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1. Introduction

ABSTRACT

Clast-based methods for estimating the mean kinematic vorticity number Wy, are compromised by strain
localization at the clast margins. Localization increases with modal matrix mica content as determined
with samples from the Sandhill Corner mylonite zone - a crustal-scale, high-strain, strike-slip shear zone
in Maine. Using these samples, we estimate Wy, with the oblique quartz shape-preferred orientation and
rigid-clast rotation methods. The rigid-clast rotation method yields much lower values for Wy, than the
quartz method. To investigate whether or not slip at the matrix/clast interface can explain the
discrepancy in calculated Wy, we conducted numerical modeling of rigid clasts enveloped by a low
viscosity layer, both embedded within a shearing viscous matrix. Within this dynamic framework, we
carried out numerical sensitivity analyses in which we varied the viscosity ratio between the lubricating
layer and the surrounding matrix, the thickness of the lubricating layer, and the kinematic vorticity
number of the bulk flow. Our data and numerical results succeed in explaining why Wy, estimates from
clast-based rotational methods are typically lower than estimates from other methods, and this has
implications for testing hypotheses related, for example, to vorticity partitioning in oblique convergent
settings, crustal-scale extrusion or channel flow, and exhumation of ultra-high pressure rocks, all of
which rely on robust estimates of Wp,. The relation between the shape preferred orientations of clasts
and modal mica content lead to the hypothesis that mica is the cause of the lubrication at clast/matrix
interfaces. If so, then we surmise that mica fish should be self-lubricating and would therefore form an
end-member shape preferred orientation, regardless of matrix modal mica content. The unique role of
mica allows us to speculate about the bounds on viscosity contrast between the matrix and lubricated
clast interfaces.

© 2009 Elsevier Ltd. All rights reserved.

vorticity number (reviewed below). The problem is that micro-
structural vorticity gauges commonly give a wide range of values

Ancient orogens provide information about how deformation in
active orogens is distributed and accommodated at depth, which is
important for modern concepts about how deformation is coupled
across the frictional-to-viscous transition (e.g., Handy et al., 2007).
Studying rocks from ancient orogens that were deformed in viscous
flow at depth requires indirect techniques for estimating kinematic
flow parameters. The most widely used method for estimating
these parameters is the microstructural determination of kinematic
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from samples collected in close proximity to one another, and
different methods can give markedly different results when applied
to the same rock. These variations are troublesome because robust
estimates of kinematic vorticity are important for testing hypoth-
eses related, for example, to vorticity partitioning in oblique
convergent setting (e.g., Holcombe and Little, 2001; Short and
Johnson, 2006), lower-crustal extrusion or channel flow (e.g., see
references in Law et al., 2006), and the exhumation of ultra-high
pressure rocks (e.g., Marques et al., 2007).

In this paper, we investigate the effects of strain localization at
clast margins on the value of the kinematic vorticity number as
determined by the rigid clast rotation method. In the following
section we review the instantaneous kinematic vorticity number
Wy, and two methods for estimating the mean kinematic vorticity
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number Wp,: the oblique quartz shape-preferred orientation and
rigid clast rotation methods. One of our goals is to compare these
two methods in a number of samples and explore explanations for
why they differ so markedly. In order to test methods for estimating
W, we require a field area that meets certain kinematic criteria.
We introduce the Sandhill Corner mylonite zone, which is the
largest mylonitic strand in the Norumbega Fault System, northern
Appalachians, Maine (Ludman and West, 1999). A case is made that
this vertical, high-strain, strike-slip shear zone experienced
approximately plane-strain, monoclinic flow. We then show the
results of analyses on six samples from this shear zone. The results
of these analyses are followed by numerical modeling where we
explore the stable positions of lubricated clasts across a range of
Wk. Our findings lead us to explore other ways in which lubricated
clast data can be used to estimate the kinematic vorticity number.
Our findings also provide a better understanding of mica fish and
allow us to speculate about the bounds on viscosity contrast
between the matrix and lubricated clast interfaces.

2. The kinematic vorticity number (W) and mean kinematic
vorticity number (Wy,)

2.1. Definitions and assumptions

The kinematic vorticity number, Wy, is defined as

_1
Wi = w[2(s3 +53 +53)] (1)

where w is the magnitude of the vorticity vector and the s; are the
principal stretching rates (Means et al., 1980; Passchier, 1987; Tikoff
and Fossen, 1993). Wy first appeared in fluid dynamics literature
(Truesdell, 1953) and was later introduced into geological literature
by McKenzie (1979) and Means et al. (1980). Wy is a measure of the
non-coaxiality of flow, denoting the relative rates of rotation and
stretching at a point in space and a moment in time. Alternatively,
Wy is a dimensionless ratio where the numerator is the instanta-
neous rate at which material lines parallel to the instantaneous
stretching axes (ISAs) are rotating with respect to those axes and
the denominator is the instantaneous rate at which those same
material lines are being stretched along the same axes (Means et al.,
1980). Flow types in a reference frame fixed to the ISAs range from
pure shear (Wi =0) to simple shear (Wy=1), with intermediate
types referred to as general non-coaxial flow (0 < W< 1). The
reference frame is critical when assessing Wy. As discussed by
Simpson and De Paor (1993), theoretical treatments typically use
the ISAs as the reference frame. However, when applied, geologists
must use some visible markers such as shear zone boundaries or
a foliation. In high strain mylonites, such as the Sandhill Corner
mylonite zone, the boundaries of the shear zone are typically
impossible to define precisely, so it is useful to begin with the
mylonitic foliation as the reference frame. For monoclinic, plane-
strain deformation, Wy is a function of the acute angle « between
the non-vanishing velocity field eigenvectors (flow apophyses AP;
and AP, in Fig. 1) in the plane containing ISA; and ISA;
(Bobyarchick, 1986; Passchier, 1986):

Wy = cos(a) (2)

If strains are very large, the foliation may be approximately
parallel to AP4, which is theoretically parallel to the shear plane
(Fig. 1). However, they can never be exactly parallel. To ensure that
the flow plane is the externally fixed reference frame, the angle
0 between the foliation and AP;, determined using quartz c-axis
pole figures (Fig. 2), should be added as a correction factor.
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Fig. 1. Diagram of 2D monoclinic flow kinematics. All proceeding figures assume this
frame of reference. ISA; and ISA, denote instantaneous stretching axes. AP; and AP,
denote velocity field eigenvectors or flow apophyses. Arrowed curves represent flow
lines. For plane-strain (2D) deformation, the angle « defines the non-coaxiality of flow
(Wi = cos(a)). Single-sided arrows indicate top-to-the-right sense of shear. The rela-
tionships between £, A and ¢ are described in Eq. (5).

The use of Wy in a geological setting is facilitated when the
vorticity vector is perpendicular to the plane containing the instan-
taneous stretching axes, which requires strain to have monoclinic or
orthorhombic symmetry. lacopini et al. (2007b) argued that strain
symmetry cannot be markedly triclinic in rocks that record high Wy
values and show well-developed fabrics, so strain in such rocks may
approach monoclinic or orthorhombic symmetry. In order to define
Wk in the range 0 < Wy <1 for pure to simple shear, strain must
strictly be 2D. However, Tikoff and Fossen (1995, fig. 5) showed that
divergence from plane strain has only a small effect on Wy
(AW < 0.05) for specific reference deformations.

Owing to the instantaneous nature of Wy, assumptions about
the kinematics must take into account possible changes in
boundary conditions over time. Recognizing that flow may be non-
steady, varying in time and space, Passchier (1987) suggested that
the kinematic vorticity number extracted from rocks be called the
mean kinematic vorticity number (Wp,) and viewed as a parameter
of finite as opposed to instantaneous deformation (see also Fossen
and Tikoff, 1998, and Jiang, 1998, for references). Below, we use both
Wy and Wy, depending on the context.

Like most techniques used in field-based analyses, kinematic
vorticity analysis has important limitations and care is required
when selecting sites and samples for application. The results of
kinematic vorticity analyses can provide quantitative information
if: (a) the rocks being examined have experienced moderate to high
strains, (b) the rocks show very strong fabric development, (c) the
strain symmetry deviates only moderately from plane monoclinic,
and (d) there is no evidence to contradict an assumption of
approximately steady long-term flow. Thus, the accuracy of the
analysis will depend on the methods used and how well these
methods record Wy.

2.2. Background on estimation and application of Wp,

Several different methods have been established for estimating
Wn from deformed rocks (see reviews in Simpson and De Paor,
1993; Tikoff and Fossen, 1995; Wallis, 1995; Law et al., 2004;
Passchier and Trouw, 2005), and these have been extensively
applied to both active and ancient zones of deformation (e.g.,
Passchier, 1987; Vissers, 1989; Wallis et al., 1993; Wallis, 1992, 1995;
Masuda et al., 1995; Simpson and De Paor, 1997; Beam and Fisher,
1999; Grasemann et al, 1999; Xypolias and Doutsos, 2000;
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Fig. 2. Essentials of the oblique quartz shape-preferred orientation method for estimating Wx. (a) ‘Snapshot’ at the last increment of deformation in the SCMZ: new quartz grains are
initially stretched in the direction of ISA; and then rotate progressively towards the shear plane (AP;), which in this example is approximately parallel to the foliation. The angle A;sp
between the foliation and new grains, which varies by >10° in this image, contains information about Wi,. (b) Schematic fabric skeleton of quartz c-axis data showing a cross-girdle
pattern. AP is theoretically perpendicular to the central girdle marked by the central stick in the fabric skeleton. The angle ¢ is obtained by measuring the angle between the
foliation and the line perpendicular to the central stick. (c) Generalized diagram placing the quartz pole figure into a shear-zone context.

Holcombe and Little, 2001; Xypolias and Koukouvelas, 2001; Bailey
and Eyster, 2003; Bailey et al., 2004, 2007; Giorgis and Tikoff, 2004;
Law et al., 2004; Carosi et al., 2006; Jessup et al., 2006, 2007;
Xypolias and Kokkalas, 2006; Forte and Bailey, 2007; lacopini et al.,
2007a; Marques et al., 2007; Sullivan, 2008; Xypolias, 2009).
Notable recent examples include testing orogen-scale models for
channel flow or ductile extrusion (e.g., Grasemann et al., 1999; Law
et al., 2004; Carosi et al., 2006; Jessup et al., 2006; Williams et al.,
2006; Xypolias and Kokkalas, 2006) and characterizing the flow
parameters associated with the exhumation of high- and ultra-high
pressure rocks (e.g., Marques et al., 2007).

The most widely used technique for estimating Wy, is the rigid
clast rotation method of Passchier (1987) and Wallis et al. (1993),
which involves measuring the stable orientations of relatively large,
rigid minerals in a finer-grained, flowing matrix. A problem we
have encountered in evaluating our own and other published data
is that clast orientations commonly cluster in positions not pre-
dicted for viscous coupling of a single-phase Newtonian matrix and
arigid clast (e.g., Arbaret et al., 2001; Pennacchioni et al., 2001; ten
Grotenhuis et al., 2002; Mancktelow et al., 2002; Ceriani et al,,
2003; Marques et al., 2007). In addition, a number of studies have
noted that the clast method commonly gives Wy, values that are
much lower than those values determined by other methods
applied to the same rocks (e.g., Wallis, 1995; Bailey and Eyster,
2003; Law et al., 2004; Jessup et al., 2006; Xypolias and Kokkalas,
2006; Sullivan, 2008). Analog (e.g., lldefonse and Mancktelow,
1993; Mancktelow et al., 2002; ten Grotenhuis et al., 2002; Ceriani
et al., 2003) and numerical (e.g., Kenkmann and Dresen, 1998;
Marques et al., 2005a,b; Schmid and Podladchikov, 2005; Johnson,
2008) models show that where strain localization occurs at the
clast interface, stable clast orientations change, sometimes rotating
progressively backward against the flow. This provides a possible
explanation for observed data trends (e.g., Marques et al., 2007).
Previously published numerical studies do not include Wy as
a variable in sensitivity analyses, although one analytical solution
(Mulchrone, 2007) predicts Wy values from clast orientations
where total slip occurs at the interface between a clast and single-
viscosity Newtonian matrix.

3. Selected microstructural methods for estimating Wy, in
this study

A number of microstructural methods can be applied to esti-
mate Wy, in rock samples, and these have been thoroughly

reviewed, for example, by Wallis (1992, 1995), Tikoff and Fossen
(1995), Law et al. (2004) and Passchier and Trouw (2005). These
methods include: (1) the oblique quartz shape-preferred orienta-
tion (SPO) method of Wallis (1995), (2) the rigid clast rotation
method of Passchier (1987) and Wallis et al. (1993), (3) the por-
phyroclast hyperbolic distribution method of Simpson and De Paor
(1993, 1997), and (4) the quartz strain ratio method of Wallis (1992,
1995). In the Sandhill Corner mylonite zone, the oblique quartz
shape-preferred orientation and rigid clast rotation methods are
widely applicable. In contrast, well-developed recrystallized tails
must be present around clasts to successfully employ the por-
phyroclast hyperbolic distribution method, and our observations so
far show that such tails are only locally present. Grasemann et al.
(1999, fig. 10b) showed that the quartz strain ratio method is
unreliable in high-strain samples (Rx, > 10-15) and, given the very
high strains apparent in the SCMZ, this method is unlikely to give
valid results. Below we summarize only the two methods that are
most widely applicable in our rocks.

3.1. Method 1: oblique quartz shape-preferred orientation

For plane-strain flow, if § is the acute angle between the
instantaneous stretching axis ISA; and flow apophysis APy (Fig. 1),
then:

L.
f = 5(90° —a) 3)

Wi = sin(26) (4)

The aim of this method is to determine . During deformation,
new, dynamically recrystallized quartz grains are stretched in the
direction of ISA; (Fig. 2a). With increasing strain, they progressively
deform and rotate towards AP; leading to c-axis pole figures typi-
cally characterized in our rocks by single- and cross-girdle patterns
(Fig. 2b) that are consistent with fabrics predicted by numerical
models (e.g., Lister and Hobbs, 1980; Wenk et al., 1989; Jessell and
Lister, 1990; Takeshita et al., 1999) and observed in high P—-T
deformation experiments (e.g., Tullis et al., 1973; Tullis, 1977;
Heilbronner and Tullis, 2002) in plane-strain conditions. The
central segment of the c-axis girdle is expected to lie at right angles
to AP in both simple shear (e.g., Law, 1990; Lister and Hobbs, 1980)
and general monoclinic shear (e.g., Platt and Behrmann, 1986;
Vissers, 1989; Wallis et al., 1993).
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If Ajsa is the maximum angle between the foliation and ISA; as
inferred from dynamically recrystallized quartz grains (Fig. 2a), and
0 is the angle between the foliation and the normal to the central
girdle of the quartz c-axis pattern (AP, Fig. 2b, ¢), then:

B = Asa+0 (5)

Wm = sin(2Aisa + 20) (6)

3.2. Method 2: rigid clast rotation

The rigid clast rotation method exploits the rotational behavior
of relatively large rigid clasts in high-strain deformed rocks such as
mylonites. The cross-sectional shape and orientation of a clast is
approximated as an ellipse (Fig. 3a) with § marking the angle
between the major axis and APy, and with the major and minor axes
(m;) typically expressed as the aspect ratio (R=mj/my) or cross-
sectional shape factor (B=(mj —m3)/(m} + m3)). Although pub-
lished studies take # as the angle between the major clast axis and
the foliation plane, the angle should be corrected where possible, as
in Method 1, by adding the angle ¢ from the quartz c-axis pole
figures (Figs. 1b and 2b). This correction (resulting in the angle § in
Fig. 1) will not change the B cutoff value traditionally used to
estimate Wy, but it will change the § amplitude, a point that will
become important later in this paper.

Jeffery’s (1922) theory predicts that ellipsoidal rigid particles in
a Newtonian viscous medium undergoing simple shear rotate
synthetically (forward with respect to the sense of shear) as
a function of B, §, and the shear strain rate y. Using pioneering
analog models, Ghosh and Ramberg (1976) studied the rotational
behavior of such particles in general non-coaxial flow (0 < Wi < 1)
and derived an equation describing their rate of rotation:

b — 7|1 — Beos(26) — 2=

5 w1~ W]%sin(zﬁ)} (7)

Particles with shape factors above a critical value (Bgsj;) rotate
towards and asymptotically approach a stable orientation #s,
whereas rounder particles rotate continuously in the flow. The
stable orientation is sensitive to B and Wy (Passchier, 1987):

1325

f = —sin! {%(\/1 —w2- B - wg)} (8)

Particle rotation also ceases at a second, metastable orientation
O for those particles more elongate than the critical shape factor:

O = %sin’l {%(\/1 ~W2 /B2 - W,f)}
_ %sin’1 (\/mg) (9)

The acute angle between the metastable and stable particle
orientations (6, < 0 < 6s) defines a field of antithetic (backward)
rotation; the remaining range (fs<#f<6y) defines a field of
synthetic (forward) rotation. The metastable orientation is tran-
sient and is rarely observed in experimental and natural examples.

The stable orientation (Eq. (8)) enables a method for estimating
the mean kinematic vorticity number Wy, In theory, there is
a sharp transition between the shape-preferred orientation (SPO)
of clasts more elongate and less elongate than the critical shape
factor Bt (Fig. 3c). The critical shape factor Bt records Wy
(Passchier, 1987):

Rgrit -1
Rz +1

crit

Wn = Bcrit = (10)

4. Details of the study area
4.1. Background and description

Testing methods for estimating Wy, requires a geologic setting
wherein the respective crystallographic and SPO fabrics are well-
developed and well-preserved. The area must also preserve
approximately monoclinic, steady-state deformation. Below we
establish the Sandhill Corner mylonite zone (SCMZ) in the south-
central portion of the Norumbega Fault System (NFS, Fig. 4) as
a suitable field locality for conducting these studies.

The NFS represents the roots of a long-lived, Paleozoic, right-
lateral, large-displacement, subvertical, plate-boundary-parallel
fault system (Ludman et al., 1999; West, 1999; Wang and Ludman,
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Fig. 3. Essentials of the rigid clast rotation method for estimating Wp,. (a) A best-fit ellipse approximates the cross-sectional shape of a feldspar porphyroclast with major and minor
axes (m;), shape factor B, and orientation # relative to the foliation (dashed horizontal line). Note the mica fish in the upper-left of the image. (b) Line diagram showing 6, the angle
between the long axis of the clast and the foliation. (c) A plot of 300 measurements of § versus B (sample H12). The vertical line at B = 0.50 £ 0.05 identifies the critical B value
separating clasts that continuously forward rotate (B < B.j¢) from clasts that reach a stable orientation (B > B;t). This cutoff value is traditionally taken as W,.
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Fault System in the map area shown. Detailed map at lower right shows that foliation and lineation orientations in the SCMZ are identical to the regional orientations. Samples for
this study come from the area marked by the star, at the northern edge of a large blueberry field. (Osberg et al., 1985).

2003). Both the width and length of the NFS are similar to those of
the San Andreas system (Ludman and West, 1999), and seismic
reflection data show vertical fault disruption down through the
Moho (Doll et al., 1996). Detailed mapping and structural studies
were completed along the southwestern (e.g., Swanson, 1988,
1989, 1999, 2005, 2006), central (e.g., West and Hubbard, 1997;
Hubbard and Wang, 1999; Short and Johnson, 2006), and north-
eastern (e.g., Ludman, 1998; Wang and Ludman, 2004) segments
of the NFS. The work we present here was conducted in the SCMZ
in south-central Maine, which we consider to be a suitable loca-
tion for testing methods of estimating Wy, for the following
reasons.

(1) Recent 1:24,000 scale bedrock mapping (Grover and
Fernandes, 2003; West and Peterman, 2004) shows that the
SCMZ varies in width from 100 to 300 m, contains a sub-
vertical foliation and subhorizontal stretching lineation,
and shows a record of dextral strike-slip kinematics (Fig. 4).

(2) Quartz microstructures in the SCMZ show clear evidence
for dislocation creep accompanied by dynamic recrystalli-
zation leading to a strong crystallographic preferred
orientation. Thin, discontinuous bands and isolated pools of
quartz with pronounced SPO oblique to the foliation are
common (Fig. 2a) as are feldspar porphyroclasts (Fig. 3a).

(3) Recent low-temperature thermochronological work across
the SCMZ shows no evidence for post-Paleozoic offset
(West et al., 2008). Furthermore, these rocks show none of

the evidence typical of low-temperature fault-zone reac-
tivation, such as pervasive low-temperature fracturing and
cataclasis. Thus, the mylonites appear to have been
exhumed without appreciable deformational or thermal
overprint.

4.2. Assumptions and justifications related to the field area

The key assumptions required for applying methods for esti-
mating kinematic vorticity numbers in the SCMZ are that: (1) the
strain symmetry is not markedly triclinic (e.g., Passchier, 1988, 1997,
1998; Robin and Cruden, 1994; Tikoff and Fossen, 1995, 1999;
Fossen and Tikoff, 1998; Lin et al., 1998; Jiang et al., 2001), and (2)
the deformation was near steady-state at the time the micro-
structural record was frozen in. The following evidence suggests
approximately plane, monoclinic flow in the SCMZ.

(a) Equal area projections of foliations and lineations
throughout the SCMZ (Fig. 4) resemble those for mono-
clinic plane strain with a significant component of simple
shear as predicted by slip-line theory (Gapais and
Cobbold, 1987).

(b) Quartz c-axis pole figures (Fig. 5; Hubbard and Wang, 1999)
show both single and cross-girdle patterns with dominant
maxima in the macroscopic foliation plane at right angles
to the mineral lineation.
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H12,n=701,5=4°

Fig. 5. Quartz c-axis pole figures from foliation-parallel quartz veins in five selected
samples from the SCMZ. Each example includes sample information, a contoured
quartz c-axis plot, and a fabric skeleton constructed manually from the contoured c-
axis data. Pole figures are lower hemisphere equal area projection plots with contours
set at mud (multiples of uniform density) values of, 1...10 and + 0.25, 0.5,15, half width
at 10°, and data clustering at 5°. Sense of shear is top-to-the-right in all figures, and the
lineation lies in the plane of foliation, as shown on the c-axis plot for NFS6. The dotted
grey lines show the orientation of the flow plane, which is normal to the cross girdle
and oblique to the foliation to produce the angle ¢. HKL-Channel 5 and TSL-OIM
software were used to create the pole figures, and c-axis orientation data were
collected using SEM-EBSD techniques (avg. MAD- 0.85° for HKL-Channel 5; avg. fit-
1.29 and avg. confidence interval-0.25 for TSL-OIM).

(¢) Foliations and lineations in the SCMZ are very well devel-
oped and W, is apparently near 1.0 (analysis below), so any
deviation from monoclinic symmetry is likely to be minor
(Iacopini et al., 2007b).

(d) Pronounced asymmetry occurs in the foliation wrapping
around rigid clasts in sections perpendicular to foliation
and parallel to lineation. In contrast, the foliation wraps
more symmetrically around clasts in the two mutually
perpendicular sections (cf., Forte and Bailey, 2007).

The second assumption, that the microstructural record reflects
steady long-term deformation, is never easy to justify. However,
individual shear zones in fault systems coalesce to form inter-
connected weak horizons, and this process continues until the
entire deformational system approaches steady creep at lower bulk
strength than in its initial state (e.g., Handy, 1994; Ben-Zion and
Sammis, 2003; Handy et al., 2007). Thus, mature faults/shear zones
are more likely to preserve microstructures indicative of steady
long-term flow than immature ones. Given the large shear strains
accommodated by the SCMZ, an approach to steady state seems
reasonable.

5. Data from the SCMZ
5.1. Quartz c-axis pole figures

Quartz c-axis pole figures are required to determine the angle
0 between the foliation and AP (Fig. 1). Quartz-rich volumes in the
SCMZ occur primarily as thin, discontinuous, foliation-parallel
veins and small, isolated pools. In order to acquire the appropriately
large number of data points for c-axis pole figures, we selected
foliation-parallel veins that appear optically to be fully dynamically
recrystallized.

Samples were prepared as probe-quality thin sections with
a mechanical polish to 0.3 um followed by a chemical polish with
colloidal silica suspensions (SYTON method of Fynn and Powell,
1979). NFS6 and NFS7 were analyzed by obtaining electron back-
scatter diffraction patterns using the electron backscatter diffrac-
tion HKL Nordlys II detector with CHANNEL 5 software (details in
Schmidt and Olesen, 1989) on the LEO 1450VP Scanning Electron
Microscope at Bowdoin College. H7, H8, and H12 were analyzed
using an EDAX-TSL-EBSD detector with TSL-OIM Data Collection
software on the VEGA-XMU Scanning Electron Microscope at the
University of Maine. The sections were oriented within the sample
chamber at a 70° tilt and operating parameters during data
collection included a chamber pressure of 10-15 Pa, an accelerating
voltage of 15-20 kV, a working distance of 25 mm, and a probe
current of ~2 nA. Acquisitions and indexing were typically set at
4 x 4 binning, high gain, a Hough resolution of 75, 7 bands, and 80
reflectors for the HKL-Channel 5 software and at 2 x 2 binning, high
gain, a binned pattern size of 160, a theta step size of 0.5°, 8 bands,
and 10 reflector families for the TSL-OIM software.

Quartz c-axis pole figures were obtained through the manual
collection of indexed points or from automated quartz orientation
maps of selected areas of foliation-parallel quartz veins. Automated
maps were run at a step size at or greater than the diameter of the
new quartz grain sizes (between 10 and 30 pm). The number and
area of sampled quartz veins varied from section to section
depending on the dimensions of the vein(s), the indexing percentage
of each section, and the number of data points. Pole figures were
created and contoured using both the Mambo module of the HKL
Channel 5 software and the TSL-OIM software.

Our observations to date suggest that these veins record very
high strains leading to ¢ angles <9°. Five representative pole
figures are shown in Fig. 5, including the sample with the highest
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measured ¢ (NFS 6). These small ¢ angles are consistent with pole
figures published by Hubbard and Wang (1999) from nearby
mylonites and confirm that very high strains have accumulated on
the SCMZ and other mylonitic strands of the NFS.

5.2. Method 1: oblique quartz SPO

Two measurements are necessary to determine 8 (Fig. 1) in
a given sample: the angle Asa between the foliation and the
direction of elongation of new quartz grains (Fig. 2a), and the angle
0 between the foliation and the normal to the quartz c-axis girdle
(Fig. 2b). Wallis (1995) suggested that when measuring Ajsa, the
maximum measurement be taken as the value most closely rep-
resenting the orientation of ISA;. However, in practice we found
a considerable range of quartz elongation directions owing
presumably to (a) variations in the amount of strain accumulated
by the measured grains after they formed and (b) local fabric
rotations relative to the far-field ISA caused by mechanical
heterogeneity (e.g., the presence of a feldspar porphyroclast just
out of the section plane). We suggest that more robust estimates of
Whn can be acquired by using numerous measurements of Asa in
each sample, adding an appropriate average correction for the
¢ angle measured from the c-axis pole figure, and calculating the
mean value and standard deviation of the results to provide a range
of Wp, estimates.

When Wy, has a value between 0.9 and 1.0, adding ¢ = 5° would
have a maximum effect on Wy, of 0.02 < AW, < 0.06. Given that (a)
this range overlaps what we consider to be the typical range of
error for the method and (b) the angle is estimated manually by
drawing a line connecting c-axis maxima across the foliation plane,
we settled on an approach whereby we added a ¢ angle of 5° to all
of our measurements of Ajsa rather than correcting each sample
individually.

Fig. 6 shows data for five samples from which we collected
quartz c-axis pole figures (Fig. 5). Following the methodologies
described above, the results using Method 1 consistently indicate
Wmpn>094, and an average of these five samples gives
Wn =0.97 +0.03.

5.3. Method 2: rigid clast rotation

Passchier (1987) introduced five criteria for the analysis of clast
SPO fabrics: (1) the sample accumulated high enough finite strain
so that clasts with appropriate shape factor could rotate to near-
stable positions; (2) the fabric indicates reasonably homogeneous
deformation on the scale of the sample; (3) the matrix grain size is
much smaller than that of clasts; (4) clasts have regular shape and
may be approximated by orthorhombic (or ellipsoidal) symmetry;
and (5) clasts show a wide range of shape factors and are spatially
well dispersed. SCMZ samples appeared to meet these core
requirements reasonably well, so our aim was to collect enough
clast measurements to differentiate between clasts that had
assumed stable orientations and those that had rotated forward
continuously in the flow.

For each sample, sets of photomicrographs were taken across
entire large (5 x 7.6 cm) thin sections. The outlines of clasts were
hand drawn in ImageJ (http://rsbweb.nih.gov/ij/), and the best-fit
ellipse algorithm assigned a major (m;) and minor (m;) axis and
orientation () to each clast (Fig. 3a). From this, we calculated both
axial ratio (R) and the cross-sectional shape factor (B). In choosing
porphyroclasts for measurement, we attempted to minimize the
effects of clast interaction by selecting isolated porphyroclasts
where possible, and in regions with abundant clasts we selected
mainly those with neighbors no closer than approximately twice
their long radii. Clast interaction probably introduced some noise

into our data, but given our methodology it is unlikely to have
markedly affected the overall SPO fabric. Following Ghosh and
Ramberg’s (1976) theory of particle rotation and Passchier’s (1987)
criteria, Wi, was estimated from the shape factor ‘cut-off’ between
clasts that had apparently reached a stable orientation (higher B)
and those that rotated continuously (lower B).

Fig. 7 plots the cross-sectional shapes and orientations of feld-
spar porphyroclasts for six samples (including those used for Figs. 5
and 6), and Fig. 8 shows photomicrographs of the same samples.
Quartz volumes with well-developed SPO were not present in
sample W63 precluding application of Method 1, but the spectac-
ular feldspar and muscovite fish in this sample made it useful for
clast analysis. The distribution of round clasts (0 < B < 0.5-0.6) in
the samples is scattered but approximately symmetric about the
foliation, consistent with the theoretical prediction that they
rotated forward continuously without finding a stable orientation
in the flow. In contrast, the distribution of elongate clasts
(0.5-0.6 < B< 1) is asymmetric about the foliation, strongly clus-
tering at small to intermediate positive # values, consistent with
these clasts approaching or having reached a stable orientation in
the flow. In addition to feldspar clasts, Fig. 7g plots the cross-
sectional shapes and orientations of mica fish in samples W63 and
NFS7. Elongate feldspar porphyroclasts in these two samples
cluster at unusually high # values and overlap with the mica-fish
data. This important observation will be discussed below.

5.4. Results and discussion

Table 1 shows ranges of Wy, estimates made using Methods 1
and 2. Values range from 0.45 to 1.0 depending on the sample,
method applied, and uncertainties associated with each method. It
appears that either method gives internally consistent results, but
results from one method differ markedly in comparison to the
other. The relatively low estimate of Wy, from Method 2 in
comparison to other methods from the same rocks is common
among studies that have utilized the clast method in combination
with other methods (e.g., Wallis, 1995; Bailey and Eyster, 2003; Law
et al., 2004; Jessup et al., 2006; Xypolias and Kokkalas, 2006). A
number of explanations for this discrepancy are plausible, but we
consider the following three explanations worthy of consideration.

(1) Method 1 can only access the last instant of deformation,
having a shorter ‘strain memory’ than Method 2, so each
method may be recording a different strain history. This
explanation is conceivable but would require non steady-
state deformation during which the angle « between the
flow apophyses (Fig. 1) changed markedly near the end of
the deformation history allowing Method 1 to record
a much higher Wy, than Method 2. It is difficult to discount
this possibility conclusively, but we have no other evidence
to support it.

(2) If quartz is markedly weak relative to the bulk mylonitic
rock, then the quartz volumes used in Method 1 may
represent zones of strain localization and vorticity parti-
tioning, giving higher Wy, values than expected for the bulk
shear zone. To obtain the data in Fig. 6, we made numerous
measurements of recrystallized quartz SPO across indi-
vidual thin sections within a variety of discontinuous quartz
volumes. Some of these volumes comprised just a few
recrystallized quartz grains, whereas others comprised thin,
discontinuous, foliation-parallel veins a few tens of grains in
width (Fig. 2). If quartz was flowing under markedly lower
differential stress than the surrounding matrix, then we
would expect the wider, longer, foliation-parallel veins to
show the largest Aispa and consequently the largest Wp,.
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Fig. 6. Results of Wy, estimates for the five samples shown in Fig. 5 using Method 1 - quartz oblique SPO. Estimates were acquired by making numerous measurements of Ajsa in
each sample, adding a 5° correction for the average ¢ angle, and calculating the mean value and standard deviation of the results. An average of these five samples gives

Wp =0.97 £0.03.

However, a systematic relationship between polycrystalline
quartz volume, morphology and Wy, did not arise. One
possible explanation for this is that the quartz and
surrounding matrix may have had similar flow strengths
under the prevailing deformation conditions. Alternatively,
the discontinuous nature of the quartz volumes may have
limited the partitioning of Wy, to a relatively narrow range
around the bulk matrix Wp,. Given the lack of evidence for
quartz flowing more readily than the surrounding matrix,
we conclude that the creep strength of quartz relative to the
surrounding matrix was not a critical contributor to the
difference in results between Methods 1 and 2, although it
may be responsible for some of the variance in our data
(Fig. 6).

(3) Conditions in the SCMZ rocks may violate fundamental
assumptions regarding clast interaction or clast/matrix
coupling necessary for the application of Method 2. This
explanation invites the following considerations.

Consideration 1: A major precondition for using Method 2 to
estimate Wy, is that clasts rotated as solitary, isolated objects in
a viscous rock matrix. However, natural samples, including those
from the SCMZ, typically contain many clasts per thin section, and

the interaction of these clasts can affect their rotational behavior
and surrounding flow patterns (Ildefonse et al., 1992a,b; Piazolo
et al., 2002; Samanta et al., 2003). The likelihood of clast inter-
action affecting the clast SPO is highest in those areas where new
clasts were created by fracturing and fragmentation of parent
clasts near the end of the deformation history. Our criterion of
selecting relatively isolated, whole, rounded clasts for analysis
helped to minimize the effects of clast interaction on SPO fabric
strength. Given the care that we used in selecting clasts for
measurement, we discard clast interaction as a critical contributor
to the difference in results between Methods 1 and 2, although it
is probably responsible for some of the variance in our data
(Fig. 7).

Consideration 2: A second major precondition for using Method
2 to estimate Wy, is that perfect Newtonian viscous coupling
occurred between clasts and a single-viscosity rock matrix. As
reviewed in the Introduction above, analog and numerical models
show that strain localization arising from a thin low-viscosity layer
or other slip condition at the surfaces of rigid clasts in slow viscous
flows can markedly affect their rotational behavior, so the reliability
of clast SPO as an indicator of W, may be compromised by such
localization. We suggest that this is the primary cause of the
discrepancy between Methods 1 and 2 shown in Table 1 and we use
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Shape preferred orientation data for feldspar clasts and mica fish and modal matrix mica in rocks from the SCMZ. The angle ¢ in (a)-(g) is the measured angle between the
long axis of a clast or mica fish and the mylonitic foliation. The shape factor B is defined in the text. The approximate position of B is indicated for all feldspar clast data with the
exception of sample W63, which is indeterminate owing to lack of clasts with B < Bjr. Modal matrix mica content in (h) shows similar percentages for NFS6, H7, H8 and H12, with
mica mode increasing through NFS7 to W63 where it comprises 46% of the matrix. The increase in modal matrix mica correlates to the increased  of feldspar clasts in NFS7 and
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Fig. 8. Photomicrographs of the thin sections from which the data in Fig. 7 were collected. For all photomicrographs: plane polarized light, dextral shear sense, lineation-parallel

section, long axis 5.9 mm.

numerical models to explore this phenomenon in the following
section.

The distribution of elongate feldspar clasts (B > Bgit) is asym-
metric about the foliation in all six samples, strongly clustering at
positive  values. Theoretically, if there is perfect coupling between
the clasts and a single-viscosity Newtonian matrix, with no strain
localization or slip at the clast interfaces, the distribution of elon-
gate clasts (B > Bgit) should be asymmetric about the foliation and
strongly clustered at small negative 6 values for dextral shear. We
can illustrate this by rearranging the clast data for sample H12 in
Fig. 7 to develop the hypothetical distribution shown in Fig. 9. If the
cutoff value of B=0.50 were valid, then the clast data should
cluster along the theoretical curve from Ghosh and Ramberg (1976)

Table 1

Comparison of W, estimates made using Methods 1 and 2.

Sample Wm - Method 1 W - Method 2
H7 0.94 +0.04 0.55+0.5

H8 0.97 £0.01 0.50 £0.5

H12 0.99 £0.01 0.50£0.5

NFS6 0.97 +0.03 0.55+0.5

NFS7 0.96 +0.02 0.60 +0.5
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Fig. 9. Hypothetical orientation distribution for the 300 clasts of sample H12. Actual §
values are offset by a linear function of B to fit the solid black curve that indicates the
theoretical stable position for Wy = 0.5 using Eq. (8). The curve ends at B = 0.5 as
indicated by the vertical dashed line.
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for Wi =0.50 (Eq. (8)), as shown in Fig. 9. The elongate clasts in
sample H12 fall well away from this theoretically predicted distri-
bution, as do the data from all of our samples. We note that adding
the ¢ angle (5°) from the quartz c-axis data to the @ value for each
clast would increase the deviation from the predicted distribution.

An important observation is that the amplitude of elongate clast
SPOs increases in samples NFS7 and W63 relative to the other
samples (Fig. 7). While investigating possible explanations for this
trend, we discovered that modal matrix mica content increases in
these two samples relative to the others (Fig. 7h). This relation
between clast SPO amplitude and modal matrix mica content leads
to the hypothesis that mica facilitates localization at the clast/
matrix interface. If so, then we surmise that mica fish should be
self-lubricating and would form an end-member SPO, regardless of
matrix modal mica content. As part of our analysis, we collected
measurements on mica fish shapes and orientations in samples
NFS7 and W63 (Fig. 7g). Remarkably, feldspar clast SPOs trend
progressively towards the mica fish SPO with increasing matrix
mica content, and the feldspar clast SPO in sample W63 strongly
overlaps with the mica fish SPO. An important addition to our
observation is that mica fish in very pure quartzite mylonites (Lister
and Snoke, 1984; ten Grotenhuis et al., 2002, 2003) show similar
SPO to our own data (Fig. 10). For example, Fig. 10b shows mica fish
data from ten Grotenhuis et al. (2002, fig. 2). Because these
mylonites are very quartz-rich, it would appear in these instances
that the mica fish are self-lubricating, which may be facilitated by
very thin, fine-grained recrystallization or reaction rims at the fish/
matrix interfaces. These important observations add support our
supposition that mica plays a crucial role in clast lubrication, and
we will explore this more fully in the following section where we
show that the mica-fish data are bounded by a numerical relation
that suggests total slip at their interfaces.
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02 03 04 05 06 07 08 09 1

-10 0.1

W63 Feldspar Clast Data (n=239)

10 01 02 03 04 05 0607 08 09 1

-80
-80

B

S.E. Johnson et al. / Journal of Structural Geology 31 (2009) 1322-1339

6. Numerical models

In this section we use numerical models to explore how the
rotational behavior of isolated clasts changes when strain localizes
at their margins and whether such changes can explain the clus-
tering in positive # of clasts with B > B.t. Building on previously
published models that explore object lubrication (e.g., Marques
etal., 2005a,b; Schmid and Podladchikov, 2005; Johnson, 2008), we
add the kinematic vorticity number as a parameter and conduct
sensitivity analyses across the range 0 < W < 1.

We employ the finite element method using Comsol Multi-
physics software (http://www.comsol.com/) to deform a 2-D fluid
‘shear box’. Fixed velocity boundary conditions (Fig. 11) define the
strain rate and vorticity within the region with choice end
members of flow ranging from pure shear (Wy = 0) to simple shear
(W =1); supersimple shear (Wx>1) is not considered in this
study. The flow field is perturbed by an elastic elliptical clast located
at the center of the shear box and enveloped by a thin layer, the
viscosity of which can be varied relative to the surrounding linear
viscous matrix. A triangular (advancing front) mesh was used, and
a typical model had in excess of 5000 elements with the highest
element concentration at the clast boundaries (Fig. 11).

For each model, we specify the clast shape (B), initial orientation
(), and the viscosity ratio (7) defined as the ratio between the
matrix viscosity and the enveloping-layer viscosity. In all models,
additional variables are held constant at the following values: (1)
the matrix viscosity is 10'® Pa's, (2) the Young’s modulus of the clast
is 2 x 10" Pa, and (3) the clast’s long diameter is fixed at 10% of the
shear box width in order to minimize the effects of confined flow
on clast rotation (e.g., Bons et al., 1997; Biermeier et al., 2001;
Marques et al., 2005a). Most of our analyses were carried out using
an enveloping-layer thickness (H) that is 5% of the clast radius.

ten Grotenhuis Mica Fish Data (n=500)
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Fig. 10. Shape preferred orientation data for mica fish from samples NFS7 (dots, n =228) and W63 (crosses, n = 174), and from the California (crosses, n =100) and Brazil (dots,
n =400) localities of ten Grotenhuis et al. (2002, fig. 2a). For comparison, feldspar data are also shown for NFS7 and W63. Note that the SPOs of feldspar clasts trend towards the
mica fish SPO with increasing modal matrix mica (Fig. 7h). The curve is for total slip at the matrix/clast interface for Wy = 1.0 (Mulchrone, 2007).
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|:| Lubricant

Fig. 11. Details of the numerical matrix/clast system. (a) Central portion of the finite element mesh illustrating the concentration of mesh elements at the clast boundaries. (b)
Solution for model with B= 0.8, Wy = 0.8 and 7= 16. Constant-velocity boundary conditions are indicated by single-sided arrows on boundaries, with values depending on W.
Considering the model scaling, the maximum far-field viscous shear strain rate is 10-#s~! for W, = 1.0. Internal arrows indicate velocity relative to clast center with the clast
rotating clockwise towards the stable position. AP; and AP, are far-field flow apophyses, and m; and m; are maximum and minimum clast diameters. The clast is effectively rigid
compared to the viscous matrix. The thickness of the lubricating layer (shaded region) is 5% of the clast radius.

Schmid and Podladchikov (2005) have shown that clast stable
positions are sensitive to H, particularly at relatively small viscosity
contrasts. Although we did not conduct a detailed sensitivity
analysis, we show results of selected model runs with H=10% and
20% of the clast radius and illustrate how these results compare
with solutions in which H = 5%.

In conducting our sensitivity analyses, we initially tested clast
shapes in increments of B= 0.1 and then strategically chose B values
between these initial increments where necessary in order to estab-
lish continuous curves in B — § space. Large deformation of the clast/
lubricant/matrix system would lead to a time-dependent change in
the parameter H. In order to avoid this, we iteratively rotated each
undeformed clast and enveloping layer into a new position, applied
a small strain, and examined the clast’'s angular velocity. We pro-
ceeded this way until we located the approximate orientation in
which the clast rotation reversed direction. Once we identified this
orientation, we reduced the rotation increments and determined
stable positions (zero angular velocity) to within £0.25°.

Fig. 12 shows the results of our models. Each solution shows
a ‘family’ of SPO curves representing the stable orientations 65 of
clasts as a function of B for various Wy values and a fixed viscosity

contrast 7. In Fig. 12a, the points represent numerical results, and
the curves are from the analytical solution of Ghosh and Ramberg
(1976), calculated from Eq. (8). These results provide analytical
validation of our numerical methodology. In Fig. 12b-d, the points
represent numerical solutions, and the curves are best fits to those
points. Perfectly coupled clasts (1= 1, Fig. 12a) exhibit SPO curves
that are reclined (s < 0) with respect to a foliation fixed to the
extensional flow apophysis (APq) for all B. A comparison between
Fig. 12a and the data in Fig. 7 clearly shows a departure of
presumably stable clast orientations (B > Bit) from those predicted
for a rigid object in a single-phase Newtonian matrix. Lubricated
clasts (e.g., =16, 64 and 1024; Fig. 12b-d) exhibit SPO curves
consisting of both reclined portions (s < 0) and inclined portions
(6s>0). The reclined portion of each SPO curve terminates at
a characteristic point on the ‘Bt envelope’ of its family (dotted
lines in Fig. 12a-d). Note that the inclined portions increase in
amplitude with increasing Wj. In addition, the termination point
for each Wy curve on its Bt envelope moves to lower B values with
increasing viscosity contrast. The termination point of a Wy curve
on the Bt envelope defines the SPO cutoff traditionally used to
determine W, from clast populations. This cutoff is highly sensitive
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Fig. 12. Curves showing the shape preferred orientations of stable clasts as a function of Wy, B and 7. (a) Validation experiment showing that our numerical data (dots) match the
analytical solutions (curves) of Ghosh and Ramberg (1976). (b), (c) and (d) Numerical results with best-fit curves showing how the stable clast positions are expected to change with
increasing lubrication at the matrix/clast interface for 7 = 16, 64 and 1024. For 1j = 16, we show the effect of increasing H to 10% for Wy = 1. (e) Family of curves for Wy = 1.0 showing
the 1 values required to cross # =0 across a range of B values (H = 5% in all cases). The dashed curve approximates the total slip condition, with 1 = 106. (f) Analytical solution for
total slip across Wk values 0.1 to 1.0 (Mulchrone, 2007). The analytical curve for Wi = 1.0 and our numerical solution for Wi = 1.0 and 7= 10° are approximately identical.

to the degree of matrix/clast coupling. For example, the Bt
termination for Wy = 0.9 changes from B=0.9 to ~0.4 to ~0.1 for
1= 1,16 and 64, respectively. The cutoffis also highly sensitive to H.
Fig. 12b shows the difference for H=5% and H = 10% of the clast
radius for 7 = 16 and W = 1.0. In this example, the B termination
changes from B=0.5 to ~0.25.

Our numerical results show that the cutoff value shifts towards
smaller B values with increasing 7 and H. This means that rigid clast
methods for determining Wy, as currently applied, are unreliable in
the absence of a perfect (or well-known) coupling and a known
lubrication layer thickness. Our results provide an elegant expla-
nation for why these methods typically underestimate Wy, relative
to other methods (e.g., Wallis, 1995; Bailey and Eyster, 2003; Law
et al., 2004; Sullivan, 2008). In addition, our analysis shows that the
amplitude (#) of the inclined portion of the clast data distribution is
sensitive to W, particularly for Wy values near 1.0. f is also sensitive
to H, particularly at relatively low 17 values, as shown by Schmid and
Podladchikov (2005). For sample H12, given the -cutoff at
B=0.504+0.05 and the maximum amplitude of # = 10°, only
curves with H = 5% and Wy = 1.0 can bound the data with 77 = 16
(compare the amplitude of clast data in Fig. 7d with curve ampli-
tudes in Fig. 12b). If we consider H= 10%, then the data could be
bound using a lower 7 value, but the data amplitude would still
require a high Wy value approaching 1.0. Thus, clast data may still
be useful for estimating Wy, but in practice the data may only be

useful for indicating whether or not Wy, is near 1.0 because of the
large amplitude difference between curves for Wy, = 1.0 and curves
for Wy, <0.9. Given the apparent importance of the amplitude of
the data distribution for constraining Wy, H and 7, the angle
between the clast long axis and foliation should also be corrected
where possible by adding the ¢ angle from quartz c-axis pole figures
(Fig. 2). Using the same reasoning applied above for sample H12, all
of the feldspar clast data in Fig. 7 (with the exception of sample
W63, which is indeterminate owing to the lack of low-B clasts)
would suggest that Wy, is near 1.0, consistent with the results
obtained from the oblique quartz SPO technique (Table 1). This
raises the interesting proposition that the oblique quartz SPO
technique provides useful estimates of Wy, in rocks where the rigid
clast rotation technique is compromised by clast lubrication.
However, the possibility that Wy, obtained from quartz-rich
volumes may not be representative of Wy, for the bulk shear zone
must be considered, as discussed above.

As a summary plot, Fig. 12e shows that the SPO of clasts in
simple shear (W = 1.0) can be represented as a function of B for
various 17 values (note that H=>5% in all of these curves). As 7
approaches infinity, these curves approach a total slip condition
approximated in our numerical models by 7= 10° (dashed line in
Fig. 12e). Like the inclined portions of SPO curves in Fig. 12b-d, the
total slip envelope should vary in amplitude with Wk. In fact, this
has been shown analytically by Mulchrone (2007), and in Fig. 12f
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we show his solutions for Wi = 0.1 to 1.0. Mulchrone’s (2007) total
slip solution for Wy = 1.0 is effectively identical to our numerical
solution for Wi = 1.0 and 7= 108, providing additional validation
for our numerical results. As shown by Schmid and Podladchikov
(2005), solutions at very high 7 are not sensitive to H. Thus, our total
slip approximation and Mulchrone’s (2007) total slip solutions are
independent of H.

Mulchrone’s (2007) total slip curve for Wy =1.0 is shown in
Fig. 10, where it forms a tight bound on mica fish SPO from both the
SCMZ and data from ten Grotenhuis et al. (2002). Fig. 10 also shows
the SPO of feldspar clasts in samples NFS7 and W63, where a trend
towards the mica fish SPO with increasing modal mica content is
apparent (W63 has higher modal matrix mica than NFS7, as shown
in Fig. 7h). This is an important result because it shows that the SPO
of lubricated clasts is a function of interface coupling and that mica
fish form an end-member owing presumably to their extremely
weak interfaces. Thus, mica-rich rocks show greater clast lubrica-
tion, consistent with mica playing the key role in lubrication. The
bound on our clast data in Fig. 10 is additional evidence that Wy, is
near 1.0 in these rocks, as suggested by Method 1 (Table 1), and that
the relatively low Bt values in Fig. 7 are caused by clast lubrication
and do not accurately reflect W,

An interesting result from our analysis is that all Wy curves for
a particular 7 family cross the ;=0 axis at the same B value
(Fig.12). This allows us to define a characteristic shape factor B* that
stably aligns parallel to AP for a given 7 and that is independent of
Wk. This result leads to Fig. 13, which plots the characteristic shape
factor B* against both 7 and 1/ for H=>5, 10 and 20% of the clast
radius. If B* can be determined through plotting an appropriately
large number of clast measurements and if an average H value can
be obtained, then the approximate viscosity contrast can be
determined from Fig. 13 without knowledge of Wp,. For example, in
H12 and NFS7 the B cutoff values might be taken as ca. 0.50 and
0.60, respectively, leading to 7 = 15.9 and 13.4 for H = 5%. If mica is
the key lubricating phase, then this opens the possibility of
assigning a strength, or relative viscosity, to the matrix through the
definition of 7 and the use of existing flow laws for mica (e.g.,
Kronenberg et al., 1990). Unfortunately, the sensitivity of the 77 — B*
relation to H adds considerable uncertainty to such an analysis
(Fig. 13), and it will probably remain a qualitative tool only.

7. Discussion and conclusions

(1) Our data and numerical models show that the critical shape
factor cutoff B separating clasts in stable positions from
those rotating continuously is highly sensitive to the degree
of clast/matrix coupling. Where strain localization occurs at
the clast margins, the value of B is reduced, leading to
erroneous estimates of Wy,. This provides a robust expla-
nation for the fact that clast methods commonly give lower
estimates of W, when compared to other methods in the
same rocks. Several papers have noted a wide range of Wy,
estimates when using a clast method in comparison to
other methods (e.g., Wallis, 1995; Bailey and Eyster, 2003;
Law et al., 2004; Jessup et al., 2006; Xypolias and Kokkalas,
2006; Sullivan, 2008). Large variations in Wy, estimates
demand the consideration of either non-steady flow
(leading to variation of Wy, through time), or spatial par-
titioning of Wy, (owing to rheological variation or proximity
to a major structure). Alternatively, if estimates are based
on Wy, values derived from clast methods, then the possi-
blity that clast lubrication has rendered the Wy, unreliable
should be evaluated.

(2) In our study, the amplitude (¢ value) of clast SPO for B > Beit
is a function of both Wy and, apparently, the degree of strain
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Fig. 13. Plots showing the relationship between the characteristic shape factor B* and
(a) 77 or (b) 1/7. Three different H values are plotted in each. In theory, determining the
characteristic cutoff B* and an average H value could allow for the determination of 7
without knowledge of Wp,. Note that the relation between B* and 1/7 is approximately
linear for B* < 0.95.

localization at the clast margin. Four observations suggest
to us that mica plays a key role in clast lubrication in our
samples. (a) The progressive trend of feldspar SPOs towards
the mica fish position in samples NFS7 and W63 corre-
sponds with a marked increase in modal matrix mica
content. (b) Thin mica-rich rims are commonly observed
surrounding feldspar clasts in our samples and in others
(e.g., Schmid and Podladchikov, 2005), and are best devel-
oped in those samples with greater modal matrix mica
(Fig. 14). (c) Pennacchioni et al. (2001) also documented
sillimanite, plagioclase and garnet grains in stable positions
indicative of clast lubrication in mylonites with very high
modal matrix biotite. (d) Mica fish can occur in very pure
quartzite mylonites (Lister and Snoke, 1984; ten Grotenhuis
et al., 2003), where it is possible that they are self-lubri-
cating. Mica is known to be one of the weakest minerals in
shear along its {001} planes at greenschist to lower
amphibolites facies conditions, consistent with mylonite
development (e.g., Kronenberg et al., 1990; Niemeijer and
Spiers, 2005; Mariani et al., 2006). Alternatively, the pres-
ence of mica is known to dramatically affect the rates of
diffusion (e.g., Farver and Yund, 1999) and dissolution-
precipitation processes at wet interfaces between micas
and other minerals (e.g., Niemeijer and Spiers, 2005; Meyer
et al., 2006). Thus, the clast or mica fish interfaces may be
weak owing to slip along mica {001} faces and/or enhanced
dissolution—-precipitation rates.
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Fig. 14. Electron backscatter images of the boundaries of two plagioclase porphyroclasts from samples NFS7 (a, b) and W63 (c, d). A narrow rim rich in muscovite but also
containing quartz occurs around the clast in (b), whereas the clast margin in (d) has a rim of effectively pure muscovite. Note that the nature of the rims varies around any single
clast, but in general we have observed more mica-rich rims in NFS7 and W63 than in the other samples. Pl = plagioclase, Qtz = quartz, Ms = muscovite, Bt = biotite, Opq = Fe-Ti

oxide.

(3) It may appear contradictory that increasing modal matrix
mica correlates with increasing 6 because increasing the
modal mica would generally be expected to reduce the shear
strength of the matrix, which, for homogeneous matrix
deformation, would reduce 1 and therefore # values for
B > Bgit. One possible explanation is that increasing modal
matrix mica violates the requirement of homogeneous
matrix deformation by promoting the development of
discrete zones of strain partitioning which has been shown
toresultin positive § values for B > Bt (ten Grotenhuis et al.,
2002). An equally plausible explanation is that increasing
modal matrix mica enhances the accumulation of mica
around clast margins, particularly if dissolution of matrix
quartz and feldspar at clast margins is an active mechanism
of mica concentration, thus achieving more complete
lubrication. Given the data and the results of previous
studies, it seems reasonable to suggest that in the higher
modal matrix mica samples where feldspar clasts approach
the mica fish position (samples NFS7 and W63, Fig. 10), the
clast SPOs may result from a combination of strain locali-
zation into discrete matrix shear zones and locally near-
complete clast/matrix decoupling through enhanced mica
accumulation at clast margins.

(4) In our numerical models, and those of Schmid and Pod-
ladchikov (2005), the thickness of the lubricating layer
(parameter H) was shown to have an important effect on
clast kinematics. Among other plausible explanations, the
variance in our natural data for B > B¢ (Fig. 7) could reflect
different H values for each clast. However, we wonder
whether this parameter has real physical significance or
whether it is simply a proxy in numerical models for other
factors such as the percentage of a clast’s surface in contact
with mica, or some poorly understood physical/chemical
processes related to atomic interactions across mineral
interfaces (e.g., Meyer et al., 2006). It is also questionable

whether completely surrounding a clast with a lubricating
shell, as done here and by Schmid and Podladchikov
(2005), is a reasonable description of the real rock. An
alternative explored by Johnson (2008) is that mica “caps”
that form on the foliation-parallel sides of clasts supply the
lubrication, whereas the strain shadow sides of the clast are
typically in contact with other minerals, such as quartz.
Given that mica/feldspar interfaces behave differently from
quartz/feldspar interfaces, the resulting relationships
among B, W, 7, H and 6s should be quite different from
those presented here. Additional numerical models solving
for both continuous and discontinuous contacts are
required to address these questions. In addition, further
microchemical and microphysical investigations are
necessary for a more completely understanding of mineral
interfaces and the factors that affect their interactions.

(5) Investigating whether or not a clast population has enjoyed

lubrication requires a large data set with the appropriate
dispersion in shape factor B. From our samples in Fig. 7, for
example, the asymmetrical clustering of points for B > Bit
is more convincing for H12 than it is for H7. In some pub-
lished data sets (e.g., fig. 9 in Xypolias and Kokkalas, 2006),
there are too few data at B > Bt to confidently evaluate the
distribution. In other published data sets (e.g., fig. Al in
Jessup et al., 2006), many samples contain enough points at
B > Brit to show asymmetry about § = 0. In addition, quartz
c-axis pole figures are available for some of the data sets
noted above, and some of these pole figures show ¢ values
in excess of 10°. Adding these ¢ angles to the clast plots
would significantly affect the distribution asymmetry.

(6) The geometry of mica fish and the mechanisms by which

they form from larger precursor clasts have been well
studied (e.g., Lister and Snoke, 1984; ten Grotenhuis et al.,
2003). However, the primary cause of the characteristic
mica fish orientation (e.g., Fig. 10) is not well understood.
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Lister and Snoke (1984) and ten Grotenhuis et al. (2002,
2003) recognized that an orientation inclined to the flow
was related to strain partitioning into narrow C-surfaces or
shear bands, and ten Grotenhuis et al. (2002, 2003) noted
that the stable orientation reflects a balance of forces
around the object caused by flow separation. Adding to this
knowledge, our results indicate that the mica fish orienta-
tion is effectively an end-member in lubricated clast
geometry, with the data bounded by stable clast orientation
envelopes that essentially indicate total lubrication of the
fish margins. We suggest that this finding, and the changing
feldspar clast orientations with increasing matrix modal
mica (Fig. 10), reflects the “strength” of the crystalline
interface between micas and other minerals.

(7) An important limitation of our numerical models is the
assumption of Newtonian rheology. Introducing non-
Newtonian rheology (e.g., [ldefonse and Mancktelow, 1993;
Pennacchioni et al., 2000; Piazolo et al., 2002; Schmid and
Podladchikov, 2005) will not change our overall conclusion
that clast lubrication compromises the kinematic vorticity
gauge, but details of the behavior and the possible effects
on clast interaction (Ildefonse and Mancktelow, 1993; Pia-
zolo et al., 2002) may be worthy of further investigation.
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