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Kinematic and geometric evolution of the Buckskin-Rawhide
metamorphic core complex, west-central Arizona
John Selwyn Singleton, Ph.D.
The University of Texas at Austin, 2011
Supervisor: Sharon Mosher

Reconstructing the structural evolution of metamorphic core complexes is critical
to understanding how large-magnitude extension is accommodated in the middle to upper
crust. This dissertation focuses on the Miocene geometric and kinematic evolution of the
Buckskin-Rawhide metamorphic core complex in west-central Arizona, addressing
controversial topics including the geometric development of mid-crustal shear zones, the
formation of detachment fault corrugations, and the transition from detachment faulting
to more distributed deformation.
Detailed microstructural data from mylonites in the lower plate of the BuckskinRawhide detachment fault indicate that early Miocene mylonitization was characterized
by consistent top-NE-directed shear and ~450-500°C deformation temperatures that
varied by ≤50°C across a distance of ~35 km in the extension direction. The relatively
uniform deformation conditions and strain recorded in mylonitized ~22-21 Ma granitoids
are incompatible with models in which the lower plate shear zone represents the downdip continuation of a detachment fault. Instead, lower plate mylonites initiated as a
subhorizontal shear zone that was captured and rapidly exhumed by a moderately to
gently dipping detachment fault system.
Structural data and geologic mapping demonstrate that the prominent NE-trending
Buckskin-Rawhide detachment fault corrugations are folds produced by extensionperpendicular (NW-SE) shortening during core complex extension.

Dominant NE-

directed slip on the detachment fault was progressively overprinted by NW- and SEvi

directed slip associated with corrugation folding. Orientation patterns of upper plate
bedding across the corrugations are compatible with folding about a NE-trending axis.
Extension-perpendicular shortening in the lower plate is recorded by synmylonitic
constriction and folding. Upright m-scale and km-scale lower plate folds parallel the
detachment fault corrugations and developed primarily by postmylonitic flexural slip that
was coeval with detachment faulting. The total amount of NW-SE shortening across the
lower plate is ~10%, but the amount of NW-SE shortening recorded by the younger
detachment fault is only ~1%. The relatively late-stage development of corrugations in
the Buckskin-Rawhide metamorphic core complex suggests that extension-perpendicular
shortening was primarily driven by a reduction of vertical stresses through crustal
thinning and tectonic denudation.
Brittle fault data document the transition from large-magnitude, NE-directed
extension to distributed E-W extension and right-lateral faulting. Following exhumation
to brittle conditions, lower plate mylonites were extended up to ~20-30% by NE-dipping,
syndetachment normal faults. Towards the end of detachment faulting, the extension
direction rotated clockwise, and some portions of the Buckskin detachment fault record a
transition from dominant top-NE slip to ENE- and E-directed slip. After detachment
faulting ceased, E-W extension was accommodated primarily by steeply NE-dipping,
right-lateral and oblique right-lateral-normal faults. The cumulative amount of rightlateral shear across the core complex is probably 7-9 km, which is the amount needed to
restore the topographic trend of lower plate corrugations into alignment with the
dominant extension direction. Postdetachment right-lateral/transtensional faulting across
the Buckskin-Rawhide metamorphic core complex reflects the increasing influence of the
Pacific-North American transform plate boundary towards the end of the middle
Miocene.
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Introduction
Metamorphic core complexes are the product of large-magnitude extension. Most
core complexes are characterized by an arched mylonitic shear zone that is exposed
below a shallowly dipping (<30°), regionally extensive normal (detachment) fault (Figure
I.1). Mylonitization is generally associated with core complex extension, and unroofing
of mylonitic rocks is typically accomplished by tens of kilometers of slip along
detachment faults. The structural and tectonic evolution of Cordilleran metamorphic core
complexes in North America has been a major focus of research since the 1970s. Despite
significant advances in understanding the dynamics of crustal extension, several aspects
of metamorphic core complexes remain controversial.

Many of these controversies

center on the geometric and structural evolution of core complexes, including the
geometric development of lower plate shear zones, the formation of detachment fault
corrugations, and the transition from detachment faulting to more distributed
deformation. These topics are critical to understanding how large-magnitude extension is
accommodated in the middle to upper crust.

Figure I.1 - Simplified cross section of a metamorphic core complex viewed parallel to the extension direction.

This dissertation addresses the Miocene kinematic and geometric evolution of the
Buckskin-Rawhide metamorphic core complex in west-central Arizona (Figure I.2). The
core complex encompasses the Rawhide, Buckskin, and Little Buckskin Mountains,
making it among the largest metamorphic core complexes in the North American
Cordillera.

Located in one of the world’s classic detachment fault localities, the

Buckskin-Rawhide metamorphic core complex is in many regards an ideal locality for
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studying the structural development of lower plate shear zones and detachment fault
systems. The abundance of early Miocene intrusions in the lower plate enables strain
associated with core complex extension to be distinguished from older deformation.
Lower plate mylonites are exposed for ~40 km in the extension direction, and extensionparallel corrugations are very well developed across the core complex.

Numerous,

outstanding detachment fault exposures are present in the Buckskin and Rawhide
Mountains, and many fault zones cut the detachment fault.

These exposures have

allowed me to collect significant data relating to the geometric and kinematic evolution
of the core complex.
Most data and interpretations presented in this dissertation are based on new
geologic mapping, field-based structural analysis, and detailed microstructural analysis.
Altogether I spent ~120 full days in the field and studied over 160 petrographic thin
sections from across the core complex. Evan Strickland (a University of Texas B.S.
student) assisted with some of the field work in the Little Buckskin Mountains; I
conducted field work in all other areas alone. Most geologic mapping focused on lower
plate and upper plate rocks near Clara Peak in central Buckskin Mountains (Plate 1) and
lower plate rocks in the Little Buckskin Mountains (Plate 3). Mapping in these areas was
carried out at 1:10,000-scale and compiled at 1:12,000-scale. Lower plate rocks across a
corrugation in the southwestern Buckskin Mountains were mapped at 1:20,000-scale
(Plate 2). Structural data were collected from these mapped areas and from hundreds of
outcrops outside of these areas. The locations of all outcrops where I collected data or
made observations are indicated in Appendix 1.
All three chapters of this dissertation were written as extended versions of
manuscripts to be submitted in peer-reviewed journals.

Chapter 1 focuses on

mylonitization in the lower plate of the Buckskin-Rawhide detachment fault. Data and
detailed observations presented in this Chapter include mylonitization kinematics,
vorticity, deformation mechanisms, quartz crystallographic fabrics, quartz recrystallized
grain size, finite strain, and U-Pb zircon geochronology. This research constrains the
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geometric evolution of the lower plate shear zone and documents how core complex
extension was accommodated in the middle crust.
Chapter 2 addresses the origin of extension-parallel corrugations in the BuckskinRawhide core complex. I present geologic mapping and a wide range of structural data,
including abundant kinematic data from the Buckskin-Rawhide detachment fault and
orientations of mylonitic fabrics, lower plate folds, veins, slip lineations, and upper plate
bedding. In addition, I present observations of lineation-perpendicular strain in lower
plate mylonites.

Altogether these data record the development of corrugations and

suggest a new model for the origin of corrugations in the region.
Chapter 3 presents postmylonitic and postdetachment fault data from across the
Buckskin-Rawhide core complex. These data include kinematic patterns of faulting,
relative timing relationships between fault populations, and constraints on the magnitude
of postmylonitic and postdetachment deformation. This research documents a distinct
transition from detachment faulting to distributed extension and strike-slip faulting.

3

Figure I.2 – Shaded relief map showing the geographic location of the Buckskin-Rawhide metamorphic core complex
(outlined in red), west-central Arizona.

4

Chapter 1: Mylonitization in the lower plate of the Buckskin-Rawhide
detachment fault, west-central Arizona
Abstract
In metamorphic core complexes it is commonly unclear whether lower plate
mylonites formed as the down-dip continuation of a detachment fault, or whether they
represent a subhorizontal shear zone that was captured by a more steeply dipping
detachment fault. Detailed microstructural, fabric, and strain data from mylonitized early
Miocene granitoids in the Buckskin-Rawhide metamorphic core complex, west-central
Arizona, constrain the structural and geometric development of the lower plate shear
zone. New geologic mapping and U-Pb zircon geochronology confirm the widespread
presence of mylonitized ~22-21 Ma granites and granodiorites of the Swansea Plutonic
Suite. The abundance of these intrusions enables the separation of Miocene strain coeval
with extensional unroofing of the core complex from cryptic older deformation, which
locally includes Late Cretaceous (?) mylonitization. Kinematic analysis indicates that
mylonites across the lower plate consistently record top-to-the-NE-directed shear. Quartz
in the Swansea Plutonic Suite mylonites has undergone subgrain rotation recrystallization
± grain boundary migration (dislocation creep regime 2, locally regime 3). Recrystallized
quartz grain sizes are relatively uniform and do not systematically vary in the extension
direction.

Quartz crystallographic preferred orientations from EBSD analysis are

characterized by c-axis patterns intermediate between single girdles and Y-maxima,
indicating dominant prism <a> and rhomb <a> slip with little to no contribution from
basal <a> slip.

Feldspar deformation is dominated by fracturing and bulging

recrystallization, but samples across the lower plate show evidence for incipient recovery,
and locally feldspar subgrain rotation recrystallization is present. Quartz and feldspar
deformation/recrystallization mechanisms indicate >400°C to <550°C mylonitization
temperatures that were relatively uniform across a distance of ~35 km in the extension
direction. Overall, the amount of quartz grain boundary migration and feldspar recovery
increase slightly in the extension direction, but this pattern can be explained by a ≤50 °C
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increase in deformation temperatures towards the northeast end of the core complex.
Finite strain and shear strain recorded in the Swansea Plutonic Suite are relatively
uniform in the extension direction, which is incompatible with models in which lower
plate mylonites form as the ductile root of a major detachment fault. Altogether these
data suggest the mylonitic shear zone initiated with a ≤4° dip and was unroofed by a
more steeply dipping detachment fault system. Lower plate mylonites in the BuckskinRawhide metamorphic core complex thus represent a captured subhorizontal shear zone
rather than the downward continuation of a detachment fault.

1. Introduction
Metamorphic core complexes are typically dominated by mid-crustal mylonitic
rocks that have been exhumed by tens of kilometers of slip along shallowly dipping
detachment fault systems. In many core complexes it is clear that mylonitization was
coeval with detachment faulting, but the geometric and structural relationships between
detachment faults and lower plate (footwall) mylonitic shear zones are commonly
unclear.

Are mylonitic shear zones mid- to lower-crustal continuations of dipping

detachment faults (e.g. Davis, 1983; Davis et al., 1986; Spencer and Reynolds, 1989;
Cottle et al., 2007; Wong and Gans, 2008), or are they “captured” subhorizontal shear
zones (e.g. Davis, 1988; Lister and Davis, 1989; Richard et al., 1990; Cooper et al.,
2010)? If lower plate mylonites represent initially subhorizontal shear zones beneath
more steeply dipping detachment faults, they offer the opportunity to investigate how
kinematics and strain in a major zone of extension are partitioned between the upper crust
and middle crust. Alternatively, if detachment faults and lower plate shear zones are
geometrically linked, do these structures form at shallow angles (≤30°), or do they
represent moderate- to high-angle structures that have rotated to low angles? Answering
these questions is fundamental to understanding how large-magnitude extension is
accommodated in metamorphic core complexes.
In most metamorphic core complexes, detachment faulting and brittle deformation
overprint lower plate fabrics, obscuring the initial geometric relationship between
6

detachment faults and mylonitic shear zones.

It is possible that the geometric and

kinematic evolution of lower plate shear zones is distinct from that of detachment faults.
In the Whipple Mountains core complex the master detachment fault dips 10-25° more
steeply than the mylonitic front at the top of the lower plate shear zone (Davis et al.,
1980; Davis, 1988), indicating that the shear zone is not a downward continuation of a
planar detachment fault. In addition, mylonitization in the Whipple lower plate locally
includes coaxial strain (Davis et al., 1982) and SW-directed shear (Davis and Lister,
1988) that are incompatible with top-to-NE slip on the Whipple detachment fault.
Mylonites in the Whipple Mountains thus appear to represent a somewhat older shear
zone that was captured by slip along the detachment fault (Figure 1.1A; Davis, 1988;
Davis and Lister, 1988). Lister and Davis (1989) argue that horizontal to shallowly
dipping ductile shear zones must be present at the base of large normal faults to
accommodate strain incompatibilities between ductilely-stretching lower crust and
brittlely-extending upper crust. In this model, these basal shear zones or mylonitic
delamination zones play a fundamental role in developing core complexes by rotating the
mid-crustal stress field to favor formation of low-angle detachment faults (Lister and
Davis, 1989).
In many core complexes the intensity of mylonitization increases in the extension
(slip) direction (e.g. Lee et al., 1987; Spencer and Reynolds, 1991; Wong and Gans,
2008), and there is a kinematic similarity between mylonitization and detachment faulting
(e.g. Davis et al, 1986; Glazner et al., 1989; Lee and Lister, 1992) suggesting some lower
plate shear zones may initiate as the down-dip continuation of a detachment fault. In this
model mylonitization is kinematically linked to slip along the detachment fault, and the
initial geometry of the mylonitic shear zone mirrors the initial geometry of the
detachment fault, as predicted by conceptual models of major brittle-ductile fault zones
(e.g. Sibson, 1977; Figure 1.1B-D).

In this case, a fundamental question arises

concerning the initial dip of the detachment fault and mylonitic shear zone.

If

detachment faults and their ductile roots can initiate with a shallow dip, they represent a
unique class of normal faults that have few modern day analogues. Seismological data
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Figure 1.1. Simplified models of the geometric evolution of metamorphic core complexes. A) Lister and Davis (1989) model: detachment faults “fire” from a
subhorizontal mylonitic shear zone; shear zone is captured by master detachment fault and isostatically bowed upwards; B) Spencer and Reynolds (1986, 1989) model:
mylonitic shear zone represents mid-crustal continuation of initially low-angle detachment fault; detachment fault and shear zone are isostatically bowed to
subhorizontal; C) “Rolling hinge” model of Buck (1988) and Wernicke and Axen (1988): mylonitic shear zone represents mid-crustal continuation of high-angle normal
fault; normal fault and shear zone isostatically rotate to subhorizontal (figure adapted from Bartley and Glazner, 1990); D) Domino-faulting model: similar to rollinghinge model except mechanism of rotation is domino-style normal faulting (e.g. Proffett, 1977; Davis, 1983; Gans et al. 1985; Wong and Gans, 2008).

from actively extending areas indicate that slip events on normal faults dipping <30° are
rare (Jackson and White, 1989; Wernicke, 1995; Collettini and Sibson, 2001), although
large earthquakes on low-angle normal faults have been reported in the WoodlarkD’Entrecasteaux extensional province in Papua New Guinea (Abers, 1991; Abers et al.,
1997). Coulomb failure along low-angle normal faults is incompatible with Andersonian
fault mechanics (Anderson, 1951), so doubts persist as to whether detachment faults can
initiate at low angles.

Geologic and thermochronologic evidence from various

Cordilleran core complexes both support and contradict the idea that detachment faults
can form as low-angle normal faults.

For example, based primarily on

40

Ar/39Ar

thermochronologic data, John and Foster (1993) constrained the initial dips of
detachment faults in the Chemehuevi Mountains to <30°, whereas Wong and Gans
(2008) showed that the Sierra Mazatán detachment fault initiated with a dip of 50-60°.
The rotation of initially steep detachment faults and ductile shear zones to shallow angles
is generally attributed to either isostatically-driven warping of the footwall (Spencer,
1984; Buck, 1988; Wernicke and Axen, 1988; Figure 1.1C) or domino-style fault-block
rotation (e.g., Proffett, 1977; Davis, 1983; Gans and Miller, 1983; Figure 1.1D).
These models of the geometric evolution of metamorphic core complexes can be
tested with detailed studies of mylonitization patterns.

If a lower plate shear zone

initiated as the down-dip continuation of a detachment fault, mylonites should record
increasingly higher peak deformation temperatures in the extension direction.

The

relative increase in mylonitization temperature across the lower plate is a function of the
initial dip of the shear zone. By contrast, if mylonites formed in a subhorizontal shear
zone below a more steeply dipping detachment fault, deformation conditions should be
relatively uniform in the extension direction. Despite the large volume of research on
metamorphic core complexes, few studies have addressed in detail how lower plate
deformation conditions vary in the extension direction. Evaluating ductile deformation in
core complexes can be challenging. Many core complex lower plates are dominated by
quartzo-feldspathic crystalline rocks, which are poor indicators of metamorphic grade.
Moreover, mylonitic gneisses in many core complexes are the product of multiple
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episodes of deformation. In particular, numerous Cordilleran core complexes are located
adjacent to or within areas that have undergone intense Mesozoic contraction (e.g. Coney
and Harms, 1984; Wernicke et al., 1987; Spencer and Reynolds, 1990b), raising the
possibility that a significant amount of lower plate deformation is unrelated to Tertiary
core complex development. The majority of Cordilleran core complexes lack widespread
exposures of mylonitized Tertiary age rocks, making it difficult to distinguish between
core complex deformation and older deformation.
This study focuses on mylonitization of widespread early Miocene age granitoids
in the lower plate of the Buckskin-Rawhide metamorphic core complex, west-central
Arizona. I document the kinematics, deformation conditions, and strain associated with
the development of this lower plate shear zone.

Miocene mylonitization defines a

consistent pattern that has direct implications for the geometric and structural evolution
of the core complex. In addition, these data shed light on how large-magnitude extension
is accommodated at mid-crustal levels.

2. Geologic overview of the Buckskin-Rawhide metamorphic core complex
The lower Colorado River extensional corridor in southeastern California and
west-central Arizona is considered one of the world’s classic metamorphic core complex
localities (Figure 1.2). Detachment faults and mylonitic footwalls associated with largemagnitude, NE-directed extension are spectacularly exposed in this region.

The

Buckskin-Rawhide Mountains and adjacent Whipple Mountains, Harcuvar Mountains,
and Harquahala Mountains form a series of corrugated footwalls generally thought to be
bound by the same detachment fault system (Spencer and Reynolds, 1991; Figure 1.2).
Extensional unroofing of these core complexes occurred primarily in the early to middle
Miocene (Richard et al., 1990; Foster et al., 1993; Scott et al., 1998; Carter et al., 2004),
and the total amount of NE-SW extension across this region is ~55-75 km (Spencer and
Reynolds, 1991). The Buckskin-Rawhide metamorphic core complex encompasses ~800
km2, making it the largest of the six core complexes in the Colorado River extensional
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Figure 1.2. Regional geologic map of the lower Colorado River extensional corridor, southeastern California and
west-central Arizona (modified from Spencer and Reynolds, 1989).
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corridor. The mylonitic lower plate is composed primarily of Proterozoic and Mesozoic
layered gneisses and granitoids, Paleozoic and/or Mesozoic metasedimentary rocks, and
Tertiary granitoids (Bryant, 1995; Figure 1.3). Most of the lower plate rocks are exposed
along three 35-40-km-long NE-SW-trending corrugation arches. The middle of these
three corrugations is dominated by Oligocene(?) to early Miocene mylonitized granitoids
termed the Swansea Plutonic Suite (Bryant and Wooden, 1989, 2008; Figure 1.3).
2.1. Timing of extension and lower plate cooling
The inception and termination of core complex-related extension in the BuckskinRawhide Mountains are not precisely known. In the Castaneda Hills (just north of the
Rawhide Mountains), a ~26.5 Ma tuff located near the base of a synextensional sequence
indicates that extension had at least locally initiated by ~27 Ma (Lucchitta and Suneson,
1996). Detailed 40Ar/39Ar thermochronologic data from the western Buckskin Mountains
document a pronounced increase in footwall cooling after ~20 Ma (Scott et al., 1998).
Apatite (U-Th)/He ages indicate that cooling and inferred rapid slip along the BuckskinRawhide detachment fault continued until at least ~11 Ma (Brady, 2002). Relatively flatlying ~13-9 Ma basalt flows along the northern and western margins of the BuckskinRawhide Mountains indicate that post-middle Miocene extension was minor (Spencer et
al., 1989).
Thermochronologic data from the lower plate reveal a relatively complex cooling
history (Figure 1.4). Most K/Ar and 40Ar/39Ar hornblende ages range from ~58 to 26 Ma,
indicating that the footwall had cooled to ≤500°C at the onset of extension (Shackelford,
1980; Richard et al., 1990; Scott, 1995; Fryxell in Bryant, 1995; Scott et al., 1998).
Structurally high level lower plate rocks near Planet Peak cooled below ~350°C prior to
20 ± 1 Ma (40Ar/39Ar K-feldspar data) and cooled to biotite closure temperatures (310345°C for cooling rates of 10-100°C/Ma; Harrison et al., 1985) by ~17 ± 1 Ma (Richard
et al., 1990; Scott et al., 1998). In general, hornblende and K-feldspar 40Ar/39Ar data do
not reveal a systematic cooling pattern in the extension direction (Figure 1.4). Apatite
fission track ages and (U-Th)/He ages generally young in the extension direction,
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Figure 1.3. Geologic map of lower plate rocks in the Buckskin-Rawhide metamorphic core complex and the northeastern Harcuvar metamorphic core complex,
west-central Arizona (from Bryant and Wooden, 2008). The Bills Williams River separates the Buckskin Mountains from the Rawhide Mountains to the north.
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Figure 1.4. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex showing thermochronologic data from lower plate rocks. The map is
modified from Bryant (1995) and Spencer and Reynolds (1989), and the thermochronologic data compilation is modified from Scott et al. (1998); Sources of data
(denoted by subscripts): 1—K-Ar, Shackelford (1980); 2—K-Ar, Spencer et al. (1989a); 4—40Ar/39Ar, Richard et al. (1990); 5—K-Ar (sample location south of map
area); Spencer and Reynolds (1990); 6—Fission track, Bryant et al. (1991); 7—Fission track, Foster et al. (1993); 8—40Ar/39Ar, Scott (1995); 9—Fryxell in Bryant
(1995); 11—40Ar/39Ar, Scott et al. (1998); 12—(U-Th)/He, Brady, (2002).

indicating detachment fault slip rates between 8.3 ± 1.9 mm/yr (Foster et al., 1993) and
4.2 +1.2/-0.8 mm/yr (Brady, 2002).
2.2. Geometry of the Buckskin-Rawhide detachment fault and lower plate shear zone
In most locations the Buckskin-Rawhide detachment fault is subhorizontal to
gently NW- or SE-dipping (see Chapter 2), and it consistently cuts mylonitic fabrics
(Shackelford, 1980; Scott, 1995; this study; Plate 1). In addition, the Buckskin-Rawhide
detachment fault truncates higher angle faults in both the lower and upper plate (Scott,
1995; personal observation). On the basis of these faulting patterns and upper plate
bedding-fault relationships, Scott and Lister (1992) and Scott (1995) argue that the
Buckskin-Rawhide detachment fault represents several detachment faults that excised
into the upper plate at a shallow (<20º) angle.

Evidence exists, however, that the

Buckskin-Rawhide detachment fault initiated at a steeper angle in the southwestern
portion of the core complex. Miocene strata in the western Bouse Hills, located in the
footwall of the detachment fault near the breakaway, are tilted to the southwest ~30-60°
(Spencer and Reynolds, 1990a), and the detachment fault must have initially dipped >20°
in order to cut down from surface levels in the western Bouse Hills to mylonitization
depths in the southwestern Buckskin Mountains (Spencer and Reynolds, 1991; Figure
1.2).

Seismic reflection data northeast of the core complex apparently image a

detachment fault dipping 28° NE to a depth of 18 km, where the fault soles into a midcrustal reflective zone (Clayton and Okaya, 1991).
The initial geometry of the lower plate mylonitic shear zone has previously been
inferred from thermochronologic data and general patterns of mylonitization. Scott et al.
(1998) suggest that the lack of significant differences in

40

Ar/39Ar cooling ages between

the northeastern and southwestern lower plate is consistent with an initially gentle dip of
the mylonitic shear zone. Spencer and Reynolds (1991) and Bryant and Wooden (2008)
note that the intensity of mylonitization apparently increases towards the northeast,
suggesting the shear zone initiated with a NE-dip.
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2.3. Mesozoic deformation
In the lower Colorado River extensional corridor, mid-Tertiary extension is
superposed on intense Mesozoic crustal shortening (e.g., Spencer and Reynolds, 1990b).
Although several studies have documented this Mesozoic deformation and style of midTertiary extension, it is difficult to distinguish mid-Tertiary mylonitization from older
deformation in the lower plates of core complexes.

Lower plate mylonites in the

Whipple, Buckskin-Rawhide, Harcuvar, and Harquahala Mountains are interpreted to
have formed during Tertiary extension (Davis and Lister, 1988; Spencer and Reynolds,
1989; Rehrig and Reynolds, 1980; Richard et al., 1990), yet (mylonitic) gneisses in the
adjacent lower plates of the Chemehuevi, Riverside, and Plomosa detachment faults are
generally believed to lack Tertiary ductile fabrics (John and Musaka, 1990; Lyle, 1982;
Scarborough and Meader, 1983; Figure 1.2). Thus, the relationship between detachment
faulting and mylonitization can be complicated, and it is generally unclear how Mesozoic
structures influenced the mid-Tertiary structures, if at all.
Tertiary extension in the Buckskin-Rawhide Mountains and adjacent core
complexes overprints Jurassic to Cretaceous contraction.

Major basement-involved

thrust faults are exposed in the westernmost Buckskin Mountains (Reynolds and Spencer,
1989), and in the lower plate of the Harcuvar and Harquahala metamorphic core
complexes (Reynolds, 1982; Richard, 1988; Spencer and Reynolds, 1993). In addition,
isoclinal folds are common in Paleozoic and Mesozoic strata in the upper plate of the
Buckskin-Rawhide core complex (Reynolds and Spencer, 1989). The Buckskin-Rawhide
lower plate also appears to have experienced significant Mesozoic deformation and
locally Cretaceous age migmatization (Bryant and Wooden, 2008).

Interlayering of

Paleozoic and/or Mesozoic metasedimentary rocks with lower plate crystalline gneisses
most likely occurred during Mesozoic thrusting and amphibolite-facies metamorphism
(Bryant and Wooden, 2008).

Most of this deformation is overprinted by Tertiary

mylonitization. Mylonitic foliations with NE-SW trending lineations are present across
almost the entire lower plate, so it is difficult to unravel the complex Mesozoic
deformation history. As in most Cordilleran metamorphic core complexes, it is also
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unclear how much of the fabric in the pre-Tertiary footwall rocks is related to core
complex deformation. However, a major advantage in studying the Buckskin-Rawhide
lower plate is that the abundance of Tertiary mylonitized granitoids enables us to separate
older deformation from core complex strain. Mylonitization of the Swansea Plutonic
Suite can only have been produced during extensional unroofing of the core complex.

3. The Swansea Plutonic Suite
3.1. Geologic mapping and sample collection
Geologic mapping of lower plate rocks in the Buckskin-Rawhide core complex
provided a basis for understanding the distribution and field relationships of the Swansea
Plutonic Suite. In the central Buckskin Mountains I mapped an ~37 km2 area extending
across the Clara Peak antiform to the center of the Planet Peak antiform at 1:10,000-scale
(Plate 1). I mapped the lower plate across the southwestern end of the Clara Peak
antiform (~15 km2) at 1:20,000-scale (Plate 2), and portions of lower plate rocks at the
northeastern end of the Clara Peak antiform (near Alamo Lake) were mapped in
reconnaissance. In addition, at 1:10,000-scale I mapped the Little Buckskin Mountains
(Plate 3), which lack Swansea Plutonic Suite intrusions.
Samples of the Swansea Plutonic Suite were collected along a 35-km-long, NEtrending transect across the middle portion of the lower plate (Figure 1.5). Detailed
microstructural analysis focused on 31 samples of mylonites and protomylonites from the
Swansea Plutonic Suite (herein referred to as Swansea mylonites; Table 1.1). In each
domain I collected oriented samples from different portions of the footwall corrugation
and from a range of distances below the Buckskin-Rawhide detachment fault (Figures
1.5, 1.6). Standard (27x46 mm) and/or large (45x70 mm) petrographic thin sections were
made on both X-Z- and Y-Z-planes of all 31 samples (perpendicular to mylonitic
foliation, parallel and perpendicular to lineation).

The mineralogy and amount of

feldspar recrystallization in each sample was determined by point counting (500-800
points per sample).

Forty-four samples of older lower plate units were studied
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Figure 1.5. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) with locations (red dots) of mylonitized Swansea
Plutonic Suite samples (n=31).

Table 1.1. Microstructural data table of mylonitized Swansea Plutonic Suite samples.
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petrographically to compare their deformation to the Swansea mylonites. Four granitoid
samples from the Bouse Hills, which appear to be undeformed equivalents of the
Swansea Plutonic Suite, were also studied petrographically.
3.2. Mineralogy and field description
The Swansea Plutonic Suite consists dominantly of mylonitized granodiorite and
granite, although poorly deformed to undeformed quartz diorite and diorite/gabbro bodies
are also considered part of the Suite (Figure 1.7). Swansea mylonites generally have
~20-30% quartz, 5-15% biotite ± chlorite, and minor amounts of epidote, titanite, and
magnetite (Table 1.1). Biotite is present as a relict igneous phase and as a synkinematic
(synmylonitic) phase (Figure 1.8A). Synkinematic chlorite commonly replaces biotite
(Figure 1.8B).

Approximately half of the samples have undergone pervasive

chloritization, and in general chlorite is more abundant in the northeastern half of the
lower plate compared to the southwestern half (Table 1.1). Euhedral allanite, typically
rimmed by epidote, is present in all samples (Figure 1.8C, D).

Trace hornblende

porphyroclasts (≤1%) are present in about 30% of the Swansea mylonite samples. In one
poorly deformed quartz diorite sample, hornblende is abundant (~12%) and appears to
have locally grown synkinematically in porphyroclast pressure shadows and along shear
bands (Figure 1.8E, F). Syn- and postmylonitic quartz, chlorite, and epidote veins are
common. Recrystallized phases or synkinematic matrix phases typically comprise 4560% of the samples, whereas feldspar porphyroclasts typically comprise 40-55% of the
samples, indicating that most of the Swansea Plutonic Suite is near the protomylonite–
mylonite classification boundary (Sibson, 1977). Overall the mylonites are relatively
fine-grained, with most porphyroclasts ≤1 cm long and the average porphyroclast length
generally ~1 to 3 mm.
Swansea mylonites are distinctive from other crystalline footwall rocks. They
lack the strong cm- to m-scale compositional layering that characterizes the mylonitized
Proterozoic to Cretaceous gneisses (Figure 1.9). The mineralogy of the granodiorites and
granites of the Swansea Plutonic Suite is distinct from Cretaceous granitoids present
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Figure 1.6. Structural position of mylonitized Swansea Plutonic Suite samples: sample distance
in the extension direction (from the westernmost exposure of the detachment fault) vs. vertical
distance below the Buckskin-Rawhide detachment fault. Vertical distance below the
detachment fault was constrained by projecting both the detachment fault and lower plate
topographic highs above the samples. The large vertical distance uncertainty is due to the lack
of detachment fault exposure in several portions of the lower plate.

Figure 1.7. IUGS granitoid classification diagram of mylonitized Swansea Plutonic Suite
samples (blue dots, n=31) and undeformed granitoid samples from the Bouse Hills (red
dots, n=4). Mineralogy was determined by point counting 500-800 points per sample.
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Figure 1.8. Photomicrographs of synmylonitic minerals in the Swansea Plutonic Suite (bt = biotite; chl = chlorite; al =
allanite; ep = epidote; hb=hornblende). All photomicrographs except D) are from X-Z planes with NE to the right; E)
is from a Y-Z plane. Abbreviations for microscope settings (used in all subsequent figures with photomicrographs): ppl
= plane-polarized light; cpl = cross-polarized light; gyp = gypsum accessory plate inserted. A) Biotite in pressure
shadows of hornblende porphyroclast and along C’ shear band (sample 1-51; gyp). B) Synkinematic biotite partially
replaced by chlorite (sample 2-90; ppl). C) Euhedral allanite with epidote and chlorite (sample 5-16; ppl). D)
Euhedral allanite rimmed by epidote; synkinematic fine-grained biotite (5-203; cpl). E) and F) synkinematic
hornblende in slightly mylonitized quartz diorite (5-155; ppl); E) hornblende (and chlorite) have grown along C‘ shear
band; F) Fine-grained hornblende tails along hornblende porphyroclast.
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Figure 1.9. Outcrop photographs of lower plate mylonites (see Appendix 1 for the locations of all photographs in this
dissertation). A) and B) Swansea Plutonic Suite granites; C) quenched, intrusive contact between mylonitized Swansea
granodiorite and older, undeformed hornblende diorite; D) Proterozoic porphyritic granite (Xpg) intruded by Swansea
granite sills (Tsp); E), F), G) Proterozoic porphyritic granites commonly interlayered with the Swansea mylonites; H)
well-developed cm- to m-scale compositional layering of Proterozoic to Cretaceous age mylonitic gneisses that
dominate the lower plate away from the Swansea Plutonic Suite.
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throughout the footwall, which usually contain muscovite ± trace garnet. The Swansea
mylonites are commonly interlayered with porphyritic granite mylonites containing Kfeldspar ± plagioclase megacrysts/porphyroclasts up to 8 cm long (Figure 1.9D-G). Field
relationships indicate that the Swansea intrusions are consistently younger than the
porphyritic granite, which is likely Mesoproterozoic in age (Bryant and Wooden, 2008).
The Swansea intrusions locally assimilate the porphyritic granite and an undeformed
hornblende diorite unit, creating a range of hybrid compositions near contacts. In most
areas the Swansea intrusions consist of meter- to decameter-thick bodies interlayered
with older units, indicating they were predominantly emplaced as sheetlike intrusions and
sill swarms rather than stocks or dome-like magma bodies.
The fabric of the Swansea mylonites is also distinct from other lower plate units.
Swansea mylonites generally have well-developed stretching lineations (defined by
quartz, recrystallized feldspar, aligned feldspar porphyroclasts, and streaks of mica) but
weakly to moderately developed mylonitic foliations (Figure 1.9A, B). Unlike most of
the other mylonitic footwall units, the Swansea mylonites typically do not break cleanly
along foliation planes. In most areas this fabric forms L>S tectonites.
3.3. Distribution of the Swansea Plutonic Suite
Mapping at 1:100,000-scale by Bryant (1995) indicates that almost the entire
length of the middle footwall corrugation, named the Clara Peak antiform, consists of the
Swansea Plutonic Suite (Figures 1.3, 1.5). Bryant and Wooden (2008) estimate that
approximately a quarter of the entire Buckskin-Rawhide lower plate consists of these
plutonic rocks. Based on my detailed mapping in the central Buckskin Mountains (Plate
1), and reconnaissance mapping in the southwestern and northeastern ends of the Clara
Peak antiform (e.g. Plate 2), I have revised this estimate. Excluding the layered gneisses,
porphyritic granite, and hornblende diorite bodies that are interlayered with the Swansea
mylonites, only ~45-50% of lower plate rocks at the southwest and northeast ends of the
Clara Peak antiform consist of the Swansea Plutonic Suite. In the central Buckskins, near
Swansea ghost town, the Suite comprises ~70% of the footwall. Altogether I estimate
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that ~50-62% of lower plate rocks previously mapped as the Swansea Plutonic Suite by
Bryant (1995) consist of mylonitized Swansea granitoids, suggesting ~12-15% of the
entire lower plate is composed of the Swansea Plutonic Suite – up to ~100 km2 in
exposed area and 120 km2 in inferred area. Some of the diorite/gabbro bodies excluded
from this estimate may be age-equivalent with the more felsic Swansea intrusions (Bryant
and Wooden, 2008), but field relationships in the central Buckskin Mountains indicate
that these mafic intrusions are consistently older than the Swansea granites and
granodiorites. Including all the dioritic bodies into the Swansea Plutonic Suite would
only raise the total estimate of the Suite to ~13-16% of the lower plate. Regardless of the
age uncertainty of the mafic intrusions, the Swansea Plutonic Suite is volumetrically
much larger than synextensional magmatism in the lower plates of other core complexes
in the Colorado River extensional corridor. Late Oligocene to early Miocene sheet-like
intrusions are widespread in the Whipple Mountains (Wright et al., 1986; Anderson,
1988), but these intrusions are typically <1-2 m thick and make up a small percentage of
the lower plate mylonites (Davis, 1994). Synextensional mafic dikes are abundant in the
eastern Harquahala Mountains (Richard et al., 1990) and are present in parts of the
Harcuvar Mountains (Drewes et al., 1990), but these lower plates apparently lack Tertiary
plutonic rocks. This highly variable distribution of Tertiary magmatism suggests that
detachment faulting and core complex development in the Colorado River extensional
corridor was not driven by magmatism (Spencer et al., 1995).
Rocks most likely correlative to the Swansea Plutonic Suite are present in the
Bouse Hills, south to southwest of the Buckskin-Rawhide metamorphic core complex
(Figures 1.2, 1.3). Based on mapping by Spencer and Reynolds (1990a), at least 38 km2
in the eastern Bouse Hills are composed of Tertiary (?) granitoids. These granitoids lack
mylonitic fabrics, but they are similar in composition to the Swansea Plutonic Suite
granodiorites and quartz diorites (Figure 1.7). Spencer and Reynolds (1991) and Bryant
(1995) interpret the Bouse Hills as a continuation of the Buckskin-Rawhide lower plate,
located structurally above a concealed mylonitic front (Figure 1.3).
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3.4. Geochronology
U-Pb zircon crystallization ages of two granodiorite samples from the Swansea
Plutonic Suite (5-175 and 4-234) were determined using laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS; Figure 1.5, Table 1.2). Zircon separates
were generated at the University of Texas using standard heavy liquid and magnetic
separation techniques. LA-ICPMS analyses were performed on zircon cores and rims at
the University of Arizona in July 2010. Both samples contained a significant component
of Proterozoic inheritance, but each yielded enough early Miocene ages to give reliable
crystallization ages. Altogether 18 early Miocene ages and two late Oligocene ages (out
of 49 total ages) were obtained from sample 4-234, and 10 early Miocene ages (out of 70
total ages) were obtained from sample 5-174 (Table 1.3, Appendix 2). The weighted
mean ages of the late Oligocene to early Miocene zircons are 21.3 ± 1.0 Ma on sample 5174 and 21.5 ± 1.8 Ma on sample 4-234 (uncertainties are 2σ).
Prior to this study two crystallization ages for the Swansea Plutonic Suite had
been obtained by Bryant and Wooden (1989, 2008; Table 1.2). U-Pb analyses from four
zircon fractions of a Swansea granite (collected from the same location as this study’s
sample 8-138, Figure 1.5) give a concordia age of 21.86 ± 0.60 Ma (Bryant and Wooden,
2008). This sample’s crystallization age has also been reported as 21.6 ± 1.5 Ma (Bryant
and Wooden, 1989) and 21.7 ± 0.7 Ma (Bryant et al., 1996). U-Pb ages from two zircon
fractions of a hornblende gabbro fall on the same chord as this granite sample, suggesting
an identical 21.86 ± 0.60 Ma age (Bryant and Wooden, 2008).
All four U-Pb zircon ages from the Swansea Plutonic Suite are within error of
each other, despite coming from widely separated samples (>5 km between each sample
and up to ~24 km apart) of different compositions (granite, granodiorite, and gabbro). It
appears that the majority of the Swansea Plutonic Suite was emplaced ~22-21 Ma.
However, three
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Ar/39Ar hornblende ages from diorite interlayered with Swansea

mylonites range from ~30 Ma to 26 Ma (Richard et al., 1990). These data suggest some
of the mafic lower plate intrusions, which are volumetrically much smaller than the
Swansea granites and granodiorites, could be Oligocene. The major early Miocene pulse
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Table 1.2. Compilation of U-Pb zircon geochronology data from the Swansea Plutonic Suite. Age given is the
interpreted crystallization age.

Table 1.3. LA-ICPMS U-Pb data used to calculate weighted mean crystallization
ages for samples 4-234 and 5-174. Inherited ages in 4-234 include: Mesoproterozoic to late Paleoproterozoic (24), Cretaceous and Jurassic (2). Inherited
ages in 5-174 include Mesoproterozoic to late Paleoproterozoic (35), Cretaceous or
Jurassic (22), and Eocene (2). Analyses were performed at the University of
Arizona LaserChron center. See Appendix 2 for all data.
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of Swansea Plutonic Suite magmatism occurred ~1-2 m.y. before the inception of rapid
cooling determined from
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Ar/39Ar thermochronology (Scott et al., 1998). Thus, it is

important to note that Swansea mylonites may not record all the strain associated with the
development of the Buckskin-Rawhide metamorphic core complex, but they probably do
record most of the strain that occurred during rapid extensional unroofing of the core
complex. Thermochronologic data from previous studies suggest that lower plate rocks
in the vicinity of the Clara Peak antiform probably cooled to brittle conditions by ~15-16
Ma (Figure 1.4), indicating that mylonitization of the Swansea Plutonic Suite could have
occurred over a time period of up to ~5-6 m.y.

4. Kinematics of mylonitization
Mylonitic rocks across the lower plate of the Buckskin-Rawhide metamorphic
core complex have well-developed NE-SW-trending stretching lineations (Figures 1.9A,
B, 1.10). The majority of lineations plunge southwest due to widespread postmylonitic
normal faulting (Chapter 3). Lineations in the Swansea mylonites form point maxima
parallel with the dominant N40-45E slip direction of the Buckskin-Rawhide detachment
fault (Figure 1.10). Reconnaissance work by Spencer and Reynolds (1989) indicate that
the NE-SW-trending mylonitic lineations are generally associated with top-to-thenortheast (top-NE) shear. Marshak and Vander Meulen (1989) document dominant topNE shear associated with asymmetric folding of metasedimentary units in the Battleship
Peak area, and Scott et al. (1998) note that mylonites in the Planet Peak area record
predominantly top-NE shear. This study presents the first detailed kinematic data from
multiple domains across the lower plate.
Using a petrographic microscope, I determined the sense of shear from 62
oriented thin sections cut parallel with X-Z planes (33 Swansea mylonites and 29
mylonitic pre-Tertiary rocks, not including amphibolite-facies mylonites from the Little
Buckskin Mountains, which are discussed in section 11.5). In addition, I was able to
determine a sense of shear from 55 different outcrops or hand samples. The kinematics
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of mylonitization are remarkably consistent. Of the thin sections studied, all 33 of the
Swansea mylonites and 28 out of 29 of the mylonitic pre-Tertiary rocks record top-NE
shear. The only sample that records top-SW shear is a slightly mylonitized feldsparquartz gneiss within heterogeneously deformed and folded layers. Macroscopic shear
indicators are similarly consistent: 21 out of 21 Swansea mylonite outcrops/hand samples
and 33 out of 34 mylonitized pre-Tertiary outcrops/samples record top-NE shear.
Altogether 115/117 (98%) shear sense indicators determined in this study are top-NE.

Figure 1.10. Mylonitic stretching lineations measured in the Swansea
Plutonic Suite (n=512) and pre-Tertiary rocks interlayered with the
Swansea Plutonic Suite (n=209). Approximately 80% of measured
lineations are from the central Buckskin Mountains.

The most common types of shear sense indicators are oblique quartz grain shape
preferred orientations, σ- and σ-type porphyroclasts, and C’ shear bands (Figures 1.11,
1.12).

In thin section almost all of the Swansea mylonites (31/33) and all of the

mylonitized pre-Tertiary rocks have quartz grain-shape preferred orientations (Figure
1.11). These grain fabrics are generally inclined 10-30° to quartz foliations (Table 1.1).
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Figure 1.11. Photomicrographs of oblique quartz grain shape preferred orientations in Swansea mylonite samples. All
photomicrographs are from X-Z planes with NE to the right (A, B & D-F: gyp; C: cpl). Sample numbers: A) 1-121; B)
9-35; C) 1-51; D) 5-9; E) 1-70; F) 2-41.
.
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Figure 1.12. Photomicrographs of common shear indicators in Swansea mylonite samples. All photomicrographs are
from X-Z planes with NE to the right. A) & B) top-NE C’ shear bands (1-51 & 5-203; ppl); C) σ-type porphyroclasts
and oblique quartz fabric (2-144; gyp); D) biotite-fish and asymmetric biotite tails on porphyroclast (2-90; ppl); E) σclast with biotite and recrystallized feldspar tails (8-193; gyp); F) oblique quartz fabric, subtle oblique recrystallized
feldspar fabric (bottom), C’ shear band, and σ-type porphyroclast with biotite tails (2-152; gyp).
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Top-NE C’ shear bands were observed in almost all Swansea mylonite thin sections
(31/33) and most (>80%) of the pre-Tertiary rock thin sections. These shear bands are
typically oriented 15-30° from the bulk foliation and are most commonly defined by
recrystallized mica and deflected mylonitic foliations (Figure 1.12). Mica-fish, δ-type
porphyroclasts, domino-type fragmented feldspar porphyroclasts, oblique recrystallized
feldspar grain shape preferred orientations, and locally-developed S-C fabrics are also
present and consistent with top-NE shear during mylonitization.
Although top-NE sense of shear is expected for the lower plate shear zone, the
consistency of this sense of shear is somewhat surprising when compared to other core
complexes in the region. Davis and Lister (1988) analyzed the sense of shear from over
100 mylonite samples from the Whipple Mountains and determined that only ~65%
recorded top-NE shear, whereas 18% exhibited top-SW shear, and 17% were
indeterminate. Both top-NE and top-SW shear sense indicators are common in the lower
plate of the Harquahala Mountains (Richard et al, 1990). My reconnaissance work in the
northeastern Harquahala Mountains indicates that top-SW shear is locally dominant in
these mylonites. Lower plates of the metamorphic core complexes in the Colorado River
extensional corridor may represent lateral continuations of the same shear zone, but they
do not appear to record identical kinematic conditions.

5. Quartz deformation conditions
Deformation and dynamic recrystallization mechanisms of quartz can provide
useful constraints on conditions such as temperatures, strain rates, and differential
stresses.

Deformation of quartz is typically defined either by the experimental

dislocation creep regimes of Hirth and Tullis (1992) or by the dominant mechanisms
operating during recrystallization (e.g. Stipp et al., 2002a; Figure 1.13). Dislocation
creep regime 1 corresponds to the formation of very small (typically <25 μm) grains by a
process called bulging recrystallization. At higher temperatures and/or higher strain rates
in regime 2, dislocation climb becomes important, and bulging recrystallization gives
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Figure 1.13. Sketches illustrating the characteristic features of the three dynamic recrystallization
mechanisms for quartz (from Stipp et al., 2002a). Bulging recrystallization (BLG); subgrain
rotation recrystallization (SGR); grain boundary migration recrystallization (GBM). Correlations
by Stipp et al. (2002a, b) between the dynamic recrystallization mechanisms, temperature, and
quartz dislocation creep regimes are listed on the right.
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way to progressive subgrain rotation.

Regime 2 microstructures are typically

characterized by homogeneously flattened original grains with optically visible subgrains
and mantles of recrystallized grains.

At higher temperature and lower strain rate

conditions of dislocation creep regime 3, grain boundaries become more mobile, and
recrystallization occurs by both subgrain rotation recrystallization and grain boundary
migration. Regime 3 microstructures are characterized by recrystallized grains larger
than subgrains and a high percentage of recrystallization. Under the highest temperature
deformation conditions, grain boundary migration dominates, typically resulting in the
formation of recrystallized grains with variable sizes (typically >100 μm) and irregular,
lobate boundaries.

Stipp et al. (2002a, 2002b) correlate these three dynamic

recrystallization mechanisms to temperatures in nature: bulging recrystallization is
dominant between ~280 and 400°C, whereas subgrain rotation recrystallization is
dominant between 400 and 500°C, and the transition to grain boundary migration
recrystallization occurs at ~500°C.

These temperature correlations are generally

applicable to mylonites that have undergone recrystallization at strain rates typical of
most shear zones (10-14 to 10-12 s-1). However, it is important to emphasize that strain rate
and hydrolytic weakening play important roles in determining dynamic recrystallization
mechanisms. For example, at relatively low strain rates of ~10-15 to 10-14 s-1, Dunlap et
al. (1997)

demonstrate that all three dislocation creep regimes were active at

temperatures ≤365 ± 20°C during the development of a duplex shear zone (see also Hirth
et al., 2001).

Early to mid-Miocene strain rates in the Colorado River extensional

corridor were likely 10-15 to 10-12 s-1 (Gans and Bohrson, 1998; Campbell-Stone and
John, 2002; Behr and Platt, 2011).
5.1. Quartz deformation and recrystallization mechanisms in the Swansea Plutonic Suite
I determined the quartz dislocation creep regimes and recrystallization
mechanisms of mylonite samples from across the Buckskin-Rawhide metamorphic core
complex (Table 1.1). Quartz in the Swansea mylonites is characterized by layers or
elongate lenses that have undergone significant recrystallization and/or pervasive

34

subgrain formation (Figure 1.14). Recrystallized grains typically have straight grain
boundaries and relatively uniform sizes that are similar to adjacent subgrains (Figure
1.14). These features are characteristic of subgrain rotation recrystallization and regime 2
dislocation creep. Subgrain rotation recrystallization is dominant in the lower plate.
Most Swansea mylonites have undergone complete polygonalization into subgrains or
grains formed by subgrain rotation recrystallization. Only 9 out of the 31 Swansea
mylonite samples have abundant ribbon shaped grains (>0.4 mm long) without pervasive
subgrain development (Table 1.1, Figure 1.14B, H). These ribbon grains are present in
all domains across the sampling transect. Most of the Swansea mylonite samples locally
contain subtle, small (~10-20 μm) subgrains within distinctly larger recrystallized grains
or ribbon grains. Bulging recrystallization in the Swansea mylonites is rare, but grain
boundary migration is locally important (Table 1.1). Quartz grains in some samples have
serrate boundaries and variable sizes indicative of grain boundary migration (Figure
1.15). Subgrain rotation recrystallization remains important in these samples, but the
modification of grain shapes and sizes by grain boundary migration is indicative of
dislocation creep regime 3. Swansea mylonites characterized by quartz dislocation creep
regime 3 or transitional regime 2 to 3 (9/31 samples) are present in most domains across
the lower plate but are most common in the northeastern end of the core complex (Table
1.1, Figure 1.16). This subtle increase in the role of grain boundary migration towards
the northeast suggests higher deformation temperatures in the extension direction.
However, in all samples subgrain rotation recrystallization appears to be dominant or at
least equal in importance to grain boundary migration, suggesting quartz deformation
temperatures in Swansea mylonites were ≤500°C across the entire footwall. The lack of
quartz bulging recrystallization suggests peak mylonitization temperatures were >400°C
across the entire footwall.
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Figure 1.14. Photomicrographs showing quartz regime 2 dislocation creep in Swansea mylonite samples.
Recrystallization is dominated by subgrain rotation. Photomicrographs B, G, and H are X-Z planes; A, C, D, E, F are YZ planes. A, B, D-H: gyp; C: cpl. Sample numbers: A) 8-224; B) 5-16; C) 5-1; D) 2-41; E) 8-138; F) 8-6; G) & H) 5-7.
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Figure 1.15. Photomicrographs showing quartz regime 3 dislocation creep in Swansea mylonite samples.
Recrystallization occurs by both subgrain rotation and grain boundary migration. All photomicrographs are from Y-Z
planes. A-F: gyp. Samples: A) & B) 3-263; C) 4-464; D) 5-27; E) 5-46; F) 1-51.
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Figure 1.16. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) showing the distribution of quartz dislocation creep
regime 2 and 3 (Hirth and Tullis, 1992) in Swansea mylonite samples.

6. Quartz dynamically recrystallized grain size
The size of dynamically recrystallized grains is inversely related to differential
stress (e.g. Luton and Sellar, 1969; Post, 1977).

Several piezometric studies have

quantified this relationship and have demonstrated that dynamically recrystallized grain
size is independent of temperature (e.g. Mercier et al., 1977; Twiss, 1977; Stipp and
Tullis, 2003). However, quartz grain size generally does correlate with temperature (e.g.
Stipp et al., 2002a; Stipp and Tullis, 2003) because in plastic conditions differential stress
decreases with increasing temperature (assuming strain rate does not vary). Piezometer
relations for quartz appear to be sensitive to the transition from bulging recrystallization
to subgrain rotation recrystallization, but are apparently uniform across the regime 2-3
transition (Stipp and Tullis, 2003). In km-scale, lithologically heterogeneous shear zones
such as Buckskin-Rawhide metamorphic core complex, flow stress (differential stress)
most likely varied considerably. However, at >400°C temperatures, mylonitization flow
stress in rheologically similar rocks of the Swansea Plutonic Suite should systematically
have decreased towards hotter, deeper structural levels.
6.1. Grain size measurement methods
To evaluate how flow stresses and inferred structural levels varied in the
extension direction, I measured dynamically recrystallized quartz grain sizes in 30
Swansea mylonite samples (Table 1.1). In 14 samples mean recrystallized grain sizes
were estimated both optically (using a microscope reticle) and from tracing well-defined
recrystallized grains on photomicrographs (using Adobe Photoshop and converting pixels
to mean diameter).

In 16 samples mean grain sizes were determined using linear

intercept analysis (Smith and Guttman, 1953). This method typically involves counting
the number of grain intercepts along either randomly oriented lines or a linear grid. The
length of the lines is divided by the number of grain boundary intersections along the
lines to give a mean linear intercept value (𝐿�), which is related to mean grain diameter
� ) by a conversion factor. Studies of dynamically recrystallized grain size in mylonites
(𝐷

� =(3/2)𝐿� (Ethridge and Wilkie,
commonly assume a conversion factor of 3/2, where 𝐷
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1981; Ord and Christie, 1984; Hacker et al., 1990, 1992; Xypolias and Koukouvelas,
2001; Austin et al., 2008). Given both the thinness of quartz layers in the Swansea
mylonites (typically <0.5 mm) and the prevalent oblique quartz grain shape preferred
orientations, circular test lines give more consistent linear intercept values because they
result in far more grain intercepts per line and eliminate the effects of grain anisotropy on
measurements. Intercepts were measured on photomicrographs taken at 10x or 20x
magnification with a gypsum plate inserted. Only pure quartz layers that have undergone
abundant recrystallization were included, and areas adjacent to shear bands and feldspar
porphyroclasts were avoided. Unlike many studies, I did not use etching or reflected
light to highlight grain boundaries. Consequently, well-formed subgrains similar in size
to recrystallized grains were likely included in many analyses. In general Swansea
mylonites have not achieved steady state, total quartz recrystallization, but most samples
have undergone complete polygonalization into subgrains and grains formed by subgrain
rotation recrystallization, so it is easier to compare grain sizes between samples by
including well-defined subgrains which were on their way to becoming recrystallized
grains. Circular test lines ranging from 0.75 to 2 mm in circumference were placed over
the central portions of 5 to 11 photomicrographs per sample, and 20 to >100 grain
intercepts were counted along each circle. The mean grain size listed for each sample is
3/2 times the total length of circular test lines divided by the total number of grain
intercepts (≥500 per sample). I tested this conversion factor by tracing 200-300 grains
from 5 different samples to independently determining their mean grain sizes. The mean
grain size determined from these tracings ranges from 1.3 to 1.6 times the mean linear
intercept values from the same samples, with an average conversion factor of 1.5. These
results indicate that a conversion factor of 3/2 is reasonable for this analysis.
6.2. Quartz dynamically recrystallized grain size in the Swansea Plutonic Suite
Mean quartz grain sizes in the 16 Swansea mylonite samples analyzed with the
intercept method range from 16 to 64 μm, and most (13/16) are between 25 and 56 μm
(Figure 1.17, Table 1.4). Optical estimates of average grain sizes in the 14 Swansea
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Figure 1.17. Histogram of mean recrystallized quartz grain size in Swansea mylonite
samples. Red bars are samples in which grain size was determined by intercept analysis
on circular test lines (≥500 intercepts per sample; 16 samples). Blue bars are all grain
size data, including those estimated optically and from tracings of grains on
photomicrographs. Mean grain sizes range from ~16-64 μm.

Table 1.4. Quartz recrystallized grain size data from Swansea mylonite samples. Range of values listed
for each sample is the range from individual lineal analysis test lines. Stress values listed are flow stresses
based on piezometers of Twiss (1977) and Stipp and Tullis (2003)
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mylonite samples not included in this intercept analysis are very similar, ranging from
~15-60 μm (Table 1.1). Mean grain sizes typically vary by >20 μm within a given
domain, and there is no clear pattern between grain size and distance in the extension
direction (Figure 1.18). Grain size does show a possible direct correlation with distance
below the Buckskin-Rawhide detachment fault, suggesting differential stress may have
increased towards the top of the mylonitic shear zone (Figure 1.19). However, the
detachment fault is eroded off the lower plate along much of the sampling transect,
resulting in large uncertainties of the fault’s position. Moreover, the detachment fault
consistently cuts mylonitic fabrics, so position below the detachment fault is only a loose
proxy for structural levels perpendicular to the shear zone.
If the mean quartz grain sizes measured in the Swansea mylonites record steady
state flow, differential stresses during mylonitization were ~40-104 MPa based on the
theoretical piezometer of Twiss (1977) and ~25-76 MPa based on the experimental
piezometer of Stipp and Tullis (2003) (Table 1.4). These quartz grain sizes and inferred
differential stresses are similar to those in the nearby Whipple Mountains, where mean
grain sizes cluster between ~30 to 75 μm (Hacker et al., 1992; Behr and Platt, 2011).
Factors controlling the distribution of recrystallized grain sizes are uncertain.
However, the relatively uniform mean grain size and the lack of a systematic increase in
grain size in the extension direction are consistent with the idea that Swansea mylonites
across the core complex underwent quartz dynamic recrystallization at similar structural
levels.

The subtle, small (~10-20 μm) subgrains which are locally present within

recrystallized grains in most samples likely record deformation under higher stresses as
mylonites were tectonically exhumed to increasingly shallower structural levels.

7. Quartz crystallographic preferred orientations
To better understand how ductile deformation varies across the lower plate, I
analyzed quartz crystallographic fabrics from 26 mylonites.

Quartz crystallographic

preferred orientations (CPOs) are primarily a function of active dislocation slip systems,
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Figure 1.18. Graph of mean dynamically recrystallized quartz grain size of Swansea mylonite
samples vs. sample distance in the extension direction. Diamonds are grain sizes determined by
intercept analysis; blue bars without diamonds are average grain sizes estimated optically and
from tracing grains on photomicrographs.

Figure 1.19. Graph of mean dynamically recrystallized quartz grain size vs. vertical distance of
sample below the Buckskin-Rawhide detachment fault. Diamonds are grain sizes determined
by lineal analysis; blue bars without diamonds are average sizes estimated optically and from
tracing grains on photomicrographs.
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strain geometry, kinematic framework, and strain magnitude. The dominant slip systems
in quartz are basal (0001) <a>, prism {101� 0} <a>, positive rhomb {101� 1} <a>, negative

rhomb {011� 1} <a>, and prism {101� 0} [c]. During progressive deformation, lattice slip

planes tend to rotate towards parallelism with shear planes, and slip directions (usually

<a>) rotate towards the shear direction.

Consequently, CPO data can be used to

determine active slip systems (Figure 1.20). The activity of different slip systems is
primarily of function of temperature.

Basal <a> slip tends to be favored at lower

temperatures, whereas slip on prism planes becomes dominant at higher temperatures
(Blacic, 1975; Bouchez, 1977; Lister and Dornsiepen, 1982; Hobbs, 1985; Mainprice et
al., 1986; Schmid and Casey, 1986; Okudaira et al., 1995; Kurz et al., 2002; Stipp et al.,
2002a; Figure 1.20). However, correlations between the activity of slip systems and
temperature are not well-established. Prism [c] slip is largely restricted to deformation at
temperatures >550-600°C (Lister and Dornseipen, 1982; Mainprice et al., 1986; Okudaira
et al., 1995), but there is not a clear temperature boundary at which prism <a> slip
dominates over basal <a> slip. Stipp et al. (2002a) correlate the transition from c-axis
girdles (indicative of basal <a>, rhomb <a>, and prism <a> slip) to Y-axis maxima
(indicative of prism <a> slip) with the transition from quartz subgrain rotation
recrystallization to dominant grain boundary migration at ~500°C (Figure 1.20).

Figure 1.20. A) Generalized quartz CPO patterns formed by
simple shear under different temperatures (modified from
Passchier and Trouw (2005). B) Generalized correlation
between locations of quartz [c] axes and activity of slip systems
in LS tectonites (modified from Toy et al., 2008; based on
Schmid and Casey, 1986).
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7.1. EBSD data collection methods
Quartz crystallographic preferred orientation (CPO) data were collected from 20
Swansea mylonite samples and six quartzite/meta-arkose samples using electron backscatter diffraction (EBSD). Analyses were performed on X-Z thin sections using a
Phillips XL30 ESEM equipped with a HKL Nordlys EBSD detector in the Department of
Geological Sciences at UT-Austin. All data were acquired with an accelerating voltage
of 20 kV at 250x magnification and a working distance of 17-24 mm. Diffraction
patterns were automatically indexed using Channel5 software, and only solutions with a
mean angular deviation (MAD) < 1.3° were accepted.
To obtain a representative CPO fabric, data were collected from at least 5
different quartz-rich areas on each sample using a step size of 10-30 μm. Areas adjacent
to feldspar porphyroclasts were avoided. Pole figure data were reduced to one point per
grain using a 10° misorientation to define grain boundaries. C-axis and a-axis pole
figures were generated using Pfch5 (Mainprice, 2005) and contoured with multiples of
uniform distribution. The Pfch5 software was also used to quantitatively assess the
strength of CPOs and the CPO geometry by calculating the J-index (Bunge, 1982), and P,
G, and R indices (Vollmer, 1990). The J-index is a widely used measure of fabric
strength, and P, G, and R indices assess how well data define a point (P), girdle (G), or
random distribution (R). These indices range from 0 to 1, and P+G+R=1.
7.2. Quartz crystallographic preferred orientations in the Swansea mylonites
All of the Swansea mylonite samples have well-developed quartz CPOs with
concentrations of [c] axes >4 times multiples of uniform distribution (Figure 1.21). In
general CPO patterns are strikingly similar across the footwall. C-axis fabrics form
single girdles or patterns that are intermediate between single girdles and Y-axis maxima
(Figure 1.21). Most of the samples (16/20) have a maximum density of [c] axes oriented
<25° from the Y-axis, and [c] axes near the Z-axis are rare to absent (Figures 1.21, 1.22).
These patterns indicate that combined prism <a> slip and rhomb <a> slip were dominant,
whereas basal <a> slip was minor. The relative importance of these slip systems does not
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Figure 1.21. Lower hemisphere pole figures of quartz [c] and <a> axes from Swansea mylonite samples (continued on
next page). Data are contoured with multiples of uniform distribution. Number of grains and sample distance in the
extension direction are listed on the left side of c-axis pole figures.
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Figure 1.21. Lower hemisphere pole figures of quartz [c] and <a> axes from Swansea mylonites samples (continued
from previous page).
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appear to vary systematically with distance in the extension direction. Samples that show
evidence for minor basal <a> slip are located in every domain, and there is no clear
correlation between the amount of rhomb <a> slip and sample location. To assess the
importance of prism <a> slip vs. rhomb <a> slip, I normalized P and G values following
Barth et al. (2010) (Table 1.5). With increasing deformation temperatures, prism <a> slip
should become more dominant, resulting in a stronger Y-maxima and higher normalized
P values (Pn). The highest two Pn values for the Swansea mylonite samples are located
in the northeastern end of the footwall, but in general Pn varies more within a given
domain than in the extension direction (Table 1.5, Figure 1.23). The variation of Pn
values is probably controlled more by strain geometry than by temperature.

In

constrictional strain, the lack of a strong flattening field tends to produce a girdle
distribution of [c] axes, even if only one slip system is active (Barth et al., 2010).
Constrictional quartz fabrics are thus characterized by low Pn (high Gn) values. The 5
Swansea mylonite samples with the lowest Pn values (≤0.5) have weakly foliated, welllineated fabrics that most likely formed during constrictional, non-coaxial shear.
The predominance of prism and rhomb <a> slip over basal <a> slip in the
Swansea mylonites is consistent with deformation temperatures >400° to 500°C. Some
of the samples (e.g. 5-27 and 5-16) have c-axis patterns that more closely resemble Ymaxima than single girdles, suggesting deformation temperatures locally may have
approached ~500°C (based on Stipp et al., 2002a). The best examples of these ~Ymaxima patterns are from the northeastern end of the core complex (Figure 1.21). Based
on J-index and R values, the strength of quartz CPOs appears to increase slightly in the
extension direction (Table 1.5, Figure 1.24). Due to the asymmetric unroofing of the
lower plate by the Buckskin-Rawhide detachment fault, the duration of mylonitization
may have increased in the extension direction, which could have resulted in the
development of stronger CPOs.
Most of the Swansea mylonite c-axis girdles have a subtle asymmetry that is
consistent with top-to-the-NE shear (Figure 1.21). This top-NE asymmetry is more
apparent in the distribution of a-axis fabrics, which typically form point maxima
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Figure 1.22. Compilation of quartz c-axis maxima from Swansea mylonite samples (maxima from 20 pole figures in
Figure 1.21); m.u.d. = multiples of uniform distribution. 16 out of the 20 samples have c-axis maxima located <25°
from the Y-axis (center of pole figure), indicating dominant prism <a> slip.

Table 1.5. Quartz EBSD data from mylonite samples. Number of grains listed is total quartz grains analyzed per
sample assuming a minimum of 10° misorientation between grains. Maximum densities are multiples of uniform
distribution. See section 6.1 for explanation of P, G, R, and pfJ.
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Figure 1.23. Normalized P index value (Pn) vs. sample distance in
the extension direction. P values quantify how well quartz c-axes
define a point maxima (high Pn) vs. a girdle (low Pn.) P indices were
calculated using Pfch5 (Mainprice, 2005) and normalized so
Pn+Gn=1. Blue points are from the Swansea Plutonic Suite; red
points are from pre-Tertiary metasedimentary rocks.

Figure 1.24. Strength of quartz crystallographic preferred orientation (CPO) vs. sample distance in the extension
direction. Blue points are from the Swansea mylonites; red points are from pre-Tertiary metasedimentary rocks. A)
Quartz c-axis pole figure J value vs. sample distance in extension direction. J values quantify CPO strength. B)
Quartz c-axis 1-R value vs. sample distance in extension direction. R indices quantify the randomness of the c-axis
distribution (P+G+R=1); 1-R thus correlates with CPO strength.
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clockwise of the northeast X-direction (Figure 1.21). The alignment of these <a> axes
maxima define flow planes that in 16 out of the 20 Swansea mylonite samples are
compatible with a component of top-NE shear. Three of the Swansea samples have <a>
axes that are symmetrically distributed about the foliation, and one sample (6-170) has
<a> axes which form maxima counterclockwise of the northeast X-direction.

This

apparent top-SW asymmetry is not well-defined, and microstructures indicate that the
sense-of-shear in this sample is clearly top-NE. Most flow planes inferred from <a> axes
maxima are oriented ~10-25° from the mylonitic foliation, whereas flow planes inferred
from the normal to central c-axis girdles are typically 2-10° from mylonitic foliations.

8. Feldspar deformation conditions
Feldspar is two to three times more abundant than quartz in most Swansea
mylonites, so deformation of feldspar plays a critical role in development of the lower
plate mylonitic fabrics. At greenschist- to mid-amphibolite-facies conditions, feldspar is
rheologically stronger than quartz. Fracturing is an important deformation mechanism
under these conditions.

Recrystallization and dislocation creep regimes in feldspar

resemble those in quartz (Tullis, 2002). In naturally-deformed feldspathic rocks, bulging
recrystallization (regime 1) is common between ~400-600°C (Borges and White, 1980;
Simpson, 1998; Tullis, 2002). However, fine-grained recrystallization driven by the
chemical breakdown of feldspar can occur at temperatures as low as 250°C in the
presence of fluids (Fitz Gerald and Stunitz, 1993). Dislocation climb and recovery in
feldspar initiate at temperatures ≥~450°C, and subgrain rotation recrystallization (regime
2) becomes important above ~500-550°C (Simpson, 1985; Gapais, 1989; Pryer, 1993; see
compilation in Fitz Gerald and Stunitz, 1993).
8.1. Feldspar deformation mechanisms and recovery in the Swansea Plutonic Suite
Deformation of feldspar porphyroclasts in the Swansea Plutonic Suite mylonites
ranges from cataclasis to bulging and subgrain rotation recrystallization. Fracturing of
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feldspar is common in all the mylonites. Fracturing represents the dominant feldspar
deformation mechanism in 21/31 of the Swansea mylonite samples studied, and 8/31 of
the samples have undergone synmylonitic cataclasis and/or intense crushing of feldspar
porphyroclasts (Table 1.1). Brittle deformation of feldspar does appear to be more
important in the southwestern half of the lower plate, although fracturing remains
important in the northeastern end (Table 1.1).

Synmylonitic extension- and shear

fractures are commonly localized on feldspar cleavage planes (Figure 1.25). Internal
microfracturing of feldspar is also common, and in most samples some of these
microfractures have migrated due to strain-induced grain boundary migration (Figure
1.25F).
Dynamic recrystallization of feldspar is present in all of the Swansea mylonite
samples. Bulging recrystallization due to strain-induced grain-boundary migration is the
dominant recrystallization mechanism in most samples. These recrystallized zones are
characterized by uniformly small (~5-20 μm) grains rimming porphyroclasts or localized
along microfractures (Figure 1.26). In some samples recrystallized grains have oblique
grain-shape preferred orientations compatible with top-NE shear (Figure 1.26, B, E).
Locally, recrystallized grains are mixed with fine-grained biotites and quartz, suggesting
recrystallization is also due to the chemical breakdown of feldspar.

However, the

common occurrence of recrystallized bulges into porphyroclasts and the association of
recrystallization along migrated microfractures indicate that strain-induced grain
boundary migration was an important driving force in recrystallization.
Many of the Swansea mylonites samples show evidence for incipient feldspar
recovery and subgrain rotation recrystallization. Localized zones of subgrains are present
along the margins of feldspar porphyroclasts in most samples, and approximately half of
the samples have some recrystallized feldspar grains similar in size and shape to
subgrains, indicating subgrain rotation recrystallization (Table 1.1, Figure 1.27).

In

general feldspar subgrains and subgrain rotation recrystallization are not widespread on a
thin-section scale, but their presence indicates that mylonitization temperatures were high
enough to accommodate incipient dislocation climb.
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Where feldspar fracturing is

Figure 1.25. Photomicrographs showing fracturing of feldspar porphyroclasts in Swansea mylonite samples. All
photomicrographs are from X-Z planes with NE to the right. A-E: gyp; F: cpl. Samples: A) 2-90; B) 5-9; C) & D) 516; E) 5-174; F) 9-35. In photo F some grain boundary migration has occured across the irregular fracture.
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Figure 1.26. Photomicrographs showing feldspar bulging recrystallization (fsp) in Swansea mylonite samples. All
photomicrographs are from X-Z planes with NE to the right. A, B, E, F: gyp; C, D: cpl. Note the subtle oblique
recrystallized feldpsar grain shape preferred orientation in A), B) and E). Samples: A) 1-70; B) 8-193; C) 3-263; D) 516; E) 5-9; F) 5-46 (most recrystallized sample).
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Figure 1.27 (continued on next page). Photomicrographs showing feldspar subgrains and subgrain rotation
recrystallization in Swansea mylonite samples. A) 5-169 and B) 5-174: feldspar subgrains from samples in the
southwestern end of the lower plate (arrows point to subgrains area). C) and D) 8-138; E) and F) 1-70: subgrains and
subgrain rotation recrystallization along porphyroclasts margins (surrounded by finer-grained bulging recrystallization
in C and E). A, C-E: cpl; B, F: gyp.
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Figure 1.27 (continued from previous page). Photomicrographs showing feldspar subgrains and subgrain rotation
recrystallization in Swansea mylonite samples. Sample: G) 2-152 (gyp); H) 9-35 (gyp); I) 5-1 (cpl); J) 5-7 (gyp); K) 527 (cpl); L) 3-263 (gyp).
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pervasive, it can be difficult to distinguish subgrains from microfractures with migrated
boundaries, but in most samples the polygonal shapes and transparency of boundaries in
plane polarized light provide strong evidence for feldspar subgrains.
The total amount of feldspar recrystallization (BLG ± SGR recrystallization) in
the Swansea mylonites ranges from ~16-54% (Table 1.1). Overall, the average amount
of recrystallization appears to increase slightly from the southwest to the northeast half of
the lower plate (Figure 1.28). Samples from the southwestern half have undergone a
relatively uniform ~16-27% feldspar recrystallization, whereas recrystallization is
heterogeneous and generally higher in the northeastern half. The amounts of feldspar
recovery and subgrain rotation recrystallization also appear to increase in the extension
direction (Table 1.1, Figure 1.29). In the northeastern end of the lower plate, 5 out of 6
samples have undergone some feldspar subgrain rotation recrystallization, whereas only 2
out of 8 samples from the southwestern end show evidence of feldspar subgrain rotation
recrystallization.

The overall decrease in feldspar fracturing and slight increase in

feldspar recrystallization and recovery towards the northeast suggests deformation
temperatures were higher in the extension direction, but peak feldspar deformation
temperatures were probably <100°C across the lower plate.

Feldspar subgrains are

locally present in most samples from the southwestern lower plate, suggesting peak
deformation temperatures were ≥450°C.

Feldspar porphyroclasts in all samples are

rheologically much stronger than quartz grains, and in the northeastern lower plate
recrystallization via subgrain rotation recrystallization is relatively minor, suggesting
deformation temperatures were <550°C for the majority of mylonitization.
Additional feldspar microstructures in the Swansea mylonites include flame
perthite and myrmekite, which are present in all lower plate domains and were noted in
80-90% of samples (Table 1.1, Figure 1.30). These microstructures are most common
along K-feldspar porphyroclast margins oriented subparallel with the mylonitic foliation,
suggesting they are deformation-induced. Flame perthite is most abundant in mid- to
upper greenschist-facies mylonites (Pryer, 1993), whereas deformation-induced
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Figure 1.28. Graph of total percent feldspar recrystallization of Swansea mylonite samples (bulging
recrystallization ± subgrain rotation recrystallization) vs. sample distance in the extension direction. The amount
of feldspar recrystallization was determined by point counting. Feldspar recrystallization ranges from ~16-54%.
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Figure 1.29. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) showing the distribution of feldspar subgrain rotation
(SGR) recrystallization and synmylonitic feldspar cataclasis (and/or intense crushing of porphyroclasts) in the Swansea mylonite samples. All 31 samples have
undergone fracturing and feldspar bulging recrystallization.

Figure 1.30. Photomicrographs showing flame perthite (A-B) and myrmekite (C-F) in Swansea mylonite samples.
Samples numbers: A) 3-263 (cpl); B) 9-35 (gyp); C) 5-169 (cpl); D) 9-35 (gyp); E) 8-193 (cpl); F) 5-27 (cpl).
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myrmekite is typically produced in upper greenschist- to lower amphibolite-facies
conditions (Simpson and Wintsch, 1989; Pryer, 1993).

9. Kinematic vorticity analysis
Several early models of metamorphic core complexes described lower plate
ductile deformation as a product of coaxial flow (e.g. Rehrig and Reynolds, 1980; Davis
et al., 1982; Miller et al., 1983).

These models were challenged by studies that

interpreted metamorphic core complexes as extensional shear zones dominated by noncoaxial deformation (e.g. Davis, 1983; Bartley and Wernicke, 1984; Lister and Snoke,
1984; Naruk, S.J, 1986). Geologic evidence for tens of kilometers of displacement across
detachment faults has strengthened the simple shear model for metamorphic core
complex deformation (Reynolds and Spencer, 1985; Davis et al, 1986; Glazner et al,
1989; Spencer and Reynolds, 1991). However, detailed fabric studies in a number of
core complexes have found evidence for coaxial deformation (Compton, 1980; Davis et
al., 1982; Miller et al., 1983; Wells and Allmendinger, 1990), or evidence for early
coaxial deformation followed by non-coaxial deformation during the later stages of
mylonitization (Lee et al., 1987; Bailey and Eyster, 2003). The vorticity of lower plate
shear represents an important component of any metamorphic core complex model.
9.1. Kinematic vorticity: background and methods
The non-coaxiality of a flow can be quantified with the kinematic vorticity
number, Wk (Means et al., 1980). For instantaneous, two-dimensional flow, Wk is equal
to the cosine of the acute angle between flow apophyses (lines of zero instantaneous
rotation), α (Means et al., 1980; Bobyarchick, 1986; Passchier, 1986). Wk ranges from 0
for pure shear (cosine 90°) to 1 for simple shear (cosine 0°). Pure and simple shear make
equal contributions to flow at Wk=0.71 (cosine 45°; Means et al., 1980; Law et al., 2004).
Angle α can be related to the acute angle between the instantaneous stretching axis and
the flow apophysis, θ, by: α= 90°–2θ (Weijermars, 1991); therefore, Wk=sin 2θ (Means et
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al., 1980; Wallis, 1995). Angle θ is equivalent to δ + β, where δ is the acute angle
between the instantaneous stretching axis and the main foliation, and β is the angle
between the main foliation and the flow apophysis. Oblique quartz grain shape fabrics
can be used to estimate δ by assuming that the long axes of grains initiate approximately
parallel with the instantaneous stretching axis (Law et al., 1984; Lister and Snoke, 1984;
Dell’Angelo and Tullis, 1989; Wallis, 1995). Grains may progressively rotate towards
the flow plane, but the largest angle between the grain fabric and the foliation
approximates angle δ (Wallis, 1995). The relative orientations of flow planes and thus
angle β can be determined from quartz CPO patterns by assuming that central portions of
c-axis girdles are oriented perpendicular to the flow plane and/or <a> axes become
preferentially aligned along the flow plane (in the case of basal, rhomb, and prism <a>
slip). The use of oblique grain shapes and quartz c-axis fabrics to estimate Wk was
developed by Wallis (1995), and has been used in several subsequent vorticity studies
(e.g. Xypolias and Koukouvelas, 2001; Sullivan, 2008; Langille et al., 2010). It is
important to note that because this method relies on estimating the incremental strain
axes, it can only give the vorticity associated with the last increments of shear.
I calculated the kinematic vorticity of 19 Swansea mylonite samples using quartz
fabrics (Table 1.6).

Potential problems with using this technique on the Swansea

mylonites are that vorticity may be heterogeneous on a thin-section scale, and foliation
orientations vary due to wrapping around rigid feldspar porphyroclasts. To minimize
these problems, quartz grain shape fabric orientations and CPO data were not collected
immediately adjacent to porphyroclasts. The orientation of the instantaneous stretching
axis on each sample was estimated by measuring 50-75 orientations of oblique quartz
grain fabrics. The range of the δ angles used in the vorticity calculations is from the
maximum frequency angle to the highest angle within a continuous range of the
maximum frequency. This range eliminates anomalously high individual measurements
and accounts for the fact that many oblique fabrics oriented at angles less than the
maximum are comprised of subgrains, indicating that they initiated in those orientations.
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Table 1.6. Quartz fabric data and kinematic vorticity numbers (Wk) from Swansea
mylonite samples. Wk = sin[2θ], where θ = angle between the incremental stretching axis
(ISA) and the flow plane. θ = δ+β; δ = angle between initial quartz grain shape preferred
orientation (≈ISA) and main foliation; β = angle between main foliation and flow plane
estimated from c-axis girdle (β[c] girdle) or a-axis maxima (β<a>). Numbers in italics
indicate where θ is >45° (maximum theoretical θ=45°).
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The orientations of flow planes (one of the flow apophyses) in the Swansea
mylonites were determined from both the normal to the c-axis girdle and the <a> axes
point maxima. As discussed in section 7.2., these flow plane indicators are generally
inconsistent. In 11 out of 18 samples the flow plane defined by a-axis maxima is ≥~9°
clockwise of the flow plane defined by the normal to the c-axis girdle (Table 1.6). There
are several possible reasons for this discrepancy. First, although several studies have
demonstrated that c-axis girdles become aligned perpendicular to flow planes (e.g. Lister
and Hobbs, 1980; Price, 1985; Law et al., 1990), experimental work by Heilbronner and
Tullis (2006) indicate that c-axis girdle may rotate with the sense of shear, suggesting the
assumption that c-axis girdles form perpendicular to flow planes is not always valid.
Second, the Swansea mylonite quartz c-axis girdles are not particularly well-defined
given the predominance of prism <a> slip over basal <a> slip. Vague c-axis girdles may
mask the true orientation of the flow plane (Passchier and Trouw, 2005). Moreover, the
central portions of girdles (around the Y-axis) may be more symmetric with respect to the
foliation than the distribution of [c] axes near the perimeter of a pole figure (e.g. sample
CC 1 in Schmid and Casey, 1986). In samples with this fabric geometry, the actual flow
plane is inclined at a steeper angle than normal to the central portion of the [c] axis girdle.
Lastly, although several studies have demonstrated that quartz <a> axes become
preferentially aligned parallel with the flow direction (e.g. Bouchez, 1978; Lister and
Hobbs, 1980; Schmid and Casey, 1986), there are potential complications that could
result in a lack of parallelism between a-axis maximum and the flow direction, as
discussed by Schmid and Casey (1986).
9.2. Kinematic vorticity in Swansea mylonites
Kinematic vorticity values (Wk) were calculated using β angles from both a-axis
maxima and c-axis girdles (Table 1.6, Figure 1.31). Wk values using a-axis maxima
range from 0.77 to 1.0 (56 to 100% simple shear), with most values >0.90 (>71% simple
shear). Wk values using c-axis girdles range from 0.50 to 1.0 (33 to 100% simple shear),
with most values >0.72 (>51% simple shear). The average Wk using a-axis maxima is
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Figure 1.31. Minimum and maximum kinematic vorticity numbers (Wk) of Swansea mylonite samples
plotted against sample distance in extension direction. A) Wk using quartz a-axis maxima as flow plane
(blue). B) Wk using pole to c-axis girdle as flow plane (green). Red line (at Wk = 0.71) indicates where
pure shear is equal to simple shear.
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0.96 (82% simple shear), whereas the average Wk using c-axis girdles is 0.88 (68%
simple shear). In most samples Wk values based on <a> axes and [c] axes overlap
between 0.81 and 1.0 (60-100% simple shear). These results indicate that mylonitization
of the Swansea Plutonic Suite was dominated by non-coaxial shear, which is consistent
with the abundance of non-coaxial shear sense indicators and uniform top-NE sense of
shear. However, little certainty can be placed on a specific Wk value because several β
angles determined from a-axis maxima result in θ values >45° (maximum is 45° for
simple shear), whereas most

β angles determined from c-axis girdles indicate

unrealistically high shear strains (see section 10.3). In addition, the near symmetric
quartz crystallographic fabrics in some samples (6-170, 6-262, 8-138, 4-464, 5-7, and 51) suggest mylonitization was locally pure-shear dominated. Multiple vorticity analysis
techniques are typically needed to accurately determine Wk. However, commonly-used
rotated rigid object techniques (Passchier, 1987; Simpson and DePaor, 1993) are
inappropriate for the Swansea mylonites due to prevalent fracturing and recrystallization
of feldspar porphyroclasts and the lack of a homogenous matrix.

10. Strain analysis
Quantifying lower plate strain is important in establishing the relationship
between detachment faults and mylonitic shear zones and understanding how
deformation is partitioned between the middle and upper crust. If lower plate mylonites
represent the down-dip root of a detachment fault, they should record large strains
compatible with tens of kilometers of slip on the detachment fault.

Alternatively,

“captured” subhorizontal shear zones may record strains that are inconsistent with
detachment fault slip or amounts of upper plate extension.
The magnitude of lower plate strain associated with the development of
metamorphic core complexes is generally difficult to evaluate due to uncertainty about
older deformation and the lack of suitable strain markers. In the Buckskin-Rawhide
lower plate we can eliminate the effects of older deformation by focusing on post ~22 Ma
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strain recorded in the Swansea mylonites. Quantifying bulk strain in quartzo-feldspathic
crystalline rocks is complicated due to the heterogenous nature of deformation between
different phases.

In the Swansea mylonites, quartz layers are significantly more

deformed than feldspar porphyroclasts.

Rf/φ analysis of quartz ribbons or feldspar

porphyroclasts would give upper and lower estimates, respectively, on bulk finite strain.
However, original (plutonic) quartz grains in the Swansea mylonites are unrecognizable
due to large quartz strains and pervasive recrystallization. Feldspar in Swansea mylonites
deformed by fracturing and recrystallization, and porphyroclast shapes in all samples
have been modified by recrystallization, so Rf/φ techniques may not accurately record
feldspar strains. I concluded that the best estimate of bulk strain was from normalized
Fry analysis on feldspar porphyroclasts.
10.1. Fry analysis: background and methods
If objects in a homogeneously deformed rock were uniformly distributed
(anticlustered) prior to deformation, the distribution of these object centers is a function
of strain (Ramsay, 1967). Fry (1979) developed a simple strain analysis technique which
involves plotting the center-to-center distances of a group of objects.

If the two

dimensional grain size is relatively uniform, a “Fry plot” generates a point vacancy field
which ideally records the finite strain ellipse. This technique was improved by Erslev
(1988) and Erslev and Ge (1990) by normalizing center-to-center distances with object
areas, eliminating Fry plot scatter due to variability of object sizes. Although the Fry
technique is most commonly applied to objects such as quartz sand grains or ooids, Fry
analysis has been successful using feldspar porphyroclasts in augen gneisses (Genier and
Epard, 2007). In the Swansea mylonites, feldspar porphyroclasts have changed shape
due to recrystallization and fracturing, and the spacing of porphyroclasts have been
affected by deformation of matrix phases. Consequently, Fry analysis strain ratios using
feldspar porphyroclasts record some combination of relatively strong feldspar
porphyroclast deformation and relatively weak matrix deformation.
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I conducted normalized Fry analysis on X-Z thin sections of 12 Swansea mylonite
samples from different structural domains (Table 1.1). Thin sections were scanned at
high resolution in plane- and cross-polarized light, and >200 to ~600 feldspar grains were
traced on each thin section (Figures 1.32, 1.33). The biggest uncertainty with this method
is the reconstruction of fractured porphyroclasts. The combined use of plane and crosspolarized light scans, and inspection of traced areas with a petrographic microscope
improved porphyroclast tracings, but in samples with highly fractured porphyroclasts
(e.g. 2-90, 4-464, and 5-16) identification of original feldspar grains was difficult. Bestfit ellipses of traced porphyroclasts were generated using SAPE (semi-automatic
parameter extraction, Mulchrone et al., 2005).

Although best-fit ellipses may

misrepresent areas and center coordinates of non-elliptical grains (McNaught, 1994),
ellipses fit most feldspar porphyroclasts in the Swansea mylonites relatively well.
Porphyroclast grain sizes typically have a seriate distribution ranging from <0.5 mm long
to ≥8 mm long. A lower grain size cutoff for each sample was selected based on breaks
in the grain size distribution. Grains with average diameters below ~0.4 to 0.5 mm, most
of which are fragments of originally larger porphyroclasts, were not included the
analysis. Ellipse data from SAPE were imported into INSTRAIN 3.0 (Erslev, 1992) to
generate normalized Fry plots, and X:Z strain ratios were estimated by manually fitting
ellipses to normalized Fry plot vacancy fields (Figures 1.32, 1.34).

An important

assumption in the correlation between Fry plot vacancy fields and finite strain is that
deformation of the Swansea mylonites was homogeneous.

Given the rheological

differences between porphyroclasts and matrix, deformation was clearly not
homogeneous at the grain scale. However, at the thin section scale, deformation may
have been approximately homogenous. Matrix phases in the Swansea mylonites (quartz,
mica, recrystallized feldspar) typically form lenses and discontinuous layers rather than
through-going networks. In addition, C’ shear bands in all samples are discontinuous
features (typically ≤1 cm long), and through-going C planes are absent. It is unlikely that
significant heterogeneous deformation was accommodated by through-going weak
networks.
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Figure 1.32. Method used to determine X:Z strain ratio on Swansea mylonite samples (sample 5-203). Large (~45x70 mm) thin sections were scanned at high
resolution in cross-polarized light (A) and plane light (B). C) Porphyroclasts were traced in Adobe Illustrator and imported into SAPE (semi-automatic parameter
extraction, Mulchrone et al., 2005). D) Ellipse data from SAPE were converted in Excel to INSTRAIN 3.0 format (Erslev, 1992) to generate Fry plots (E) and
normalized Fry plots (F). Ellipses were manually fitted to normalized Fry plots to give X:Z ratios.
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Figure 1.33. Tracings of feldspar porphyroclasts in Swansea mylonite samples used for normalized Fry analysis (X:Z thin sections with NE to the right; 5:4 scale ).

10.2. Normalized Fry analysis of Swansea mylonites
The normalized Fry plots of all 12 Swansea mylonite samples define clear
vacancy field ellipses with major axes parallel or subparallel with the overall X-direction
(Figure 1.34). Ellipse X:Z ratios range from 2.2 to 3.8, and 10/12 samples have ratios
between 2.5 and 3.4. The lowest X:Z ratio corresponds to the sample with the least
amount of quartz (~17%) of all the Swansea granodiorite and granite samples, whereas
the highest ratio corresponds to the sample that has undergone appreciably more feldspar
recrystallization than other Swansea samples (Table 1.1). Macroscopically these two
samples appear to record the lowest and highest strain, respectively, of all 31 samples
collected, suggesting most of the Swansea mylonites record normalized Fry plot X:Z
ratios between 2.2 and 3.8. These ratios are consistently larger than the harmonic mean
feldspar porphyroclast ellipticities (Rf ~1.9-2.8), and are clearly smaller than aspect ratios
of quartz layers, suggesting the normalized Fry plot ratios may approximate finite strain.
However, the lack of high point densities rimming the plot vacancy fields suggests the
feldspar crystals may have had a weakly anticlustered distribution (Crespi, 1986). To
evaluate the significance of the normalized Fry plot vacancy fields, I performed the same
strain analysis on a nonmylonitic sample of granodiorite from the Bouse Hills – a likely
equivalent of the Swansea Plutonic Suite. This sample is mineralogically similar to many
of the Swansea mylonites, but it has a weakly developed magmatic foliation and lacks
solid-state deformation. Fry analysis on a thin section cut perpendicular to the magmatic
foliation produced a relatively clear void space with an ellipse ratio ~1.2 to 1.3 (Figure
1.35). These results suggest the normalized Fry plots appear to track finite strain from an
initial circular or slightly elliptical strain ratio. Assuming that the Fry plot axial ratios
record finite strain, most of the Swansea mylonite samples have undergone ~57-83%
extension along the X-axis and ~37-45% shortening along the Z-axis.
Even if the Fry plot axial ratios do not accurately record finite strain, they can be
used to qualitatively compare how strain varies in the Swansea Plutonic Suite.

In

general, strain ratios are similar across the lower plate (Figure 1.36). Although the lowest
and highest strain samples are from the southwestern and northeastern ends of the lower
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Figure 1.34. Normalized Fry plots of Swansea mylonite samples. In all plots the trace of the overall foliation on the X-Z plane is horizontal and NE
is to the right. Plots were generated using INSTRAIN 3.0 (Erslev, 1992), and ellipses were manually fit to void spaces. Samples are arranged by
their distance in the extension direction (moving horizontally from the top left); n=number of feldspar porphyroclast grains used in the analysis.

Figure 1.35. A) Tracings of feldspar grains in a nonmylonitized granodiorite sample from the Bouse
Hills (8-2). Sample is cut perpendicular to a weakly-developed magmatic foliation (~horizontal). B)
Fry and normalized Fry plots generated from tracings using INSTRAIN 3.0 (Erslev, 1992).
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plate, respectively, the majority of the Fry analyses do not indicate an increase in strain in
the extension direction (Figure 1.36). No clear relationship exists between the distance
below the Buckskin-Rawhide detachment fault and finite strain (Table 1.1).

Figure 1.36. Finite X:Z strain ratio determined from normalized Fry analysis vs. sample distance
in the extension direction.

10.3. Shear strain
Shear strain in the Swansea mylonites can be estimated from the angle between
foliation and shear planes. Lower plate shear zone boundaries are not exposed, and
discrete C-planes parallel with the shear zone are absent. Quartz CPOs provide the only
estimates of shear plane orientations. In simple shear, the angle between the principal
finite extension axis and the shear plane (θ’) is related to shear strain (γ) by the equation:
tan 2θ’=2/γ (Ramsay, 1980). The angle θ’ determined from most quartz a-axis maxima
(orientation of inferred shear plane) of the Swansea mylonite samples is ~9-25°,
corresponding to simple shear strains of ~1.7 to 6.1 (median γ=3.4). Most orientations of
shear planes determined from c-axis girdles correspond to simple shear strains of ~6 to
>10, which are unrealistically high given the protomylonitic nature of the rocks and the
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estimates of finite strain from Fry analysis. The shear strain values based on a-axis
maxima probably provide the best upper limit estimate for the Swansea mylonites.
Actual shear strain is almost certainly less because of deviation from simple shear and
possible volume loss. Shear strain is very sensitive to kinematic vorticity. If the mean
kinematic vorticity number during mylonitization was 0.96 (average Wkβ<a> in Table 1.6)
instead of 1.0, shear strain of the Swansea mylonites would be ~0.9 to 3.1 (calculated
using StrainCalculator 3.2, Holcombe, 2009). Heterogeneous volume change across the
shear zone would decrease θ’, resulting in an overestimate of shear strain.
10.4. Strain rate
Lower plate ductile strain rates are difficult to estimate given the uncertainties of
the bulk finite strain and duration of mylonitization. Thermochronologic data from
across the lower plate do not systematically indicate when the Swansea mylonites cooled
to brittle conditions. Along the central portion of the lower plate, the oldest fission track
ages (Bryant et al., 1991; Foster et al., 1993) overlap with the youngest K-Ar biotite ages
and youngest

40

Ar/39Ar K-feldspar ages (Richard et al., 1990) at ~15-16 Ma, suggesting

mylonitization ended no later than this time. Assuming the finite strain estimates from
the Fry analysis are accurate, and that mylonitization of the Swansea Plutonic Suite
occurred over a time period of 5-6 m.y., most of the Swansea mylonites record average
strain rates of 3x10-15 to 5x10-15 s-1. Given that all samples lack evidence for significant
mylonitization below ~400°C, most penetrative strain probably accumulated over a
shorter time period. It is unclear when the lower plate cooled through ~400°C. If
mylonitization occurred over a ~2 m.y. period (~21–19 Ma), a strain rate of ~10-14 is
suggested.
Mylonite strain rates can theoretically be calculated with quartzite flow laws,
which relate steady-state strain rate to differential stress, temperature, and
experimentally-derived constants. Differential stress can be estimated from dynamically
recrystallized grain size piezometers. However, grain size piezometers and flow law
constants are inconsistent, and calculated strain rates typically vary by several orders of
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magnitude depending on which rheological properties are used. I used the piezometers of
Twiss (1977, 1980) and Stipp and Tullis (2003) and the quartzite flow law of Hirth et al.
(2001) to estimate strain rates (Table 1.7). In these calculations water was assumed to be
present at a pressure of 300 Mpa (lithostatic for depth of ~11.3 km), which is consistent
with the presence of hydrous synkinematic minerals (biotite, epidote, chlorite) and quartz
fill within feldspar fractures.

Calculated strain rates during peak mylonitization

conditions (400-500°C) range from ~10-11 to 10-14 s-1 (Table 1.7). The average grain size
measured in the Swansea mylonites (42 μm) and the dominant inferred mylonitization
temperature (450°C) yield strain rates between 10-12 and 10-13 s-1, several orders of
magnitude higher than minimum strain rate estimates from finite strain analysis. This
discrepancy could record the difference between peak mylonitzation strain rates and
average strain rates over the entire duration of mylonitization.

However, large

uncertainty exists with both strain rate estimates. In addition, grain size piezometers and
flow laws are for pure quartzite, whereas the Swansea mylonites contain only ~20-30%
quartz.

Table 1.7. Strain rates (é) of Swansea mylonite samples calculated using quartzite flow law of Hirth et al. (2001):
é=Afmσnexp(-Q/RT); log(A)=-11.2±0.6 MPa-ns-1; f (water fugacity) is calculated from fugacity coefficients of Todheide
(1972) assuming water was present at mylonitization temperatures and 300 MPa; σ=differential stress calculated from
grain size piezometers; n=4; Q=135±15 kJ/mol; R=gas constant; T=temperature (K).

11. Deformation conditions in mylonitized pre-Tertiary rocks
Analysis of deformation conditions in mylonitized pre-Tertiary age rocks focuses
on: a) Proterozoic porphyritic granites commonly interlayered with the Swansea Plutonic
Suite (6 samples), b) heterogeneously-deformed quartzo-feldspathic mylonitized gneisses
and granitoids from the central Buckskin Mountains (6 samples), c) Paleozoic and/or
76

Mesozoic meta-arkoses/quartzites from the southwestern and northeastern lower plate (9
samples), and d) Cretaceous granites and interlayered gneisses from the Little Buckskin
Mountains (14 samples) (Figure 1.37, Table 1.8). Mylonitization of these units is highly
variable; however, with the exception of the Little Buckskin Mountains, deformation in
many of these pre-Tertiary rocks is consistent with mylonitization patterns of the
Swansea Plutonic Suite.
11.1. Deformation conditions in porphyritic granites
Proterozoic porphyritic granite mylonites are commonly interlayered with the
Swansea Plutonic Suite (section 3.2).

Quartz deformation in this distinct unit is

characterized by development of ribboned grains or elongate quartz layers, abundant
subgrain development, and dynamic recrystallization to grains similar in size and shape
to subgrains (Figure 1.38D). These deformation characteristics are very similar to those
in the Swansea mylonites and are indicative of regime 2 dislocation creep and dominant
subgrain rotation recrystallization. In the northeast end of the footwall, recrystallized
quartz grains in some samples are more irregular in terms of size and shape, indicating
grain boundary migration and regime 3 dislocation creep are locally important (Figure
1.38H).

The only notable difference with the Swansea mylonites is that quartz

recrystallization and subgrain polygonalization are generally more heterogenous in the
porphyritic granites. Half (3/6) of the porphyritic granite samples have some ribboned
quartz grains lacking polygonalization by subgrain formation or subgrain rotation
recrystallization. One sample from the northeastern footwall (5-35) is dominated by
these ribboned quartz grains (Figure 1.38J). The lack of pervasive polygonalization in
some of the porphyritic granite mylonites could indicate that strain was more
heterogeneously distributed in this unit than in the Swansea mylonites. Alternatively, it
is possible that the Proterozoic granites had an inherited quartz lattice preferred
orientation that allowed for more Miocene dislocation glide to be accommodated without
significant subgrain development.
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Figure 1.37. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) with locations of mylonitized pre-Tertiary rock samples
(red, purple, and yellow circles). Sample numbers are only shown for those listed in Table 1.8.

Table 1.8. Microstructural data table of mylonitized pre-Tertiary rocks. See
explanation in Table 1.1 for abbreviations.
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Figure 1.38 (continued on next page). Photomicrographs of mylonitized Proterozoic porphyritic granite from layers
within Swansea mylonites. All photomicrographs are from X-Z planes with NE to the right. A-J: gyp. A) fracturing
and bulging (BLG) recrystallization of feldspar pophryoclasts (1-51); B) subgrain rotation recrystallization (SGR) of
quartz and BLG recrystallization of feldspar (1-51); C) fragmented and recrystallized feldspar (BLG), quartz SGR
recrystallization, C’ shear bands, and hornblende clast with biotite tails (2-34); D) quartz SGR recrystallization (2-34);
E) cataclasis of feldspar porphyroclast; quartz SGR recrystallization (4-339); F) feldpsar SGR recrystallization (5-24).

80

Figure 1.38 (continued from previous page). Photomicrographs of Proterozoic porphyritic granite mylonite. All
photomicrographs are from X-Z planes with NE to the right. G) recrystallization (BLG+SGR) of feldspar (1-117); H)
quartz regime 3 dislocation creep (SGR+GBM) and feldspar recrystallization (SGR+GBM; 1-117); I) fracturing and
BLG recrystallization of feldspar, quartz regime 2 dislocation creep (5-35); J) quartz regime 2 dislocation creep; note
long ribboned grains lacking pervasive subgrain development (5-35).
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The overall pattern of feldspar deformation in the Proterozoic granite samples is
also similar to that observed in the Swansea mylonites. Fracturing or cataclasis of
feldspar porphyroclasts is the dominant deformation mechanism in 5 out of the 6
porphyritic granite samples studied (Table 1.8). Apparent elongation of cm-scale augen
or lens-shaped porphyroclasts in this unit was accomplished through intense fracturing
(Figures 1.9, 1.38A, E).

Feldspar porphyroclasts are rimmed by small (≤20 μm),

irregular-shaped grains indicative of bulging recrystallization, and apparent subgrains in
porphyroclasts are present in all samples. Recrystallized grains similar in size and shape
to subgrains are present in 2 out of the 3 samples from the northeastern lower plate,
indicating some subgrain rotation recrystallization (Figure 1.38F-H).

As with the

Swansea mylonites, the amount of feldspar recovery appears to increase to the northeast.
However, deformation conditions do not vary significantly in the extension direction.
Based on deformation mechanisms, mylonitization temperatures of these Proterozoic
granites do not appear to have been higher than those recorded by the Swansea mylonites.
In addition, the amount of feldspar recrystallization in these granites (~19-35%) is
comparable to that in the Swansea mylonites.
11.2. Deformation conditions in layered gneisses and granitoids
Layered crystalline gneisses and granitoids from the central Buckskin Mountains
are heterogeneously deformed. Quartzo-feldspathic mylonites and ultramylonites are
interlayered with non-mylonitized amphibolites and pegmatitic granitoids (Figure 1.39).
Miocene mylonitization is absent from many mafic, quartz-poor layers within this area.
For example, feldspar in an amphibolite sample with a NE-trending hornblende lineation
(sample 4-175) has undergone complete recrystallization into grains that lack undulatory
extinction and commonly have ~120° boundaries, indicating high-temperature static
recrystallization (Figure 1.39F). The poorly mylonitized quartzo-feldspathic gneisses
from this area (samples 1-90 and 1-91) have undergone only minor feldspar fracturing
and dynamic recrystallization, and quartz subgrain development and recrystallization via
subgrain rotation are much less pervasive than in the Swansea mylonites (Figure 1.39C,
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Figure 1.39. Photomicrographs of variably mylonitized Proterozoic to Cretaceous layered gneisses and granitoids
from the central Buckskin Mountains. Photomicrographs A, C-F are from X-Z planes with NE to the right; B is from a
Y-Z plane. A-F: gyp. A) 4-636: mylonitized muscovite+garnet Cretaceous (?) granite; quartz regime 2, feldspar BLG
recrystallization and fracturing; B) 4-188: mylonitized muscovite granite; quartz regime 3; pervasive feldspar SGR
recrystallization; C) 1-90: slightly mylonitized quartzo-feldspathic gneiss; D) 1-91: regime 3 quartz in a slightly
mylonitized quartzo-feldspathic gneiss; E) 2-8: mylonitized hornblende diorite gneiss with synkinematic biotite and
hornblende along a C’ shear band; F) 4-175: non-mylonitized amphibolite with statically recrystallized feldspar.
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D). Quartz grains in these gneisses have variable sizes and serrate grain-boundaries
indicative of grain boundary migration (Figure 1.39C, D). Given the low amount of
mylonitization in these samples, the dominance of quartz grain boundary migration over
subgrain rotation recrystallization may be indicative of lower strain rates.
Some intensely mylonitized quartzo-feldspathic gneisses from the central
Buckskin Mountains are characterized by highly irregular-shaped recrystallized quartz
grains and abundant polygonal feldspar grains and subgrains, indicating pervasive quartz
regime 3 grain boundary migration and feldspar subgrain rotation recrystallization
(sample 4-188, Figure 1.39B).

By contrast, rheologically similar muscovite+garnet

granites (Late Cretaceous?, samples 9-206 and 4-636) are characterized by deformation
very similar to that observed in the Swansea mylonites: feldspar fracturing and bulging
recrystallization and pervasive quartz polygonalization via regime 2 subgrain rotation
(Figure 1.39A, Table 1.8). The overall heterogeneity within the layered gneisses reflects
variable deformation conditions prior to and during development of the metamorphic
core complex.
11.3. Deformation conditions in metasedimentary rocks
Mylonitized metasedimentary rocks occur either as packages within layered
crystalline gneisses or within a sequence up to ~1.1 km thick in the southwestern lower
plate (Marshak and Vander Meulen, 1989; Figure 1.3).

The age of these

metasedimentary rocks is unclear, but they are likely either Paleozoic and/or Triassic to
Jurassic (Marshak and Vander Meulen, 1989; Bryant, 1995).

Most of these

metasedimentary rocks are quartzites, meta-arkoses, marbles, and calc-silicate
schists/quartzites. Feldspar deformation mechanisms in the meta-arkose mylonites are
generally unclear due to the apparent fine-grained, clastic nature of the protolith. Most
samples of mylonitic quartzites and meta-arkoses from the southwestern and northeastern
lower plate are characterized by quartz subgrains and either polygonal recrystallized
quartz grains similar in size and shape (Figure 1.40E) or slightly irregular-shaped
recrystallized quartz grains (Figure 1.40F). This quartz deformation is consistent with
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Figure 1.40. Photomicrographs of mylonitized meta-arkose (A, B, D, E, F) and quartzite (C) samples (6 samples
analyzed by EBSD). A: ppl; B-E: gyp; F: cpl. A) 3-230: S-C-C’ fabric (plane light); B) 5-190; quartz regime 2 (SGR);
C) 8-5: quartz regime 3 (GBM; largest average quartz grain size of metasedimentary samples); D) 3-143: regime 2
quartz (SGR+BLG; smallest average quartz grain size of metasedimentary samples); E) quartz regime 2 (SGR); F) 529: quartz regime 2 to 3 (SGR+GBM).

85

regime 2 to 3 dislocation creep similar to that in the Swansea mylonites. Subgrain
rotation is the dominant quartz recrystallization mechanism in all of the metasedimentary
samples except a calcareous quartzite and pure quartzite (samples 8-4 and 8-5) from the
southwestern footwall (Table 1.8).

These two quartzite samples have recrystallized

primarily by grain boundary migration, as evidenced by mica-pinned boundaries and
relatively large (~100-150 μm) grains lacking subgrains (Figure 1.40C). It is unlikely
that Miocene mylonitization temperatures were higher in the metasedimentary rocks than
in the Swansea Plutonic Suite, suggesting the prevalence of grain boundary migration
over subgrain rotation recrystallization in these two samples may be due to locally lower
effective strain rates.
11.4. Quartz crystallographic preferred orientations in metasedimentary rocks
Six mylonitized metasedimentary rocks were analyzed with EBSD to compare
their crystallographic orientation patterns to those in the Swansea mylonites. These six
samples include a meta-arkose from the westernmost exposure of the lower plate (sample
3-230), meta-arkoses (3-143, 5-190) and a pure quartzite (8-5) from the southwestern
ends of the three main lower plate corrugations, and two meta-arkoses from the
northeastern end of the core complex (1-120, 5-29; Figure 1.37). Four out of these 6
metasedimentary samples (3-143, 5-190, 1-120, and 5-29) have quartz fabrics similar to
those in the Swansea mylonites, with c-axis patterns intermediate between single-girdles
and Y-axis maxima, and a-axis maxima clockwise of the northeast X-axis (Figure 1.41).
The quartz fabric in sample 5-190 is identical to many of the Swansea mylonites, but
there are some differences between the other samples and the Swansea mylonites. The
westernmost sample (3-230) has a weaker CPO than the Swansea mylonites, whereas the
northeasternmost samples (1-120 and 5-29) have stronger CPOs than most Swansea
mylonites (Figure 1.24). Sample 5-29 has a more defined c-axis Y-maxima than any
Swansea mylonite, but its CPO pattern is similar to Swansea mylonite sample 5-27 from
the same locality (Figures 1.41, 1.21).

86

Figure 1.41. Lower hemisphere pole figures of quartz [c] and <a> axes from samples of mylonitized meta-arkoses (3230, 5-190, 3-143, 1-122, 5-29) and quartzite (8-5) from the western lower plate (left side) and northeastern lower plate
(right side). Data are contoured with multiples of uniform distribution. The number of grains and sample distance in
the extension direction are listed on the left side of c-axis pole figures.
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Two of the six metasedimentary samples (3-143 and 8-5) have quartz fabrics
distinct from the Swansea mylonites (Figure 1.41). The c-axis fabric in sample 3-143
approximates an asymmetric type I cross-girdle compatible with non-coaxial, top-NE
shear. In sample 8-5, the c-axis fabric resembles a type II cross-girdle (also with an
apparent top-NE asymmetry), and the <a> axes define small circles around the Xdirection – patterns indicative of constriction (Bouchez, 1978; Lister and Hobbs, 1980;
Price, 1985; Schmidt and Casey, 1986; Sullivan and Beane, 2010). The predominance of
basal and rhomb <a> slip over prism <a> slip in these samples could indicate that
deformation temperatures were lower in these areas, which is consistent with
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thermochronologic evidence that portions of the lower plate away from the main
concentration of Swansea intrusions had cooled to at least 350°C by ~20 Ma (Scott et al.,
1998). However, based on the quartz c-axis opening angle thermometer of Kruhl (1998;
see also Law et al., 2004), c-axis fabrics for samples 8-5 (opening angle ~50°) and 3-143
(opening angle ~60°) suggest deformation temperatures were on the order of ~400±50°C
and ~475±50°C, respectively (Figure 1.42). Strain geometry and CPO inheritance, rather
than temperature, may have been the dominant controls on the activity of slip systems in
these samples. Higher amounts of constriction could have favored more variation of caxis orientations, whereas older deformation could have created a quartz CPO in which
basal and rhomb planes were more optimally oriented for slip than prism planes during
core complex mylonitization.
11.5. Deformation conditions in the Little Buckskin Mountains
Lower plate rocks exposed in the Little Buckskin Mountains are dominantly
biotite ± muscovite ± garnet granite mylonites that Bryant and Wooden (2008) correlate
to the Late Cretaceous Tank Pass granite. Chloritically altered and intensely fractured
meta-arkoses and quartzite mylonites are locally exposed along the NW- and SE-dipping
flanks of the Little Buckskin Mountains (Plate 3). Overall, mylonitization across the
Little Buckskin Mountains is heterogenous and distinct from mylonitization of the
Swansea Plutonic Suite.

Quartz grains in all 14 samples of mylonitic granite and
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Figure 1.42. A) Quartz c-axis opening angles of samples 8-5 (~50°) and 3-143 (~60°).
Color scale of pole figures is logarithmic to highlight girdles. B) Compilation by Kruhl
(1998) and Law et al. (2004) of c-axis opening angle vs. estimated deformation
temperature (see Law et al. (2004) for sources of data). Opening angles of 50° and 60°
correspond to temperatures of ~400±50° C and ~475±50° C, respectively. Due to
potentially large deviation from plane strain, the c-axis opening angle thermometer may
not be applicable to sample 8-5.
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interlayered mylonitized gneisses typically have irregular, amoeboid shapes or form
layers up to several milimeters long (Figure 1.43). Grain sizes are variable, but most are
>100-200 μm, notably larger than grains in the Swansea mylonites. These characteristics
are diagnostic of high-temperature quartz grain boundary migration (upper regime 3).
Grains that have undergone prism <a> slip tend to be the largest, indicating that glide
along prism planes was particularly easy.

By contrast, quartz deformation in the

mylonitized metasedimentary rocks along the flanks of the range (4 samples) are
characterized by pervasive subgrain development and subgrain rotation recrystallization
similar to that observed in the Swansea mylonites. Synmylonitic epidote and chlorite are
common in these metasedimentary rocks but are rare in the mylonitic granites and
interlayered mylonitic gneisses.
Most of the mylonitic granites and interlayered rocks in the Little Buckskin
Mountains are characterized by pervasive subgrain rotation recrystallization of feldspar
into uniform, polygonal grains (Figure 1.43C-F). The amount of recrystallization is
highly variable. Locally coarse-grained, quartz-poor granitoid layers are undeformed or
slightly deformed, but in several mylonite samples ≥70% of feldspar has undergone
subgrain rotation recrystallization. Ultramylonites that have undergone near complete
recrystallization are also present. Evidence for bulging recrystallization of feldspar is
largely absent, and fracturing of relict porphyroclasts is minor. These quartz and feldspar
deformation mechanisms clearly indicate that mylonitization temperatures recorded in the
Little Buckskin Mountains granites were higher than those in the Swansea Plutonic Suite.
Temperatures ≥550°C are likely needed to account for the abundant feldspar subgrain
rotation recrystallization and easy quartz grain boundary migration in the Little Buckskin
granites.

Textures indicative of sub-amphibolite-facies mylonitization appear to be

largely restricted to the metasedimentary rocks along the southeast and northwest flanks
of the range.
Despite a marked difference in deformation temperatures, the amphibolite-facies
mylonites in the Little Buckskin Mountains record the same sense of shear as the
Swansea mylonites. The Little Buckskin mylonites have well-developed NE-trending
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Figure 1.43. Photomicrographs of mylonites from the Little Buckskin Mountains. A-F: gyp. A) milky quartz vein; BF) leucocratic Cretaceous granites. In all samples quartz has undergone easy GBM (upper regime 3), and feldspar has
undergone pervasive SGR. All photomicrographs are from X-Z planes with NE to the right or upper right. Note
oblique quartz grain shape preferred orientation in A) and B) (dominant foliation is horizontal) and locally in C) and F).

91

stretching lineations, and 17/17 shear sense indicators (from 8 thin sections and 9 outcrop
observations) record top-NE shear. These kinematic indicators include oblique quartz
grain shape orientations (Figure 1.43A-C, F), S-C fabrics, C’ shear bands, σ-clasts, and
asymmetric folds.

12. Discussion
12.1. Summary of mylonitization temperatures in the Swansea Plutonic Suite
Deformation temperatures of the early Miocene Swansea Plutonic Suite are
constrained by synkinematic mineralogy, quartz deformation mechanisms, and feldspar
recrystallization and recovery mechanisms.

The presence of synkinematic biotite

provides little constraint on temperatures, but synkinematic hornblende in the most mafic
Swansea mylonite studied (sample 5-155) indicates that mylonitization temperatures in
the southwestern lower plate were locally at least upper greenschist facies.
Mylonitization continued into chlorite-grade conditions, which is consistent with the
lower plate being tectonically exhumed through the ductile-brittle transition.
Deformation of quartz in the Swansea mylonites is characterized by subgrain
rotation recrystallization and dominant prism <a> slip. Based on the microstructural
thermometer of Stipp et al. (2002a), these patterns are indicative of 400-500°C
mylonitization temperatures. The absence of bulging recrystallization textures suggests
temperatures were probably above the transitional zone between bulging recrystallization
and subgrain rotation recrystallization (≥~420°C). The presence of dislocation creep
regime 3 textures and ~Y-maxima c-axis patterns in several samples suggests quartz
deformation temperatures locally approached 500°C.
Mylonitization temperatures inferred from feldspar recrystallization and recovery
mechanisms are similar to estimates from quartz deformation.

The strain-induced

bulging recrystallization of feldspar found in all the Swansea mylonite samples probably
required

temperatures

>400°C,

and

the

incipient

feldspar

subgrain

rotation

recrystallization found in approximately half of the samples indicates temperatures were
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>450°C and perhaps >500°C (see references in section 8). Assuming that incipient
recovery and localized subgrain development in feldspar initiates at ~450°C, peak
feldspar deformation temperatures were dominantly ≥450°C across the 35-km-long
sampling transect. It is possible that most of the feldspar subgrain development and
subgrain rotation recrystallization occurred at >500°C during the early stages of
mylonitization, perhaps during cooling of the Swansea intrusions to ambient conditions.
However, given that feldspar subgrain rotation recrystallization is relatively minor where
present, most feldspar deformation probably occurred at ≤500°C. In addition, quartz and
feldspar deformation mechanisms in the Proterozoic porphyritic granite samples are very
similar to those in the Swansea mylonites (section 11.1), suggesting mylonitization of
these Proterozoic rocks also occurred at ≤500-550°C.

Miocene mylonitization

temperatures >500°C are inconsistent with the Oligocene and older 40Ar/39Ar hornblende
ages from the across the lower plate (Richard et al., 1990; Scott et al., 1998).
Integrating all these microstructural observations, it appears that most
mylonitization of the Swansea Plutonic Suite occurred at ~400-500°C, and peak
mylonitization temperatures recorded in most samples were probably ~450-500°C. This
estimate is similar to mylonitization temperatures in the lower plate of the Whipple
Mountains core complex, where two-feldspar thermometry (Anderson, 1988) and Ti-inquartz thermobarometry (Behr and Platt, 2011) indicate peak mylonitization occurred at
>450°C to <550°C.
12.2. Initial geometry of the lower plate shear zone
The relatively uniform mylonitization temperatures of the Swansea Plutonic Suite
across a distance of ~35 km in the extension direction provide strong evidence that the
lower plate shear initiated with a subhorizontal to very gentle dip. Microstructural data
reveal that there are subtle indicators of higher mylonitization temperatures towards the
northeast. Overall, quartz grain-boundary migration and feldspar recovery are more
important in the northeastern footwall than in the southwestern end. However, these
patterns can be attributed to relatively minor temperature differences.
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I estimated

mylonitization temperatures for all the samples based primarily on the quartz
microstructural thermometer of Stipp et al. (2002a) and assumptions about the
temperatures of feldspar deformation discussed in section 12.1 (Figure 1.44). These
estimates suggest the dominant mylonitization temperatures in the northeastern lower
plate were ≤50°C higher than those from the southwestern end (Figure 1.44). Assuming
a horizontal, synmylonitic geothermal gradient of 25-50°C/km, this ≤50°C temperature
difference corresponds to a vertical distance of ≤1-2 km, suggesting the Swansea
mylonite shear zone initially dipped ≤3° NE (Figure 1.44A).

However, due to

postmylonitic extension along NE-dipping normal faults, the present day distances
separating the Swansea mylonite samples are up to ~30% longer than they were during
mylonitization (Chapter 3). Accounting for this brittle deformation, the initial dip of the
Swansea mylonite shear zone was most likely ~1-4° NE, and the maximum dip permitted
by the temperature estimates is ~7° NE (Figure 1.44B).
Given the uncertainties surrounding the cooling history of the Swansea mylonites,
alternative interpretations should be considered. Thermochronologic data from Richard
et al. (1990) and Scott et al. (1998) suggest the southwestern end of lower plate near
Planet Peak had cooled to ~350°C by the time the Swansea Plutonic Suite was emplaced.
Could the ~400-500°C deformation of the Swansea granitoids simply record artificially
high mylonitization temperatures during cooling to <400°C ambient conditions? If this
were the case, the uniform mylonitization temperatures would not necessarily reflect
uniform structural levels in the extension direction. Hypothetically, if the southwestern
lower plate was ~350°C and the northeastern lower plate was ~500°C in the early
Miocene, the mylonitic shear zone could have dipped ~6-13°, assuming a 25-50°C/km
geothermal gradient.
unlikely.

Microstructural data from this study suggest this scenario is

Although it is possible that some mylonitization occurred at elevated

temperatures while the Swansea intrusions were cooling to ambient conditions, there is
no evidence that upper greenschist-facies mylonitization in the southwestern lower plate
occurred over much shorter time periods than upper greenschist-facies mylonitization in
the northeastern lower plate. Swansea mylonites from the southwestern lower plate
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Figure 1.44. Estimate of peak mylonitization temperature in Swansea mylonites vs. sample distance in the extension
direction. Temperature estimates are based on the quartz microstructural thermometer of Stipp et al. (2002a) and
correlations between feldspar deformation and temperature. The dashed portions of the temperature estimates indicate
where >500°C deformation was apparently minor and probably short-lived compared to the dominant mylonitization.
A) Present sample distance in extension direction; B) Original sample distance in extension direction assuming the
lower plate has undergone 30% postmylonitic extension (see Chapter 3).
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record deformation mechanisms and amounts of strain and recrystallization that are
similar to mylonites from the northeastern lower plate.

In addition, mylonitization

conditions in pre-Tertiary age rocks interlayered with the Swansea mylonites support the
interpretation that the lower plate shear zone initiated with a subhorizontal dip. In
particular, the Proterozoic granites record upper greenschist-facies mylonitization
temperatures that appear to have been relatively uniform in the extension direction. The
concentration of Swansea Plutonic Suite magmatism along the Clara Peak corrugation
may have set up lateral, extension-perpendicular thermal gradients, but microstructural
data suggest the early Miocene thermal structure of the lower plate did not vary
significantly in the extension direction.
12.3. Relationship between the Buckskin-Rawhide detachment fault and the lower plate
shear zone
The initially subhorizontal dip of the mylonitic shear zone indicates that lower
plate mylonites do not represent the downward continuation of the Buckskin-Rawhide
detachment fault. The detachment fault must have initiated with a steeper dip than the
lower plate shear zone in order to cut down from the breakaway near the western Bouse
Hills to upper greenschist-facies mylonites in the western Buckskin Mountains, ~16 km
to the northeast. Lower plate rocks mylonitized under similar conditions are present
below the detachment fault for ~35 km in the extension direction, indicating that the
detachment fault did not cut across structural levels within the lower plate shear zone.
These geometric constraints suggest the detachment fault initiated with a moderate NEdip in the upper crust and flattened into the lower plate shear zone, capturing mylonites in
the exhuming footwall. An unlikely alternative interpretation is that the detachment fault
was initially subhorizontal above the entire exposed mylonite zone (e.g. Rehrig and
Reynolds, 1980; Gans et al., 1985). In this hypothetical core complex geometry, rapid
exhumation would have to be driven primarily by extensional thinning of upper plate
rocks and possibly doming of the lower plate. However, asymmetric cooling patterns of
lower plate rocks in the Buckskin-Rawhide core complex and adjacent core complexes
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(e.g., Richard et al., 1990; Foster et al., 1993) and evidence for ~55-75 km of NE-directed
displacement on the detachment fault (Spencer and Reynolds, 1991) strongly suggest that
most of the exhumation was accommodated by slip on the detachment fault. Although
detachment faulting may have initiated prior to emplacement of the Swansea Plutonic
Suite, most lower plate unroofing appears to have occurred after emplacement (Figure
1.4). Complete exhumation of mid-crustal rocks along a detachment fault dipping ≤5°
would require unrealistically high displacements of >100 km. The Buckskin-Rawhide
detachment fault must have dipped more steeply than the lower plate shear zone in order
to have exhumed mid-crustal rocks via 55-75 km of total displacement. The NE-dipping
detachment fault was thus geometrically decoupled from the subhorizontal shear zone.
This interpretation is consistent with the angular discordance between the detachment
fault and mylonitic front in the adjacent Whipple Mountains (Davis, 1988), and seismic
data that apparently image a gently dipping detachment fault soling into a subhorizontal
mid-crustal reflective zone northeast of the core complex (Clayton and Okaya, 1991).
Finite strain and shear strain estimates of the Swansea Plutonic Suite also support
the interpretation that the lower plate mylonites represent a subhorizontal, captured shear
zone rather than the ductile root of a major detachment fault. If lower plate mylonites
initiated as the down-dip continuation of the Buckskin-Rawhide detachment fault, finite
strain and shear strain should noticeably increase in the extension direction. However,
estimates of finite strain from Fry analyses (Figure 1.36) and constraints on shear strain
from quartz fabrics (angle β in Table 1.6) indicate that strain was relatively uniform in the
extension direction.

In addition, the amount of shear strain recorded in Swansea

mylonites from the northeastern lower plate appears to be incompatible with tens of
kilometers of slip along the detachment fault system. The thickness of the mylonitic
shear zone is not constrained, but assuming the ductile root of the detachment fault was
as much as 4 km thick, a shear strain of 10 would be required to accommodate ~40 km of
displacement (approximate displacement over 5-6 m.y. with an average slip rate of 7-8
mm/yr). Shear strains recorded in Swansea mylonites across the lower plate appear to be
≤6 and probably ≤3 (section 10.3). A zone of higher strain mylonites and ultramylonites
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would be expected to form as the down-dip continuation of a major detachment fault.
The Buckskin-Rawhide detachment fault system must have formed lower to midgreenschist-facies mylonites between the brittle-ductile transition and the initially
subhorizontal upper greenschist-facies shear zone. These detachment fault mylonites are
apparently absent or rare, perhaps due to pervasive brittle overprinting and alteration or
brittle incisement of the detachment fault into the lower plate.
Although the lower plate shear zone and detachment fault evolved with different
geometries, they record similar kinematics. The consistent top-NE shearing direction of
lower plate mylonites is parallel with the dominant slip direction of the detachment fault
(Figure 1.10). Moreover, the amount of upper plate and lower plate strain may be
comparable. The total upper plate extension across the core complex is heterogeneous
and difficult to estimate, but it is probably on the order of 60-140% (Spencer and
Reynolds, 1989).

Given that ~20-30% of this extension most likely occurred after

mylonitization of the Swansea Plutonic Suite (Chapter 3), the amount of synmylonitic
extension of the upper plate may be similar to the ~57-83% extension estimated from Fry
analysis of the Swansea mylonites.

This link between lower plate and upper plate

kinematics and strain suggest extension in the core complex may have been broadly
homogenous in the upper ~15 km of the crust, despite strong contrasts in the geometry
and style of deformation.
A model for the extension-parallel geometric evolution of the Buckskin-Rawhide
metamorphic core complex is illustrated in Figure 1.45, beginning with incipient
mylonitization of the Swansea Plutonic Suite ~21 Ma. The structural geometry in the
early stages of core complex development is based on: a) the interpretation that the lower
plate shear zone initiated with a ≤4° dip and underwent peak mylonitization at ~450500°C, and b) evidence that the Buckskin-Rawhide detachment fault initiated with a
moderate NE-dip (Figure 1.45A). Assuming the detachment fault cut from the surface in
the western Bouse Hills (~20°C) to the ~450°C geotherm ~16 km to the northeast, the
average dip of the fault in the early Miocene can be loosely constrained to ~33-64° using
synextensional geothermal gradients of 30-50°C/km. This estimate is consistent with the
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Figure 1.45. Simplified model of the geometric evolution of the Buckskin-Rawhide metamorphic core complex
viewed parallel to the extension direction along the Clara Peak corrugation. Model is based on evidence for uniform
mylonitization conditions across the lower plate, >30° tilting in the Bouse Hills, and average detachment fault slip rates
(see section 2.1). A) Initial geometry of the lower plate shear zone shortly after crystallization of the Swansea Plutonic
Suite (~21 Ma). B) Kilometers of slip along the Buckskin-Rawhide detachment fault “captures” subhorizontal shear
zone (~19 Ma). C) Lower plate mylonites exhumed to surface levels (~14 Ma; ~50 km of slip on the detachment fault;
~3 m.y. before slip ceases). Rotation of the detachment fault to a shallow/subhorizontal dip was most likely
accomplished via isostatic doming and/or slip along a structurally lower normal fault (e.g. the Plomosa fault).
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presence of Miocene footwall strata tilted ~30-60° southwest near the breakaway
(Spencer and Reynolds, 1990a). The detachment fault must have flattened into the shear
zone in order to preserve similar structural levels across the exhumed footwall. Merging
of the detachment fault into the mylonites enabled the lower plate shear zone to be
captured rather than truncated or deeply incised (Figure 1.45B). The detachment fault
could have initiated with a relatively planar geometry in the upper ~10 km (Figure 1.45),
or the geometry may have been more listric, as shown in the Lister and Davis (1989)
model (Figure 1.1A). If the detachment fault had a highly listric geometry and shallow
dip below ~300°C (e.g. <10° dip within 5 km of the lower plate shear zone, as shown in
Figure 1.1A), exhumation of lower plate rocks to the brittle-ductile transition would be
expected to produce pervasive lower greenschist-facies deformation. However, only half
of the Swansea mylonites have undergone significant chloritization, and quartz bulging
recrystallization is largely absent (Table 1.1), suggesting the mylonites were rapidly
exhumed from upper greenschist-facies conditions through the brittle-ductile transition.
Extensional unroofing of the lower plate mylonites was controlled primarily by the
detachment fault dip and the slip rate, which was most likely between ~6.6 mm/yr (Scott
et al., 1998) and 8.3 mm/yr (Foster et al., 1993) prior to ~14 Ma (Figure 1.45B, C). An
important implication of this geometric model is that although thermochronology is
capable of revealing the evolution of detachment faults, detailed studies of mylonitization
conditions are needed to constrain the initial geometry of lower plate shear zones.
12.4. Miocene mylonitization compared to older deformation
Mylonitization recorded in pre-Tertiary age rocks reveal a complex deformation
history in the Buckskin-Rawhide lower plate. Many pre-Tertiary rocks across the lower
plate record deformation conditions remarkably similar to those in the Swansea
mylonites. For example, the Proterozoic porphyritic granites interlayered with Swansea
mylonites and some Cretaceous (?) granites in the central Buckskin Mountains do not
record higher mylonitization temperatures or noticeably higher strains than the Swansea
mylonites (Figures 1.38, 1.39, Table 1.8).
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However, the amphibolite-facies

mylonitization of Cretaceous granites in the Little Buckskin Mountains is clearly distinct
from the dominant upper greenschist-facies mylonitization of the Swansea Plutonic Suite.
Thermochronologic data, including a 16–33 Ma 40Ar/39Ar K-feldspar age from the Little
Buckskin Mountains (Richard et al., 1990; Figure 1.4), indicate that this portion of the
lower plate had cooled well below 500°C prior to initiation of core complex extension.
The amphibolite-facies mylonitization in the Little Buckskin Mountains could not have
been produced by Oligocene or Miocene deformation and is thus most likely Late
Cretaceous or early Tertiary in age. Only the mylonitized metasedimentary rocks along
the flanks of the Little Buckskin Mountains show clear evidence for greenschist-facies
deformation, suggesting Miocene plastic strain was partitioned into these weaker units.
Interestingly, amphibolite-facies mylonitic fabrics in the Little Buckskin Mountains
record the same top-NE-directed sense of shear as the Miocene mylonitic fabrics. It is
possible that Miocene mylonitization in the Buckskin-Rawhide lower plate locally
reactivated Late Cretaceous shear zones.
Upper

greenschist-facies

Miocene

mylonitization

was

concentrated along the zone of Swansea Plutonic Suite intrusions.

apparently

most

This pattern of

mylonitization is consistent with observations and thermochronologic data from the
Planet Peak area, where Scott (1995) and Scott et al. (1998) show that mylonitization
took place at <400°C and was preferentially developed around sheet-like Swansea
intrusions.

The inferred Late Cretaceous or early Tertiary mylonitization was also

heterogeneously distributed across the core complex.

It is possible that this older

deformation was synchronous with Late Cretaceous plutonism and was also concentrated
near the main zone of intrusions in the Little Buckskin Mountains and adjacent Harcuvar
Mountains (Bryant, 1995). The Little Buckskin Mountains illustrate the potential pitfalls
with trying to understand core complex ductile deformation in pre-Tertiary rocks.
Heterogeneous thermal structure and strain partitioning in the lower plate may result in
highly variable amounts of pre- and syn-core complex mylonitization.
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13. Conclusions
This study tests geometric models of metamorphic core complexes through
detailed microstructural analysis of mylonites in the lower plate of the Buckskin-Rawhide
detachment fault.

A major advantage in studying mylonitization in the Buckskin-

Rawhide core complex is that the lower plate contains widespread synextensional (~2221 Ma) granitoids – the Swansea Plutonic Suite – which can be used to isolate strain
coeval with core complex development from older deformation. Mylonitization of the
Swansea Plutonic Suite was characterized by consistent top-to-the-NE-directed shear and
deformation mechanisms that include: abundant quartz subgrain rotation recrystallization
± some grain boundary migration, dominant quartz prism <a> slip, fracturing and bulging
recrystallization of feldspar, incipient feldspar recovery, and locally minor feldspar
subgrain rotation recrystallization. Mean quartz recrystallized grain sizes range from 1564 μm and do not systematically vary in the extension direction. In general, quartz grain
boundary migration, quartz CPO strength, feldspar recrystallization, and feldspar
recovery increase slightly towards the northeast. However, deformation mechanisms are
similar across the lower plate, suggesting dominant mylonitization temperatures varied
by ≤50°C over a distance of 35 km in the extension direction. Finite strain analysis
suggests most of the Swansea Plutonic Suite records ~57-83% synmylonitic extension
(X:Z ~2.5-3.5) and shear strains ≤~6 (probably ~1-3). Finite strain and shear strain are
relatively uniform in the extension direction. These patterns of deformation conditions
and strain are incompatible with models in which the lower plate shear zone represents
the down-dip, ductile continuation of a detachment fault. Instead, mylonites in the lower
plate of the Buckskin-Rawhide core complex initiated in a subhorizontal (≤4° NE), upper
greenschist-facies (~450-500°C) shear zone that was captured and exhumed by a
moderately to gently dipping detachment fault.
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Chapter 2: Development of extension-parallel corrugations in the
Buckskin-Rawhide metamorphic core complex, west-central Arizona
Abstract
Extension-parallel detachment fault corrugations are one of the defining features
of metamorphic core complexes, yet the origin of these corrugations remains
controversial. Structural data from the Buckskin-Rawhide metamorphic core complex in
west-central Arizona demonstrate that prominent NE-trending detachment fault
corrugations are folds produced by extension-perpendicular (NW-SE) shortening during
the middle to late stages of core complex extension (~17-10 Ma).
Kinematic data indicate that dominant NE-directed slip on the Buckskin-Rawhide
detachment fault was progressively overprinted by NW- and SE-directed slip associated
with corrugation folding. The last motion recorded along several NW- and SE-dipping
flanks of the detachment fault is reverse slip directed towards the corrugation antiform
hinges.

Orientation patterns of upper plate bedding across the corrugations are

compatible with folding about a NE-trending axis. Extension-perpendicular shortening in
the lower plate is recorded by synmylonitic constriction and folding. Constriction and
grain-scale Y-axis shortening were most important during the later stages of
mylonitization in the synextensional Swansea Plutonic Suite, which typically form L>S
tectonites. Upright m-scale and km-scale lower plate folds parallel the detachment fault
corrugations and are best developed in well-layered pre-Tertiary rocks. The geometry
and kinematics of these folds indicate that most lower plate folding occurred by
postmylonitic flexural slip that was coeval with detachment faulting.
New geologic mapping and cross section analysis indicate that the total amount of
NW-SE shortening across the lower plate is ~10%, but the amount of NW-SE shortening
recorded by the younger detachment fault is only ~1%.

The relatively late-stage

development of corrugations in the Buckskin-Rawhide metamorphic core complex
suggests that extension-perpendicular shortening was primarily driven by a reduction of
vertical stresses through crustal thinning and tectonic denudation, although the increasing
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influence of the Pacific-North American transform plate boundary in the middle Miocene
may have contributed to elevated extension-perpendicular horizontal stresses.

1. Introduction
The majority of extensional detachment faults and mylonitic shear zones in
metamorphic core complexes have corrugated geometries.

These corrugations are

typically characterized by large-scale (2–25 km wavelength) antiformal and synformal
grooves oriented parallel to the dominant extension direction.

Corrugations are

particularly well-defined in Cordilleran metamorphic core complexes in western North
America. In addition, sea-floor corrugations or “megamullions” are common in areas
interpreted as oceanic core complexes (e.g., Cann et al., 1997; Blackman et al, 1998;
Tucholke et al., 1998; Ohara et al., 2001; Okino et al., 2004). The strong association of
these features with core complexes suggests that corrugation genesis is fundamentally
related to large-magnitude extension, and the origin of corrugations has important
implications for processes occurring during extension. Numerous models have been
proposed for the formation of corrugations, yet no model has received wide acceptance,
and the origin of corrugations remains controversial. This chapter presents structural data
that account for the development of detachment fault and lower plate (footwall)
corrugations in the Buckskin-Rawhide metamorphic core complex, west-central Arizona,
located in one of the type localities for extension-parallel corrugations.
1.1. Genetic models of detachment fault and lower plate corrugations
Core complex corrugations are most commonly interpreted as either primary
features of detachment faults or as folds produced by extension-perpendicular shortening.
The simplest explanation for corrugations is that they represent the original detachment
fault geometry. Seismically active normal faults typically have scalloped or cuspate
geometries with segment lengths comparable to the wavelengths of core complex
corrugations (Jackson and White, 1989; Figure 2.1A). Corrugations thus may represent a
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more shallowly dipping expression of an initially cuspate-shaped fault (Jackson and
White, 1989; Wong and Gans, 2008) or initially segmented normal faults that became
linked (Ferrell et al., 1999; Duebendorfer et al., 2010). In the Colorado River extensional
corridor in eastern California and western Arizona, several studies have interpreted NEtrending detachment fault corrugations as original grooves (Woodward and Osborne,
1980; Spencer, 1985; John, 1987b; Davis and Lister, 1988). John (1987b) and Davis and
Lister (1988) suggest the geometry of these primary detachment fault grooves was
influenced by preexisting foliation structure in the lower plate. Alternatively, lower plate
corrugations may represent molds of originally grooved detachment faults (Spencer and
Reynolds, 1991; Spencer, 1999; Spencer and Ohara, 2008). In this model lower plate
corrugations form due to continuous casting of a plastically deforming footwall to the
corrugated underside of a rigid hanging wall (Spencer, 1999; Spencer and Ohara, 2008;
Figure 2.1B).
Several studies interpret core complex corrugations as secondary folds produced
by horizontal shortening perpendicular to the extension direction (e.g. Yin, 1991; Fletcher
and Bartley, 1994; Chauvet and Séranne, 1994; Mancktelow and Pavlis, 1994; Holm et
al., 1994; Figure 2.1C).

In this interpretation, corrugations record synextensional

constrictional strain. Evidence for extension-perpendicular shortening in detachment
fault terranes include L-tectonite mylonitic fabrics (Fletcher and Bartley, 1994; Holm et
al. 1994), lower plate folds with axes trending parallel to the extension direction (Fletcher
and Bartley, 1994; Chauvet and Séranne, 1994; Manktelow and Pavlis, 1994), and
extension-parallel upper plate folds (Yin, 1991; Yin and Dunn, 1992; Holm et al., 1994).
If this genetic model is widely applicable to core complex corrugations, constriction must
be interpreted as a common product of large-magnitude extension.
An alternative genetic model for tectonic corrugations was proposed by Perry
(2005), who interpreted a corrugation in the Catalina metamorphic core complex
(Tucson, Arizona) as a megaboudin produced during bidirectional extension and overall
flattening of the lower plate shear zone (Figure 2.1D). In this model a minor component
of boudinage oriented perpendicular to the dominant stretching direction amplifies
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Figure 2.1. Models for the formation of extension-parallel corrugations in metamorphic core complexes. A) Surface
traces of seismically-active normal faults with segmented, cuspate geometries (modified from Jackson and White,
1989). The similarity between this typical normal fault geometry and detachment fault corrugations suggests
corrugations represent shallowly-dipping expressions of original fault grooves. B) Lower plate corrugations form as a
hot, plastically deforming footwall becomes molded to the corrugated underside of a rigid hanging-wall block
(modified from Spencer and Ohara, 2008). C) Corrugations represent synmylonitic folds formed during crustal-scale,
Y-axis shortening (from Fletcher and Bartley, 1994). D) Corrugations represent anastomosing ductile shear zones that
have been amplified by bidirectional boudinage (from Perry, 2005).
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original anastomosing lower plate shear zones into outcrop-scale and range-scale
corrugations (Perry, 2005). Widespread bidirectional extension has not currently been
recognized in other Cordilleran core complexes.
Additional models that have been proposed for the development of core complex
corrugations include forceful doming by synextensional plutons (Yin, 1991),
“decompression folding” associated with a volume increase of lower plate rocks during
exhumation (Spencer, 1982), and differential exhumation accommodated by corrugation
transfer faults (Johnston and Hacker, 2005). These models are largely theoretical and not
currently supported by structural data from Cordilleran core complexes.
1.2. Geologic setting of corrugations in the Buckskin-Rawhide metamorphic core
complex
Some of the best developed tectonic corrugations in the world are located in
western Arizona.

The Buckskin-Rawhide Mountains, Little Buckskin Mountains,

Harcuvar Mountains, and Harquahala Mountains comprise a series of NE-SW-trending
corrugations defined primarily by linear exposures of mylonitic rocks (Figures 1.2, 2.2).
These metamorphic core complexes were unroofed in the early- to mid-Miocene by a
detachment fault system that accumulated 55-75 km of NE-directed displacement
(Spencer and Reynolds, 1991). The orientation of this detachment fault system reflects
the antiformal and synformal geometry of the footwall corrugations, and most
detachment fault exposures occur along NW- or SE-dipping flanks of the corrugations.
The Buckskin-Rawhide metamorphic core complex (which encompasses the Buckskin,
Rawhide, and Little Buckskin Mountains) consists of four antiformal corrugations that
are exposed for up ~40 km in the extension direction (Figure 2.2). The BuckskinRawhide detachment fault (herein referred to as the Buckskin detachment fault for short)
juxtaposes mylonitic lower plate rocks against a brittlely deformed upper plate that
consist primarily of Paleozoic and Mesozoic metasedimentary rocks and Miocene
volcanic and sedimentary rocks (Figure 2.3). Low-temperature thermochronologic data
indicate that rapid slip along the Buckskin detachment fault continued until ~11-10 Ma in

107

Figure 2.2. Digital elevation model image of the Buckskin-Rawhide, Harcuvar, and Harquahala Mountains illustrating
the prominent corrugated geometry of the detachment fault system (red lines with double tics on upper plate block;
from Spencer and Ohara, 2008, using data from Space Shuttle Radar Topography Mission). Vertical exaggeration in
the cross-section is 2:1.
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Figure 2.3. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995). Red dots indicate locations where detachment fault data
(fault plane orientations and/or slip kinematics) were collected, and boxes indicate structural domains for data in Figure 2.5. Cross sections are found in Figure 2.7.

the eastern part of the core complex (Bryant et al., 1991; Brady, 2002). A ~5-50 m thick
zone of ultracataclasite, cataclasite, and hydrothermally-altered breccias derived from
footwall mylonites is present below the Buckskin detachment fault. The detachment fault
system is strongly mineralized and exceptionally well-exposed in numerous domains
across the core complex (Figure 2.4). Due to the prevalent mineralization, numerous
excavated exposures of the detachment fault exist, resulting in perhaps the most abundant
three-dimensional exposures of any Cordilleran detachment fault (e.g. Figure 2.4a, h, j, n,
o). Given this exposure and the well-defined nature of the corrugations, the BuckskinRawhide metamorphic core complex is an excellent locality to study the development of
corrugations.
Prior to this study, relatively little kinematic data had been collected from the
Buckskin-Rawhide detachment fault, and very few studies addressed the development of
the corrugations with structural data. Woodward and Osborne (1980) noted that lower
plate mylonites and upper plate strata in the central Buckskin Mountains do not appear to
be folded parallel to the corrugations, suggesting that the detachment fault corrugations
are primary features rather than folds (see also Woodward, 1981). In this Chapter I
reexamine the structure of the central Buckskin Mountains with new detailed geologic
mapping and structural data collection. In addition, I present detachment fault data from
across the core complex, microstructural observations from lower plate mylonites, and
detailed structural analysis of lower plate rocks in the Little Buckskin Mountains. These
data provide strong evidence that the corrugations were developed due to extensionperpendicular shortening during the middle to late stage development of the core
complex.
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Figure 2.4. Photographs of the Buckskin-Rawhide detachment fault (continued on the next 3 pages). Photographs are
arranged approximately by distance in the slip direction beginning in the southwest. Each photograph is labeled in the
upper left and the structural domain where each photograph was taken is listed at the bottom right (see Figure 2.3 for
structural domains and Appendix 1 for locations of photographs). Dashed white lines show part of the detachment fault
trace in each photograph. Photographs a, h, j, n, and o are excavated exposures; the rest are natural exposures. The
resistant ledge below the detachment fault in most photos is cherty ultracataclasite derived from lower plate mylonites.
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Figure 2.4. (continued from previous page)
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Figure 2.4. (continued from previous page)
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Figure 2.4. (continued from previous page)
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2. Geometry of corrugations in the Buckskin-Rawhide metamorphic core complex
2.1. Buckskin detachment fault corrugations
The Buckskin detachment fault corrugations systematically trend NE-SW with
wavelengths of ~7-12 km (Figures 2.2, 2.3). In most areas the detachment fault dips
<45° NW to SE or is subhorizontal (Figures 2.4, 2.5, 2.6).

Poles to the principal

detachment surface (measured from >200 locations across the core complex) define a
girdle with a subhorizontal axis trending N40E (Figure 2.6). This regional detachment
fault corrugation axis trends ~10-20° clockwise of the topographic trend of the lower
plate antiformal corrugations.

This misalignment appears to be primarily due to

postdetachment right-lateral faulting, discussed in Chapter 3. Regionally the detachment
fault geometry also reflects the very broad NW-SE arching of the core complex. The
detachment fault in the westernmost exposures (near the Mammon and Pride Mines,
domains A and B) mostly dip W to S, whereas the detachment fault in the northeastern
end of the core complex (domains T, V, and W) dips gently NE (Figures 2.3, 2.5).
Seismic reflection data northeast of the core complex apparently image a detachment
fault dipping ~28° NE to a depth of 18 km (Clayton and Okaya, 1991). The extensionperpendicular arching of detachment faults and core complexes is generally attributed to
isostatically-driven warping during tectonic unloading of the lower plate (Spencer, 1984;
Buck, 1988; Wernicke and Axen, 1988).
The geometry of the Buckskin detachment fault corrugations were evaluated with
NW-SE cross sections across transects with the most information on the locations and
orientations of the detachment fault (Figures 2.3, 2.7). Because the detachment fault is
eroded off of the antiformal crests of the corrugations in most areas, the amplitudes of the
corrugations are not precisely known. The cross sections indicate that amplitudes of the
four main corrugations are all <0.4 km and mostly ≥0.1 km to ~0.3 km (Figure 2.7). In
general, the amplitudes of the corrugations decrease slightly towards the northeast. For
example, the amplitude of the Planet Peak and Clara Peak corrugation antiforms (see
Figure 1.3) decreases from ~0.30 km near I-I’ to ~0.11 km near IV-IV’ (Figure 2.7). If
the corrugations were formed entirely due to folding of an originally planar fault, they
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Figure 2.5. Stereograms of Buckskin-Rawhide detachment fault data divided into the structural domains outlined in Figure 2.3. Domains are arranged by approximate SW to NE distance along lower plate corrugations. Great circles are
attitudes of the detachment fault principal slip plane (p.s.p.); boxes are poles to the p.s.p.; red circles are sets of slip lineations on the p.s.p.; blue circles are sets of slip lineations on m-scale surfaces <2 m from the p.s.p. and oriented
subparallel to the p.s.p. (≤15° discordance); black dots are slip lineations on curviplanar surfaces <2 m below the p.s.p., typically with cm-scale displacements.

Figure 2.6. Poles to the Buckskin-Rawhide detachment fault (black circles) with 1%
area contour. Data were collected from >200 locations across the core complex (see
Figure 2.3). The red great circle is the cylindrical best fit to all data, and the red
square is the pole to the girdle.
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Figure 2.7. Simplified 1:100,000-scale NW-SE cross sections across the Buckskin-Rawhide core complex illustrating the corrugated geometry of the Buckskin-Rawhide detachment fault. See Figure 2.3 for locations of cross sections.

record only ~1% NW-SE horizontal shortening – ≤0.4 km across the entire exposed
lower plate. This shortening estimate is consistently between 0.8-1.3% in all of the cross
sections, including the central portion of II-II’ where the crest of the detachment fault is
exposed and the synformal trough is constrained by drill hole data from the Swansea
mine (presented in Wilkins and Heidrick, 1982; Figure 2.7, Plate 1). This amount of
shortening is surprising low given how the corrugations dominate the topography of
west-central Arizona.
2.2. Structural geometry of lower plate corrugations
The mylonitic lower plate of the Buckskin-Rawhide core complex is composed
primarily of Proterozoic and Mesozoic gneisses and granitoids, Paleozoic and/or
Mesozoic metasedimentary rocks, and Tertiary granitoids of the Swansea Plutonic Suite
(Bryant, 1995; Figures 1.3, 2.3). Most pre-Tertiary lower plate rocks are well-layered
and/or well-foliated, whereas the Swansea Plutonic Suite typically consists of weaklyfoliated L>S tectonites that do not break cleanly along foliation planes (Figure 1.9A, B).
The Buckskin detachment fault consistently cuts mylonitic fabrics, and postmylonitic
faults have modified the lower plate foliation structure (e.g., Scott, 1995; Chapter 3).
Understanding the structural geometry of lower plate rocks is critical for determining
whether the corrugations are primary features or folds. Mapping at 1:100,000-scale by
Bryant (1995) suggests that mylonitic foliations in some pre-Tertiary rocks broadly
mimic the NE-trending corrugated geometry of the detachment fault. Detailed mapping
of the Planet Peak area (Figure 1.3) by Scott (2004) also demonstrates that mylonitic
foliations of layered lower plate rocks reflect the antiformal corrugation geometry.
To improve our understanding of the lower plate corrugation structure, I mapped
mylonites across corrugations in the central and southwest Buckskin Mountains and
Little Buckskin Mountains (Plates 1, 2, 3). The foliation structure in these areas is
strongly influenced by lithology.

Across the Clara Peak corrugation in the central

Buckskin Mountains, where L>S tectonites of Swansea Plutonic Suite comprise ~70% of
the lower plate, foliations do not define a NE-SW trending antiform (Plate 1, Figure
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2.8A). Most foliations in this area dip homoclinally SW or locally form decameter-scale
NW-SE “folds” which appear to be associated with postmylonitic brittle faulting
(Chapter 3). In the southwestern Buckskin Mountains, Swansea Plutonic Suite mylonites
comprise ~45-50% of the lower plate, and lower plate mylonitic foliations define an
approximate SW-trending antiform (Plate 2, Figure 2.8B). Cross section restoration of
foliation to horizontal indicates that ~5% NW-SE shortening would be needed to produce
the antiformal structure in this area. Layered pre-Tertiary mylonitic rocks in the Little
Buckskin Mountains form a well-defined NE-SW-trending antiform (Plate 3, Figure
2.8C). Overall the limbs of the Little Buckskin Mountains antiform dip more steeply
than the Buckskin detachment fault, and cross section restoration indicates that ~10±1%
NW-SE shortening would be needed to produce the antiform (Plate 3).

The Little

Buckskin Mountains are dominated by well-foliated Cretaceous granitoids and layered
gneisses and lack Swansea Plutonic Suite mylonites.

Thus it appears that the

development of lower plate corrugation-parallel folds correlates with layering.

In

addition, the lowest amplitude detachment fault corrugation is located where Swansea
Plutonic Suite mylonites are concentrated (Figures 2.3, 2.7).

3. Kinematics of the Buckskin detachment fault
To investigate the origin of corrugations in the Buckskin-Rawhide core complex,
the slip history of the Buckskin detachment fault was evaluated with detailed kinematic
analysis on exposures covering ~42 km in the extension direction (Figure 2.3). These
kinematic data include 272 different slickenline sets on the detachment fault principal slip
plane and 553 different slickenline sets on surfaces <2 m from the principal slip plane
(Figures 2.5, 2.9). These subsidiary slip surfaces have been divided into two categories:
a) planar to curviplanar, m-scale fault planes oriented subparallel to the detachment fault
(≤15° discordance) and b) curviplanar, Fe-oxide coated slip surfaces with mm- to cmscale displacements and trace lengths typically <2 m (Figures 2.5, 2.9). Most slickenlines
along the detachment fault are mechanical grooves and striations on resistant
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Figure 2.8. Poles to mylonitic foliation (hollow circles) across corrugation antiforms. Contour is 1% area, and red great circles in B and C are cylindrical best fit to data.
A) Foliation across the Clara Peak antiform in the central Buckskin Mountains (Plate 1). B) Foliation across the Clara Peak antiform in the southwest Buckskin
Mountains (Plate 2). C) Foliation across the Little Buckskin Mountains antiform (Plate 3). Solid circles are poles to gneissic layering in amphibolite.
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Figure 2.9. Slip lineations sets from the Buckskin-Rawhide detachment fault zone (all data from locations in Figure 2.3). A) Slip lineations on the detachment fault
principal slip plane (p.s.p.) or on planar, polished surfaces at the top of the footwall (=inferred p.s.p. or major slip surfaces <10 cm from p.s.p.); B) Slip lineations on
surfaces <2 m from the p.s.p. and oriented subparallel to the p.s.p. (≤15° discordance); C) Slip lineations on curviplanar surfaces <2 m below the p.s.p., typically with
cm-scale displacements.

ultracataclasite rocks at the top of the lower plate (Figure 2.4i, p, u), and many of the
principal slip plane surfaces record multiple sets of slickenlines (Figure 2.4p). In several
areas I was able to determine the relative timing between different sets based on
overprinting relationships of striations on the principal slip surface or cross-cutting
relationships between subsidiary slip surfaces. The raw data indicate that NE- to SWtrending striae sets are widespread along the detachment fault and are locally overprinted
by both NW- to SE-trending and ENE- to E-trending striae sets (Figures 2.5, 2.9).
3.1. NE-directed extension
Approximately 70% of all measured slickenline sets on the detachment fault
principal slip plane trend between N20E–N70E/S20W–S70W and plunge shallowly
(Figure 2.9A). These NE-SW-trending sets are present in all domains where slickenlines
are exposed (Figure 2.5). Kinematic analysis indicates that these slickenlines record topto-the-NE (top-NE) slip. Outcrop scale kinematic indicators of top-NE-directed slip
include scallop-shaped Riedel shears and S-C foliated fault rock. Top-NE slip was also
confirmed in 9 thin sections of detachment fault ultracataclasite with foliated SC-fabrics,
top-NE microfaults, and/or NE-dipping veinlets (Figure 2.10). Overall top-NE motion in
the core complex is also well-established by the sense of shear in lower plate mylonites
(Chapter 1), the transport direction of upper plate rocks (Shackelford, 1980; Spencer and
Reynolds, 1989), and asymmetric unroofing of lower plate rocks (e.g. Richard et al.,
1990; Scott et al., 1998; Brady, 2002).

In some locations ENE- and E-trending

slickenlines overprint NE-trending sets, indicating a clockwise rotation of the slip
direction. This late-stage ENE- and E-directed slip is discussed in Chapter 3.
3.2. NW- to SE-directed slip
In several areas the Buckskin detachment fault contains slickenlines that trend at a
high angle to the dominant NE-slip direction, and NW- to SE-trending striae are
dominant on fault surfaces subsidiary to the detachment fault (Figures 2.5, 2.9). These
NW- to SE-trending slickenlines are most common along portions of the detachment fault
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Figure 2.10. Plane polarized light photomicrographs of ultracataclasite <1 cm below the Buckskin-Rawhide
detachment fault principal slip plane (p.s.p.). All photomicrographs are from thin sections cut perpendicular to the
p.s.p. and parallel to the dominant NE-trending slip lineation (which is parallel to the long dimension of all the
photomicrographs). The dashed red lines partially show the trace of foliation within ultracataclasite zones. These
apparent S-C fabrics indicate top-NE-directed slip (top-to-right). Samples A and B are from domain V in Figure 2.3;
sample C is from domain C.
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where the corrugated geometry is well-defined (Figure 2.5), suggesting they are
genetically related to development of the corrugations. In areas where the relative timing
between slickenline sets is clear, NW- or SE-trending slickenlines consistently overprint
NE-SW-trending slickenlines associated with NE-directed slip (e.g. domains G, K, N,
and P in Figure 2.3). I did not see any clear examples of top-NE slip postdating NW- or
SE-directed slip along the detachment fault.
In most locations the slip sense of NW- to SE-trending slickenlines on the
detachment principal slip plane are not clear from fault plane criteria. The best kinematic
indicators of these striae are on SE-dipping portions of the detachment fault in domains K
and N (Figure 2.3), where there is a relatively continuous range of slickenline sets from
NE/SW-trending to S-trending to SE-trending (Figure 2.11).

Based on slickenline

preservation and overprinting relationships, in both these areas the slickenlines appear to
become progressively younger counterclockwise.

Given that the NE-SW-trending

lineations record top-NE slip, the counterclockwise rotation of the slickenlines records a
transition towards top-N slip and ultimately top-NW reverse slip directed towards the
corrugation hinge. To independently evaluate this counterclockwise rotation of the slip
vector, thin sections of ultracataclasite at the principal slip plane were cut parallel to the
SE-trending slickenlines. In the domain K sample, asymmetric growth of synkinematic
iron-oxide along the principal slip plane confirms that the SE-plunging slickenlines
record top-NW reverse slip (Figure 2.12). The slip sense in the domain N sample is
unclear, but apparent S-C fabrics in gouge immediately below the detachment fault in this
domain and domain H also suggest reverse-slip directed towards the corrugation antiform
hinge.
The cm-scale subsidiary faults along the Buckskin detachment fault are
kinematically complex (Figures 2.9C, 2.13, 2.14). The majority of these faults record
dip-slip motion on NW- to SE-dipping surfaces <2 m below the detachment fault
principal slip plane. In many areas the sense of slip is ambiguous, but overall it is clear
that these faults accommodate both NW-SE shortening and NW-SE extension (Figures
2.13, 2.14). Most faults that dip >35° record normal slip and NW-SE extension, whereas
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Figure 2.11. Kinematic data from the Buckskin-Rawhide detachment fault in domains K and N (Figure 2.3).
Great circles are the detachment fault principal slip plane (p.s.p.) attitudes; red circles are slip lineations on the
p.s.p.; blue circles are slip lineations on surfaces <2 m from the p.s.p. and oriented subparallel to the p.s.p.; red
arrows indicate interpreted slip direction trend of the hanging wall. Kinematic data in these domains indicate a
progressive counterclockwise rotation of the slip direction from top-NE slip to top-NW (reverse) slip towards the
corrugation antiform hinge.
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Figure 2.12. Plane polarized light photomicrographs of ultracataclasite <1 mm below the Buckskin-Rawhide
detachment fault principal slip plane (p.s.p.) in domain K (see Figure 2.3). This sample was cut perpendicular to the
p.s.p. and parallel to Fe-oxide-coated slickenlines oriented 158, 20. A) Asymmetric synkinematic Fe-oxide tails on
clast suggest top-NW (reverse) slip. B)Synkinematic Fe-oxide appears to have grown preferentially on apparent
releasing steps along a slip surface <0.5 mm from the p.s.p., suggesting top-NW (reverse) slip. Yellow arrows point to
releasing steps.
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Figure 2.13. Photographs of cm-scale faults in ultracataclasite <1 m below the Buckskin-Rawhide detachment fault.
These faults are typically curviplanar with down-dip slickenlines. Note the apparent cm-scale normal displacements on
the moderately- to steeply-dipping surfaces. Domain locations of photos (from Figure 2.3): A) domain G; B) domain
M; C) domain P; D) domain R. Photograph E) is an oriented hand sample from the outcrop shown in photograph D,
cut perpendicular to a fault plane and parallel to slickenlines trending 128, 61.
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Figure 2.14. NW-SE cross sections showing the dips of the Buckskin-Rawhide detachment fault (red lines) and rose diagrams of slickenline plunges on subsidiary dip-slip faults (mostly with cm-scale displacements). In all diagrams the true NW- and SE-plunges are
shown. The difference between true plunges and apparent plunges is minor because only slickenlines trending between 100-170° and 280-350° are shown. The structural domains (from Figure 2.3) are listed below each section, and n = the number of slickenline sets
in each section. The small arrows indicate the hanging-wall motion determined from kinematic analysis of the subsidiary faults, and the larger arrows indicate the slip sense determined from NW- or SE-trending slickenlines on the detachment fault principle slip plane.

most faults that dip <25° record thrust slip and NW-SE shortening (Figure 2.14). Many
of the thrust faults and subhorizontal faults are oriented as Riedel (R) shears for reverse
slip along the detachment fault (slip directed towards corrugation antiform hinges; Figure
2.14). In most areas the majority of the NE-SW-striking normal faults dip antithetically
to the detachment fault, but this orientation could be related to exposure – most natural
exposures of ultracataclasite slope away from the detachment fault dip direction. Crosscutting relationships between the thrust faults and normal faults are unclear, but in one
area (domain G), a fault with slickenlines plunging 15°SE cuts a steeply SE-dipping
normal fault. Along a few detachment fault exposures in domains G and N (Figure 2.3),
SE- and NW-dipping normal faults cut NE-dipping R and R’ shears associated with topNE slip on the detachment fault. However, none of these subsidiary faults appear to cut
the detachment fault principal slip surface. These relationships suggest the small-scale
NW- to SE-dipping normal and thrust faults formed coevally with the late stages of
detachment fault slip, after the dominant phase of NE-directed extensional slip.
3.3. Interpretation of the kinematic history of the Buckskin detachment fault
The kinematic and timing relationships described above indicate that slip on
corrugated portions of the Buckskin detachment fault evolved from large-magnitude topNE displacement to reverse slip directed towards corrugation antiform hinges. In some
areas (e.g. domains K and N) this transition to NW- and SE-directed reverse slip is
recorded by a progressive rotation of the slip vector, suggesting this kinematic change
occurred gradually towards the end of detachment faulting. The late-stage reverse slip is
compatible with NW-SE shortening and folding of the detachment fault.

In this

interpretation, reverse slip along the limbs of the detachment fault corrugations record
flexural slip between the upper plate and lower plate during folding about a NE-trending
axis. The Buckskin detachment fault is a major discontinuity that should accommodate
flexural slip during horizontal shortening and buckle folding. However, the ~5-50 m
thick cataclasite zone below the detachment fault generally lacks layered anisotropy and
is thus unlikely to fold by flexural slip. In low-curvature folds, competent rocks that lack
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mechanical layering typically fold by neutral surface folding or orthogonal flexure (e.g.
Ramsay, 1967; Twiss and Moores, 2007). In this type of folding the outer arcs of folds
undergo extension, whereas the inner arcs undergo contraction (Figure 2.15). The cmscale NW- and SE-dipping normal faults <2 m below the detachment fault record
extension along the outer arcs of the corrugations that is compatible with neutral surface
folding. Kinematic analyses in this study focused on the zone along the detachment fault,
which is generally not exposed along inner arcs of the corrugation synforms (below the
corrugation inflexion points), so it is unclear whether the inner arcs underwent
contraction. In addition, the location of the bottom of this competent, mechanically
isotropic layer is not well defined due to highly variable cataclasite/breccia thickness and
variability in the layered anisotropy of lower plate mylonites.
The kinematic interpretation of folding presented above explains how NW- to SEdirected reverse slip on the Buckskin detachment fault could have been synchronous with
NW-SE extension in cataclastic rocks along the outer arc of the corrugations. Reverse
slip accommodated flexure between the upper plate and lower plate, whereas cm-scale
normal faults accommodated neutral surface folding of non-layered cataclastic rocks
unable to undergo flexural slip. The amount of outer arc extension and flexural slip must
have been relatively minor given the low curvature of the corrugations and the ~1%
amount of horizontal shortening needed to fold the detachment fault (Figure 2.7).

Figure 2.15. Strain pattern predicted for neutral surface folding (from Ramsay, 1967). Note
that the outer arc of the anticline undergoes extension perpendicular to the fold, consistent
with kinematic data from cm-scale faults at the top of the lower plate corrugation antiforms.
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4. Evidence for folding in the upper plate of the Buckskin detachment fault
Folding of the detachment fault should be recorded in the orientation of upper
plate strata. Most synextensional Miocene rocks in the Buckskin-Rawhide core complex
dip gently to steeply SW, which is consistent with NE-directed extension (Figure 2.16).
Folding of the detachment fault about a NE-trending axis should reorient the strike of
beds across the corrugations, particularly gently dipping beds (e.g. Yin, 1991; Figure
2.17). Evaluating patterns of upper plate bedding is difficult because: a) approximately
half of the upper plate rocks are pre-Tertiary in age and have undergone intense Mesozoic
deformation (Reynolds and Spencer, 1989), and b) upper plate rocks are completely
eroded off most of the corrugation antiforms.

The most complete exposures of

synextensional Miocene rocks across different corrugation domains are in the Swansea –
Clara Peak area in the central Buckskins Mountains (Figure 2.16). To determine whether
these strata are folded I mapped a transect from the SE-dipping flank of the Clara Peak
antiform to the SE-dipping flank of the Planet Peak antiform at 1:10,000-scale (Plate 1;
Figure 2.18).
Upper plate Miocene rocks in the central Buckskin Mountains are comprised
dominantly of medium- to coarse-grained sandstone with intervals of sandy conglomerate
and fine-grained sandstone (Plate 1, Figure 2.19). These synextensional strata have a
minimum exposed thickness of ~410 m at Clara Peak and ~500 m on the SE-dipping
flank of the Clara Peak antiform (Figures 2.18, 2.19). Overall, the dip directions of beds
in this region appear to systematically vary with the orientation of the Buckskin
detachment fault. Along the SE-dipping flank of the Clara Peak antiform corrugation, the
orientation of beds are variable, but the most common dip direction is approximately to
the S (Plate 1, Figure 2.18C).

Near the crest of the antiform at Clara Peak, beds

consistently dip SW, and along the NW-dipping flank of the antiform beds dip W (Plate
1, Figure 2.18B, A). These W-dipping beds gradually become SW-dipping towards the
hinge of the synformal corrugation to the northwest, and the dominant dip direction along
the SE-dipping flank of the Planet Peak antiform is approximately to the S (Plate 1).
Similarly, in the Copper Penny area (near domain G in Figure 2.3), Tertiary beds within
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Figure 2.16. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) with average or representative strikes and dip directions
of synextensional Miocene strata (from Spencer and Reynolds, 1989).

Figure 2.17. A) Schematic map showing predicted upper plate bedding patterns if a subhorizontal detachment fault
(black line) were folded about a NE-trending axis into an anticline with limbs dipping 20°. Before folding, strata dip
homoclinally 30° SW. B) Stereogram of folded bedding from A.

Figure 2.18. A-C) Stereograms showing the Buckskin-Rawhide
detachment fault orientation (great circles) and poles to Miocene
bedding (hollow colored circles) in different structural domains across
the Clara Peak antiform in the central Buckskin Mountains (area in
Plate 1). The hollow diamonds indicate the mean bedding attitude.
Domain locations: A) NW-dipping flank of the corrugation (east of
Swansea); B) near the hinge of corrugation (Clara Peak); C) SE-dipping
flank of the corrugation (not including anomalous E-dip domain at
northeastern end of the Clara District). D) Poles to mean bedding
attitudes (hollow circles labeled “1”) and mean detachment fault
orientations (hollow boxes) in A, B, and C. Unfolding the corrugation
by restoring the NW- and SE-dipping flanks of the detachment fault to
horizontal also restores the bedding in domains A and C to a more
uniform SW-dip (hollow circles labeled “2”).
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Figure 2.19. Tectonostratigraphic column of synextensional Miocene rocks from the Clara Peak and Clara
District area in the central Buckskin Mountains (domains M and N in Figure 2.3). Thicknesses of upper plate
strata were determined from cross sections
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the corrugation synform dip SW, whereas beds along southeast flank of the Planet Peak
antiform dip S (Spencer and Reynolds, 1989; Figure 2.16).
These bedding patterns are consistent with folding of SW-dipping strata about a
horizontal NE-trending axis (Figure 2.17). Figure 2.18D illustrates how unfolding the
detachment fault along the limbs of the Clara Peak corrugation antiform reorient upper
plate strata to a more uniform SW-dip direction. Variation in the dip amount is probably
due to heterogeneity in the amount of NE-directed upper plate extension; for example,
beds at Clara Peak most likely dip more steeply than other areas because they are in the
hanging wall of an upper plate low-angle normal fault with >450 m of displacement
(Plate 1).

Variation in the dip-direction, on the other hand, appears to be caused

primarily by folding.
The bedding orientation patterns observed in the central Buckskin Mountains
appear to be even more pronounced along the flanks of the adjacent Harcuvar Mountains
corrugation. Upper plate Miocene rocks are exposed on the northwestern flank of the
Harcuvar Mountains near Burnt Well and along the southeastern side of the range near
Bullard Peak and Aguila Ridge (Reynolds and Spencer, 1984; Bryant, 1995). At upper
plate exposures in the Aguila Valley and along Aguila Ridge, strata consistently dip SW
(Reynolds and Spencer, 1984; Bryant, 1995).

Along the SE-flank of the Harcuvar

Mountains antiform near Bullard Peak, where the Buckskin/Bullard detachment fault dips
~50° SE, most Miocene beds dip steeply S (Reynolds and Spencer, 1984; Bryant, 1995).
Above the NW-dipping detachment fault at Burnt Well, most Miocene strata dip
moderately to steeply NW (Figure 2.16; Spencer and Reynolds, 1989). As in the central
Buckskin Mountains, these systematic variations in upper plate bedding orientation are
compatible with folding about a NE-trending axis.

5. Folding of lower plate fabrics
As discussed in section 2.2, lower plate mylonitic foliations across the
corrugations define upright apparent folds where layering is well-developed.
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More

detailed structural analysis of lower plate mylonites presented in this section tests
whether these structures are folds produced by buckling (e.g. Fletcher and Bartley, 1994),
boudinage (e.g. Perry, 2005), forceful magmatic doming (e.g. Yin, 1991), or
mylonitization of pre-existing corrugation structures (e.g. Davis and Lister, 1988).
5.1. Meter-scale folds in lower plate mylonites
In well-layered lower plate rocks across the Buckskin-Rawhide core complex, mscale folds are common. There are two general types of these folds: gentle to open folds
with upright to steeply inclined axial surfaces and isoclinal to tight folds with recumbent
to gently inclined axial surfaces (Figure 2.20). The first type of folds have NE-SWtrending fold axes (Figure 2.21) and axial surfaces that dip >70° and mostly >80°. Hinge
zones are typically rounded and characterized by relatively uniform limb thicknesses
(Figure 2.20A). These folds are particularly common in the Little Buckskin Mountains,
where folding involves mylonitic foliation in quartzo-feldspathic rocks and less abundant
gneissic layering in amphibolites (Plate 3). In the Little Buckskin Mountains layering in
amphibolite consistently dips more steeply than mylonitic foliation (Figure 2.8C), and
most folds within amphibolite have interlimb angles between 55-80°, whereas folds
involving mylonitic foliations typically have interlimb angles ≥110°. Most of these folds
asymmetrically verge towards corrugation antiform hinges. The geometry of the folds
within mylonitic rocks resembles the geometry of the range-scale lower plate
corrugations, suggesting they are genetically related to corrugations. These upright folds
are not associated with faults or boudins; rather, they record approximately horizontal
NW-SE shortening and are compatible with a folding origin of corrugations. The smaller
interlimb angles associated with the upright folds in amphibolite suggests gneissic
layering was moderately to steeply dipping prior to folding and/or some of the folding in
amphibolite predates corrugation folding.
The second type of fold common in layered lower plate rocks (typically isoclinal
recumbent folds) also have NE-SW-trending fold axes (Figure 2.21A), but these folds are
characterized by axial surfaces parallel/subparallel with mylonitic foliation, irregular limb
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Figure 2.20. Photographs of folds in lower plate mylonites. A) Gentle upright anticline in the Little Buckskin
Mountains; B) Isoclinal recumbent fold in the central Buckskin Mountains.

Figure 2.21. Stereograms of m-scale lower plate fold axes in the central Buckskin Mountains (A) and the Little
Buckskin Mountains (B). Fold axes in A) are from layered pre-Tertiary mylonites in the Plate 1 area; fold axes in B)
are from layered pre-Tertiary mylonites and amphibolite gneisses in the Plate 3 area.
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thicknesses, and thickening in hinge zones (Figure 2.20B). Some of these folds have
non-cylindrical, apparent sheath fold geometries, and axial planar biotite growth was
noted in one thin section cut perpendicular to an isoclinal fold axial surface. Altogether
these features are indicative of synmylonitic, passive shear folding.
Mesoscopic lower plate folds similar to the gentle/open upright folds have been
described in several other detachment systems, where they are generally interpreted to
record extension-perpendicular, subhorizontal shortening (Y-axis shortening; e.g.
Chauvet and Séranne, 1994; Mancktelow and Pavlis, 1994; Fletcher and Bartley, 1994).
Folds similar to the isoclinal recumbent folds are also relatively common in lower plates
of core complexes (e.g. Mancktelow and Pavlis, 1994; Fletcher and Bartley, 1994;
Applegate and Hodges, 1995). Based on the apparent progression from upright open
folds to isoclinal recumbent folds, Mancktelow and Pavlis (1994) and Fletcher and
Bartley (1994) interpreted folds similar to isoclinal recumbent as the products of Y-axis
shortening.

However, in the Buckskin-Rawhide lower plate, folds with geometries

intermediate between the gentle upright and isoclinal recumbent folds are largely absent,
suggesting these folds are not genetically linked.

It is possible that the isoclinal

recumbent folds record a component of earlier, synmylonitic Y-axis shortening, but these
folds also could have been produced by passive amplification of deflections in the lower
plate shear zone (e.g. Cobbold and Quinquis, 1980) or shortening of layering that was
steeply dipping prior to development of the Oligo-Miocene lower plate shear zone.
5.2. Evidence for postmylonitic folding in the Little Buckskin Mountains
The corrugation fold structure of lower plate rocks is particularly well-developed
in the Little Buckskin Mountains, where mylonitic and gneissic layering define a rangescale NE-SW-trending antiform (Plate 3, Figure 2.8C). Postmylonitic epidote veins and
epidote- and chlorite-lined extension fractures (herein simply referred to as veins) are
common in these lower plate rocks (Figure 2.22). The association of epidote and chlorite
mineralization with the Buckskin detachment fault suggests these veins formed during
slip on the detachment fault. Attitudes of these veins were mapped across the Little
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Buckskins corrugation antiform to determine the timing relationship between folding and
veining.
Most veins in the Little Buckskin Mountains dip steeply NE, and on average vein
sets account for ~1% NE-SW extension (based on average apertures and spacing).
Mapping demonstrates that the orientations of veins systematically change across the
corrugation antiform axis (Figure 2.23). This subtle pattern is most apparent in the
northeastern Little Buckskin Mountains, where veins dip steeply ENE on the southeast
side of the corrugation hinge and steeply NE on the northwest side of the hinge (Figures
2.23, 2.24A). The gradual change in vein dip direction occurs near the broadly-defined
hinge zone.

A similar change in vein orientation appears to be present across the

corrugation hinge in the western Little Buckskin Mountains, where most veins dip
steeply NE on the southeast side of the hinge and dip steeply NNE on the northwest side
of the hinge (Figure 2.24B). In addition, at two localities where NE-dipping veins are
present across m-scale gentle upright anticlines, the average vein dip direction on the
southeast anticline limb is ~5° clockwise of the average vein dip direction on the
northwest limb.
These systematic changes in the dip directions of veins are consistent with folding
of vein-bearing lower plate rocks about a NE-trending axis. Due to the variability of
foliation dips, possible rotation of foliation attitudes via postmylonitic faulting, and the
likelihood that not all foliation was horizontal prior to folding, it is not clear how to
restore veins to their original inferred orientation. However, rotating the average limbs of
the corrugation antiform to horizontal restores the attitudes of the veins to a more uniform
orientation (Figure 2.25), suggesting most (if not all) of the corrugation folding postdates
veining. Lower plate rocks in the Little Buckskin Mountains generally lack Miocene
mylonitic fabrics (Chapter 1: sections 11.5 and 12.4), so it is possible that veins in the
Little Buckskin Mountains formed while most lower plate rocks in the Buckskin and
Rawhide Mountains were undergoing mylonitization.

Post-veining corrugation

development in the Little Buckskin Mountains does not necessarily indicate that
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Figure 2.22. Photographs of epidote vein sets in lower plate rocks in the Little Buckskin Mountains.

Figure 2.23. Map of the northeastern Little Buckskin Mountains highlighting the orientation of epidote veins across
folded lower plate rocks. Each vein attitude is an average from a consistently oriented set. Note that the dip directions
of veins systematically change across the central anticline hinge zone.
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Figure 2.24. Poles to epidote veins across the lower plate corrugation antiform in the northeastern Little Buckskin
Mountains (A; area in Figure 2.23) and west-central Little Buckskin Mountains (B). Each data point represents an
average orientation of a consistently oriented vein set.

Figure 2.25. Poles to epidote veins in Figure 2.24A, 2.24B after rotating the average limbs of the corrugation antiform
(23° NW and 22° SE) to horizontal about an axis trending N58E – the corrugation axis trend and average foliation
strike. This simplified rotation produces a more uniform distribution of vein attitudes.
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corrugation folding elsewhere in the core complex was entirely postmylonitic, but it does
suggest much of the corrugation folding occurred in the brittle regime.
5.3. Kinematics of lower plate folding
In well-layered lower plate rocks, chlorite ± epidote-coated foliation surfaces are
common (Figure 2.26). These surfaces locally preserve slickenlines that mostly trend
NW to SE, approximately perpendicular to the corrugation axes and m-scale fold axes
(Figure 2.27). Most foliation surface slickenlines are subtle with an ambiguous sense of
slip and little to no brecciation, but where the sense of slip could be determined,
kinematics are consistent with reverse slip directed towards corrugation antiform hinges
(Figure 2.27). I interpret these foliation slip surfaces to directly record flexural slip
folding of lower plate rocks about a NE-SW-trending axis. The presence of chlorite and
epidote on these foliation surfaces suggests flexural slip was synchronous with
detachment faulting. Chlorite and epidote are common along syndetachment lower plate
faults and the detachment fault cataclasite zone.

Calcite, which is the dominant

postdetachment fault zone mineral (Chapter 3), was not observed on any foliation slip
surface.

The general association of mineralization with the foliation slip surfaces

suggests flexural slip was facilitated by fluid flow.
The correlation between the development of corrugation fold structure and the
nature of layering in the lower plate also points to flexural slip as an important folding
mechanism. Well-layered lower plate rocks define km-scale corrugation folds and mscale gentle/open upright folds, whereas portions of the lower plate dominated by
weakly-foliated Swansea Plutonic Suite are only slightly folded or do not appear to be
folded at all (section 2.2). Planar mechanical anisotropy is required for rocks to undergo
flexural slip folding. The layered mylonitic gneisses have planar mechanical anisotropy
defined by cm- to m-scale compositional layers, whereas mylonitic foliation in Swansea
Plutonic Suite does not generally form through-going planes (e.g. Figure 1.9H compared
to Figure 1.9A, B). Parasitic folds that verge towards larger-scale anticlines, such as the
gentle upright m-scale folds in the Little Buckskin Mountains (Plate 3), are also
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Figure 2.26. Photographs of chlorite ± epidote-coated foliation slip surfaces in layered lower plate mylonites. A) and
B) are from the central Buckskin Mountains (Plate 1 area). The pencils in A and B are parallel to the slip lineation. C)
and D) are from an outcrop in the Little Buckskin Mountains (D is a close-up photograph looking down on the foliation
surfaces). The blue pencil is parallel to the mylonitic stretching lineation and gentle syncline axis; the gray+green
pencil is parallel to slip lineations on a foliation surface. R shears on this foliation surface indicate reverse slip.

Figure 2.27. Slickenlines on chlorite ± epidote-coated foliation slip surfaces in layered lower plate mylonites in the
central Buckskin Mountains (blue circles) and the Little Buckskin Mountains (green circles). The arrows indicate the
hanging wall slip direction trend determined from fault plane criteria.
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indicative of flexural slip folding. The approximately parallel (class 1B) geometry of
these folds is also compatible with flexural slip folding.

It is possible that some

corrugation folding occurred during mylonitization and was accommodated by flexural
flow or passive shear. However, evidence for postmylonitic corrugation development in
the Little Buckskin Mountains suggests most folding occurred by flexural slip in the
brittle regime.

6. Synmylonitic constriction
6.1 Evidence for synmylonitic constriction
Although Swansea Plutonic Suite mylonites do not appear to have undergone
flexural slip folding, the L>S tectonite fabrics that characterize most of the Swansea
mylonites suggest a prolate strain field that formed under general constriction. I studied
the Swansea mylonite fabrics in detail to determine if they record a component of
constrictional Y-axis shortening during mylonitization (~NW-SE subhorizontal
shortening). Microscopically, evidence for grain-scale Y-axis shortening is clear from YZ-thin sections (perpendicular to the stretching lineation) in most samples. This evidence
includes the following: 1) biotite and/or chlorite, which are well-aligned parallel to
foliation along X-Z-sections, do not have a strong preferred orientation on Y-Z-sections
(Figure 2.28A-D); 2) chlorite layers approximately parallel to the Y-axis (trace of
foliation on Y-Z-sections) are commonly buckled into sub-mm-scale folds (Figure
2.28G-I); 3) biotite and/or chlorite completely wrap feldspar porphyroclasts in several YZ-sections (Figure 2.28G); and 4) the long axes of recrystallized quartz grains are locally
oriented subperpendicular to the Y-axis (Figure 2.28E-F). Altogether ~70% of Swansea
mylonite samples (22/31 samples) exhibit evidence for synmylonitic Y-axis shortening
(Figure 2.29). Buckled chlorite layers in Y-Z-sections, which constitutes the most clear
evidence for Y-axis shortening, was noted in over half of the samples.

These

constrictional mylonite samples are present across a distance of ~35 km in the extension
direction (Figure 2.29).
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Figure 2.28. Photomicrographs of Swansea Plutonic Suite mylonites illustrating evidence of grain-scale constriction. A-C, G, I): plane-polarized light. D-F, H): cross-polarized light with gypsum
plate. Photographs B-I) are from Y-Z sections with the foliation trace (Y-axis) horizontal. Sample number is indicated at bottom right of each photograph (see Figure 1.6 and Table 1.1). A-C: sample
1-121) Compare well-developed foliation on X-Z plane (A) to weakly-developed foliation on Y-Z plane (B-C). D) Weakly-developed Y-axis foliation trace; E-F) Long axes of quartz grains oriented
perpendicular to foliation trace; G) Biotite+chlorite completely wrapping feldspar porphyroclast; mica foliation is also folded; H-I): Folded chlorite layers with undulatory extinction across hinges.
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Figure 2.29. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) with locations of mylonitized Swansea Plutonic Suite
samples (red and purple dots; n=31). Red dots are samples that show evidence for constriction (Y-axis shortening); purple dots are samples that do not show clear
evidence for constriction. See Figure 1.6 and Table 1.1 for more information about the samples.

The sense of shear on Y-Z-thin-sections from 31 Swansea mylonite samples was
evaluated to determine if a component of flow was systematically directed towards the
corrugation antiforms (Figure 2.30).

Thirteen out of the 31 Y-Z-sections have no

apparent sense of shear, and 18 sections have a subtle apparent sense of shear, as
indicated by ≥4 consistent shear indicators and ≤2 contradicting shear indicators. Of the
sections with an apparent sense of shear, no consistent pattern of shear exists with respect
to the corrugation antiform hinge (Figure 2.30). In all samples the top-to-NE sense of
shear in X-Z-sections (parallel to lineation) is much more pronounced than the sense of
shear Y-Z-sections, and it is likely that many of the apparent Y-Z-section shear indicators
are the consequence of flow around rigid porphyroclasts or deviation of the lineation
trend within the sections.
Mylonitized pre-Tertiary lower plate rocks are typically characterized by LStectonite fabrics suggestive of plane strain. Y-Z-sections of these Miocene fabrics have
not been studied, so it is possible that they too record some component of Y-axis
shortening. Y-Z-sections of amphibolite facies (Late Cretaceous?) mylonites in the Little
Buckskin Mountains do not show evidence of Y-axis shortening at the grain scale.
In addition to the Swansea Plutonic Suite Y-Z-section microstructures described
above, quartz petrofabrics in some samples are compatible with constriction.

In a

quartzite mylonite sample from the southwest Buckskin Mountain, quartz [c] axes define
a type II cross-girdle, and <a> axes form small circles around the X-direction (Figure
1.41, sample 8-5) – patterns indicative of constriction (Bouchez, 1978; Lister and Hobbs,
1980; Price, 1985; Schmidt and Casey, 1986; Sullivan and Beane, 2010). This quartzite
sample indicates that constriction was not restricted to the Swansea mylonites.
Constrictional patterns are not as evident in Swansea mylonite quartz fabrics, but several
Swansea mylonite samples have girdle distributions of [c] axes that could have formed
during a component of constriction. As discussed in Chapter 1: section 7.2, the lack of a
strong flattening field tends to produce a girdle distribution of [c] axes (Barth et al.,
2010). Non-coaxial constrictional quartz fabrics are thus characterized by single girdles
with high G values (girdle values from Vollmer, 1990; Barth et al., 2010). Five Swansea
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Figure 2.30. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) showing the apparent sense of shear on Y-Z thin
sections from 31 Swansea Plutonic Suite mylonite samples (pink circles). The large red arrows indicate relatively consistent apparent shear direction; smaller red arrows
indicate very subtle apparent shear direction; and samples without arrows have no apparent or no consistent sense of shear.

mylonite samples have c-axis girdles with Gn values ≥0.5 (normalized following Barth et
al., 2010), compatible with constrictional deformation.

However, no L-tectonites

(lacking foliation) were noted in any portion of the lower plate, and clear constrictional
petrofabrics (e.g. Sullivan and Beane, 2010) appear to be largely absent, indicating that
synmylonitic constriction in the lower plate was not pure constriction.
6.2 Timing of synmylonitic constriction
The ~22-21 Ma Swansea Plutonic Suite probably cooled to brittle conditions
(<300°C) by ~15-16 Ma (Richard et al., 1990; Foster et al., 1993; Scott et.al. 1998;
Brady, 2002), indicating that mylonitization most likely occurred over a time period of
≤5-6 m.y. Several microstructural observations, including relationships between Y-axis
shortening and chloritization, provide evidence for the relative timing of constriction
during mylonitization.

Synmylonitic chlorite occurs as a retrograde replacement of

igneous and synmylonitic biotite (Figure 1.8B), clearly postdating peak upper
greenschist-facies mylonitization. The amount of synmylonitic chloritization is thus a
proxy for the amount of retrograde mylonitization during lower plate exhumation. All
examples of buckled mica layers on Y-Z-sections involve chlorite. In the hinges of these
microfolds, chlorite displays undulatory extinction (Figure 2.28H-I), indicating that
folding postdates chloritization (rather than chlorite replacing folded biotite).

An

apparent relationship exists between the amount of chloritization and Y-axis shortening.
Of the 31 Swansea mylonite samples, 14 samples have undergone significant
chloritization (chlorite>biotite), and 12 samples have undergone little to no chloritization
(>5:1 biotite:chlorite). All 14 samples with significant chloritization show clear evidence
for Y-axis shortening, whereas only 4 out of the 12 samples with little to no chloritization
show evidence for Y-axis shortening. Another way of looking at this relationship is that 8
out of the 9 Swansea mylonite samples that lack evidence for Y-axis shortening lack
appreciable chloritization. This relationship between chloritization and Y-axis shortening
is significant because it suggests constrictional deformation of the Swansea Plutonic
Suite was most important under chlorite-grade conditions during the latter stages of
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mylonitization. Portions of the footwall that did not experience lower greenschist-facies
deformation were most likely kinematically inactive when Y-axis (NW-SE) shortening
became important towards the end of mylonitization. Additional evidence for late-stage
constriction includes the observation that several Swansea mylonite samples exhibiting
clear evidence for Y-axis shortening have moderate- to well-defined foliation traces on
Y-Z-sections, suggesting Y-axis shortening overprinted earlier plane strain.
6.3 Significance of synmylonitic constriction
Lower greenschist-facies constriction in the Swansea mylonites records a
component of ~horizontal NW-SE shortening during NE-directed extension.
shortening is compatible with folding of layered lower plate rocks.

This

Synmylonitic

constriction was probably synchronous with postmylonitic flexural slip folding elsewhere
in the lower plate. Thermochronologic data from Scott et al. (1998) indicate that the
lower plate near Planet Peak had cooled below 400°C during peak mylonitization of the
Swansea Plutonic Suite (~450-500°C, Chapter 1), suggesting the lower plate was
consistently cooler away from the Swansea intrusions. Accordingly, it is likely that areas
dominated by pre-Tertiary rocks distal to the intrusions were brittle when the Swansea
mylonites were at lower greenschist-facies conditions. In the late-early Miocene (~18-16
Ma) NW-SE shortening was thus likely partitioned between flexural slip folding in welllayered pre-Tertiary rocks and lower greenschist-facies constriction in the Swansea
mylonites.

Unlike flexural slip folding, synmylonitic grain-scale constriction could

accommodate NW-SE shortening with little to no folding of lower plate fabrics. Layered
portions of the lower plate that underwent the least amount of synmylonitic constriction
should therefore have the most well-developed corrugation fold structure. The most
well-developed corrugation antiform is in the Little Buckskin Mountains, where most
lower plate rocks lack Miocene mylonitic fabrics and thus accommodated little (if any)
synmylonitic constriction. Lower plate rocks with Miocene fabrics along the Planet Peak
and Ives Peak antiforms (Figure 1.3) have equal or more planar mechanical anisotropy as
rocks in the Little Buckskin Mountains, but the limbs of these antiforms do not appear to
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be as steep or as well-defined as the Little Buckskin Mountains antiform (Bryant, 1995;
Scott, 2004; Bryant and Wooden, 2008; Plate 3). This difference in fold structure can be
accounted for if the Planet Peak and Ives Peak antiform rocks accommodated some
component of NW-SE shortening via grain-scale synmylonitic constriction rather than
folding.

7. Discussion
7.1. Summary of evidence for folding of corrugations
Multiple types of structural evidence demonstrate that corrugations in the
Buckskin-Rawhide core complex are folds produced by NW-SE shortening. First, the
SE- and NW-dipping flanks of the Buckskin detachment fault locally record reverse slip
directed towards the corrugation antiform hinges, compatible with NW-SE shortening
and flexural slip between the lower plate and upper plate. Subsidiary cm-scale slip
surfaces at the top of the lower plate record NW- and SE-directed slip associated with
neutral surface folding in the detachment fault cataclasite zone. Second, orientation
patterns of synextensional upper plate bedding across the corrugations are compatible
with folding about a NE-trending axis. Third, well-layered lower plate rocks are folded
into m-scale and km-scale upright folds parallel to the detachment fault corrugations.
The geometry and kinematics of these folds indicate that most folding occurred by
flexural slip.

Lastly, portions of the lower plate record synmylonitic Y-axis

(subhorizontal NW-SE) shortening at the grain scale. This constrictional mylonitization
is most pronounced in the early Miocene Swansea Plutonic Suite L>S tectonites. The
kinematics of corrugation folding are schematically summarized in Figure 2.31.
7.2. Alternative corrugation models
The data presented in this study support a model in which metamorphic core
complex corrugations form by folding due to extension-perpendicular shortening, but it is
important to review alternative models in light of these data. In particular, many studies
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Figure 2.31. Schematic NW-SE cross section illustrating the kinematics of corrugation folding in the BuckskinRawhide metamorphic core complex. Folding in well-layered lower plate rocks (light blue) is accommodated by
flexural slip. The detachment fault accommodates flexural slip between the upper plate (orange) and the lower
plate. The cataclasite zone below the detachment fault (green) undergoes neutral surface folding accommodated by
minor NW-SE extension in the outer arc of the corrugation.
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suggest corrugations represent primary (original) megagrooves in detachment faults
(section 1.1). In this interpretation, lower plate corrugations are either the mid-crustal
continuations of primary detachment fault grooves (e.g. Jackson and White, 1989), or are
high-temperature casting molds of the detachment fault grooves (e.g. Spencer, 1999).
Although it is difficult to rule out the possibility that the detachment fault system initiated
with a cuspate or corrugated geometry, there is no evidence to support this model. The
NW-SE shortening and folding documented in this study can easily account for the ~1%
shortening

needed

to

produce

the

detachment

fault

corrugation

geometry.

Syndetachment folding of lower plate rocks into upright anticlines and synclines parallel
to the detachment fault corrugations contradicts the primary corrugation geometry model.
Woodward and Osborne (1980) correctly point out that lower plate foliations in the
central Buckskin Mountains do not form NE-SW trending folds parallel to the
detachment fault corrugations (e.g. Plate 1, Figure 2.8A; see also Woodard, 1981),
leading to their conclusion that the corrugations are primary features rather than folds.
However, lower plate rocks in this area are dominated by Swansea L>S tectonites that
lacked the planar mechanical anisotropy to undergo postmylonitic folding, unlike the
layered pre-Tertiary rocks.

The absence of a well-defined corrugation-parallel fold

structure in these rocks indicates that lower plate amplification of the Clara Peak
corrugation was most likely accomplished through constrictional flow with only minor
postmylonitic neutral surface and flexural slip folding.
If the Buckskin detachment fault did initiate with a corrugated geometry, it is
unlikely that this geometry would have continued into the lower plate shear zone. As
discussed in Chapter 1, the lower plate shear zone did not form as the downdip
continuation of the Buckskin detachment fault. In the early Miocene the subhorizontal
lower plate shear zone was geometrically decoupled from the initially moderately dipping
detachment fault, so there is no reason to assume that the lower plate mylonites would
have initiated with the same corrugated geometry as the detachment fault. In addition, as
discussed by Spencer and Ohara (2008), it seems unlikely that the lower plate shear zone
would have initiated with a uniform, corrugated geometry over distances of ~35 km.
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Mid-crustal flow would most likely have modified primary irregularities in the shear
zone.
Alternatively, if the lower plate corrugations formed as molded grooves to an
originally corrugated detachment fault, mylonites should record a component of
convergent flow towards the corrugation antiforms (Spencer, 1999; Spencer and Ohara,
2008).

However, in the Buckskin-Rawhide core complex there is no evidence for

synmylonitic convergent flow towards antiform hinges. Constrictional (L>S) Swansea
mylonites are common along both the Clara Peak antiform and flanks of the Swansea
synform (Figure 2.29). Stretching lineations in the Swansea mylonites do not appear to
systematically converge towards the corrugation antiform (Plate 1A), as predicted by the
continuous casting (molded grooves) model. In addition, there is no systematic ductile
shear directed towards the corrugation antiforms (Figure 2.30). A continuous casting
mechanism for corrugation development is also inconsistent with the evidence for
postmylonitic flexural slip folding of the lower plate. Moreover, the continuous casting
model cannot account for the presence of extension-parallel lower plate folds that are
tighter than the detachment fault corrugations.
Structural data presented in this study are incompatible with the Perry (2005)
model in which lower plate corrugations are amplified by extension-perpendicular
boudinage. Evidence for extension-perpendicular shortening in the Buckskin-Rawhide
core complex is abundant, whereas there is very little evidence for extensionperpendicular boudinage, flattening strains, or systematic shear directed away from
corrugation antiforms.
7.3. Timing and magnitude of extension-perpendicular shortening
Microstructural observations suggest synmylonitic, extension-perpendicular (NWSE) shortening was most important under chlorite-grade conditions during the late stages
of mylonitization. Flexural slip folding of lower plate mylonites was synchronous with
mineralization of chlorite and epidote, which are present along foliation slip surfaces and
associated with slip on the Buckskin detachment fault. In the Little Buckskin Mountains
lower plate folding appears to have largely postdated epidote veining, suggesting most of
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the corrugation folding occurred under brittle conditions. Brittle kinematic data suggest
folding of the Buckskin detachment fault zone occurred progressively towards the end of
detachment faulting.

The last recorded phase of slip on several portions of the

detachment fault is associated with NW-SE shortening and corrugation folding.
Altogether these timing constraints indicate that folding of the corrugations occurred
primarily during the later stages of core complex development, probably ~17-10 Ma.
Towards the very end of detachment faulting, the horizontal extension and shortening
direction rotated clockwise (Chapter 3), and NW-striking, postdetachment right-lateral
faults accommodated approximately N-S shortening.

Thus, extension-perpendicular

horizontal shortening outlived detachment faulting.
The magnitude of NW-SE shortening associated with corrugation folding in the
lower plate ranges from ~10% in the Little Buckskin Mountains to negligible amounts in
the Swansea Plutonic Suite (Plates 1, 3; Figure 2.8). In most areas the total amount of
NW-SE shortening in the lower plate is difficult to estimate because it is not clear how
much shortening was accommodated by synmylonitic constriction. However, given that
the Little Buckskin Mountains underwent little to no Miocene mylonitization (Chapter 1),
all shortening was likely accommodated by folding, and thus the total amount of
shortening across the core complex was probably ~10%. The Buckskin detachment fault,
by contrast, only records ~1% NW-SE shortening (Figure 2.7). Most m-scale and kmscale lower plate folds are tighter than the detachment fault corrugations. This same
relationship has been described in the Whipple Mountains core complex (Davis and
Lister, 1988), central Mojave metamorphic core complex (Fletcher et al., 1995), and
Death Valley turtleback terrane (Manktelow and Pavlis, 1994) in California.

The

discrepancy between the amount of shortening recorded by the lower plate and the
detachment fault may be largely attributed to the age of these structures. Although a
detachment fault system was likely active from the inception of core complex extension,
the Buckskin detachment fault consistently cuts mylonitic fabrics.

The exposed

detachment fault surface is a relatively young feature that most likely formed during the
late stages of extension (e.g. Davis and Lister, 1988; Lister and Davis, 1989; Scott and
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Lister, 1992). During corrugation folding, the detachment system may have periodically
incised into the lower plate and excised into the upper plate with a relatively planar
geometry, in which case the current detachment fault corrugation geometry only records
the late stages of folding. It is possible that the difference in interlimb angle between the
lower plate folds and the detachment fault is also partly due to a folding detachment zone
at the top of the lower plate. The chloritic breccia zone between the coherent lower plate
fabrics and upper plate rocks may have either absorbed some of the folding or
accommodated a partitioning between folding-dominated shortening in the lower plate
and faulting-dominated shortening in the upper plate.
7.4. Cause of extension-perpendicular shortening
The timing of synmylonitic constriction and corrugation folding in the BuckskinRawhide metamorphic core complex indicates that horizontal extension-perpendicular
shortening became increasingly important during tectonic denudation. To accommodate
extension-perpendicular shortening with buckle folding of subhorizontal surfaces, the
NW-SE horizontal stress must have been have been equal or greater than the vertical
stress (e.g. Yin, 1991; Fletcher et al., 1995).

Based on Andersonian theory, when

extension initiated in the Buckskin-Rawhide core complex, σ1 was presumably vertical,
σ2 was NW-SE, and σ3 was NE-SW. During denudation this stress regime must have
evolved towards a uniaxial stress field in which σ3<σ2≈ σ1 (σNW-SE≈ σvertical). I propose that
this evolution was driven by a reduction of vertical stress, possibly coupled with an
increase in the NW-SE horizontal stress. As the upper and middle crust are progressively
thinned during normal faulting and mylonitization, vertical stresses decrease. In addition,
vertical stresses on the lower plate progressively decrease during unloading. Assuming
core complexes are bound by areas that have undergone much less extension, crustal
thinning may also lead to elevated extension-perpendicular horizontal stresses across the
most denuded areas (Fletcher et al., 1995). Thus, an inherent consequence of largemagnitude extension is that the magnitude of σ1(vertical) evolves towards σ2(horizontal).
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Nearly uniaxial stress fields should therefore commonly arise during the late stages of
metamorphic core complex development.
Plate tectonics may have also played an important role in increasing extensionperpendicular stresses during denudation. In the southwestern United States Cordillera,
metamorphic core complexes developed coevally with the growing Pacific-North
American transform plate boundary to the west (e.g. Atwater and Stock, 1988). In parts
of southern Nevada and California, Miocene strike-slip faulting and approximately N-S
shortening associated with this plate boundary overlapped with or shortly followed
detachment faulting (e.g. Wernicke et al., 1988; Bartley et al., 1990; Dokka and Travis,
1990; Duebendorfer and Simpson, 1994), underscoring the role of horizontal shortening
during large-magnitude extension in this region. Many corrugated detachment faults
around the world are not located within or adjacent to transcurrent systems, so elevated
horizontal stresses associated with strike-slip tectonics are probably not the most
important cause of extension-perpendicular folding.

However, in the southwest

Cordillera, where detachment fault corrugations are as well-defined as anywhere,
shortening associated with the Pacific-North American Plate boundary may have
contributed to the amplification of corrugations.
7.5. Model for the development of corrugations in the Buckskin-Rawhide metamorphic
core complex
The proposed simplified structural development of the Buckskin-Rawhide
metamorphic core complex and schematic evolution of the stress field acting on the lower
plate are illustrated in Figure 2.32. During the early stages of extensional unroofing
(~22-20 Ma), a moderately NE-dipping Buckskin detachment fault system soled into an
initially subhorizontal mylonitic shear zone (Figure 1.45). In the upper crust σ1 was most
likely subvertical, σ2 was horizontal NW-SE, and σ3 was horizontal NE-SW – parallel to
the extension direction. Crustal thinning and exhumation progressively decreased the
magnitude of vertical stress acting on the lower plate (Figure 2.32). Towards the later
phases of mylonitization in the Swansea Plutonic Suite (~17 Ma) σ1 (~vertical) was
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Figure 2.32. Schematic block diagrams and Mohr circles illustrating the proposed structural and stress evolution of the
Buckskin-Rawhide metamorphic core complex from the early to late stages of detachment faulting. Crustal thinning
and tectonic denudation progressively reduced the vertical stress on the lower plate and detachment fault system,
eventually resulting in a near uniaxial stress field in which σ3<σ2≈σ1 (σNW-SE ≈ σvertical). NW-SE shortening from ~1710 Ma folded lower plate fabrics, upper plate bedding, and the detachment fault system. Towards the end of
detachment faulting, the shortening and extension directions rotated clockwise, and right-lateral and transtensional
faulting became the dominant mode of deformation (Chapter 3).
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comparable in magnitude to σ2 (~NW-SE), resulting in a component of synmylonitic
constriction and Y-axis shortening during northeast-directed shear. At this time many of
the lower plate pre-Tertiary rocks had cooled to dominantly brittle conditions. These
lower plate rocks accommodated NW-SE shortening by flexural slip folding along welldeveloped layers and foliation planes (Figure 2.32). The magnitude of the NW-SEtrending stress did not need to exceed the magnitude of the vertical stress for this folding
to initiate, as extension-parallel buckle folds may form in response to σ2 compression if
layering is inclined (Fletcher and Bartley, 1994). During much of the middle to late
stages of core complex development (~17 to 11 Ma), σ1 and σ2 may have periodically
switched from vertical to NW-SE as extension and folding relieved stresses. While
extension-parallel lower plate and upper plate folds became increasingly more
pronounced during NW-SE shortening, progressively younger detachment fault surfaces
developed due to periodic incisement and excisement of the Buckskin detachment fault
system. Consequently, unlike the pre-Tertiary lower plate rocks, the currently exposed
detachment fault corrugations do not record the entire history of folding. In the later
stages of detachment faulting, NW-SE horizontal stress across much of the core complex
probably consistently exceeded the decreasing vertical stress, and the last phase of slip
along several of the SE- and NW-dipping flanks of the detachment fault corrugations was
associated with folding. During the final episodes of slip along the Buckskin detachment
fault system (~11 Ma), the extension and shortening directions and presumably σ3 and σ1
directions rotated clockwise to ESE-WSW and NNW-SSE, respectively (Chapter 3;
Figure 2.32). At this point the stress field had probably evolved to the point where strikeslip faulting was consistently favored over normal faulting (σNNW-SSE > σV), and many
NE-dipping normal faults were reactivated with components of right-lateral motion
(Chapter 3; Figure 2.32). The increasing influence of the Pacific-North American plate
boundary most likely played an important role in this transition to a strike-slip regime and
perhaps contributed to elevated extension-perpendicular stresses during earlier
corrugation folding. However, the most important mechanism for driving extensionperpendicular shortening was probably the reduction of vertical stresses through crustal
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thinning and tectonic denudation, leading to the development of an approximately
uniaxial stress field.

Crustal thinning and denudation, which are inherent to all

metamorphic core complexes, may therefore be fundamentally related to the development
of most corrugations.

8. Conclusions
Structural data presented in this study demonstrate for the first time that
extension-parallel (NE-SW) corrugations in the Buckskin-Rawhide metamorphic core
complex are folds produced by NW-SE shortening. Folding and NW-SE shortening are
recorded by the Buckskin detachment fault, lower plate mylonites, and upper plate
sedimentary strata. Kinematic data indicate that along most portions of the corrugated
detachment fault system, dominant NE-directed slip was overprinted by NW- and SEdirected slip.

Along the flanks of the detachment fault corrugations this late-stage

activity includes reverse-slip directed towards corrugation hinges, accommodating NWSE shortening and flexural slip between the lower plate and upper plate. In addition, cmscale faults immediately below the detachment fault record minor NW-SE extension that
is interpreted to have accommodated neutral surface folding of the detachment fault
cataclasite zone.
In the central Buckskin Mountains, the dip directions of synextensional upper
plate strata systematically vary across the corrugations, defining a pattern that is
compatible with folding about a subhorizontal NE-trending axis. Lower plate rocks
accommodated NW-SE shortening through synmylonitic grain-scale constriction (Y-axis
shortening) and folding. Constriction was concentrated but not restricted to the Swansea
Plutonic Suite L>S tectonites.

The association of synmylonitic constriction with

retrograde chloritization suggests constriction and NW-SE shortening became important
during the later stages of Swansea Plutonic Suite mylonitization. Well-layered lower
plate mylonites were folded into m- and km-scale, gentle upright folds that parallel the
NE-trending detachment fault corrugations. The geometry of these folds, the correlation
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between folding and layering, and the presence of NW- to SE-trending foliation slip
lineations indicate that most folding occurred by flexural slip. In the Little Buckskin
Mountains approximately all NW-SE shortening, ~10% in total, was accommodated by
postmylonitic flexural slip folding.

The Buckskin-Rawhide detachment fault

corrugations record only ~1% NW-SE shortening. This discrepancy between the amount
of lower plate shortening and shortening recorded by the detachment fault can be
attributed to the relatively young age of the exposed detachment fault, which probably
incised and excised as a planar fault in the late stages of core complex extension.
This study highlights the significance of extension-perpendicular shortening in the
structural evolution of metamorphic core complexes.

The structural data and

observations presented here suggest extension-perpendicular shortening became
important several million years after the onset of tectonic denudation and played an
increasingly important role in deformation towards the end of detachment faulting. This
relatively late-stage timing of corrugation development suggests that vertical thinning and
denudation promoted extension-perpendicular shortening by reducing vertical stresses.
During large-magnitude extension the stress field in metamorphic core complexes
evolves towards a uniaxial state in which horizontal σ2 may approach vertical σ1,
triggering extension-perpendicular shortening and corrugation folding. In the Colorado
River extensional corridor, the growing Pacific-North American transform plate
boundary may have distally contributed to elevated extension-perpendicular stresses in
the middle Miocene.

162

Chapter 3: Postmylonitic and postdetachment structural evolution of
the Buckskin-Rawhide metamorphic core complex, west-central Arizona
Abstract
Brittle fault data and geologic mapping from the Buckskin-Rawhide metamorphic
core complex, west-central Arizona, document the transition from large-magnitude, NEdirected extension to distributed E-W extension and right-lateral faulting. The BuckskinRawhide detachment fault locally records a clockwise rotation of the slip direction from
dominant top-NE-directed slip to ENE- and E-directed slip during the last stages of
activity. Postmylonitic brittle deformation is dominated by normal and right-lateral slip
along moderately to steeply NE-dipping faults. Relative timing relationships indicate that
most NE-directed postmylonitic normal faulting was coeval with detachment fault slip
(~16-11 Ma), whereas right-lateral and oblique right-lateral faulting postdates detachment
fault slip (post ~11-10 Ma). Based on the persistent SW-dip of lower plate fabrics and
NE-dip of abundant postmylonitic normal faults, the amount of NE-SW brittle extension
of the lower plate is probably ~20-30%. This estimate suggests extension was not
concentrated in the upper plate, as predicted by most models.

Previous

thermochronologic studies of metamorphic core complexes neglect postmylonitic
extension of the lower plate, potentially resulting in overestimates of detachment fault
slip rates.
The end of detachment faulting in the Buckskin-Rawhide metamorphic core
complex was marked by a transition to dominantly E-W extension and associated rightlateral-normal faulting. At least ten NE-dipping postdetachment faults record ~0.1-1 km
right-lateral or oblique right-lateral displacement. The cumulative amount of right-lateral
shear across the core complex is probably 7-9 km, which is the amount needed to restore
the topographic trend of lower plate corrugations into alignment with both the dominant
extension direction and overall orientation of the detachment fault corrugations.
Geologic mapping confirms that the misalignment between the lower plate topography
and the corrugation axis in the Little Buckskin Mountains is due to right-lateral faulting.
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Postdetachment right-lateral/transtensional faulting across the Buckskin-Rawhide core
complex reflects the increasing influence of the diffuse Pacific-North American
transform plate boundary towards the end of the middle Miocene.

1. Introduction
Metamorphic core complexes are typically formed by tens of kilometers of slip on
extensional detachment fault systems. The style of continental extension associated with
metamorphic core complexes is distinct from more distributed “Basin and Range” type
extension involving m- to km-scale slip along moderately to steeply dipping normal
faults. In the western United States Cordillera, mid-Tertiary metamorphic core complex
development preceded more distributed normal and strike-slip faulting. A fundamental
question regarding the Cenozoic tectonic evolution of the Cordillera is how and why did
this style of deformation change from detachment faulting to more distributed faulting?
Determining the kinematics, timing, and magnitude of brittle deformation both in the late
stages of core complex development and following cessation of detachment faulting are
critical for understanding this tectonic transition.
Despite a significant amount of research on Cordilleran metamorphic core
complexes over the past 30 years, relatively few studies have addressed the postmylonitic
and postdetachment brittle deformation of core complexes.

Previous research of

postmylonitic deformation in Cordilleran core complexes include studies that test “rolling
hinge” models of isostatically-driven detachment fault tilting (e.g. Bartley et al., 1990;
Manning and Bartley, 1994; Axen and Bartley, 1997) and characterize the state of stress
along detachment systems (e.g., Reynolds, 1985; Axen and Selverstone, 1994). Studies
that document the transition from detachment faulting to postdetachment faulting through
detailed structural analysis of postmylonitic faults are rare. In many core complexes it is
unclear if there was a progressive change in the style of faulting from low-angle
detachment faulting to high-angle Basin and Range normal faulting (e.g. Davis et al.,
2004), or if detachment faulting abruptly transitioned to a different style of faulting (e.g.

164

Umhoefer et al., 2010). It is possible that postdetachment faults root into structurally
deeper detachment fault systems (e.g. Hamilton, 1987), suggesting the local cessation of
detachment faulting does not necessarily indicate a fundamental shift in the style of
extension. Alternatively, postdetachment faulting may be kinematically incompatible
with earlier large-magnitude extension (e.g. Richard, et al., 1990; Applegate and Hodges,
1995), suggesting a change in the regional stress field contributed to the cessation of
detachment faulting.
The kinematics and magnitude of postmylonitic and postdetachment faulting may
reveal: a) how extension was accommodated below the detachment fault system
following exhumation through the brittle-ductile transition, and b) how deformation
evolved during the later stages of tectonic denudation. The goal of this study is to
understand the structural evolution of the Buckskin-Rawhide metamorphic core complex
during the late stages of exhumation and following the cessation of detachment faulting.
I focus on the kinematics of the detachment fault and postmylonitic to postdetachment
brittle faults to evaluate how deformation changed from large-magnitude extension to
more distributed faulting.

2. Geologic setting of the Buckskin-Rawhide metamorphic core complex
The Buckskin-Rawhide Mountains in west-central Arizona comprise the largest
of several metamorphic core complexes in the Colorado River extensional corridor
(Figure 1.2). Core complexes in this region developed during large-magnitude extension
in the late Oligocene to middle Miocene. Exhumation of mid-crustal mylonitic rocks in
the lower plates of these core complexes was accomplished primarily by NE-directed slip
along a regional detachment fault system. Based on the apparent correlation of tilted
Miocene strata in the Bouse Hills and the Poachie Mountains (Figure 1.2), ~66±8 km of
displacement accumulated across the Buckskin-Rawhide detachment fault (herein
referred to as the Buckskin detachment fault for short; Spencer and Reynolds 1991).
Lower plate mylonitic fabrics and slickenlines along the Buckskin detachment fault both
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indicate most extension during the early to middle stages of core complex development
was directed towards N40-45E (Figure 1.10, Chapter 2: section 3.1). This extension
direction is misaligned from the ~N55-63E topographic trend of lower plate corrugations.
The timing of lower plate mylonitization and slip along the Buckskin detachment
fault are not tightly constrained. Stratigraphic evidence suggests that extension in the
northern part of the core complex initiated ~27 Ma (Lucchitta and Suneson, 1996), but
rapid cooling of lower plate rocks in the western Buckskin Mountains did not initiate
until ~20 Ma (Scott et al., 1998). In the western and central part of the core complex,
lower plate rocks most likely cooled to brittle conditions (<300°C) by ~15-16 Ma
(Richard et al., 1990; Foster et al., 1993; Scott et.al. 1998; Brady, 2002; Figure 1.4). Low
temperature thermochronologic data indicate that extensional unroofing in the
northeastern end of the core complex continued until ~11-10 Ma (Bryant et al., 1991;
Brady, 2002). The presence of relatively flat-lying ~13-9 Ma basalt flows along the
northern and western margins of the core complex also suggest detachment faulting had
largely ceased by the end of the middle Miocene (Spencer et al., 1989). Given these
timing constraints, the detachment fault system appears to have experienced a relatively
long slip history (~10 m.y), and this study assumes that postmylonitic and
postdetachment faults were active after ~16 Ma and ~11 Ma, respectively.
Brittle faults are abundant in both the upper plate and lower plate of the
Buckskin-Rawhide core complex. In addition, the Buckskin detachment fault is cut by a
series of NW-striking faults with km-scale trace lengths (Figure 3.1). Previous studies
have mapped and described most of the largest postdetachment fault zones (e.g.
Shackelford, 1980; Woodward, 1981; Spencer and Reynolds, 1989; Bryant, 1995), but
prior to this study relatively little was known about the timing and kinematics of
postdetachment faults in the core complex. In many regards the Buckskin-Rawhide core
complex is an ideal locality to examine the transition from detachment faulting to
distributed deformation because: a) lower plate rocks record a relatively long
postmylonitic-syndetachment deformation history, and b) postdetachment faults are
exposed across several portions of the core complex.
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Figure 3.1. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995). Blue dots indicate locations where postmylonitic brittle
fault data were collected, and red dots indicate locations where detachment fault data were collected.

3. Methods
Kinematic analysis of brittle faults and geologic mapping of selected areas in the
Buckskin-Rawhide metamorphic core complex provided most of the data for this study.
Fault data collection and mapping focused on lower plate mylonitic rocks in order to
distinguish postmylonitic faults (post- ~16-15 Ma) and postdetachment faults (post- ~1110 Ma) from faults that may have formed prior to core complex extension or in the
relatively early phases of extension. At 1:10,000-scale I mapped the Little Buckskin
Mountains (Plate 3) and an area across the Clara Peak antiform to the center of the Planet
Peak antiform in the central Buckskin Mountains (Plate 1). In these areas, I collected
data from all observed brittle faults with trace lengths >2 m and/or with some fault rock
(cataclasite, gouge, or breccia), and I mapped faults with decameter-scale trace lengths.
Approximately 74% of postmylonitic faults in this dataset are from these mapped areas
(Figure 3.1). The attitudes of systematically-oriented epidote ± chlorite veins were also
measured in these mapped areas. Additional fault data were collected in lower plate
rocks mapped or studied in reconnaissance and along postmylonitic faults previously
mapped at 1:100,000-scale by Spencer and others (1989) and Bryant (1995) (Figure 3.1).
This fault slip data collection particularly targeted range-scale postdetachment faults. In
addition, detailed kinematic data along the Buckskin detachment fault were collected
from hundreds of locations covering ~42 km in the extension direction (Figure 3.1).
These detachment fault data are treated separately from postmylonitic fault data in
subsequent analyses.
Data collected from brittle faults include the following: attitudes of fault planes
and slickenlines, interpreted sense of slip and quality of slip determination, type of fault
rock and fault rock thickness, mineralization along fault planes, amount of apparent
displacement, and cross-cutting relationships between faults and/or slickenline sets. The
vast majority of slickenlines along faults are mechanical grooves/striations; slickenfibers
are very rare. The sense of slip was determined using standard kinematic criteria (e.g.
Petit, 1987). The most useful brittle slip indicators in this study are Riedel shears, lunate
steps, map-scale apparent offsets, apparent cm-scale offsets along subsidiary faults, and
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reorientation or synthetic shear of layers adjacent to faults. Fault data were grouped into
categories based on the relative amount of displacement, which was determined in the
field from true or apparent offsets or inferred from fault rock thickness.

The

approximately linear relationship between fault rock thickness and cumulative
displacement is well-established (e.g. Scholz, 1987; Hull, 1988, Marrett and
Allmendinger, 1990; Childs et al., 2009). A compilation of displacement versus fault
rock thickness data (n=774) by Childs et al. (2009) indicates a median
displacement:thickness ratio of 50:1, with most thickness data falling within a spread of 2
orders of magnitude. Displacement:thickness ratios determined from approximately a
dozen faults in this study also fall within this spread, with the best constrained ratios
typically between ~30:1 and ~70:1. However, fault rock thickness varies significantly
along individual faults (typically by less than an order of magnitude), and many faults
have breccia zones that are gradational with adjacent damage zones, resulting in
uncertainty on thickness measurements. Where offsets along faults were not able to be
constrained, fault rock thicknesses were used to place faults into categories: 1) ~0.1-1 m
displacement: >0 to <2 cm fault rock, ~1-10 m displacement: 2-25 cm fault rock, ~10100 m displacement: >25 cm fault rock; all faults with >100 m displacement were
determined from map-scale apparent displacements.
In addition to geometric analysis, fault slip data were analyzed using the
kinematic analysis method of Marrett and Allmendinger (1990).

This analysis

determines the incremental shortening (P) and extension (T) axes associated with each
fault, which are particularly useful in identifying strain patterns associated with faulting
and assessing the strain compatibility of geometrically diverse fault populations.
Important assumptions involved in this analysis include: 1) fault kinematics are scale
invariant, and 2) faults have not been reoriented during subsequent deformation (Marrett
and Allmendinger, 1990). The first assumption has been justified by several previous
studies (e.g. King, 1983; Turcotte, 1986) and is tested in this study by comparing the
kinematics of faults grouped according to their relative sizes. The second assumption is
probably not valid for a portion of the fault population given both the relatively long
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history of detachment faulting and evidence for folding of lower plate fabrics (Chapter 2).
However, the amount of rotation due to postmylonitic deformation is relatively small
(≤20° on average), suggesting most P- and T-axes determined from this analysis do not
vary significantly from their original orientations.

4. Slip history of the Buckskin detachment fault
Kinematic data from the Buckskin detachment fault were collected from hundreds
of exposures across the core complex (Figure 3.1).

The dominant orientation of

slickenlines along the Buckskin detachment fault principal slip plane is NE-SW-trending
and shallowly plunging (Figure 2.9A). In total, 71% of all measured slickenline sets on
the detachment principal slip plane trend N20E–N70E/S20W–S70W (Figure 3.2).
Kinematic analysis confirms that these NE-SW-trending sets record top-NE-directed slip
(Chapter 2). Several portions of the detachment fault record a late-stage slip history that
diverges from top-NE slip. As discussed in Chapter 2, SE- and NW-dipping flanks of the
detachment fault corrugations typically record NW- and SE-directed slip that is
interpreted to have formed during extension-perpendicular shortening and folding of the
detachment fault. In addition, some portions of the detachment fault have ENE- and Etrending slickenlines (Figure 2.5), which are the focus of this section.
ENE- and E-trending slickenlines on the Buckskin detachment fault are most
common on gently NE-dipping (~5-10°) portions of the detachment in the central and
northeast part of the core complex (Figure 3.3). Top-NE to top-ENE slip in these
domains is apparent from microstructures in ultracataclasite (e.g. microfractures in
domain O; S-C fabrics in domain V –Figure 2.10A, B). In both domains there is a
relatively continuous range of slickenline sets from NE-trending to E-trending (Figure
3.3), and most exposures record multiple sets of slickenlines (Figure 3.4). Detailed
observations from these exposures indicate that ENE- and E-trending slickenline sets are
younger than NE-trending sets. For example, NE-trending slickenlines are consistently
truncated by ENE-trending slickenline grooves, and fine ENE-trending striations (visible
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Figure 3.2. Rose diagram showing the trend of slickenline sets measured
on the Buckskin detachment fault. See Figure 2.9 for stereograms

Figure 3.3. Poles to the detachment fault (boxes) and slickenlines on the detachment fault (red circles). A) Domain O
(northeast portion only); B) Domains V+W (domains identified in Figure 2.3). In both areas the slip direction rotated
clockwise from top-to-NE to top-to-ENE and -E.
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Figure 3.4. Photograph of the Buckskin-Rawhide detachment fault principal slip plane in the central Buckskin
Mountains (domain O in Figure 2.3) with arrows showing the slip direction of slickenlines. The surface dips 6° NE
and records multiple sets of slickenlines. The large groove in the center curves from N40E to N50E and is overprinted
by slickenlines trending N63E. Near the bottom right slickenlines trending N47E are truncated by slickenlines trending
N70E. These data indicate a ~30° clockwise rotation of the slip direction from top-NE to top-ENE.
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with a hand lens) are locally present within larger NE-trending grooves (Figure 3.4). Etrending slickenlines sets are much less common than NE- and ENE-trending sets, but in
both domains E-trending grooves also truncate NE-trending sets. In addition, at multiple
exposures in both domains, NE- to ENE-trending, cm-scale slickenline grooves curve 310° clockwise in the plunge (slip) direction (Figure 3.4).

These overprinting

relationships and curved slickenline sets indicate that slip on the detachment fault
progressively rotated clockwise from top-NE slip to top-ENE slip and locally top-E slip.
This rotation of the slip vector implies that the extension direction also rotated clockwise
during the late stages of detachment faulting. The timing relationship between late-stage
ENE/E-directed slip and NW/SE-directed slip associated folding and corrugation
development is uncertain because these different slickenline sets were observed at the
same exposure in only one location (domain O in the central Buckskin Mountains). At
this exposure an ENE-trending slickenline set appears to overprint a SE-trending set,
suggesting the transition to ENE-directed extension locally postdates folding. Following
development of the NE-trending corrugations, a significant portion of the detachment
fault would have been misoriented for ~E-directed slip, which may explain why this
clockwise rotation of slip direction is generally not recorded on the NW- and SE-dipping
flanks of the corrugations.
Evidence for ENE-directed slip on the Buckskin detachment fault is found in
multiple domains across the core complex, but this slip direction appears to be most
common in the eastern half of the core complex (Figure 3.5A). Assuming all detachment
slickenline lineations that trend between 020°/200° and 100°/280° record top-NE to top-E
slip, the mean detachment fault slip direction is ~N39E in the western half of the core
complex and ~N47E in the eastern half of the core complex (not including NW- and SEdirected slip lineations; Figure 3.5B). Most core complex models predict that detachment
faults become kinematically inactive as they are isostatically bowed upward, causing
detachment slip to young in the extension direction (e.g. Spencer, 1984; Buck, 1988;
Lister and Davis, 1989). Assuming this model is applicable to the Buckskin detachment
fault, the overall pattern of more ENE-directed detachment fault slip in the eastern half of

173

Figure 3.5. A) Detachment fault slip direction plotted against distance in the average extension direction, beginning
with the southwestern-most exposure of the detachment fault near Mammon Mine. Data include all slickenline sets
trending between 020/200 and 100/280 (assumed to have top-NE to top-E slip) measured on the principle slip plane
(p.s.p.) or major slip surfaces within 1 m of the p.s.p. B) Rose diagrams of the slip direction from the southwest half of
the core complex (≤20 km in the extension direction) and the northeastern half of the core complex.
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the core complex and the ~8° difference in the mean slip direction between the eastern
half and western half is consistent with a clockwise rotation of the slip direction.

5. Postmylonitic faulting
5.1 Overview of postmylonitic fault data
Brittle faults are abundant in lower plate rocks across the Buckskin-Rawhide core
complex (Figure 3.6). Data from postmylonitic faults (brittle faults that cut mylonitic
lower plate fabrics) include attitudes of 418 fault planes with >2 m trace and/or ≥1 cm
fault breccia. This data set incorporates both syndetachment and postdetachment faults.
Altogether I measured 316 sets of slickenline lineations from 248 of the 418 fault planes,
and I was able to determine the sense of slip on 177 of the slickenline sets. In addition, I
inferred a sense of slip on an additional 45 sets of slickenline lineations based on
similarity to adjacent faults with a clear sense of slip.
The majority of postmylonitic faults (76%) dip to the northeast quadrant (N1-89E;
Figures 3.7, 3.8).

Poles to all measured fault planes form a broad maximum

corresponding to a ~45-70° NE dip (Figure 3.7), and the most common dip direction is
N40-45E – parallel to the dominant mylonitic stretching lineation and detachment fault
slip direction (Figure 3.8). Approximately 70% of postmylonitic faults dip >45°, and the
most frequent dip is 60-70° (Figure 3.9). The geometry of these postmylonitic faults
clearly differs from the geometry of the Buckskin detachment fault, which in most areas
dips gently NW to SE or is subhorizontal (Figure 2.6). Low-angle postmylonitic faults
are present: ~13% of measured faults dip <30° (Figure 3.9), but these faults are most
common within 50 m of the Buckskin detachment fault, suggesting most are directly part
of the detachment system.
Slickenlines on postmylonitic faults record strike-slip, oblique-slip, and dip-slip
motion (Figures 3.10A, 3.11). Strike-slip sets of slickenlines are slightly more common
than dip-slip sets. Approximately 59% of slickenline sets on postmylonitic faults dipping
≥30° have <45° rakes; ~25% of these slickenline sets have <15° rakes, whereas ~19%
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Figure 3.6. Photographs of brittle faults in the lower plate of the Buckskin-Rawhide metamorphic core complex. See
Appendix 1 for the locations of photographs. A-G) show typical planar postmylonitic faults with associated breccia,
cataclasisite, and damage zones. D) shows ~5 m normal offset of a Swansea-Plutonic Suite intrusion. The dashed red
line in F) is the Buckskin-Rawhide detachment fault, which is cut by the Planet Wash fault (overhanging surface).
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Figure 3.7. A) Stereogram of poles to all measured postmylonitic faults with cataclasite/breccia and/or >2 m trace.
B) 1% area contour of poles in (A).

Figure 3.8. Histogram of the dip direction of all fault planes in Figure 3.7 that dip ≥30°.

Figure 3.9. Histogram of the dip angle of fault planes in Figure 3.7.
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Figure 3.10. A) Stereogram of slickenline sets on all measured postmylonitic faults with cataclasite/breccia and/or
>2 m trace. Blue contour lines are 1% area. B) Shortening axes (P-axes; red dots) and extension axes (T-axes; blue
boxes) from slickenline sets in which a slip sense was determined.

Figure 3.11. Histogram of slickenline rakes measured on fault planes in Figure 3.7 that dip ≥30°.
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have >75° rakes (Figure 3.11). Kinematic analysis indicates that all types of slip are
present (right-lateral, left-lateral, normal, reverse, and oblique slip), but the dominant
postmylonitic fault populations record either normal slip or right-lateral to right-lateral
oblique slip on NE-dipping faults. The overall pattern of shortening and extension axes
(P- and T-axes) reflects these dominant fault kinematics: most shortening axes range
from steeply plunging to subhorizontal N-S- to NW-SE-trending; most extension axes
trend approximately NE-SW to E-W and plunge moderately to shallowly (Figure 3.10B).
Fault geometry and strain patterns are more consistent amongst larger-displacement faults
(Figure 3.12). A higher percentage of larger faults (>10 m displacement) record rightlateral and right-lateral oblique slip on steeply NE-dipping surfaces, corresponding to
~N- to S-trending shortening axes and ~E-W-trending extension axes (Figure 3.12).
Detailed kinematic patterns for all postmylonitic faults interpreted to have >1 m of
cumulative displacement are discussed below.
5.2. Normal faults and extension fractures
Most postmylonitic faults observed or inferred to have >1 m normal/obliquenormal (slickenline rake >45°) or apparent normal displacement dip moderately to the
northeast (Figure 3.13A). Altogether 85% of these faults dip to the northeast quadrant,
and 70% dip >25 to <60°. Most normal faults accommodated subvertical shortening and
subhorizontal ~NE-SW extension during top-to-NE slip (Figure 3.13B). This faulting is
compatible with NE-directed slip on the detachment fault system. The abundance of
these normal faults qualitatively indicates that postmylonitic extensional faulting was not
restricted to the detachment fault zone and that lower plate rocks underwent a nontrivial
amount of brittle extension. The interpreted magnitude of postmylonitic extension is
discussed in section 8.
Postmylonitic extension fractures and veins are also common in lower plate rocks.
The most systematically-oriented sets of extension fractures have epidote ± chlorite
mineralization (Figure 3.14A).

Orientations of these epidote ± chlorite veins were

measured in the Little Buckskin Mountains and central Buckskin Mountains (areas in
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Figure 3.12. Fault planes, slickenlines, and shortening and extension axes (P- and T-axes) of postmylonitic faults
interpreted to have: A) ≥1 m cumulative slip; B) ≥10 m cumulative slip; and C) >100 m cumulative slip. Black hollow
boxes are poles to fault planes; blue contours of poles are 1% area; great circles in (C) are fault planes; black dots are
slickenline sets; red circles are shortening axes; blue hollow boxes are extension axes.
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Figure 3.13. A) Poles to fault planes (black boxes) and slickenline sets (blue circles) on postmylonitic normal
faults (dip≤80°; rake>45°) and apparent normal faults with ≥1 m cumulative slip; B) Shortening axes (P-axes; red
circles) and extension axes (blue boxes) from data in (A).

Figure 3.14. A) Photograph of epidote veins cutting lower plate mylonites in the central Buckskin Mountains (see also
Figure 2.22). B) and C): Poles to epidote ± chlorite veins in lower plate rocks in the central Buckskin Mountains (B;
area in Plate 1) and the Little Buckskin Mountains (C; area in Plate 3). Each pole is an average or representative
attitude for a systematically oriented set at an outcrop.

Figure 3.15. Poles to postmylonitic andesitic dikes in the central Buckskin Mountains
(hollow circles; n=26) and the Little Buckskin Mountains (hollow diamonds; n=2).
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Plates 1 and 3). In both areas most veins dip steeply NE (Figure 3.14B, C). Vein sets are
more common in the Little Buckskin Mountains, where they accommodate ~1% NE-SW
extension. The orientation of veins in the Little Buckskin Mountains changes both
parallel and perpendicular to the extension direction. In general, veins the western Little
Buckskin Mountains dip NE to NNE, and veins in the eastern Little Buckskin Mountains
dip NE to ENE (Figures 2.23 and 2.24). The orientations of these veins systematically
change across the lower plate corrugation antiform hinge in a pattern that is consistent
with postmylonitic corrugation-related folding (Chapter 2: section 5.2). Veins in the
central Buckskin Mountains are commonly oriented subperpendicular to mylonitic
foliation, which dominantly dips gently SW.
Postmylonitic andesitic dikes are locally present in lower plate rocks, including
parts of the central Buckskin Mountains (unit Tad in Plate 1) and the Little Buckskin
Mountains. These dikes are typically ≤2 m thick and dip moderately to steeply NE –
subparallel to most epidote vein sets (Figure 3.15).
5.3. Right-lateral faults
Postmylonitic right-lateral and right-lateral-oblique-slip faults (dips ≥30° and
slickenline rakes <45°) are also common across the core complex. The vast majority of
these faults with >1 m displacement strike NW-SE: 88% dip to the NE quadrant, and 9%
dip to the SW quadrant (Figure 3.16A). Most faults (73%) dip ≥60°, and the most
frequent dip is ~65-80° (58%). This fault geometry is similar to the dominant normal
fault geometry, but in general the right-lateral faults dip more steeply than the normal
faults.
Approximately 55% of the right-lateral/oblique faults have slickenline rakes <20°
(Figure 3.16A). The majority (76%) of the right-lateral oblique slip faults (rake 20-45°)
have a component of normal slip. Thus, the dominant geometry and slip sense in this
fault population is right-lateral and right-lateral-normal slip on steeply NE-dipping
surfaces. These faults accommodate approximately N-S shortening and E-W extension
(Figure 3.16B). Postmylonitic faults with this kinematic regime include faults with tens
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and hundreds of meters of displacement. The magnitude of right-lateral shear across the
core complex is discussed in section 9.
5.4. Other faults (reverse faults, left-lateral faults, and subvertical dip-slip faults)
Postmylonitic reverse faults, left-lateral faults, and subvertical dip-slip faults are
much less common than normal faults and right-lateral faults. Altogether these faults
make up only ~13% of postmylonitic faults with >1 m displacement.
Only 10 fault planes with >1 m reverse or apparent reverse slip were observed,
and most of these faults (6) are part of the Lincoln Ranch fault system – a NE-dipping
fault zone in the east-central Little Buckskin Mountains (Figure 3.1). All of the reverse
faults dip N to NE with the exception of a SE-dipping reverse fault in the central
Buckskin Mountains (Figure 3.17A). These postmylonitic reverse faults are associated
with NW-SE to NE-SW shortening axes and steeply plunging extension axes (Figure
3.17A).
Most postmylonitic left-lateral and left-lateral-oblique faults (n=13) dip steeply
ENE to E (Figure 3.17B). Some of these faults could be conjugate sets to NNE- and NEdipping right-lateral faults, although the angle between the dominant right-lateral and
left-lateral fault planes is typically ~45°, whereas conjugate strike-slip faults ideally strike
~60° apart (e.g. Anderson, 1951). Most left-lateral and left-lateral oblique faults correlate
with NE-SW- to N-S-trending extension axes (Figure 3.17B). The largest observed fault
with a left-lateral component of slip is the E-dipping Planet Wash fault (Figure 3.6F),
which records tens of meters of oblique normal-left-lateral (rake 30-74°) slip and
accommodates NE-SW- to ENE-WSW-extension.
Only 14 out of the 418 postmylonitic fault planes measured are subvertical dipslip faults (>80° dip, >45° rake). Of these 14 faults, 9 are inferred to have less than 1 m
slip, and 5 are inferred to have ~1-5 m slip. All of these faults strike NW-SE to ~N-S
(Figure 3.17C). Of the faults with slickenlines and a clear slip sense, 3 record NE- or Eside down slip, and 3 record SW-side-down slip. These faults correspond to NE- or SWtrending, moderately plunging shortening and extension axes (Figure 3.17C).
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Figure 3.16. A) Poles to fault planes (black boxes) and slickenline sets (blue circles) on postmylonitic right-lateral
faults (dip≥30°, rake<45°) and apparent right-lateral faults with ≥1 m cumulative slip; B) Shortening axes (P-axes; red
circles) and extension axes (blue boxes) from data in (A).

Figure 3.17. Fault data from: A) reverse faults with ≥1 m cumulative slip; B) left-lateral faults with ≥1 m cumulative
slip; and C) subvertical dip-slip faults (dip>80°, rake>45°) with ~0.1-5 m cumulative slip; Great circle = fault planes;
blue circles = slickenline sets; red circles = shortening axes; blue boxes = extension axes.
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6. Timing relationships
Cross-cutting relationships between faults, overprinting relationships between sets
of slickenlines, and fault mineralization provide constraints on the relative timing of
postmylonitic faulting in the Buckskin-Rawhide metamorphic core complex.

These

timing constraints are critical for establishing the structural evolution of the core complex
following the cessation of mylonitization (post- ~16 Ma) and detachment faulting (post~11 Ma).
6.1. Cross-cutting and overprinting relationships
In the field, dozens of examples of cross-cutting relationships were observed
between postmylonitic faults and the Buckskin detachment fault system. Across the core
complex numerous moderately to steeply NE-dipping faults cut the detachment fault.
These postdetachment faults, which are discussed in detail in section 7, dominantly
record right-lateral and oblique right-lateral slip. Where cross-cutting relationships were
noted between lower plate faults, moderately to steeply NE-dipping normal and rightlateral faults cut low-angle faults. However, many NE-dipping normal faults appear to
be cut by the Buckskin detachment fault. Few examples were noted of lower plate faults
directly truncated by the detachment fault, but in the central Buckskin Mountains several
mapped NE-dipping normal faults cannot be traced into the chloritic cataclasite zone
below the detachment fault, and the mapped trace of the detachment fault does not appear
to be offset by adjacent normal faults (Plate 1), suggesting many of these faults predated
the last phase of slip on the detachment fault. Scott and Lister (1992) also note that the
Buckskin detachment fault truncated high angle faults in both the upper plate and lower
plate.
Relative timing relationships were established on numerous postmylonitic and
postdetachment faults observed or inferred to have multiple phases of slip. In general,
these relationships indicate that right-lateral and oblique-right-lateral slip overprint
normal slip on NE-dipping faults. Many NE-dipping faults that exhibit evidence of
normal slip based on apparent offsets and/or the orientations of apparent Riedel shears
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record right-lateral slickenline sets.

In addition, on some NE-dipping fault planes,

shallowly raking slickenlines associated with right-lateral slip overprint more down-dip
slickenline sets inferred to record normal slip. These observations indicate that many
NE-dipping normal faults were reactivated as strike-slip faults. This timing relationship
between normal and strike-slip faulting is also supported by the observations that many
NE-dipping normal faults apparently predate the last phase of slip on the detachment
fault, whereas many of the postdetachment faults record right-lateral slip.
6.2. Faulting and mineralization
Mineralization also provides information on the relative timing of faulting. Redbrown Fe-oxide is present along virtually every fault observed, and many faults also have
epidote, chlorite, and/or carbonate mineralization. The Buckskin detachment fault is
strongly associated with chlorite and epidote, which occur in cataclastic rocks along and
below the detachment fault. Detachment fault cataclasite samples collected from 13
locations across the core complex were studied petrographically to determine the
paragenetic relationship between commonly observed minerals.

All samples show

evidence for multiple generations of cataclasis and mineralization (Figure 3.18). Quartz,
hematite, chlorite, and epidote are the most common syncataclasis minerals.
Postcataclasis calcite veinlets, which are present in 10 out of 13 cataclasite samples,
consistently represent the last episode of mineralization (Figure 3.18B-F).

These

observations suggest epidote and chlorite mineralization were coeval with detachment
faulting, whereas calcite/carbonate mineralization largely postdates detachment faulting.
Epidote and/or chlorite mineralization is present on over half of all postmylonitic
fault planes, but it is most common along NE-dipping normal faults (~75-80%; Figure
3.19). Carbonate mineralization is present on an estimated ~20% of postmylonitic faults,
but it is present along close to half of all postdetachment faults. These mineralization
associations are consistent with the assumption that epidote and chlorite mineralization
are generally indicative of syndetachment faulting, and calcite mineralization is generally
indicative of postdetachment faulting.

Epidote- and/or chlorite-bearing faults have
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Figure 3.18. Cross-polarized light photomicrographs of ultracataclasite below the Buckskin detachment fault. A) to
E) are <1 cm below the detachment fault principal slip surface (p.s.p.); F) is ~5 m below the p.s.p. A) Multiple
generations of syncataclasis epidote (e); from domain C in Figure 2.3. B) Calcite veins (ca) cutting ultracataclasite
with epidote (high birefringence grains); domain R. C) Calcite vein (ca) cutting syncataclasis chlorite (cl); domain G.
D) Calcite vein (ca) cutting Fe-oxide vein (Fe) and post-Fe-oxide cryptocrystalline quartz-bearing shear fracture (q);
domain A. E) Calcite vein (ca) cutting ultracataclasiste and clast of cataclasite; domain D. F) Calcite vein (ca) cutting
cryptocrystalline quartz vein (q) and very fine-grained chlorite (cl); domain M. See Figure 2.10A (subvertical calcite
veins cutting S-C-fabric in ultracataclasite from domain V).
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Figure 3.19. Photograph of a small (<1 m slip) lower plate normal fault with epidote mineralization.
The fault dips ~35° NE.

Figure 3.20. A) Poles to postmylonitic faults with epidote and/or chlorite mineralization. B) Poles to postmylonitic
faults with carbonate mineralization (mostly caliche).
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similar geometries to carbonate-bearing faults, but in general carbonate-bearing faults dip
more steeply and most closely match the geometry of the right-lateral faults (Figure
3.20).
The cross-cutting, overprinting, and mineralization timing relationships suggest
that deformation in the lower plate was dominated by NE-directed normal faulting
between ~16 Ma and 11 Ma (postmylonitization and syndetachment). This faulting
regime was overprinted by right-lateral and right-lateral oblique motion, which locally
reactivated NE-dipping normal faults.

7. Postdetachment faulting
The postdetachment (post ~11 Ma) timing of many faults is clear from observed
truncation of the Buckskin detachment fault (e.g. Figure 3.6F) or from displacement of
postdetachment upper plate rocks in the western Buckskin Mountains. In addition, many
postmylonitic faults can be inferred to postdate detachment faulting based on one or more
of the following criteria: a) a fault is inferred (but not directly observed) to cut the
detachment fault based on map-view relationships, b) a fault is interpreted as a subsidiary
strand of a map-scale postdetachment fault, c) a fault offsets the approximately planar
base of the detachment fault cataclasite zone, d) a fault offsets the lower plate corrugation
antiform axis, e) a fault that contains calcite/carbonate mineralization. These last three
criteria could also be compatible with late-stage syndetachment slip. Data from faults
with clear postdetachment slip (n=59) are presented separately from those that are only
inferred to have postdetachment slip (n=43).
7.1. Geometry and kinematics – general patterns
The geometry of faults with clear postdetachment slip reflects the dominant
geometry of postmylonitic faults – most postdetachment faults dip moderately to steeply
NE and have shallowly raking (<40°) slickenlines (Figure 3.21).

In general faults

inferred to have postdetachment slip have similar geometries and kinematics to faults
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with clear postdetachment slip (Figure 3.21). In addition, the geometry and kinematics of
large (>10 m displacement) postdetachment faults resemble that of small postdetachment
faults (Figures 3.21, 3.22). Approximately 60% of clear and inferred postdetachment
faults record right-lateral or oblique right-lateral slip. Normal and oblique normal slip are
also common (~28%), and several faults associated with the Lincoln Ranch fault system
record reverse slip. Most postdetachment fault slip corresponds to ~N- to S-trending
shortening axes and subhorizontal ~E-W extension axes (Figures 3.21, 3.22).
7.2. Large postdetachment faults (>100 m displacement)
Based on map-view offsets, several NW-striking postdetachment faults appear to
have >100 m displacement. The three largest of these postdetachment fault systems – the
Mineral Wash fault, the Swansea fault, and the Lincoln Ranch fault – cut across most of
the core complex (Spencer and Reynolds, 1989; Bryant, 1995; Figures 3.1, 3.23A-D).
Additional postdetachment faults with km-scale trace lengths include two faults within
postdetachment upper plate rocks in the western Buckskin Mountains (here referred to as
Osborne fault #1 and #2; Figure 3.23E, F), a fault in the central Buckskin Mountains
(here referred to as the Swansea Wilderness fault), and three previously unmapped faults
in the Little Buckskin Mountains. Prior to this study, the fault plane kinematics of these
postdetachment faults were largely unknown.
The Mineral Wash fault in the western Buckskin Mountains has previously been
interpreted as a NE-dipping normal fault (Spencer and Reynolds, 1989; Bryant, 1995).
Near the Planet Peak area, the Mineral Wash fault vertically displaces the Buckskin
detachment fault by ~400 m in a NE-side-down sense.

However, all measured

slickenline sets along the fault rake <30° and consistently record right-lateral to oblique
right-lateral-normal slip (Figures 3.23B, 3.24). True displacement along the Mineral
Wash fault is unclear due to uncertainty over the average slip vector, but if most slip was
right-lateral-normal (rake<30° from the SE), total displacement would be ≥0.9 km.
The Swansea fault in the west-central Buckskin Mountains is a ~2 km wide zone
of NW-striking faults (Figure 3.1). Near the type locality in the Swansea District, the
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Figure 3.21. Fault planes + slickenline sets and shortening axes (P-axes) + extension axes (T-axes) for postdetachment
faults with >10 cm displacement. A) Faults with clear postdetachment slip (displacement of the detachment fault or
postdetachment rocks). B) Faults inferred to have postdetachment slip (see text for criteria).
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Figure 3.22. Fault planes + slickenline sets and shortening axes (P-axes) + extension axes (T-axes) for postdetachment
faults with >10 m displacement. A) Faults with clear postdetachment slip (displacement of the detachment fault or
postdetachment rocks). B) Faults inferred to have postdetachment slip (see text for criteria).
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Figure 3.23. Photographs of large postdetachment faults. A) Strand of the Mineral Wash fault within Mesozoic upper plate
metasedimentary rocks. Fault dips ~67° NE (to left). B) Mineral Wash fault plane (near Mineral Wash) with subhorizontal
slickenlines (pencil markings parallel slickenlines). Scalloped-shaped Reidel shear (labeled R) indicates right-lateral slip.
C) Lincoln Ranch fault near Lincoln Ranch. The fault dips 38° NE and juxtaposes brecciated lower plate mylonites
(hanging wall) against upper plate Miocene sandstone (footwall) in an apparent reverse sense. D) Breccia/gouge zone along
Lincoln Ranch fault (near location in C) viewed towards the dip direction (NE). Apparent Reidel shear within the gouge
zone suggests right-lateral slip across the fault (red arrow points to Reidel shear). E) Osborne Formation postdetachment
rocks in the western Buckskin Mountains cut by Osborne fault #1 and #2. The red dashed line is the base of an offset lava
flow. F) Osborne fault #2 with slickenlines recording oblique right-lateral-normal slip.
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Figure 3.24. Kinematic data from large (>100 m displacement) postdetachment faults. Bold great circles are the attitudes of the main fault planes or kilometer-scale strands
with the fault zones, and the thin great circles are subsidiary faults along the main fault zone. Black circles = slickenlines (arrow indicates slip direction of hanging wall);
red circles = shortening axes ; blue boxes = extension axes. Slickenlines and kinematic axes symbols from the main fault(s) are larger than those from subsidiary faults.

main fault strand has been interpreted as a primarily right-lateral fault (Woodward, 1981)
and a NE-down normal fault with some right-lateral motion (Spencer and Reynolds,
1989). Based on map-view offset of the Buckskin detachment fault, the main Swansea
fault strand has ~1-2 km of apparent right-lateral displacement across the northwest flank
of Planet Peak antiform and ~1 km of apparent right-lateral displacement across the
Swansea synform (Figure 3.1). Data collected from the Swansea fault zone are consistent
with dominantly right-lateral displacement on steeply NE dipping faults (Figure 3.24).
The main fault strand near Swansea and fault strands interpreted as continuations of the
Swansea fault zone near the southern end of the core complex have slickenlines that rake
shallowly from the SE, indicating right-lateral slip with a component of NE-down normal
slip (Figure 3.24). On the main strand of the Swansea fault near Swansea, ~860 ± 20 m
of right-lateral-normal displacement along the measured slickenline trend 126/15° is
needed to account for the apparent horizontal offset (~1050 m) of the Buckskin
detachment fault.
The Lincoln Ranch fault zone in the east-central part of the core complex (Figure
3.1) is comprised predominantly of NE-dipping faults with apparent reverse displacement
(Figure 3.23C). This anomalous apparent top-SW reverse faulting is primarily restricted
to an area up to ~6 km wide area around the Lincoln Ranch fault zone. At the type
locality of the fault zone near Lincoln Ranch, the main fault strand vertically displaces
the Buckskin detachment fault by at least 200 m (Spencer and Reynolds, 1989). A rightlateral component of slip along the fault system is suggested from the apparent offset of
the lower plate corrugation topography. Measured faults within the Lincoln Ranch fault
zone dip 30-70° and record reverse-right-lateral slip (Figures 3.23C, 3.24).

Some

subsidiary shear fractures along the Lincoln Ranch fault zone indicate dominantly rightlateral motion (Figures 3.23D, 3.24). Spencer and Reynolds (1989) and Bryant and
Wooden (2008) noted subhorizontal slickenlines on portions of the Lincoln Ranch fault,
suggesting some slip was dominantly right-lateral.
In the western Buckskin Mountains, a series of steeply NE-dipping faults are
present within the Osborne Wash Formation – a relatively flat-lying package of volcanic
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and volcaniclastic rocks (Grubensky, 1989; Figure 3.23E). A felsic lava flow near the
base of this faulted section has a K-Ar sanidine age of 10.5±0.3 Ma (Spencer et al.,
1989), indicating that faulting postdates slip on the Buckskin detachment fault. The two
largest of these postdetachment faults – located less than 0.5 km apart and here referred
to as Osborne fault #1 and #2 – each have ~70-90 m apparent NE-down (normal)
displacement. Kinematic data collected from these faults both indicate oblique normalright-lateral slip (Figures 3.23F, 3.24). Based on the measured slickenline rakes (31-64°)
and fault dips (60-75° NE), the true oblique displacements on Osborne fault #1 and #2
are ~130 ± 20 m and ~100 ± 20 m, respectively.
In the central Buckskin Mountains (Swansea Wilderness Area), a steeply NEdipping fault here named the Swansea Wilderness fault displaces the Buckskin
detachment fault in an apparent right-lateral reverse sense (Figure 3.1, Plate 1).
Kinematic data collected along this fault indicate dominantly right-lateral slip with a
component of NE-side-up reverse slip (Figure 3.24). Based on the apparent map-view
offset of both the detachment fault and the Tsp-KXg lower plate contact (Plate 1A), the
Swansea Wilderness fault most likely has a total right-lateral reverse displacement of
~100-200 m (best estimate: 130 ± 30 m). The large range in this displacement estimate is
due to uncertainty in both the average slip vector and projection of piercing points along
the fault. Approximately 3 km east of the Swansea Wilderness fault, an unnamed NWstriking, postdetachment fault mapped by Bryant (1995) has >1 km of apparent rightlateral offset (Figure 3.1). The geometry, kinematics, and trace length of this fault are
unknown.
In the Little Buckskin Mountains several NE-dipping faults cut lower plate rocks
(Plate 3).

The Buckskin detachment fault is not exposed near this area, but a

postdetachment age of some of these faults can be inferred based on displacement of the
lower plate corrugation antiform (Plate 3).

Apparent offset along most of these

postcorrugation faults is right-lateral (Plate 3). The three largest faults (referred to as
Little Buckskin fault #1, #2, and #3 in Figure 3.24) have ~130-250 m (best estimate ~180
m), ~90-200 m (best estimate ~115 m) and ~60-120 m (best estimate ~100 m) apparent
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right-lateral displacement of the corrugation antiform axis, which is broadly-defined
across most of the range (Plate 3). Slickenline lineations on these faults are variable,
mostly raking ≤30° from both the NW and SE (Figure 3.24). The dip and cataclasite
thickness along these faults varies considerably along strike, probably due to local
reactivation of older faults (Plate 3).

8. Amount of postmylonitic extension in the lower plate
The abundance of postmylonitic normal faults with m- to decameter-scale
displacement (Figure 3.13) suggests the Buckskin-Rawhide lower plate underwent more
extension than previously recognized. Evaluating the amount of extension is difficult due
to the lack of stratigraphy or clear marker layers in the lower plate. In addition, many
cataclasite zones are not well exposed, so even relatively detailed mapping (e.g. Plate 1)
probably does not account for all large faults. In the central Buckskin Mountains, NEdipping normal faults are common but heterogeneously spaced (Plate 1). Along a NESW cross section near Clara Peak (section C-C’ on Plate 1B), postmylonitic extension
was roughly estimated assuming: a) fault displacement is 50-times fault rock thickness
(e.g. Childs et al., 2009), and b) ~75% of displacement along NE-dipping faults with
unknown kinematics or shallowly raking slickenlines is normal slip.

This second

assumption is based on evidence for right-lateral reactivation of normal faults (section
6.1) and the observation that most of the NE-dipping lower plate faults have epidoteand/or chlorite-bearing cataclasite zones, suggesting they originated as syndetachment
normal faults (section 6.2). The cumulative NE-directed heave inferred from faults in the
cross section indicate ~8% horizontal extension due to fault slip. Actual postmylonitic
lower plate extension in this area is probably higher due the presence of faults not
identified across the cross section line.
Postmylonitic extension can also be estimated from the geometric relationship
between lower plate faults and back-tilted fabrics. Lower plate mylonitic fabrics dip to
the SW across most of the core complex (Figure 3.25), which is compatible with tilting
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along NE-dipping normal faults. Given the consistent NE-dipping polarity of lower plate
normal faults (Figure 3.13), it is possible that most or all of the foliation SW-dips formed
via domino-style rotation. Alternatively, Reynolds and Lister (1990) interpret backdipping mylonite zones (dipping opposite of the transport direction) in Arizona core
complexes as folds produced by upward bowing or doming of the lower plate. In this
model folding of lower plate mylonites is accommodated by antithetic shear zones that
form during the late stages of mylonitization (Reynolds and Lister, 1990).
Multiple lines of evidence indicate that the dominant SW-dip of mylonitic
foliation in the Buckskin-Rawhide core complex was not produced by folding or
upwarping of the lower plate. First, the dominant SW-dip of lower plate foliation persists
across the lower plate in the extension direction. Foliation orientations locally vary
across corrugations due to extension-parallel folding (Chapter 2), but overall, mylonites
at the northeastern end of the lower plate have similar SW-dips as mylonites as the
southwestern end of the lower plate (Figure 3.26). Second, antithetic shear bands are rare
in lower plate mylonites. Synthetic C’ shear bands are very common (Chapter 1: section
4), but I have observed few structures that could have accommodated downfolding of the
lower plate. Lastly, the orientations of lower plate epidote veins and andesitic dikes in
the central Buckskin Mountains suggest SW-tilting of lower plate fabrics was
postmylonitic. Most epidote veins and dikes dip NE – typically subperpendicular to
mylonitic foliation (Figures 3.14, 3.15). Assuming an Andersonian stress field, the veins
and dikes probably formed near vertical when most foliation was subhorizontal.
Based on these observations and the abundance of NE-dipping faults in the lower
plate, I attribute the SW-dipping mylonitic fabrics to back-tilting during brittle extension.
The amount of extension (e) due to domino-style normal faulting can be estimated from
the equation:
𝑒=

sin(𝜃+𝜑)
sin(𝜑)

− 1

where 𝜃 is the dip of layering (degrees of back-tilting) 𝜑 is the dip of the faults (e.g. Le

Pichon and Sibuet, 1981; Twiss and Moores, 2007). The dominant foliation in the lower
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Figure 3.25. 1% area contour of lower plate fabric data from across the Buckskin-Rawhide metamorphic core complex.
A) Poles to lower plate mylonitic foliation; B) Mylonitic stretching lineations. A) and B) do not include measurements
from the Little Buckskin Mountains and the adjacent NE end of the Ives Peak antiform, where corrugation-related
folding of lower plate fabrics is more pronounced; most data are from the Clara Peak antiform (middle of the three
main corrugations). Note the overall SW-tilt of lower plate fabrics.

Figure 3.26. Poles to lower plate mylonitic foliation in: A) the southwestern Buckskin Mountains (SW end of the
Clara Peak antiform; Plate 2) and B) the northeastern Rawhide Mountains (NE end of the Clara Peak antiform).
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plate dips ~18°SW, and the dominant lineation plunges ~10°SW (Figure 3.25). The most
common normal fault dip is ~30-50°NE (Figure 3.13A). These data suggest many of the
normal faults initiated with close to an Andersonian ~60° dip. The inferred amount of
postmylonitic lower plate extension assuming 10-18° of back-tilting and an average
normal fault dip of 30-50°NE ranges from 13% to 49% (Figure 3.27). The amount of
extension assuming 10-18° of back-tilting and an average normal fault dip of 40°NE is
19-32% (Figure 3.27). This estimate is a rough average for the entire core complex
because it unrealistically assumes that all extension occurs along planar faults with
approximately uniform orientation, spacing, and slip. It is likely that some foliation
back-tilting occurred along listric faults, and lower plate normal faults are not
homogeneously spaced. Locally postmylonitic extension is probably higher where lowangle (<30°) normal faults cut mylonites and lower where mylonites do not dip
homoclinally-SW (e.g. in the Little Buckskin Mountains; Plate 3).

9. Amount of postdetachment right-lateral shear
9.1. Mapped right-lateral offset
The amount of postdetachment right-lateral shear across the Buckskin-Rawhide
core complex is also difficult to evaluate directly due to the lack of unambiguous offset
markers.

The cumulative right-lateral component of displacement along the largest

postdetachment faults must be >2.5 km (section 7.2), suggesting right-lateral shear played
an important role in the development of the core complex architecture.
The total amount of right-lateral shear across the Little Buckskin Mountains was
evaluated with 1:10,000-scale geologic mapping (Plate 3). Previously, no faults were
mapped in the Little Buckskin Mountains at 1:100,000-scale (Bryant, 1995). Mapping
presented in this study indicate that several NW-striking right-lateral faults cut the ~10km-long corrugation antiform, which is better defined in the Little Buckskin Mountains
than in any other part of the core complex (and perhaps Colorado River corridor; Plate 3).
As discussed in section 7.2, the three largest postcorrugation (≈ postdetachment) faults
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Figure 3.27. A) Schematic cross section illustrating how 18° back-tilting of the lower plate
foliation could correspond to ~30% horizontal extension if tilting were due to domino-style
faulting along normal faults initially dipping 60°. B) Graph showing the amount of horizontal
extension produced by 10° and 18° of back-tilting (average SW-plunge and -dip of mylonitic
lineation and foliation, respectively) along domino-style normal faults dipping 30-50°.
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have ~400 m cumulative right-lateral displacement of the antiform axial trace. Slip along
two of these faults has a clear topographic expression in the form of an offset NEtrending ridge comprised of resistant mylonites (Plate 3). Right-lateral offset along
smaller postcorrugation faults is less clear due local uncertainty in the precise location of
the antiform axial trace. In addition, the antiform hinge zone locally consists of several
folds and folds that die out along trend (Plate 3).

Despite these uncertainties, the

cumulative right-lateral shear across the Little Buckskin Mountains is relatively wellconstrained to ~0.7-0.8 km.

Restoration of this shear realigns the range-scale

topographic trend of the Little Buckskin Mountains (~062°) into parallelism with the
orientation of the corrugation antiform axis (~058°).
Geologic mapping at 1:10,000-scale in the central Buckskin Mountains also
documents postdetachment right-lateral displacement (Plate 1A). Across a ~4-km-long
area south and east of Clara Peak, three previously unmapped, NE-dipping faults
cumulatively offset the Buckskin detachment fault by ~150 m in an apparent right-lateral
sense. Slickenlines along subsidiary shears adjacent to these faults indicate dominant
right-lateral slip. Decameter-scale right-lateral displacement of the Buckskin detachment
fault is most likely common across the core complex, but the lack of both detachment
fault exposures and detailed geologic mapping in many areas make identification of these
faults difficult.
9.2. Proposed total right-lateral shear across the core complex
I propose that postdetachment right-lateral faulting created the present
misalignment between the direction of extension and the topographic trend of lower plate
corrugations. The dominant direction of extension, as indicated by lower plate stretching
lineations (Figure 3.25B) and the dominant slip direction on the Buckskin detachment
fault (Figures 3.2, 3.5), is ~040-045°.

In addition, the regional detachment fault

corrugation axis trends ~040° (Figure 2.6). The orientation of lower plate topography
should parallel the detachment fault corrugations and the dominant extension direction.
However, the overall topographic trend of the lower plate is ~055-063° (Figure 3.1). In
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the Little Buckskin Mountains, geologic mapping demonstrates that ~0.7-0.8 km of rightlateral shear created a ~4° misalignment between the topographic trend and the trend of
the corrugation antiform (Plate 3). The ~10-20° misalignment in the Buckskin and
Rawhide Mountains can be accounted for with ~7-9 km of cumulative postmylonitic
right-lateral shear along multiple NW-striking faults (Figure 3.28). This proposed rightlateral shear would have modified the range-scale topographic trend of the lower plate
but not the orientation of the detachment fault or the axial trace of the lower plate
corrugations.
Apparent right-lateral offset of lower plate topography is most clear along the Ives
Peak corrugation (Figure 3.28B). Bryant (1995) interpreted the poorly-defined Ives Peak
corrugation antiform to be located approximately near the topographic center of the lower
plate corrugation, which trends ~15° clockwise of the mean mylonitic stretching lineation
and ~13° clockwise of well-defined topographic ridges along the corrugation (Figure
3.28). Based on this misalignment and apparent offset of topography across the Ives
Peak corrugation, I interpret ~7-8 km of postcorrugation (≈ postdetachment) right-lateral
shear across a distance of ~40 km (Figure 3.28).

This interpretation assumes the

corrugation antiform axial trace is located near the center of the range and parallels both
the mean stretching lineation and local topographic grain. The location of the axial trace
and the actual distribution of slip across the corrugation are not well constrained, but
apparent topographic offsets suggest approximately half of the cumulative right-lateral
shear occurs along the Swansea fault zone and Lincoln Ranch fault zone (Figure 3.28).
The interpretation presented in Figure 3.28 does not include faults with decameter-scale
displacement, so the amount of right-lateral shear along the faults shown may be
overestimated. Geologic mapping in the Little Buckskin Mountains and central Buckskin
Mountains documents several previously unmapped faults with tens of meters to >100
meters of right-lateral displacement (Plate 1A and Plate 3), strengthening the hypothesis
that cumulative right-lateral shear across the entire core complex is enough to account for
the average 10-15° misalignment between the extension direction and the lower plate
corrugation topography.
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Figure 3.28. A) Simplified geologic map of the southern part of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) showing my interpretation of
postdetachment faulting and the location of the Ives Peak and Little Buckskin Mountains corrugation antiforms. The interpretation of the Ives Peak corrugation is based
on the assumption that the antiform axis parallels the mean lineation trend and local topographic trend. Approximately 7-8 km of cumulative postdetachment rightlateral offset across the corrugation can account for the misalignment between the overall topographic trend and the dominant extension direction. The interpretation of
the Little Buckskin Mountains corrugation is based on 1:10,000-scale mapping (Plate 3). B) (inset at bottom) Diagram showing the overall trend of the Ives Peak lower
plate corrugation (~063°; red line), the trend range of the most prominent linear ridges along the Ives Peak corrugation (near Battleship Peak and Ives Peak; ~050°±1;
blue lines), and a rose diagram of lower plate of mylonitic lineation trends (only NE-trend or SW-trend minus 180° shown) along the Ives Peak antiform (n=104 from
Bryant (1995) and 28 from this study). The dashed black line is the mean lineation trend (~048°).

10. Discussion
10.1. Postmylonitic structural evolution of the Buckskin-Rawhide metamorphic core
complex
Fault data presented in this study document the transition from detachment
faulting to more distributed postdetachment deformation in the Buckskin-Rawhide
metamorphic core complex. Following the cessation of mylonitization (~16-15 Ma),
lower plate rocks were extended by NE-dipping, syndetachment normal faults. This NEdirected normal faulting was broadly synchronous with NW-SE shortening across the
core complex, which locally folded lower plate rocks and the detachment fault into
extension-parallel corrugations (Chapter 2, Figure 2.32). Postmylonitic-syndetachment
(~16-11 Ma) deformation thus accommodated bulk constriction.

The principal

shortening direction (and inferred σ1 and σ2 directions) probably alternated between
subvertical and subhorizontal NW-SE during this late stage extension and corrugation
folding.
Postdetachment faulting in the core complex was dominated by right-lateral and
oblique right-lateral slip along steeply NE-dipping faults.

This faulting regime

accommodated approximately E-W-extension that was kinematically incompatible with
NE-SW extension associated with earlier normal faults. The late stage slip history of the
Buckskin detachment fault provides important insight into the transition from
postmylonitic normal faulting to dominantly right-lateral faulting. In the central and
eastern part of the core complex, portions of the Buckskin detachment fault record a
clockwise rotation of the slip direction from NE-directed to ENE- and E-directed. These
data suggest the overall extension direction and horizontal shortening direction also
rotated clockwise. Thus, the transition from normal faulting and NE-SW extension to
strike-slip faulting and E-W extension appears to have initiated towards the end of
detachment faulting (~11 Ma). During clockwise rotation of the extension direction, NEdipping normal faults should have been progressively reactivated as right-lateral-normal
and right-lateral faults, which is consistent with relative timing observations of
postmylonitic faults.
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The end of detachment faulting in the Buckskin-Rawhide core complex
corresponded to a change in kinematic regime but not necessarily a progressive decrease
in strain rate. Low-temperature thermochronologic data from the Buckskin-Rawhide
core complex (Brady, 2002) and the adjacent Harcuvar core complex (Carter et al., 2004)
indicate that slip rates on the detachment fault system remained very high towards the
end of core complex extension (~14-10 Ma). Rotation of the principal stress directions
and the transition to transtensional and strike-slip faulting probably played a more
important role in shutting down detachment faulting than a decrease in strain rate. This
transition to postdetachment faulting in the Buckskin-Rawhide core complex has
similarities with the transition in the northern Colorado River extensional corridor, where
detachment faulting in the Lake Mead area rapidly changed to dominantly transtensional
faulting in the middle Miocene (e.g. Umhoefer et al., 2010).
10.2. Rolling hinge?
Several studies of postmylonitic deformation in metamorphic core complexes
have tested the rolling hinge model (e.g. Bartley et al., 1990; Manning and Bartley, 1994;
Axen et al., 1995; Axen and Bartley, 1997), which predicts lower plate rocks either
undergo subvertical simple shear or flexural failure as a dipping detachment fault is
isostatically rotated to subhorizontal (e.g. Manning and Bartley, 1994). If applied to the
Buckskin-Rawhide core complex, in the case of subvertical simple shear, rotation of the
lower plate towards horizontal should be accommodated primarily by steeply dipping,
NE-side-up faults. In the case of flexural failure, the outer portion of the lower plate
should undergo NE-SW extension followed by NE-SW contraction as it rotates through
the rolling hinge to subhorizontal. The postmylonitic fault data presented in this study do
not support these rolling hinge models. In the Buckskin-Rawhide lower plate subvertical
dip-slip faults are rare, comprising ~3% of the fault population. In addition, these faults
do not have a consistent NE-side-up sense of slip. Evidence for NE-SW brittle extension
of the lower plate is widespread, but NE-SW contraction is relatively rare and primarily
restricted to the Lincoln Ranch fault zone. It is possible that reverse displacement on the
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Lincoln Ranch fault zone accommodated broad isostatic warping (e.g. Spencer, 1984) or
rotation of the footwall out of a rolling hinge.

However, it is not clear if the

postdetachment Lincoln Ranch fault zone was active during detachment fault slip to the
east, or if the fault ever accommodated true reverse displacement (rather than oblique
reverse and right-lateral-reverse displacement).
10.3. Significance of postmylonitic lower plate extension
The persistent SW-dip of mylonitic fabrics coupled with the abundance of NEdipping lower plate normal faults qualitatively indicate that postmylonitic lower plate
extension was potentially significant.

Although the amount of brittle lower plate

extension is not well constrained, data and observations presented in this study suggest it
was >10% and probably on the order of 20-30%. This amount of extension has several
important implications. First, thermochronologic studies of lower plate cooling fail to
account for postmylonitic extension.

Consequently, detachment fault slip rates

determined from some metamorphic core complexes may be overestimated.

Most

detachment fault slip rates are determined by plotting cooling ages against the sample
distance in the slip direction, but postmylonitic extension may increase lower plate
distances after closure temperatures are reached. Given that postmylonitic extension
occurs at temperatures <~300°C, detachment fault slip rates determined from

40

Ar/39Ar

muscovite and biotite cooling ages (closure temperature Tc ~400-300°C, e.g. McDougal
and Harrison, 1999) are most susceptible to overestimation. By contrast, apatite (UTh)/He cooling ages (Tc ~75°C; Wolf et al., 1996) probably postdate most lower plate
extension, especially if extension is associated with epidote mineralization.
Postmylonitic lower plate extension in the Buckskin-Rawhide core complex may account
for much of the variation in previous slip rate calculations. The Buckskin detachment
fault slip rate determined from biotite

40

Ar/39Ar ages is not well-constrained, but is

probably ~8-9 mm/yr (Scott et al., 1998). The slip rate determined from apatite fission
track ages is 6.6 ± 5.9 mm/yr (Scott et al., 1998 based on data from Foster et al, 1993),
whereas the slip rate determined from apatite (U-Th)/He cooling ages is 4.2 +1.2/-0.8
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mm/yr (Brady, 2002).

Correcting the

40

Ar/39Ar sample distance for postmylonitic

extension results in a lower slip rate that is close to that estimated from low-temperature
thermochronology.
The presence of significant postmylonitic lower plate extension also has important
implications for how brittle deformation is distributed along detachment fault systems. In
the Colorado River extensional corridor, brittle deformation is thought to be significantly
greater in the upper plate than in the lower plate (e.g. John, 1987b; Lister and Davis,
1989; Spencer and Reynolds, 1989).

However, in many locations across the core

complex, middle Miocene strata in the upper plate have an average dip of ≤~30° (Spencer
and Reynolds, 1989; Scott and Lister, 1992; Lucchita and Suneson, 1993a; Plate 1).
Post-16 Ma tilting was not that much greater in the upper plate than in the lower plate,
suggesting extension above and below the detachment fault system was locally
comparable. In addition, the amount of early Miocene synmylonitic extension in the
lower plate (~57-83%) may have been similar to the amount of early Miocene brittle
extension in the upper plate (Chapter 1: section 10.2 and 12.3). Contrary to most models,
extension in the Buckskin-Rawhide core complex was not strongly concentrated in the
upper plate.
SW-dips are common in crystalline rocks below several other detachment faults
in the Colorado River extensional corridor, suggesting appreciable lower plate extension
was not restricted to the Buckskin-Rawhide core complex. Domains of homoclinally
SW-dipping mylonitic and/or gneissic fabrics are present below the Sacramento
detachment fault (McClelland, 1982; Simpson et al., 1991), Chemehuevi detachment
fault (John, 1987a; John and Musaka, 1990), Whipple detachment fault (Davis et al.,
1980; Davis, 1988), and Plomosa detachment fault (Scarborough and Meader, 1983;
personal reconnaissance). The amount of brittle extension in the footwalls of these
detachment faults is poorly understood, but if the SW-dips record rotation along NEdipping normal faults, extension may be significant.
10.4. Significance of postdetachment right-lateral faulting and E-W extension
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The end of detachment faulting in the Buckskin-Rawhide metamorphic core
complex was marked by a transition to dominantly E-W extension and right-lateralnormal faulting. Geologic mapping and fault slip data presented in this study suggest that
the amount of postdetachment dextral shear across the core complex is ~7-9 km, which is
significantly more than previously recognized.

Although postdetachment strike-slip

faulting is not widely recognized in west-central Arizona, many previous studies suggest
middle Miocene and younger transtension and dextral shear were widespread across the
region (Table 3.1). For example, NW-striking postdetachment faults in the Harquahala
Mountains cumulatively have ~2.5 km of right-lateral offset and 1.3 km of SW-down
offset (Richard et al., 1990). Post-19 Ma NW-striking faults in the southern Plomosa
Mountains cumulatively have >5.8 km of apparent right-lateral offset (Miller and McKee,
1971). Post-early Miocene NW-striking dextral faults are common in the Mesquite
Mountains (Knapp, 1989) as well as in the southern Riverside and Big Maria Mountains
(Hamilton, 1964, 1982, 1984), and the largest postdetachment fault in the Whipple
Mountains has ~1.1 km of apparent right-lateral offset (Dickey et al., 1980; Table 3.1).
As in the Buckskin-Rawhide core complex, the topographic trend of lower plate
corrugations is clockwise of the dominant extension direction in several other detachment
fault systems (Table 3.1). This misalignment is typically only ~5°, but the prevalence of
middle Miocene and younger dextral shear across the region suggests the origin of the
misalignment could be the same as in the Buckskin-Rawhide core complex.
NW-striking

right-lateral

and

right-lateral-normal

faults

in

the

region

accommodated roughly E-W extension. A clockwise rotation of the extension direction
from NE-SW to E-W was previously noted in the Castaneda Hills area, just north of the
Rawhide Mountains, where ~N-striking dikes and high-angle normal faults record a
change in the extension direction beginning ~13 Ma (Lucchitta and Suneson, 1993b;
Lucchitta and Suneson, 1996). Regionally, post-15 Ma basins in southern and western
Arizona predominantly trend ~N-S (e.g. Scarborough et al., 1983), indicating that the
middle Miocene transition to dominantly ~E-W extension was widespread (Menges and
Pearthree, 1989). It is possible that many of the N-S basins in southwestern Arizona are
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Table 3.1. Compilation of kinematic data from Miocene detachment fault systems in the central and lower Colorado River extensional corridor, eastern California
and western Arizona.

transtensional pull-apart structures related to NW-striking right-lateral faults (Dembosky
and Anderson, 2005). Accommodation of ~E-W extension with transtensional and rightlateral faulting in the Buckskin-Rawhide core complex and other areas in the lower
Colorado River extensional corridor is likely due to the influence of both syndetachment
faults and the diffuse Pacific-North American Plate boundary. Syndetachment brittle
extension of the lower plate created abundant NE-dipping faults and fractures that
controlled the geometry of postdetachment faults. Constrictional ~E-W extension would
reactivate these NE-dipping surfaces as oblique normal-right-lateral faults. In addition,
the Pacific-North American transform began to play an increasingly important role in
deformation of the Basin and Range towards the end of the Middle Miocene (e.g. Atwater
and Stock, 1998; McQuarrie and Wernicke, 2005). Approximately 200+ km of post-16
Ma right-lateral shear related to the Pacific-North American plate boundary was
accommodated across the Basin and Range near latitude 36-37°N (Wernicke et al., 1988;
Dickinson and Wernicke, 1997), and a significant portion of Pacific-North America rightlateral shear jumped into the central and southern Basin and Range at 10-12 Ma
(McQuarrie and Wernicke, 2005).

Postdetachment right-lateral shear across the

Buckskin-Rawhide core complex most likely reflects the increasing influence of this
diffuse transform plate boundary. The Pacific-North American transform thus may have
played a critical role in the transition from NE-directed extension to E-W extension and
right-lateral faulting.

11. Conclusions
Kinematic data and field observations from the Buckskin detachment fault,
postmylonitic faults, and postdetachment faults provide insight into the transition from
large-magnitude core complex extension to distributed faulting. Following exhumation
to brittle conditions (~16-15 Ma), most lower plate mylonites were tilted ≥10° SW by
NE-dipping normal faults.

Timing relationships suggest most of this lower plate

extension was coeval with detachment faulting and folding of extension-parallel
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corrugations. Based on the geometric relationship between lower plate faults and backtilted fabrics, the total amount of lower plate brittle extension is probably~20-30%, which
is locally comparable to extension of middle Miocene upper plate rocks. Contrary to
most models, extension in the Buckskin-Rawhide core complex does not appear to have
been concentrated in the upper plate. This study highlights the need to account for
postmylonitic lower plate extension in thermochronologic studies, particularly those
involving 40Ar/39Ar data.
Towards the end of detachment faulting, the extension direction rotated
clockwise, and some portions of the Buckskin detachment fault record a transition from
dominant top-NE slip to ENE- and E-directed slip. After detachment faulting ceased
(~11-10 Ma), E-W extension was accommodated primarily by steeply NE-dipping, rightlateral and oblique right-lateral-normal faults. At least 10 different postdetachment faults
have ≥0.1 km of right-lateral slip. In the Little Buckskin Mountains, the corrugation
antiform axis is cumulatively offset ~0.7-0.8 km by NE-dipping right-lateral faults.
Postdetachment right-lateral faulting most likely created the ~10-15° average
misalignment between the topographic trend of lower plate corrugations and the
dominant extension direction, suggesting the total right-lateral shear across the core
complex is ~7-9 km – significantly more than previously recognized. Middle Miocene
and younger right-lateral and right-lateral-normal faults are common across the Colorado
River extensional corridor. This right-lateral shear can be attributed to the increasing
influence of the Pacific-North American transform plate boundary, which may have
played a major role in the transition from large-magnitude NE-directed extension to more
distributed E-W extension and right-lateral faulting.
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Appendix 1. Simplified geologic map of the Buckskin-Rawhide metamorphic core complex (after Bryant, 1995) showing locations where data were collected or
observations were made for this study (blue circles) and the locations of photographs in Chapters 1-3 (red circles). The first number in the photograph location refers to
the chapter number, and the number after the dash is the figure number.

Appendix 2A. U-Pb geochronology data from sample 4-234 (see Chapter 1: section 3.4). All data are from LAICPMS analysis at the University of Arizona LaserChron center.

214

Appendix 2B. U-Pb geochronology data from sample 5-174 (see Chapter 1: section 3.4). All data are from LAICPMS analysis at the University of Arizona LaserChron center.
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Peak area, central Buckskin Mountains,
west-central Arizona

4

18 14
20

15
19

17

20

Qal

37

13 13

1

20

10 10

12
12

7

4

8

10

8

4

5

8

8

25

17
25

1
15

1

30

19

12

4

11
7

10
13

13

20

6

8

25

10

22

2

1

6

5

11

1

1
16

8

17

5

38

24

5

6

5

23

20

22

5

12

20
19

11

10

25 23

5

26

1

3

38

15

16

14

32

14

15

6

12

8

24

30

21

20

21

23

21

22

20

36

19

21

32

Qoal

18

22

41

26

23

18

6
47

35

30
29

19

23

Tsm

13

3

34

23

9

Qoal

35

5

10
8
7

2

Tss
4

12

Qal
5

Tbf

10

2

Tsm

6

30

27

60

Tcb

Tss

40
39

11
8

23

23

15

14

35

C’
27 18

27

Tss

48

42

Tcb

35

9

15

40

45
76
37

63

48

33

13
60

62

29

50

17
47

13

17

15 18

31

4

Qoal

8

11

15
25
20

17

15

4

35
23

18
16
27

11

43

23

27

6

11

10

80
28

25
27

80

28
20

16

70

68

28

4

20

82

20
75

22

8

10

56

17
10

9

18

15

20

33
19
31 60

2

25
7

75

6

9

21 21

13

37

2

21

75 6

28

20

27

23

22

55

17

14

65

15

3

10

2

35
12

27

38

33
13

2

7

16

14

10

5

8

15

1

8

3

25

Qoal

D

30

19

30

8

10

Qoal

15

32

15

Tt

4

13
37

5

Tss

31
42
27
25

30
25

18
18

40

40

60

40

32
23

47

25

60

14

35

18

25

60

58

63

20

Qal

60
50

15
40

43

15
32
5

32

63
38

50

50

25

29

Tcg

50
20

47

Tsm
22
20

22

63
50 55

25

13

46

50

43

37

A’

44

55

10

10

30

57

35

50

32

20

15

10

25

20

48

25
45

56
47

63

25

50

19

17

Tbf

14

60

27
70

26

28

53

12

13
10

27

34

22

15

12

8

32

13

22

15

23

20

20
23

59
26

1

15

58

20

41

28

15

20

32

Tss

17

1

15

40

8

16

1

25

5

5

8

Tss

8

Tdi
43

33 20
5

10

4

KThd

35
20

40

7

Tbf

3

40

8

33

39

12

27

15

53

60

33

5

25

24

36

12

14
42

6

33

2

8

15

13

33

23

62

25

12

17

Tcb

43

23

75

34

45

28

10

15

KThd

35

46

10

15

17

42 35

22

29

Tcb

29

40

20

10

13

22
13

51

12

48
30

13

2

6

10

10
12

14

47

32

8

37
45

17

12

2

5

6

10

13

11

70

KThd

40
35
31

36

35

32

40
19
15

33

Tcb

5

35

17

30

7

2 11

2

15
16

22

32

10

13

31

48

13

17

21

27

65

15

KThd

46

4 4 14

10

65

25

9

41

6

15

12

Tdi

23

32

56

2

13

80

Tsm

23
25

13

20

22

23

80

12

22

25

22

21
9

3

11

Tcb

4

57

53

59

19

25

38
18

12
16

20

25

30

Tsm

15

12
14

14

20

20

34

35

12

8
11

3

22
22

15
3

34 11

13

18
10
5 4

34

14 12

KThd

7

40

28

31

38

35

48

33

12

30
29

6

42

26
17

32

30

47

34

14

13

3

8

11

32

16

22

17

28
23

21

16

20

30

75 30

5

18

82

27

63

6

8

28

22

22

13

3

7

10

20

22

1

5

18
21 11
7
24 30
39
22

5

9

10

17

15

34

38
34

70

12

15

45

55

33

44
85

47

39
39

36

8

55

36

31

15

12

36

17
17

13

40

2

17

14
10

17

17

27

Tsm
2

15

33

38

6

7

7

43

3

15

26
67

22

37

15

16

57

15

16

15

15

9

5

15

70

40

37

28

5

50

48

25

10

33

12

24

23

23

22

16

26

32

25

35

43

16

5

60

75

Tss

48

25
19

25

Tss

52

26

7

16

7

11

6

18

19

Tsm

17

16

10

9

8

78

24

15

19

47

40

7

25

40

37

46

40

20

49

44

40

38

47

50

19

2

33
32

42

43

20

52

39

48

45

23

24

10

47

B

45

33

10

13

28

15

54
27

28

4

12

6

80

38
60

40

40

17

3

Tsc

48

52

32

51

3

6
8

53

C

8

18

22

14

25

12

25

5

10

Tcg

25

23

26

17

10

38

30

50

28

40

38

24

13

4

17

38

13
14

44

34
33

40

4

35

7

42

32

10

7

14

26

35

17
85

45

37

24

15

15

7
58

5

25

42

31

50

38

6

37

37

22

15

7

3

35

32

23

75

65

40

53

38

27

41

28
9

20

18

32

45

45

43 43

13

33

29

43
2

24

19

22

20

10
14

44

42

40

39

18

21

22

17
14
3

12

29

21
11

1
7

17

16

14
26
43

15

42

5

34

30

12

28

15

16

16

KThd

33

32
29

37 38
32 19
7

23

20

5

5

58
49

43

20

31
32

28
45

48

30

28

19

32

17

45

23

25
33

8

20

7

8

3

37

67

9

44

38

35

7 1

65
78

27

25

43

10

28
42

25

70

19

15

60

68

30

4

80

25
27

24

22
67

28

40

25

50

20

20

47

9

9
24

43

35

25

Qal

D’

7
7

39
53
34

50

35

17

43

30

22

25 20

32 48

22

18

18

50

30

26

39

35

23

33

25

32

25
25

29 60
34

28

13

8

16

29
22

72

48

13

10

10

11

32

5

22

23

24

15

9

25

58

21

15

20

45

20

scale: 1:12,000

28

33

30

35
33

50

2 KM

35
15

8

32

12

21

12
60

8

17

21

1

28

24

30

13
40 21

11
55

31

14

13

8

23

10

24

28

36

12

12

25

8

8

74

76

10

23

20

0

41

12

38

38

Strike and dip of gneissic foliation and trend and plunge of mineral lineation in unit KXg; dominantly not mylonitic

12

10

41

13
9

28

75 19

24

18

18

64 16

22

30
20

50

14

23

25

58

30

21

20

14

45

8

24

21

23
64

3

13

10

28

77

18

14
19

32

13

7

6

KThd

16
66

31

28

63

28

24

40
38

Tsm

70

23

22

50
68

39

38

10

6

37

18

37

2

26

Mg

9

3

Horizontal mylonitic foliation and trend of stretching lineation

15
3

47

36

33

Tbf

13

Strike and dip of mylonitic foliation and trend and plunge of stretching lineation; parallel to compositional layering in KXg

20

18

13

32

Trend and plunge of cm- to m-scale, tight to isoclinal fold with axial surface subparallel to mylonitic foliation in KXg

4

12

10

43

35

27

22
19
4

52

Pms+Mg

Trend and plunge of chlorite ± epidote-coated slickenlines on foliation planes within unit KXg

32 53

Tcg

35

Horizontal sedimentary bedding

66

40

18

Strike and dip of sedimentary bedding

40

61

18

Pms

Pms

Form line of foliation trace in unit KXg

27

47

18

Contact between coherent mylonites and Tcb (chloritically altered breccia and cataclasite below the Buckskin detachment fault);
sharp to gradational
Approximate trace of upright anticline within KXg (southeast of main corrugation antiform axis)

35

56

14

Buckskin detachment fault (dashed where approximate, dotted where concealed); dip of fault plane and trend of plunge of
slickenlines shown

62

49

15

Fault (dashed where approximate, dotted where concealed); dip of fault plane and trend and plunge of slickenlines shown

61

16

50

27

46

43

38

11

Layered gneisses (Proterozoic and Cretaceous) -- dominantly cm- to m-scale layers of felsic granitoid mylonite with mafic biotite-hornblenderich orthogneiss; locally intervals of mylonitized metasedimentary rocks are present, consisting dominantly of fine-grained quartzite and metaarkose with minor metacarbonate; unit is heterogeneously deformed

43

35

55

KXg

12

12

53

Hornblende diorite (Mesozoic or middle Tertiary) -- medium- to coarse-grained; 40-60% plagioclase, 30-40% hornblende; 0-10% biotite,
0-7% quartz, 0-5% alkali feldspar; sericite alteration of plagioclase and chlorite alteration of hornblende and biotite common; mostly lacks
penetrative deformation but locally has a weakly developed mylonitic fabric; intrusive relationships indicate unit is younger than the porphyritic
granite mapped within Tsm but older than the Swansea Plutonic Suite intrusions

8

15

50

14
30 35

41

KThd

Tbf

Mg

40

Tsm

Mylonitized granite and granodiorite of the Swansea Plutonic Suite (early Miocene) interlayered with porphyritic granite (Proterozoic) -fine-grained mylonites of the Swansea Plutonic Suite typically contain 22-30% quartz, 5-14% biotite + chlorite, and trace titanite, epidote +
allanite, magnetite, ± trace hornblende; porphyritic granite contains alkali feldpar megacrysts/porphyroclasts up to 8 cm long and consists of
20-25% quartz, 12-25% biotite + chlorite, epidote + allanite, hornblende; porphyritic granite layers ~0.2 m to ~20 m thick make up 10-25% of the
unit in the area; Swansea Plutonic Suite intrusions locally assimilate the porphyritic granite and KThd

Qoal

Qoal

18

Tcb

Geologic contact (dashed where approximate or inferred)

45

26
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Metasedimentary rocks (Paleozoic?) -- green-gray phyllite interlayered with resistant brown marble; phyllite is quartz-rich with fine-grained
chlorite and muscovite; marble consists dominantly of dynamically recrystallized calcite
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Plate 1B: Cross sections of the Clara Peak area,
central Buckskin Mountains, west-central Arizona
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Plate 2: Geologic map and cross section
of the southwestern end of the Clara
Peak corrugation, Buckskin Mountains,
west-central Arizona
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Plate 3: Geologic map and cross sections of the
Little Buckskin Mountains, west-central Arizona
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strike and dip of gneissic
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axial trace of upright anticline

msm
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foliation-parallel breccia zone

mylonitized metasedimentary rocks (Proterozoic?); dominantly green-brown meta-arkose and
quartzite with ≤mm-scale layering; locally minor brown carbonate and calcareous quartzite are
present; intensely fractured with chlorite+epidote alteration in most areas; microstructural analysis
indicates that mylonitization occured in the greenschist facies during top-to-the-NE-directed shear
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fault with the dip direction and
dip amount and the trend and plunge
of slickenline lineation; dashed
where approximate or inferred

63

45
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40

contact or foliation form line;
dashed where approximate

mylonitized Late Cretaceous (?) leucogranite (~60-75%) with mylonitized Proterozoic to Cretaceous
layered gneisses (~15-20%), mylonitized meta-arkose (?) (~10-15%), and amphibolite (~5-10%);
leucogranite typically has 1-6% biotite + ≤2% muscovite ± trace garnet; gneisses are characterized
by alternating cm-scale quartzo-feldspathic and biotite+hornblende-rich layers; amphibolite is
dominantly hornblende + plagioclase ± biotite; meta-arkoses (?) are platy, with mm-scale quartzofeldspathic and quartz-rich layers; mylonitization within this unit is heterogenous, ranging from
unmylonitized amphibolite and quartz-poor phases of leucogranitoid to ultramylonites;
microstructural analysis indicates that most mylonitization occured in the amphibolite facies
during top-to-the-NE-directed shear

14
26

Symbols

Quaternary alluvium (undifferentiated)

43

1

bedrock - alluvium contact

Kgm

A

600 m

17

750

?

?

800
750

700

700

650

650

600

600

550

550

500

500

scale 1:12,000; no vertical exaggeration

