression (D3 and Dy4) subgrains were created (SGR, 400-500°C), sillimanite
retrogressed to muscovite, and feldspar porphyroclasts remained rigid (<450°C). Garnet,
sillimanite, and minor cordierite are present in some samples outside the main shear band (Figure
13A).

In the Holy Cross City splay (e.g. Figure 13C), quartz subgrains in mylonite can be used
as evidence for shear-band development associated with D3 in the HSZ. Quartz [c] axes plot in
the center of the LPOs (Figure 12A), with <a> axes plotting along the primitive circle for two
samples analyzed using the EBSD (Figure 12B). One of the Holy Cross City mylonitic quartz
veins, HS08-13, contains a well-developed quartz subgrain texture with oblique grain-shape
fabric and mica fish that record top-up-to-the-northwest shear sense. LPO plots derived from the
(XZ) plane suggest that the [c] axes of quartz subgrains were aligned during plane strain
deformation. LPO patterns can also be used to estimate deformation temperature during quartz
recrystallization (Stipp et al., 2002b; Langille et al., 2010a, b). Both LPO plots suggest prism
<a> slip (>500°C) as the dominant mechanism for deformation, suggesting the possibility of

even higher temperatures than the (Figure 12B) quartz textures observed (SGR, 400-500°C).
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Figure 13. Deformation temperatures within HSZ; crossed polars unless otherwise noted. (A)
Undeformed host gneiss; gar, garnet; bt, biotite; sill, sillimanite; qtz, quartz. (B) Grain
boundaries displaying high-temperature quartz texture. (C) Quartz mylonite shows well-
developed quartz subgrains with top-down-to-the-SE oblique grain-shape fabric. (D) Quartz
mylonite boundary with elongated, ribbon quartz subgrains displaying S-C fabric, top-up-to-the-
SW shear. (E) Ultramylonite showing quartz subgrains and rigid and fractured feldspar, top-
down-to-the-SE. (F) Mylonite with sillimanite porphyroclasts rimmed by muscovite.
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Figure 14. Deformation temperatures within SLSZ; crossed polars unless noted. (A) Annealed
quartz (GBAR) in mylonite. (B) Lobate quartz (GBM) domains pinned by micas in mylonite,
top-down-to-the-SE shear sense. (C) Core and mantle structures (BLG) in feldspar within
mylonite. (D) Aligned quartz subgrains in the mylonite, top-up-to-the-NW shear sense. (E)
Bulging quartz grain boundaries in a quartz vein within ultramylonite. (F) Sillimanite boudins
from ultramylonite.
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Slide Lake shear zone

Bennett ridgeline quartzofeldspathic mylonites contain interlobate quartz-rich domains
(5-20 microns thick) that indicate higher-temperature GBM textures (>500°C) (Figure 14A) and
are pinned on the foliation plane in some samples (Figure 14B) by aligned biotite and muscovite.
Rigid feldspar porphyroclasts, some with asymmetric tails, are set within the quartz matrix
composed of quartz grains with polygonal grain boundaries that record semi-annealed fabric.
Where the majority of feldspar grains display undulatory extinction, a minority display core and
mantle structures (Figure 14C), suggesting the onset of higher temperature (BLG; 450-600°C)
feldspar textures (Pryer, 1993). Feldspar subgrains (BLG) only occur as haloes around larger,
rigid porphyroclasts and were not found in all the samples, implying either a transition from
medium- to higher-grade feldspar textures or legacy to earlier D; and D, high-temperature
deformation.

Mylonite (qtz+fsp+bt+ms+chl) and ultramylonite (qtz+fsp+cal+bt+ ms+chl) from the
Homestake ridgeline splay of the SLSZ contain quartz grains that are segregated into narrow
bands of alternating feldspar- and calcite-rich domains. Quartz grain boundaries contain small
strain free grains with undulose extinction in the interior of grain boundaries that are interpreted
to record core and mantle structures (BLG, 280-400°C) (Figure 14 D, E). Similar to the Bennett
ridgeline mylonites, earlier (D; and D) high-temperature deformation is recorded by polygonal
quartz grains that display GBAR. Brittle fractures were observed offsetting large quartz grains
that displayed high-temperature GBM and are interpreted to be associated with later stage brittle
deformation (post 1.4 Ga). Feldspars lack evidence for internal deformation (<450°C), with

quartz deformation indicating temperatures ranging from 300-450°C (Pryer, 1993; Stipp et al.,
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2002a). Similar to sillimanite found within the HSZ, sillimanite retrograded to muscovite was
also found in this splay of SLSZ.

Slide Lake cirque ultramylonite and mylonite (qtz+fsp+bt+ms+sil) display well-
developed boundaries that record GBM (500-650°C). Phyllosilicates pin quartz grains (Figure
14F), causing the quartz grain boundaries to have migrated within a fixed area and resulting in
elongate grain boundaries. The presence of boudinaged sillimanite that is partially retrogressed
to white mica is indicative of the older D, fabric that was subsequently deformed in late stage
~1.4 Ga deformation (Figure 14F). Similar to feldspar grains observed in the Homestake
ridgeline splay, feldspar grain boundaries in Slide Lake cirque also appeared as rigid (<450°C)
(Pryer, 1993).

In the two upper splays (Bennett and Homestake ridgeline) of the SLSZ, quartz subgrains
can be used as evidence for shear-band development associated with the mylonitic foliation (Sy).
Quartz [c] axes LPO data plot in the center of the LPO with <a> axes plotting around the
primitive circle for SL08-04, representative of the Homestake ridgeline splay (Figure 12C). This
[c] axis pattern is indicative of plane strain deformation conditions. This LPO pattern also
suggests rhomb to upper prism <a> slip (~500°C) as the dominant mechanism for deformation,
corresponding with the upper end of temperature estimates for quartz subgrain development
(SGR; 400-500°C) and feldspar grain boundary immobility (<450°C) (Pryer, 1993; Stipp et al.,
2002b; Langille et al., 2010a, b). The other quartz [c] axis LPO plot, HS09-42 (Figure 12C),
representative of the Bennett ridgeline mylonite, displays LPO patterns that occur as two distinct
groupings of [c] axes data near the middle of the plot, with <a> axes scattered around the outer

rim. This pattern may suggest upper prism <a> slip (~500°C) in an undefined strain regime,
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possibly due to multiple phases of activation within the shear zone splay, with one of the [c] axes
partially overprinting [c] axes from an earlier event.

Temperature estimates from deformation mechanisms in both the HSZ and SLSZ are in
agreement with broad constraints on ca. 1.4 Ga temperatures for the Homestake Valley and

northern Sawatch Range based on *’Ar/*’ Ar thermochronology (Shaw et al., 2005).

4.3. Mean kinematic vorticity

Mean kinematic vorticity (W) was used to quantify relative contributions of pure and
simple shear within the HSZ and SLSZ. This analysis is important as it allowed us to test models
for the HSZ that invoke a combination of pure and simple shear within a transpressional setting
(Shaw et al., 2001; Shaw and Allen, 2007) and characterize mylonite development in the SLSZ.
A large component of pure shear would indicate a greater percentage of shortening across the
shear zone as compared to flow by simple shear. The kinematic vorticity number (Wy) is a
measure of the contribution of pure shear (Wy= 0) and simple shear (Wy= 1), where pure and
simple components are equal at W,=0.71 (Figure 15A) (Tikoff and Fossen, 1995; Law et al.,
2004). Because vorticity can vary during deformation (non-steady state), we use the mean
kinematic vorticity number (Wy,) to establish a time-averaged deformation history that assumes
plane strain conditions (Fossen and Tikoff, 1997, 1998; Jiang and Williams, 1998). Plane strain
is supported by LPO data (also from XZ plane) from samples within both the HSZ and SLSZ.
Vorticity (i.e. non-coaxiality) is a parameter for characterizing flow paths (Means et al., 1980;
Robin and Cruden, 1994; Fossen and Tikoff, 1997). In an oblique transpressional setting, where
fabric may or may not be symmetrical, it is important to note that vorticity, represented by the

vorticity vector, can change orientation within the shear zone (Robin and Cruden, 1994). To
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characterize oblique motion with the SLSZ, micro-scale kinematic analysis within the XY plane
would need to be performed to compliment the analyses in the XZ plane in this study
(Hudleston, 1999; Giorgis and Tikoff, 2004; Sullivan and Law, 2007).

We applied the rigid-grain technique (Passchier, 1987; Wallis, 1995) to estimate mean
kinematic vorticity within four samples from HSZ and six samples from SLSZ. The rigid grain
technique involves measuring the rotational component of flow using the aspect ratio of rigid
porphyroclasts (e.g. feldspar, garnet, hornblende) as well as the angle between the long axis of
the grain and foliation. We used the Rigid Grain Net (RGN), which plots the aspect ratio (R) or
shape factor (B*) and the angle (0) between the long axis of the porphyroclasts with the foliation
(Figure 15B) on a net (Figure 15 C, D) constructed using a series of semi-hyperbolas (Jessup et
al., 2007).

The necessary conditions for this analysis are: (1) fabric is assumed to be deformed by
homogeneous plane-strain, (2) grain size within the matrix is smaller than the porphyroclasts, (3)
flow was sufficient for the porphyroclasts to reach stable orientation, (4) measured objects shape
is regular and near orthorhombic, (5) porphyroclasts within the sample must contain a wide
range of aspect ratios, (6) porphyroclasts must predate the fabric, and (7) measured grains did not
interact mechanically (Passchier, 1987; Jessup et al., 2007; Jessup and Cottle, 2010). For a
specific combination of Wy, and B*, porphyroclasts are predicted to rotate to a range of angles
from the foliation. A transition occurs between two areas on the RGN that is defined by the
critical aspect ratio (R.), a unique combination of Wy,, B*, and 6. Above the R, porphyroclasts
will have limited rotation due to pure shear limiting rotation, and below this value,
porphyroclasts have the potential to rotate infinitely. From the R. values, mean kinematic

vorticity (Wp) (Wallis et al., 1993):
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W = )

Alternatively, the shape factor (B*) for each grain can be used to estimate Wy,, where M is the

long axis and M, is the short axis as calculated (Passchier, 1987):

2 2
L 3)

sz + an

Results from vorticity analyses were plotted on the RGN, and an upper and lower limit of the R,
were used to estimate a range of Wy, (Appendix I). Wy, values were then plotted to determine
percent pure and simple shear for each sample (Figure 15A). Vorticity analyses were performed
using a Nikon DS-Fi with Nikon Imaging Systems — Elements 2.3 software that permits
measurements to be made on a monitor along with high-resolution image of the thin section.
LPO diagrams (Figure 12 B, C) were used to determine if the strain regime was
appropriate for vorticity analysis using the RGN. Quartz (e.g. Mainprice et al., 1986; Tullis and
Yund, 1992) [c] and <a> axes patterns were plotted with respect to the lineation and foliation (Sa
in Figure 12A). Quartz [c] axis LPOs for the HSZ reveal plane strain, non-coaxial deformation
(Figure 12B), and for the SLSZ show patterns for both plane (SL08-04) and potentially non-

plane strain (HS09-42) conditions (Figure 12C).
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Homestake shear zone

Samples HS08-07 and HS08-08 are ultramylonites that contain rigid feldspar
porphyroclasts in a matrix of dynamically recrystallized quartz, and HS08-10 and HS08-13 are
mylonitic quartz veins (Table 2; Appendix V). All samples were collected along a <10-m-thick
steeply dipping splay of the HSZ (Figure 16A; Table 2). Of the four samples, only two yielded
reliable vorticity estimates. The ultramylonite yielded mean kinematic vorticity estimates of 0.58
to 0.68 (51-58% pure shear). Wy, estimates for the mylonitic quartz vein ranged from 0.45 to
0.70 (50-69% pure shear). Quartz LPO patterns (Figure 12B) for HS08-13 show that the
mylonite accommodated plane strain, supporting vorticity analyses for pure shear estimates in
the Holy Cross City splay of the HSZ. Steep, oblique stretching lineations in the HSZ suggest
dextral and vertical movement, which may also suggest a subvertical vorticity vector, parallel to
the foliation plane and stretching lineation. If this is the case, measurements to quantify flow
would need to be viewed from the plane normal to the vorticity vector, the XY plane. This

investigation only extracted data from the XZ plane.

Slide Lake shear zone

The moderately dipping samples from the Bennett ridgeline transect (Figure 16B; Table
3) contain a matrix of dynamically recrystallized quartz, muscovite, and biotite interspersed with
rigid feldspar porphyroclasts. Samples were interspersed along 0.5- to 1-m-thick mylonite splays
that span ~60 meters of the northeast ridge of the Slide Lake cirque. In the SLSZ, shallowly
dipping foliation and shallowly plunging (oblique down-dip) stretching lineations with vertical

and minor dextral movement display an along-strike vorticity vector, which would suggest that
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measurements to quantify flow would need to be viewed in the plane normal to the vorticity
vector, the XZ plane, as all of our samples were collected within this study. Mean kinematic
vorticity values for these samples range from 0.58 to 0.73 (HS09-44, 0.65-0.73; HS09-45, 0.67-
0.73; HS09-46, 0.63-0.65; HS09-47, 0.58-0.65). These results suggest that the Slide Lake shear
zone records pure shear (47-59% pure shear), but values are less than those for the HSZ (50-69%
pure shear).

Quartz LPO patterns (Figure 12C) for the Bennett ridgeline splay (HS09-42) display two
distinct populations of [c] axes, possibly due the sample recording more than one deformational
event (i.e. partial overprinting of an earlier fabric), which makes interpreting vorticity results
from that particular sample problematic. Sample SL08-04 (Figure 12C) revealed one distinct [c]
axis population in the middle of the LPO plot, supporting plane strain conditions in the
Homestake ridgeline splay. Based on these findings, Wy, data implies that the HSZ records a

higher contribution of pure shear within a plane strain dominated system.
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Figure 15. (A) Graph showing the relationship between the vorticity number and pure and
simple shear; values are equal when W,,=0.71. After Law et al. (2004). (B) Photomicrograph
showing grain axis and angle measurements for vorticity analysis (My, long axis; M,, short axis;
0, angle between the long axis and foliation); top-down-to-the-SE; the clast in the lower right is a
back rotator and will thus have a -0 value (see text for details); plane light. (C) Example RGN
from HSZ; n = number of grains; B* is the shape factor, y-axis is the angle between the clast
long axis and the mesoscopic foliation (refer to text). (D) Example RGN for the SLSZ. Dark
vertical marker lines represent the range in Wy, for both (C) and (D). See Appendix I for all
plots.
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Figure 16. Deformation temperature and vorticity results from (A) HSZ Holy Cross City transect
and (B) SLSZ Bennett ridgeline transect. Each rectangle and ellipse represents one sample. Data
can be found in Appendix I and IV.
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CHAPTER 5

DISCUSSION AND IMPLICATIONS

5.1. Comparison of SLSZ and HSZ deformation history and kinematics

Meso- and microstructural observations of kinematic indicators and fabric relationships
in HSZ and SLSZ mylonite and ultramylonite demonstrate that mid-crustal Paleo- and
Mesoproterozoic deformation involved shared structural (e.g. shear sense, lineations, strike) and
deformational (e.g. pure shear, temperatures, shear sense) components (Table 2; 3). Within the
HSZ, 1.4 Ga deformation is subdivided into two events that are characterized by an
anastomosing system of steeply dipping (059, 79°SE) mylonite, ultramylonite, and
pseudotachylyte that record two stages of movement: (1) Dj is associated with S; mylonite
development and a steeply plunging lineation (Ls: 73°— 213) that records dextral, top-down-to-
the-southeast sense of shear and (2) D4 ultramylonite and pseudotachylyte development and a
steeply plunging lineation (L4: 78° — 120) that records dextral, top-up-to-the-northwest sense of
shear (Figure 5A). Comparatively, the SLSZ is a shear system composed of at least two low
angle (Sx: 007, 24°SE) splays with a shallow southeast-plunging lineation (Ly: 009°— 165)
(Figure 5B), and one moderate angle (048, 60°SE) mylonite splay with a steeper southeast-
plunging lineation (Ly: 60°— 121) (Figure 5C). All three splays record dextral, top-down-to-the-
southeast sense of shear and minor dextral, top-up-to-the-northwest sense of shear. Field
mapping at the northeastern part of Homestake ridgeline (Figure 2) found the upper contact of
the Homestake ridgeline splay, where the shallowly dipping, north-northeast-striking SLSZ

foliation (Sy) truncates the steep high-temperature foliation (S,) in the hanging wall. In the
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Bennett ridgeline splay, the shear zone fabric (Sx) was found to be parallel to the steep, high-
temperature fabric (S;) in the hanging wall and footwall. Consequently, the shear zones splays
were interpreted (Figure 2, 6, 17; A-1, 2) to represent two different components of the HSZ and
SLSZ system. The oblique steeply plunging HSZ lineations and oblique shallowly plunging
SLSZ lineations record right-lateral strike-slip motion that was associated with both the top-
down-to-the-southeast and the top-up-to-the-northwest event, respectively (Figure 17).
Mesoscale observations are supported by estimates of deformation temperatures using
quartz and feldspar microstructures, quartz [c] axis LPOs, shear sense, and estimates of mean
kinematic vorticity. Deformation temperatures derived from quartz and feldspar grain
boundaries, metamorphic mineral assemblages, and quartz LPO-derived slip systems range from
280-500°C in the HSZ to 280- >500°C in the SLSZ (Table 2; 3). Temperature estimates in the
HSZ are similar to Regime 2 (Hirth and Tullis, 1992) (BLG-SGR transition at ~400°C; Stipp et
al., 2002b) estimates from Shaw et al. (2001) for quartz deformation textures. The overwhelming
development of quartz subgrains and LPO data from our samples supports a higher temperature
range (400-500°C). Assuming an average geothermal gradient of ~25°C/km, constant strain rate
and fluids would imply that deformation occurred at similar mid-crustal positions (~12-24 km).
47-69% pure shear estimates from representative splays of the HSZ and SLSZ demonstrate that
components of coaxial (50-69% in HSZ and 47-59% in SLSZ) as well as non-coaxial (31-50%
HSZ and 41-53% in SLSZ) strain were associated with deformation at ~1.4 Ga. Quartz LPO
plots (Figure 12B) (Lister et al., 1978; Law, 1990) indicate that the Holy Cross City
ultramylonites within the HSZ experienced 50-69% pure shear during plane strain-dominated
flow associated with top-up-to-the-northwest sense of shear. Quartz [c] axis LPO patterns within

the SLSZ Homestake ridgeline mylonites (Figure 12C) yield plane strain conditions, whereas [c]
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axes in the Bennett ridgeline splay experienced non-plane strain. Therefore the estimates of Wy,
(47-59% pure shear) from our analyses in a single plane (XZ) are likely to be modestly in
uncertainty for describing the overall deformation because the lack of a plane strain state may
lead to overestimates of up to 0.05 (Tikoff and Fossen, 1995); a relatively minor amount when
compared with the errors associated with the technique (Langille et al, 2010a, b; Jessup and

Cottle, 2010).

5.2. Relative age of the SLSZ

Although it is impossible to directly establish a relative chronology of HSZ/SLSZ
deformation, the physical proximity, kinematic compatibility, and similarity in deformation
mechanisms indicate that the two systems formed at similar crustal levels. *’Ar/*’ Ar data for the
area (Shaw et al., 2005) suggests that temperatures were 400-550°C at ~1.4 Ga. Monazite ages
from HSZ mylonite (Shaw et al., 2001; Shaw et al., 2005) and field-derived fabric relationships
provide a proxy for the age of the onset of mylonite development within the SLSZ to be ~1.4 Ga.
Monazite ages from both top-down-to-the-southeast mylonite and top-up-to-the-northwest
ultramylonite within the HSZ are indistinguishable, although morphology and microstructures
suggest that they were formed either during two separate events (Ds/Ds) or as phases of a single
tectonic event involving a reversal of dip-slip shear sense — with the same strike-slip shear (Shaw
et al., 2001). Because D3 mylonite (top-down-to-the-southeast) and D4 ultramylonite (top-up-to-
the-northwest) development within SLSZ cannot be uniquely related to the D3/D4 (1.42-1.38 Ga)
chronology and kinematics of the HSZ, we group these into a ~1.4 Ga event based on similarity

of inferred temperatures and kinematics.
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Fig. 17. Block diagram of the SI.SZ and HSZ viewed to the south. Lineation-foliation relationships and shear sense are displayed
within the figure. Black arrows represent top-down-to-the-SE, gray arrows represent top-up-to-the-NW sense of shear. Note
orientation and style of SLSZ deformation. Zones of mylonite, ultramylonite, pseudotachylyte, and high strain domains highlighted
in dark gray.
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5.3. Mid-crustal heterogeneity and anisotropy

1.4 Ga shear zone development and magmatism in intracontinental Laurentia is inferred
to represent an inboard response to far-field shortening between southern Laurentia and a
continental landmass farther south (Nyman et al., 1994; Duebendorfer and Christensen, 1995;
Karlstrom and Humphreys, 1998; Jones et al., 2010a). Thermal structure beneath an orogenic
plateau (e.g. modern Tibet, Andean Antiplano) at 1.4 Ga may explain magma emplacement near
the brittle-ductile transition as well as reshuffling of thermally weakened blocks via oblique and
dip slip motion (Andronicos, et al., 2003; Shaw et al., 2005). In the northern Sawatch Range, 1.4
Ga mid-crustal deformation is recorded by the shuffling of crustal blocks within the HSZ and
SLSZ as well as the emplacement of the St. Kevin granite (Figure 18) (Doe and Pearson, 1969;
Shaw and Allen, 2007). Shear zone development is attributed to a varied ductile-brittle transition
(12-24-km-depth) that acted as a barrier for magma ascent and accommodated crustal
oscillations (Shaw et al., 2001; Shaw et al., 2005) caused by gravitationally driven extension and
tectonic contraction that we relate to top-down-to-the-southeast and top-up-to-the-northwest,
respectively (Figure 3).

Anisotropy may have also contributed to shear zone development. Low-angle structures
similar to the SLSZ have been documented in modern collisional settings where strain is
partitioned in an unstable middle crust (Yin, 1989; Wernicke, 1992). Studies from the Tibetan
Plateau show low-angle shear zones that cut across anisotropic structures that developed during
shortening, suggesting that low-angle structures can develop without preexisting features (Kapp

et al., 2008) and may provide a modern analog to SLSZ development.
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Figure 18. (Previous page) Geologic cross section of the boxed HSZ and SLSZ in color with
interpretation in gray scale. (see A-1 for larger version). Red and blue dashed lines represent two
possible models for 1.4 Ga HSZ and SLSZ interaction. Note position of the St. Kevin granite
(su) in the lower right. Refer to Figure 3 for mid-crustal position. Explanation of units and
symbols found in A-1.
5.4. ~1.4 Ga transpression

Stretching lineations can be used to determine flow movement, but should be used with
caution in transpressional (i.e. 3D) systems (Tikoff and Greene, 1997; Tessyier and Tikoff,
1999). Subvertical stretching lineations will ultimately form in high-strain transpressional shear
zones that are dominated by pure shear, and have, in many studies, been found to occur with a
subvertical foliation (e.g. Hudleston, 1999; Robin and Cruden, 1994; Tikoff and Greene, 1997;
Tessyier and Tikoff, 1999). The oblique stretching lineations occur as steeply plunging (HSZ: L;,
73° — 213, top-down-to-the-southeast shear sense; La, 78° — 120, top-up-to-the-northwest
shear sense) and shallowly plunging (SLSZ: Ly, 9° — 165, top-down-to-the-southeast and top-
up-to-the-northwest shear sense) (Figure 17; 19). Variation in the orientation of stretching
lineations across two shear zones (Figure 19) has been documented in other transpressional
models (Tikoff and Greene, 1997) where fabric symmetry has been attributed to cause the

differences in the plunge of lineations and vorticity across a shear system (Lister and Williams,

1983; Robin and Cruden, 1999).
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Figure 19. Schematic block diagrams illustrating the kinematics of the HSZ and SL.SZ during ~1.4 Ga deformation. (A) Oriented blocks
from each shear zone and the X7 plane used to determine kinematics with shear sense indicators and vorticity vector denoted on the XZ plane.
(B) Kinematics of dextral, top-down-to-the-SE deformation. (C) Kinematics of dextral, top-up-to-the-NW deformation. Not to scale.
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Based on relative timing constraints, we are unable to determine whether or not the HSZ
and the SLSZ were active during the same transpressional event. Kinematic investigations
presented herein have defined the meso- and microstructural components of the SLSZ and HSZ
(Figure 17; 19), independent of timing. Vorticity and shear sense analyses (Figure 19A) from the
Bennett ridgeline splay of the SLSZ and Holy Cross City splay of the HSZ suggest one possible
model for similar contributions (50-69% in HSZ; 47-59% in SLSZ) of pure shear associated with
two types of shear zone movement: 1) top-down-to-the-southeast, dextral general shear (Figure
19B) and 2) top-up-to-the-northwest, dextral general shear (Figure 19C) at similar mid-crustal
positions (12-24 km) (Figure 19). Our model supports suggestions by other workers that
instability in the middle crust influenced the development of discrete shear zones at around 1.4
Ga and may be associated with transpression (e.g. Nyman et al., 1994; Duebendorfer and

Christensen, 1995; Shaw et al., 2001; McCoy et al., 2005, Shaw et al., 2005).

5.5. Implications

SLSZ is a low-to-moderate-angled structure that accommodated normal (top-down-to-
the-southeast), reverse (top-up-to-the-northwest), and dextral movement. This study documents
the north-northeast-striking SLSZ as sharing similar deformational styles as the subvertical,
northeast-striking HSZ. Mylonite and ultramylonite from both shear zones record top-down-to-
the-southeast, top-up-to-the-northwest, and dextral movement at similar mid-crustal ductile
deformation temperatures (HSZ: ~280-500°C; SLSZ ~280-600°C) and Wy, values (47-69% pure
shear) in both plane and non-plane strain conditions. General shear deformation occurred along
discrete mylonite and ultramylonite bands in both the shallow SLSZ and steep HSZ that suggests

mid-crustal heterogeneity, possibly influenced by anisotropic D;/D; foliation, may have
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partitioned transpression into the ~1.4 Ga shear zones of central Colorado. This data contributes
towards previous work (McCoy et al., 2005; Shaw et al., 2005) performed on shear zones within
on the Colorado mineral belt that suggests Mesoproterozoic deformation was associated with the
transpressional reshuffling of blocks to accommodate far-field deformation along the evolving

margin of Laurentia.
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(FULL EXCEL DATA SETS IN PLATE 3)
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2008 Colorado Mineral Belt Fieldwork

Sample Location Date | Coordinates | Waypoint | Elevation | Strike, Dip | Plunge>Trend | Sample Description |
HS08-01 Hornsilver Campground 7/3/08 N39°29'16.4" W106°21'50.9" 9278ft 026, 75SE 54 - 66 ultramylonite towards the NE. Quartzofeldspathic schist with shea
HS08-02 Hornsilver Campground 7/3/08 N39°29'13.1" W106°21'46.6" 97 9260ft 035, 63SE N/A XYG Proterozoic Granite

HS08-03 Hornsilver Campground 7/3/08 N39°29'15.5" W106°21'49.6" 99 9236ft 018, 97SE undefined ultramylonite, high srain part of the shear zone

HS08-04 Hornsilver Campground 7/3/08 8m NW of last site 021, 80SE 97 - 95, weak quartz vein within shear zone

HS08-05 Hornsilver Campground 7/3/08 3m NW of quartz vein 038, 69SE 68 - 105 ultramylonite with strong foliation

HS08-06 Hornsilver Campground 7/3/08 N39°29'15.9" W106°21'41.5" 100 9248ft 027, 84SE 86 - 114 ultramylonite, 10 m up from #9

HS08-07 Holy Cross City 7/4/08 N39°29'15.9" W106°31'49.5" 102 10791ft 005, 86SE 85-114 mylonite within migmatized aneiss. Fine grained mylonite with fel
HS08-08 Holy Cross City 7/4/08 25m NNE of last sample (downslope) 019, 83SE 84 - 112 mylonite downslope of above sample

HS08-09 Holy Cross City 7/4/08 2.5m SE of HS08-07 342, 90SE 90 - 75 mylonite

HS08-10 Holy Cross City 7/4/08 6.5m NNW of last sample 030, 83SE down dip mylonite

HS08-11 Holy Cross City 7/4/08 N39°25'08.06" W106°28'23.8" (1.5n 103 11,231ft 021, down dip down dip - 90 mylonite

HS08-12 Holy Cross City 7/4/08 2m SE of 11 023, 84SE down dip Quartz vein within mylonite

HS08-13 Holy Cross City 7/4/08 0.3mSE from 12 031, 78SE down dip Quartz vein within mylonite

HS08-14 Holy Cross City 7/4/08 0.4m SE of 13 025, 78SE Down dip fine grained mylonite with clasts

HS08-15 Holy Cross City 7/4/08 0.3m SE of 13 024, 79SE down dip fine grained mylonite

HS08-16 Holy Cross City 7/4/08 0.2m SE of 13 030, 76SE down dip fine grained mylonite

HS08-17 Holy Cross City 7/4/08 N39°25'06.0"W106°28'24.5" 104 11,254ft 016, 69NW down dip mvlonite within high strain zone with miamatitic aneiss. Myvlonite

SL08-01 Slide Lake 7/7/08 N39°22'00.5"W106°25'04.3" 108 12988ft 002, 69SE 44-116 representative sample of calc mylonite

SL08-02 Slide Lake 7/7/08 N39°22'01.5"W106°25'03.3" 110 12,964ft 010, 42SE 26-039 calc mylonite with approzimate stretching lineation

SL08-03 Slide Lake 7/7/08 N39°22'01.5"W106°25'03.1" 111 12,987ft 358, 59SE weak lineation calc mylonite-thinly lamitated with folding features

SL08-04 Slide Lake 7/7/08 .3m from sample 3 002, 65SE weak lineation quartz vein

SL08-05 Slide Lake 7/7/08 N39°22'01.7"W106°25'02.6" 113 12,999ft 020, 15SE 06-039 marble lens

SL08-06 Slide Lake 7/7/08 N39°22'01.5"W106°25'01.6" 114 13,035ft 059, 006NW 004-314 calc silicates

SL08-07 Slide Lake 7/7/08 4mSE of last sample 330, 21NE 11-128 calc silicates

SL08-08 Slide Lake 7/7/08 N39°22'01.5"W106°25'01.0" 115 13,042ft 332, 26NE 06-128 ?

SL08-09 Slide Lake 7/7/08 N39°22'01.5"W106°25'00.7" 116 13,050ft 341, 29NE 009-143 ?

CC08-01 Golden Gate State Park 7/10/08 N39°51'06.8"W105°23'00.7" 127 8,539ft 029, vertical weak basal quartzite conglomerate

CC08-02 Golden Gate State Park 7/10/08 N39°51'38.7" W105°21'26.1" 128 8,148ft 185, 525E 38 - 151 (approx) shear zone-mylonites and ultramylonites near contact of granodiol
CC08-03 Golden Gate State Park 7/10/08 few m from last sample 190, 54SE 36 - 334 shear zone-mylonites and ultramylonites near contact of granodiol
CC08-04 Golden Gate State Park 7/10/08 N39°51'37.4"W105°21'29.1" 129 8,095ft 206, 51SE 38 - 162 granodiorite/quartzite mylonite

CC08-05 Golden Gate State Park 7/10/08 N39°51'35.4"W105°21'31.3" 130 7,965ft 050, 86SE 81 - 154, near dow shear quartz zone within mylonite quartzite

CCO08-06 Golden Gate State Park 7/10/08 N39°51'35.4"W105°21'31.3" 130 7,965ft 228, 84SE down dip quartzite next to quartz vein

CC08-07 Golden Gate State Park 7/10/08 N39°51'35.2"W105°21'31.3" 131 7,934ft 214, 85SE 74 - 121 weak quartzite with strong foliation, 2m from last sample

CC08-08 Golden Gate State Park 7/10/08 N39°51'28.563"W105°21'30.692" 7,908FT 221, 74SE on backside lineatii Quarzite
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SLSZ/HSZ Fieldwork: August 2009

Date Location [Lat [Long [Elev Strike | Dip Trend | Plunge] Lineation ﬂTer Sample # | Misc [Fold Axis |
4-Aug NW HS Creek 39.38431 106.45367 3048m 99 865W bt gneiss
39.3848 106.45403 3028m 66 89SE 245 35 bt gneiss
39.38551 106.45472 3023m 106 84SW bt gneiss
71 655W bt gneiss
52 825W 230 18 SL bt gneiss
39.38554 106.45546 3016m 99 66SW 209 59 SL-weak bt gneiss
68 80SE bt gneiss
39.38561 106.45579 3015m 68 83SW bt gneiss Higher strain zone
39.38552 106.45611 3028m 89 865W 220 86 SL bt gneiss
85 765W 209 76 SL/ML? bt gneiss
39.38507 106.45831 3161m 81 895w 255 51 SL bt gneiss F1:101, 88
39.38619 106.45611 3155m 111 81SW 249 64 ML bt gneiss HS09-01
SE HS Creek 39.38131 106.44994 3129m 101 89swW 295 59 WD SL bt gneiss HS09-02
39.382 106.44942 3080m 110 855W 292 56 ML bt gneiss
109 81swW bt gneiss F1: 300, 76
39.38157 106.94953 3049m 118 87sW bt gneiss
135 90SW bt gneiss
135 71SW bt gneiss
135 67SW bt gneiss
70 86SE bt gneiss
39.38061 106.4514 2988m 129 84SW bt gneiss
5-Aug NW, en route 39.39535 106.47063 2936m 84 85NW mt F1: 250, 81
to Holy Cross 58 90NW bt gneiss
39.41612 106.48242 173 70NE bt in granodiorite
39.41486 106.48163 35 84SE foliated Cross Creek
30 89SE foliated Cross Creek
39.41398 106.48176 25 89SE 132 75 SL mylonite-bt HS09-03 F1:190, 755W
39.41408 106.48135 9 89INW 289 88 SL mylonite-bt HS09-04 good porphyroclasts F1: 348, 66
3 87NW 115 85 SL mylonite-bt
39.41536  106.47909 3478m 40 77SE 95 75 SL mylonite-bt diff. strand-weaker
8 86NW mt 70 s/se of last
39.41798 106.47304 3473m 35 90NW mt
39.41692 106.46578 3471m 41 83NW 286 83 SL-weak mt shear bands
39.41589 106.46387 3265m 315 87NW 226 83 SL-weak mit-bt
39.4122 106.45752 3262m 59 89SE 205 69 ? mt
6-Aug NW HS Creek 39.39922 106.44746 3260m 69 77SE 165 77 ML bt gneiss
39.39981 106.44854 2976m 145 90NW bt-gt gneiss
39.40202 106.45111 9725ft 79 76SE bt-gt gneiss
8-Aug Lost Lakes 39.38088 106.44704 9885ft 115 895w 304 43 ML mt boudins PIC
39.38029 106.4454 10098ft 120 68SW 215 68 ? qgtzite/bt gneiss 52 5SS indicators PIC
39.38129 106.44239 10469ft 94 835W bt gneiss-higher strain Macro PICS SS indicators
39.37924 106.43521 11085ft bt/gt/sil schist-gneiss
39.3777¢ 106.43206 11043ft 100 81sw bt gneiss boudinage
39.37527 106.42998 11056ft 124 73SW bt gneiss multiple generations exposed
39.37509 106.4289 11072ft 295 84SW 20 73 SL bt gneiss HS09-05 crenulation, multiple lineations
39.37429 106.42839 11225ft 229 74SE 40 80 SL mt HS09-06 another folitiation: 155/54NW?
39.37174 106.42297 11565ft 5 75SE bt gneiss HS09-07 lin?? F1: 88, 70
39.37081 106.4229 11665ft 353 76NE 178 78 SL calc-sil w/ bt HS09-08 large scale fold FA: 241, 41
11800ft 25 89NW bt gneiss
39.36835 106.42848 11680ft 100 76NE bt gneiss
9-Aug NW HS Creek 39.39981 106.44854 2976m 115 84NW gt/bt gneiss HS09-09 overhanging-oblique to foliation
281 80sW gt/bt/sil? Gneiss HS09-10
65 74NW PICS: on top of outcrop-shear bands
Camp Hale Tweto SZ 27 53NW calc-sil just below unconformity with upper Paleozc
climbing area 55 74NW calc-sil 3.5m peq x-cuts-10/65SE
11-Aug Bennett Cirque I 39.39777 106.38004 11833ft 30 17SE 212 30 SL-weak Dbt gneiss HS09-11
39.3903 106.38653 11786ft 41 78SE 41 46 Sl-weak marble HS09-12  lithology change (diagram)
just downhill from abo' 80 88SE 89 34 SL bt gneiss
39.38884 106.38818 11704ft 43 84SE calc-sil
39.38668 106.39079 11812ft 32 47SE 121 41 sL bt schist, maybe gt? HS09-13 Low ange SZ contact! Pavement in cirque
39.3838 106.39273 11880ft 41 43SE 66 21 sL bt gneiss HS09-14  sinistral, top to SE
39.38285 106.39455 11919ft 55 16NW 287 17 SL mt HS09-15 mega-shear zone-macro pics
39.38233 106.39613 12054ft 140 9NW 159 7 sL bt schist HS09-16 feldspar melted
39.38708 106.39329 12185ft 55 44SE
53 35SE 72 17 sL sil meta-seds "z" fold-PIC-plunging SE FA: 120, 21
39.38872 106.38979 11984ft 38 90 163 75 SL calc-sil mylonite HS09-17  mylonite zone 2-3m wide
12-Aug Wurts Ditch 39.3733 106.36902 11201ft 35 86SE bt gneiss
39.37361 106.36971 11325ft 58 87NW bt gneiss
39.37477 106.37021 11369ft 85 55SE bt gneiss
8 m up 125 47SW bt w/mare melt
39.37542 106.37037 11376ft 94 555W mt
39.37621 106.7301 11385ft 94 75NE mt
39.37917 106.36278 11336ft 10 40NW mi-bt
39.38542 106.33851 10437ft 15 60NW bt gneiss
200-300m downslope 71 11NW bt gneiss
100m down 350 40NW bt gneiss
13-Aug Highway 24 1 39.4265 106.32162 9278ft strained quartzite w/ bt-shear bands
44 76NW 44 57 sL gtzite-bt
39.42691 106.3217 9288ft 53 77NW mylonite )PIC top to the NW shear sense FA: 354, 78
S part of outcrop 16 64NW
46 76NW calc-sil disconformity? See PICS
100m N of outcrop 15 57SE 165 75 calc-sil
14-Aug Bennett Cirque II 39.39001 106.38839 61 89SE 71 29 SL calc-sil Just before mylonite outcrop
39.38872 106.38979 11984ft 44 79SE 50 52 SL mylonite SE my. Zone
38 73SE 63 58 SL mylonite NW zone-brittle fracture in my. Zone
39.383 106.39841 12512ft 55 7ANW mt W of cornice
39.38128 106.39923 12688ft 127 21NE bt schist SZ sub-horizontal
140 3eNE
126 40NE
150 24NE 118 21 SL bt gneiss HS09-19
39.38079 106.39709 12399ft 71 49NW 305 87 SL bt gneiss melt starts
39.38274 106.39385 11873ft 74 56NW 57 25 SL bt gneiss HS09-20
39.38302 106.39353 11869ft 22 39SE 156 25 SL bt gneiss K-spar rich intrusions
16-Aug Hwy 24 II 39.42746 106.32186 9275ft 229 81NW 237 79 Int. Lin bt-mylonite FA: 76, 25
FA:50, 81
railroad tracks 9520ft 94 81NE 84 15 SL hc
39.42634 106.32462 9716ft S 66 IL phyllite
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17-Aug Slide Lake paven 39.37381 106.39568 11741ft 45 84NW 234 63 SL bt gneiss
Smup 81 34NW bt gneiss
2 more m up 24 84NW bt/mt
39.37391 106.39566 11775ft 40 70NW 319 68 IL bt gneiss S and Z part of larger fold FA: 256, 81
outcrop b 39.37578 106.39728 11908ft 120 16NE 320 7 SL mylonite HS09-21 TONS of Pics of shear sense and fabric gen
50 14NW 324 6 SL mylonite HS09-22
123 7NE 324 6 SL mylonite HS09-23
95 19NE 324 19 sL mylonite HS09-24
201 30SE 170 55 SL
39 19SE 160 10
194 33SE 151 15
10 14SE 169 9
13 34SE 166 11
51 11SE 169 7
14 20SE 141 13
3 12SE 170 3
18 24SE 149 13
8 21SE 151 9
146 11NE 355 4
30 17SE 157 11
42 14SE 148 a
128 12SE 351 5
78 15NE 335 14
outcrop ¢ 39.37591 106.39806 11978ft 41 32SE mt, S2 T Hinge-Pic in book-part of large fold
20 27SE 145 12 SL mylonite shear sense pics
160 12NE 326 5
164 23NE 130 22
113 17NE 320 14
90 22N 315 14
133 14NE 332 4
172 22NE 139 20
outcrop d 39.37729 106.39939 11748ft 65 11SE 154 10 bt gneiss
39.3775 106.39908 11797ft 26 69SE 119 64 SL bt gneiss
39.377719 106.39879 11902ft 42 82SE 134 77 SL mt with epidote?
39.37717 106.39893 11978ft 24 46SE bt gneiss
30 60SE
39.37712 10639927 12002ft 62 12NW 351 9 sL calc-sil mylonite HS09-26 sub-horizontal
75 14NW 351 9 Sl-weak
34 14NW 341 12 sL
39.37729 106.39939 11748ft 40 84NW
61 9SE 161 6 Sl-weak
319 165W 12 18 Sl-weak
106 8SW 163 5 part of large W-plunging fold
39.39603 106.39919 12012ft 44 87NW mt (sil pods?)
39.37487 106.3983 11907t 92 44NE bt gneiss
39.37466 106.3983 11907t 59 64NW more bt-bt gneiss
39.37423 106.39911 11853ft 79 20NW 325 4 Sl-well dey mylonite cliff above lake
39.37365 106.39875 11805ft 45 81NW 40 81 ML mt
39.37356 106.39745 11691ft 45 72NW bt gneiss
18-Aug Slide Lake cirque 39.37421 106.39898 11848ft 342 38NE 324 9 SL-wWD qtzo-feldspathic gneiss
349 32NE 327 8 SL-wD qtz-feld gneiss
329 33NE 332 6 SL-WD qtzo-feldspathic gneiss
83 39NW higher strain domains
170 13NE 148 4 SL-WD mylonite zone lots of pics and drawings of shear bands
148 22NE 144 2 SL-WD mylonite zone
156 21NE 147 3 SL-WD mylonite zone
177 19NE 146 6 SL-WD mylonite zone
16 7SE 165 6 SL-WD mylonite zone
148 21NE 144 2 SL-WD calc-sil mylonite HS09-27
39.37417 106.40135 11756ft 71 79SE 100 76 ML mt
57 62SE
39.37499 10640121 11836ft 47 79NW
59 77NW transition from mt to bt-not as much melt |
39.37554 106.4025 11999ft 138 32NE 128 7 calc-sil
160 34NE 129 15 calc-sil
214 12SE 150 11 calc-sil
159 12NE 125 9 calc-sil
165 38NE calc-sil
147 4 calc-sil
131 12 calc-sil
41 15SE 162 a calc-sil
39.37547 106.40302 12076ft 61 81NW
39.37632 106.4044 12327t 180 29E 141 12 SL-wD calc-sil w/ bt
147 21NE 145 5 calc-sil w/ bt
147 16NE 345 7
172 22NE 142 11
30 20SE 130 18
53 24SE 152 23 mylonite HS09-28 shear sense pics-top to the NW
39.37671 106.40539 12578ft 20 34SE 158 28 SL-WD bt gneiss-higher strain
39.37772 106.40554 12611ft 46 32SE 164 26
39.37747 106.40996 12494ft 15 17SE 154 5 mt
39.37704 106.4038 12262ft 85 43NW mt
19-Aug Slide Lake cirque 39.37183 106.4027 11738ft 65 43NW 312 41 mt HS09-29
118 SNE
72 20NW
73 34NW 342 34
59 19NW 305 18
39.37161 106.40327 11805ft 40 72NW
55 36NW
45 2SE 121 1sSL
80 6SE 134 4 SL mylonite HS09-30 top-to-the-NW-shear sense
39.37128 106.40362 11843ft 42 81SE 153 80 sL mt
39.37106 106.40422 11971ft 30 556NW
39 76NW mt
39.37097 106.40513 12112ft 75 43NW mt w/ high strain domain
39.37061 106.40721 12222ft 42 66NW mt FA:321, 41
39.37068 106.40791 12265ft 25 55NW mt
39.37012 106.40958 12309ft 46 43NW mt
39.36995 106.41109 12472ft 55 66NW mt
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48 53NW mt
39.36984 106.41229 12670ft 145 25NE calc-sil
39.36959 106.4126 12709ft 23 88SE bt gneiss
39.3694 106.41354 12879ft 172 30SwW 155 3 SL calc-sil-higher strain
39.38977 106.41329 12917t 20 13SE 150 9 SL calc-mylonite HS09-31
44 10SE 153 10 SL
39.37041 106.41274 12853ft 42 35NW mt
28 26NW 291 23 qtz layer
75 17NW 334 11 qtz layer
39.37096 106.41206 12796ft 14 36SE 155 20 sL mylonite-calc
3mN 359 24SE 330 13 SL mylonite-calc
20 29SE 165 9 SL mylonite-calc
39.3711 106.41167 12778ft 120 11NE 323 7 SL-WD mylonite
165 17NE 345 17 sL mylonite HS09-32 Top to the SE SS
39.37208 106.41035 12825ft 5 36SE 176 4 SL mt
39.37256 106.4095 12826ft 359 30E 331 16 SL amph/mylonite layered
39.37324 106.40826 12810ft 149 15NE 141 3 SL mt, near mylonite
155 10NE 123 6 SL mylonite HS09-33
2m dow 159 16NE 133 3 SL my
4.5mdc 140 20NE 135 4 SL mylonite
39.37344 106.40819 12826ft 156 27NE 332 6 SL mylonite HS09-34
39.37399 106.40766 12833ft 32 43NW pebbly horizon?
39.37583 106.40716 12763t 118 35NE 324 9 SL mt, small my zones
106 17NE 333 8 SL my Top to the NW SS
near PEB 102 22NE 299 4 SL my? HS09-35
39.37631 106.40668 12721ft 79 23NW 314 19 SL my
39.37685 106.40639 12710ft my in float
39.3772 106.40593 12687t 48 46NW bt schist. Crap.
39.37876 106.40499 12618ft 123 28NE
164 37NE
135 26SE
7mdow 156 24NE 150 4 SL calc-mylonite
W-side 1 14 69SE 165 54 SL calc-mylonite
39.37876 106.40499 12546ft 139 28NE 8 23 SL my? HS09-36 not super mylonitic/S-C fabric?
158 29NE 320 15 mylonite-calc
5 m NE 159 23NE 139 4 mylonite
39.38004 106.40353 12543ft 142 16NE 139 3 weak SL  calc-mylonite
39.38011 106.40336 12539ft 153 33NE 132 8 weak SL  calc-mylonite
39.38017 106.40304 12551ft 154 785w bt-gneiss CONTACT
40 24SE mylonite-SZ CONTACT
7 mbell 145 27NE
149 29NE
39.37971 106.40302 12441ft 161 46NE 347 38?2 same?? mylonite HS09-37 near contact-below it~10m
Micah's notes 39.02224 106.24253 70 8SE mt
39.22232 106.24283 11951ft 17 61NW
39.22268 106.24343 12196ft 266 B4NW 330 45 mt
39.22269 106.24342 12172ft 237 46NW 275 43 moderate mt
39.22298 106.24411 12379ft 250 79NW NO lin qtz-feld schist
39.22337 106.24451 12554ft 279 S0NE NO lin qtz-feld schist
3mupl 255 65NW 330 61
39.22358 106.24483 12666ft 260 S51NW 341 50 bt schist/gneiss
39.22376 106.24506 12763ft 20 11SE 351 1 SL-WD bt schist
39.2238 106.24504 12803ft 290 55SE 165 3 SL-WD mylonite Micah has SS indicator-Top to the SE
39.22382 106.24521 290 S0NE 20 ft from top of mylonite zone
39.22329 106.24604 12863ft 325 9NE 20 11 mylonite
39.22307 106.24664 12834ft 280 54NE No lin mt
39.22265 106.24702 12786ft 20 18SE 225 1
133 21INE 357 12 mylonite HS09-38
39.22201 106.24785 12864ft 161 32NE NO lin
39.2215 106.2482 12990ft 269 82SE NO lin qtz-feld schist
39.21929 106.24473 12527t 55 54SE mig
39.21949 106.24473 12527ft 11 26SE 145 15 WD Lin mylonite
39.22001 106.24319 12043ft 250 58NW mig
20-Aug N-side of lake 39.43272 106.41431 50 88SE bt schist
54 87SE gt-bt schist
39.37807 106.39624 12169ft 22 22SE mt
15 30SE mt
40 29 IL in fold
39.37517 106.39431 11941ft 53 21NW 310 19 SL mylonite
86 12NW 315 9 SL mylonite
35 13NW 325 13 SL mylonite HS09-39
15 9NW 324 5 SL mylonite
9mdov 115 16NE 335 11 SL mylonite
39.37509 106.39489 11915ft 52 27NW isolated shear band FA: 33-7 mylonite wrapped in fold
57 28NW mylonite HS09-40 Axial surface-58/S7NW
70 37NW 4 41 mylonite HS09-41 Top to the SE
killer mylonite! 39.37498 106.39156 11438ft 45 61SE feldspar/bt/qtzose
51 75SE feldspar/bt/qtzose
2m E 51 68SE 164 65 SL-WD mylonite HS09-42 a/b
52 73SE 125 74 SL-WD mylonite
39.3749 106.39131 11597ft 48 52SE limb of fold
21-Aug N-side of lake 39.37378 106.39246 11502ft 51 70SE 175 54 sL mylonite HS09-43
killer mylonite! 35 67SE 170 69 SL mylonite HS09-44
225 75SE 170 64 SL mylonite HS09-45
50 50SE 170 44 SL mylonite HS09-46
39.3749 106.39115 11872ft 39 73SE 189 59 SL mylonite HS09-47
39.37488 106.39124 11831ft 42 69SE 76 61 SL mylonite HS09-48
48 63SE 70 44 SL mylonitized gtz ribbc HS09-49
39.37474 106.39105 11831ft 65 82SE 42 69 SL-WD mylonite
39.37466 106.39091 11821ft
39.37445 106.39024 11810ft 70 64SE bt gneiss
39.3742 106.38978 11779ft 71 78SE sil-bt gneiss
60 75SE sil-bt gneiss
27-Aug Bennett/SL ridge 39.35585 106.40575 12030ft 89 44SE 148 34 Sl-weak bt gneiss/qtz
39.369 106.40208 11965ft 100 59swW
2mdov 112 50SW 176 48 SL-WD qtz/feld
108 44swW 170 41 SL mylonite HS09-51
39.3777 106.38593 11959ft 50 74SE 229 20 SL-weak high strain in mt
5 m dov 56 78NW 325 74 SL-WD bt/qtz ribbons
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39.37774 106.38674 11961ft 43 66NW bt gneiss/qtz
39.37775 106.3879 12132ft 39 75SE bt/plag coarser grained
65 81NW bt/plag coarser grained
5mup 65 72SE 212 61 SL calc-sil mylonite HS09-52
39.37967 106.39381 12520ft 48 71SE bt gneiss
39.37469 106.39423 12524ft 74 73SE bt gneiss w/kspar
39.37967 106.39461 12522ft 76 61SE 194 59 WD-SL qtz-feld gneiss HS09-53
39.37873 106.39524 12515ft 57 49SE no lin bt gneiss
28-Aug Homestake Cirque 39.36666 106.40375 11948ft 62 74NW bt gneiss/qtz
35 82SE bt gneiss
36 76SE bt gneiss
4 mup 23 46NW 310 43 SL bt gneiss with gt
39.36576 106.40674 12263ft 345 11NE high strain in mt
340 28NE S2 defined by mica
39.36574 106.40736 12389ft 4 40SE 156 25 SL mt top to the SE
39.36701 106.41695 12953ft 23 40SE 158 DD SL calc-mylonite
1 25SE 160 11 SL-WD mylonite top to the SE
10 31SE 155 24 SL calc-mylonite
39.36641 106.41822 12945ft 6 26SE 172 9 SL qtz-feld gneiss
S m dov 1 34SE 169 11 sL bt gneiss
39.36592 106.41887 12977ft 152 48NE
161 65NE calc-sil gneiss
39.36603 106.41779 12843ft 140 33NE
3mdov 136 21NE 348 11 calc-mylonite
39.36621 106.41617 12773ft 36 28SE 155 28 SL mylonite HS09-54
39.36592 106.4159 12755ft 3 29SE 144 12 SL mylonite
6mdov 150 28NE qtz-feld gneiss
39.36568 106.41566 12708ft 5 27SE 143 18 SL calc-mylonite
39.36549 106.4155 12641ft 14 15SE 156 16 SL bt mylonite
12 up 40 3SE 164 1sL bt gneiss
39.36512 106.41509 12634ft 45 61NW qtzo-feldspathic gneiss
39.36391 106.41665 12301ft 164 37NE qtz feld gneiss part of large fold-diagram in book
10 mdc 125 S0NE qtzo-feldspathic gneiss same fold above
39.36224 106.41756 12614ft 122 71NE qtzo-feldspathic gneiss
39.36119 106.41799 12325ft 144 44NE 351 26 SL mylonite HS09-55
39.3606 106.40866 11826ft 131 39NE mt
29-Aug Slide Lake pavem 39.37194 106.39291 11725ft 71 62NW no lin bt gneiss
20 m SE 15 46SE bt gneiss
39.37125 106.39297 11704ft 51 71INW bt gneiss
39.37017 106.39616 11778ft 100 54NE bt gneiss
39.36823 106.3997 11739ft 70 74NW bt gneiss into Mt
39.36772 106.40041 11737ft 45 72ZNW bt gneiss
54 64NW 286 59 bt gneiss
39.36613 106.40183 11846ft 12 54NW 340 48 calc-sil gneiss
39.36449 106.40121 11926ft 45 60NW
73 55NW qtz-feldspathic gneiss with calc
39.3648 106.40078 11894ft 62 82SE qtzo-feldspathic gneiss
50 89NW qtzo-feldspathic gneiss
39.36521 106.40045 11858ft 28 79NV qtzo-feldspathic gneiss
10 m dc 40 S4NW qtzo-feldspathic gneiss
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Appendix IV
Homestake and Shde Lake petrographic and microstructural analysis
Collected during the 2008-2009 field seasons
Sample

HS08-01
HS08-02
HS08-03
HS08-04
HS08-05
HS08-06
HS08-07a/b
HS08-08
HS08-09
HS08-10
HS08-11
HS08-12
HS08-13
HS08-14
HS08-15
HS08-16
HS08-17
SLO8-01
SLO8-02
SLO8-03
SLO8-04
SL08-05
SLO8-06
SLOR-07
SLOR-08
SLOB-09
Hs09-01
HS09-02
HS09-03
HS09-04
HS09-05
HS09-06
HS09-07
HS09-08
HS09-09
HS09-10
HS09-11
HS09-12
HS09-13
HS09-14
HS09-15
HS09-16
HS09-17
HS09-18
HS09-19
HS09-20
HS509-21

Locati
HC
HC
HC
HC
HC
Hc
Hceo
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HP
HP
HP
HP
HP
He
HP
HP
Hp
Hv
HV
HCC
HCC
LL
LL
LL
LL
Hv
HV
BC
BC
BC
BC
BC
BC
BC
Hwy 2
BC
BC
SLC

Latitude
39°29'16.4"
39°29'13.1"
39°29'15.5"
39°29'15.5"
39°29'15.5"
39°29'15.9"
39°20"15.9"
39°29"15.9"
39°29'15.9"
39°29'15.9"
39°25'08.06
39°25'08.06
39°25'08,06
39°25'08.06
39°25'08.06
39°25'08.06
39°25'06.0"
39°22'00.5"
39°22'01.5"
39°22'01.5"
39°22'01.5"
39°22'00.7"
39°22'01.5"
39°22'01.5"
39°22'01.5"
39°22°01.5"
39.38619
39.38131
39.41398
39.41408
39.37509
39.37429
39.37174
39.37081
39.39981
3939081
39.39777
39.3903
3938668
39.3838
39.38285
39.38233
39.38872
3942691
39.38128
39.38274
39.37578

Longitude

106°21'50.9"
106°21'46.6"
106°21'49.6"
106°21'49.6"
106°21'49.6"
106°21'4].5"
106°31'49 5"
106°31'49.5"
106°31'49.5"
106°31'49.5"
106°28'23.8"
106°2823.8"
106°2823.8"
106°2823.8"
10652823 8"
106°28'23.8"
106°28'24.5"
106725'04.3"
106°25'03.3"
106°25'03.1"
106°25'03.1"
106°25'02.6"
106°25'01.6"
106°25'01.6"
106°25'01.0°
106°25'00.7"
106.45611
106.44994
106.48176
106.48135
106.4289
106.42839
106.42297
106.4229
106.44854
10644854
10638004
106.38653
106.39079
106.39273
106.39455
106.39613
106.38979
106.3217
10639923
10639385
106.39728

Strike Dip

26 75 SE
35 63 SE
18 97 SE
21 80 SE
38 69 SE
27 84 SE
5 86 SE
19 83 SE
342 90 SE
30 83 SE
21 bD
23 84 SE
31 78 SE
25 T8 SE
24 79 SE
30 76 SE
16 69 NW
2 69 SE
10 42 SE
358 59 SE
2 65 5E
20 15 SE
59 6 NW
330 21 NE
332 26 NE
341 29NE
111 BISW
101 89SW
25 89SE
9 BUNW
295 845W
229 T4SE
5 758E
353 76NE
115 84NW
281 S0SW
30 17SE
41 788E
32 47SE
41 435E
55 16NW
140 INW
38 90
56 83INW
150 24NE
T4 56NW
120 16NE

Shear sense Vorticity Monazite/Zircon
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Trend Plung: Lithology Mineral assemblage Met pgrade Def. mech. Def. T°C
66 54 ultramylomite  qtz, fsp, chl, plag, musc, zr chl BLS-SGR 300-400 -
granite qtz, plag, ksp, muse, chl — chl BLG 300 -
ultramylomite  gtz, fsp, plag, musc, bt, op bt SGR 450-500 -

95 97 quariz vein  qtz, little chl chl SGR 400-450 -

105 68 ultramylonite gz, fsp, plag, bt, musc, chl bi-chl SGR 300-400 -
114 68 ultramylomite  qiz, fsp, bt bt SGR 450-500 -
114 85 mylonite qtz, fsp, plag, sil, musc, bt bt SGR 450-500 t-NW
112 84 proto-mylonite qtz, bt, plag, fsp, sil, musc, + sil-musc, (-chl) SGR 400-500 =NW
75 90 proto-mylonite qtz, bt, plag, fsp, musc, chl bt-chl BLG-SGR 350-450 -
120 DD mylonite qtz, musc, bt, fsp, plag, mus bt SGR 450-500 -
111 DD proto-mylonite qiz, musc, bt, fsp, plag, bi, ¢ bt-chl BLG-SGR  350-450 -
113 DD quartzvein  qtz, musc, f5p, bt bt SGR 450-500  -NW
121 DD quariz vein  gtz, muse, f5p, bt ht SGR 450-500  1-NW
115 DD proto-mylonite qtz, fsp, plag, musc, bt bt SGR 450-5000 -
114 DD proto-mylonite qiz, mic, plag, bt bt BLG-SGR 350-450 -
120 DD proto-mylonite gz, plag, bt, musc bt SGR 450-5000 -
106 DD bt gneiss bt, qtz, f5p, musc bt BLG-SGR 300-500 -
116 44 proto-mylonite qtz, bt, plag, bt, chl chl BLG 300-400  1NW
39 26 cale-sil marble qtz, cal, chl chl BLG 300-400  -SE
cale mylonite  qtz, plag, chl chl BLG 300-400 -
quartz vein gz, fsp, cal, epr, chl chl GBM 350-450 -

13 6 marble lens  qtz, fsp, cal (no alignment) bt cal BLG (7) ~ 400-450 -
314 4 calc silicates  qtz, musc, qtz, cal, chl chl SGR 400-450 -5E
128 11 ultramylomte gtz (GSR), bt, chl, muse  bi-chl SGR 400-500  NE
128 6 bt gneiss quz. b, fsp, bt GBM 450-550  1-SW
143 9 bt gneiss qtz, bt, fsp, musc bt BLG 400-450 -
249 64 bt gneiss qtz, mus, bt, plag, zr, fsp, bt BLG 400450 -

295 59 bt gneiss qiz, fsp, mus, bt (minor) bt BLG-SGR 400-500 -
132 75 ultramylonite-h qtz, bt (minor), fsp bt SGR 400-500  1-NW
289 88 mylomite-bt  fsp, plag, qtz, bt, musc, chl b-chl BLG-SGR 300-450 -
20 73 bt gneiss no thin section - - - -
40 80 mt qiz, bt, chl, sil, fsp stl-muse, bi-chl GBAR 650+ (retro 350-400)
bt gneiss qiz, bt, muse, ser bt GBAR 650+ (retro -
178 78 cale-sil w/ bt bu, cal, hbl, quz hbl-bt GBAR 650+ (retro -
gubit gneiss b, gt, sil, erd, gtz, kpar, mu bi-gt-sil-crd ~ GBAR 600-700 -
at/bu/sil gneiss bt gt, sil, erd, qtz, kpar, mu bi-gt-sil-crd - GBAR HO0-700 —
212 30 bt gneiss qtz, fsp, sil, bt, chl, mus (op sil-muse, bi-chl GBAR 650+ (retro -
41 46 marble cal, amp? (minor qtz) chl-bt P sol'n 350-400 -
121 41 bt schist, mavhe qiz, bi, g, chl, rt, ar, muse  bt, gi-chl GBAR =500-600 re -
66 21 bi gneiss qtz, fsp, bt, plag, bt BLG 350-450 -
287 17T m qtz, bi, fsp, mus bt BLG 350-450 -
159 7 bt schist qtz, bi, fsp bt BLG 350-450 -
163 75 proto-mylonite qtz, chl, musc chl BLG 300-350 -
45 76 quartzite qtz, fsp, bt bt GBAR 630+ (retro -
118 21 bt gneiss qiz, zr, rt, mus, bt, fsp bt GBAR 650+ (retro -

57 25 bt gneiss qtz, zr, rt, mus, bt, fsp, plag plag-musc GBAR 650+ =

320 7 mylonite qtz, fsp. bt, epi, zr bt BLG 350-450 -

0.58-0.69
0.59-0.62
0.58-0.70

0.68-0.70

monazite - (1) centre

monazite- (1) in alig

monazite
monazite

Zrcon in garnets



HS09-22 SLC 39.37578 10639728 50 14NW 324 6 mylonite qtz, sil, mus, bt, sil-to-musc high T overprinted by Bl -8E -

HS09-23 SLC 3937578 106.39728 123 7TNE 324 6 mylonite qtz, muse, b, sil bt-sil to muse  GBAR 650+ (retro 1-8E -

HS09-24  SLC 3937578 10639728 95 19NE 324 19 mylonite qtz, fsp, sil, bt, muse, ap, bt sil to muse, 1 GBM to GE 650+ (retro -SE - monazites - (1) g
HS09-25 SLC 3937578 10639728 20 275E 145 12 mylonite qtz, cal, musc, bt, 11, minor bt minor sil GBM 6350+ (retro 1-SE -

HS09-26  SLC 3937712 10639927 62 12NW 351 9 cale-sil mylonil gtz, hbl, bi, cal, sphene bt SGR-GBM 450-600  1-SE -

HS509-27  SLC 3937421 106.39898 148 2INE 144 2 mylonite qtz, b, muse, fsp, chl bt, chl GBAR 650+ (retro 1-SE -

HS09-28  SLC 3937632 1064044 53 48E 152 23 mylonite qtz, musc, bt bt GBM 500-600  t-SE -

HS09-29 SLC 3937183 1064027 65 43NW 312 41 migmatite qtz, bi, mus sil-musc, bt GBAR 650+ (retro -NW -

HS09-30 SLC 3937161 10640327 80 6SE 134 4 mylonite qtz, bt, musc, sil, 1, sil sil-musc, bt GBM 500-600  t-SE -

HS09-31  SLC 3938977 10641329 20 138E 150 9 cale-mylonite  qiz, musc, bt, minor hbl, sil bi-sil to muse  GBM 500-650  -SE -

HS09-32  SLC 393711 10641167 165 1TNE 345 17 mylonite qtz, musc, bt, mag, chr, sil  bt-sil to muse  GBM 500-650  -NW -

HS09-33  SLC 3937324 10640826 155 10NE 123 6 mylonite qtz, b, muse, stl, opq, bi-sil to muse  (earlier high 650+ 1-SE -

HS09-34  SLC 3937324 10640826 156 2TNE 332 6 mylonite qtz, fsp, bt, chl chl GBAR 630+ (retro t-SE -

HS09-35  SLC 3937583 10640716 102 22NE 299 4 my? qtz, sil, musc, bt, sil to muse  GBM 450-650  1-SE -

HS09-36 SLC 3937876 106.40499 139 28NE 8 23 my? qiz, bt, musc, fsp, bt bt high T over) 650 overprit t-NW - monazite - (1)ym
HS09-37 SLC (13937971 106.40302 161 46NE 347 387 mylonite qiz, fsp, br, musc, chl (los! chl BLG 300-400 1-NW -

HS09-38  SLC 3922265  106.24702 133 2INE 357 12 mylonite qtz-fsp (dom.jmusc, bt, sil bt GBAR 650+ (retro -NW -

HS09-39  SLC 3937517 106.39431 35 13NW 325 13 mylonite qtz, muse, bt, minor ¢hl bt BLG 450-500  t-SE -

HS09-40  SLC 3937509 10639489 57 28NW mylonite qtz, sp, b, musc, sil, ap, ch chl, sil-to-muse BLG 450-500  1-8 -

HS09-41 SLC 3937509 106.39489 70 3INW 4 41 mylonite qtz, bt, musc, sil bt, sil to muse  GBAR 650+ (retro - -

HS09-42 ab BR 3937498 10639156 51 68SE 164 65 mylonite qtz, fsp, bt, mus, 7r, bt GBM 450-600  1-SE 0.72-0.79 big #r in the fabr
HE09-43 BR 3937378  106.39246 51 TOSE 175 54 mylonite qtz, musc, bt, fsp, zr bt GBM 450-600  1-8E 0.71-0.72

HS09-44 a'b BR 3937378 10639246 35 67SE 170 69 mylonite giz, [sp, musc, bi, zr, sphem bt GBM 450-600  1-SE 0.70-0.72

HS09-45 BR 3937378 10639246 225 758E 170 64 mylonite qtz, fsp, zr, musc bt GBM 450-600  t-SE 0.68-0.73 monazite - (1) al
HS09-46 BR 3937378  106.39246 50 508E 170 44 mylonite qtz, fsp, #r, musc, cr, bt bt GBM A50-600 -SE 0.63-0.65 zircon

HS09-47 BR 393749 106.39115 39 738E 189 59 mylonite qtz, fsp, bt, chl, zr chl-bt SGR-GBM 400-600 -5E 0.58-0.65 monazite
HS09-48  BR 3937488  106.39124 42 69SE 76 61 mylonite qiz, bt, musc, f5p bt BLG-SGR  350-450 - -

HS09-49 BR 3937488 10639124 48 638K 70 44 mylonitized gtz qrz, fsp, bt musc bt SGR-GBM 450.550 - -

HS09-50 BR 3937488 10639124 75 88SE 191 86 mylonite qtz, b, fsp, zr, minor chl bt BLG-SGR. 350-450 - - monazite - (1) m
HS09-51 BR 39369 106.40208 108 44SW 170 41 mylonite qz, b, fsp bt GBM 450-600  1-NW -

HS09-52 BR 3937775 1063879 65 T28E 212 61 cale-sil mylonit gtz, chl, bt, musc, cal chl-bt GBAR 650+ (retro t-SE -

HS09-53  BR 3937967 10639461 76 61SE 194 59 quz-feld gneiss qtz, fsp. ar, chl, gt sil chl-bi-gi-sil  GBAR 6350+ (retro - -

HS09-54  SLC 3936621 10641617 36 288E 155 28 mylonite qtz, fsp, musc, bt bt BLG 350-400  t-SE -

HS09-55 SLC 3936119 10641799 144 44NE 351 26 mylonite qtz, fsp, bt sil, musc sil-to-muse, bt GBAR 650+ (retro - -

CCOR-01 GGSP 39°51'06.8" 105%23'00.7" 29 vertical weak 0 basal quartzite « qtz, op, sil, bt sl BLG-SGR  250-400 - -

CCO8-02  GGSP 39°51'38.7" 105°21'26.1" 185 528E 151 38 mylonite qtz, fsp, bt, ms, ms, ser bt BLG <250 -NW -

CCOR-03  GGSP 39°51'38.7" 105°21°26.1" 190 54SE 334 36 mylonite qtz. fsp, plag, ms, bt, ser bt BLG <250 -SE -

CCO08-04  GGSP 39°51'37.4" 105°2129.1" 206 51SE 162 38 ulramylonite qtz (micro), ksp, op bt BLG <250 -NW -

CC08-05  GGSP 39°51'35.4" 105°21'31.3" 50 B6SE 154 8] quariz vein qtz, ms, bt, ksp bt BLG <250 LSE(Lmf -

CCOB-06  GGSP 39°51'35.4" 105°21'31.3" 228 84SE downdip  quanzite quz, ms, bt, zr, op, bt BLG+ 250-300  -NW (ogsl) -

CCO08-07  GGSP 39°51'35.2" 105°21'31.3" 214 858E 121 74 quartzite MIA - - - = -

CCO8-08  GGSP 39°51'28.56 105°21'30.69 221 T4SE  downdip  quarzite gtz ms. op chl BLG <250 - -

Location abbreviations: (HC) Horsilver campground, (HCC) Holy Cross City, (HP) Homestake Peak, (L1) Lost Lakes, (HV) Homestake Valley, (BC) Bennett Cirque,

(SLC) Shide Lake Cirque, (BR) Bennett Ridgeline, (GGSP) Golden Gate State Park.

Mineral abbreviations: (qtz) quartz, (bt) biotite, (fsp) feldspar, (musc) muscovite, (chl) chlorite, (sil) sillimanite, (zr) zircon, (cal) caleite, (2t) garnet, (erd) cordierite, (ap)

apatite, (hbl) hornblende, (rt) rutile, (plag) plagioclase
Deformation temperatures: derived from quartz and feldspar texures from Stipp et al., 20002 (qtz) and Pryer, 1993 (fsp), and Spear (1993)
Shear sense: from oriented samples, indicators include: mica fish, rigid tails on porphyvroclasts, oblique grain shape fabric, shear bands. ..

Vorticitv: Mean kinematic vorticity (Wm) derived from the Rigid Grain Net technique (see text for methodology)
'Deformation temperatures derived from quartz textures (Stipp et al., 2002a.b) feldspar textures from (Pryer, 1993), metamorphic mineral assemblage (Spear, |, an

quartz LPOs
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