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Abstract

Kinematic vorticity (Wk) is a dimensionless measure of rotation relative to finite stretching and is essential for complete understanding of
flow in ductile shear zones. The porphyroclast hyperbolic distribution (PHD) method is a widely used technique for estimating Wk based on
the acute angle between the flow eigenvectors determined from the orientations of back-rotated s porphyroclasts. The utility of the PHD
was tested with Tertiary ultramylonites from the Santa Catalina Mountains, Arizona, Proterozoic ultramylonites from the Virgin Mountains,
Nevada, and a Paleozoic ultramylonite from the Hylas zone in the Virginia Piedmont.

Bootstrapping statistics and a computational sieving process were used to analyze the PHD data set. Average standard deviations of the boot-
strapped data sets yield a 1s standard error of �9% for a Wk-value measured as a % simple shear. Sieving results imply that back-rotated por-
phyroclasts may not orient parallel to the extensional eigenvector. The PHD method is useful for discerning between deformations that are pure
shear dominated, general shear, or simple shear dominated, but is not accurate enough to report precise Wk-values. When performed on multiple
sections the PHD method can identify zones of monoclinic versus triclinic shear.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Porphyroclast hyperbolic distribution method; Kinematic vorticity analysis; Triclinic deformation; Ultramylonite; Bootstrapping
1. Introduction

Ductile shear zones are common deformational features in
many tectonic settings and accommodate significant amounts
of strain across major crustal boundaries. To understand the
flow histories of these zones, quantitative knowledge of shear
zone kinematics is necessary. Kinematic vorticity and three-
dimensional strain symmetry are needed to accurately describe
the transport direction, amount of displacement, and shortening
across a shear zone. Despite their importance, both quantities
are commonly overlooked in many kinematic analyses and tec-
tonic reconstructions.
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Kinematic vorticity (Wk) is a dimensionless measure of
rotation relative to strain and characterizes the amount of short-
ening proportional to displacement. Wk was originally defined
as an instantaneous rotation relative to the instantaneous
stretching at a point (Truesdell, 1953; Means et al., 1980).
In most settings structural geologists observe the end product
of flow and cannot measure instantaneous quantities. Tikoff
and Fossen (1995) transformed Wk to represent three-dimen-
sional finite deformation parameters, defined in terms of shear
strains and stretches. Other studies have used Wn (neutral vor-
ticity number, Passchier, 1988) and Wm (mean vorticity num-
ber, Passchier, 1988) to define vorticity. For cases of simple
shear and sub-simple shear, Wk is measured on a scale between
0 and 1, with 0 being pure shear and 1 being simple shear. The
Wk scale is not linear, but can be converted to a linear scale by
considering the percent of a deformation resultant from simple
shear (Fig. 1). Although other workers have categorized defor-
mations as either pure- or simple shear dominated, in reality
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there is a continuum from pure shear to simple shear. We propose
three separate fields for pure, general, and simple shear domi-
nated deformations (Fig. 1) (see also Bailey et al., 2007). Pure
shear dominated deformations have Wk-values of 0e0.3, corre-
sponding to less than 20% simple shear. In contrast, simple
shear dominated deformations have Wk-values of greater than
0.95, corresponding to greater than 80% simple shear. General
shear occupies the range between 0.3 and 0.95 (Fig. 1). While
the exact placement of the boundaries is open to interpretation,
dividing this continuum into three fields serves to highlight the
differences in the resultant deformations (Fig. 2; Bailey et al.,
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Fig. 1. Scale relations between the Wk-value and percent simple shear. Zones

of pure shear dominated, general shear, and simple shear dominated deforma-

tions as used in this paper are illustrated.
2007). In essence, simple shearing produces displacement with
little shortening/thinning, general shear is a combination of both
thinning and displacement, and pure shear zones experience
a great deal of thinning with modest displacement relative to
overall strain.

The symmetry of a finite deformation is defined by the
geometry of the rotation axis of the finite deformation with
respect to the principal strain axes and can be orthorhombic,
monoclinic, or triclinic (Jiang and Williams, 1998; Lin
et al., 1998; Passchier, 1998). Strain symmetry depends
upon the orientations of the shear direction with respect to
the principal stretching directions of the shear zone (Robin
and Cruden, 1994; Jiang and Williams, 1998). Orthorhombic
deformation symmetries are characterized by a parallelism
between the finite strain elements (foliation and lineation) and
the high-strain zone boundary and an abundance of symmetric
structures. Monoclinic deformation produces an angular disco-
rdance between the foliation and shear zone boundaries as
well as asymmetric structures normal to the foliation and par-
allel to the elongation lineation. Triclinic deformation is char-
acterized by asymmetric structures on sections both normal
and parallel to elongation lineations (Jiang and Williams,
1998; Lin et al., 1998; Bailey et al., 2002). In zones of hetero-
geneous triclinic deformation, elongation lineations may vary
between strike-parallel and dip-parallel orientations (Lin et al.,
1998; Lin and Jiang, 2001).

Traditionally, shear zones were assumed to be either the
product of pure or simple shear and have an orthorhombic or
monoclinic strain symmetry (Fig. 2). However, zones of gen-
eral shear are common in many different tectonic settings
(Wallis et al., 1993; Simpson and De Paor, 1993, 1997; Tikoff
and Fossen, 1995; Jezek et al., 1996; Jiang and Williams, 1998;
Bailey and Eyster, 2003; Bailey et al., 2004). General shear
zones accommodate thinning or widening in addition to the
simple shear component and therefore can record less displace-
ment than a simple shear zone given similar amounts of strain
(Fig. 2). Modeling and field observations indicate that mono-
clinic shear zones are not as ubiquitous as once thought, and
triclinic shear zones exist (Robin and Cruden, 1994; Lin
et al., 1998; Passchier, 1998; Bailey et al., 2002). In monoclinic
shear zones the transport direction, the projection of the max-
imum elongation direction onto the flow plane, is either parallel
to the mylonitic lineation or if the zone is transpressional
(Sanderson and Marchini, 1984) at a right angle to the linea-
tion, but if the zone is triclinic then the transport direction
has no set orientation with respect to lineation (Jiang and
Williams, 1998; Lin et al., 1998; Fig. 3).

Various techniques have been proposed to measure the kine-
matic vorticity number in naturally deformed rocks and these
include methods that measure the finite rotation of spherical
objects with respect to the instantaneous stretching axes, the
distribution of shortened and extended lines, asymmetry of
stair-stepping objects, the nature of blocked objects, the
geometry of crystallographic fabrics and the Rs-Q method
(Ghosh, 1987; Passchier, 1988; Vissers, 1987; Wallis, 1992,
1995; Fossen & Tikoff, 1993; Bailey and Eyster, 2003; Law
et al., 2004). Many of these methods either require specific
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Fig. 2. (a) The initial condition before high-strain zone formation. Dikes, points A and B, and the strain ellipse are provided as reference. (b) Pure shear defor-

mation with two eigenvectors orthogonal to each other. White arrows indicate zone parallel stretching. (c) General shear deformation with a Wk-value of 0.9. The

acute angle between the two eigenvectors is correspondingly 26�. (d) Simple shear deformation with one eigenvector.
criteria that must be met in order for them to be effective or in
practice are not accurate kinematic vorticity gauges. Strain
symmetry affects the kinematic vorticity in predictable ways,
so a reliable method of measuring kinematic vorticity should
also provide information on the strain symmetry of a given de-
formation (Fig. 3). The porphyroclast hyperbolic distribution
(PHD) method of Simpson and De Paor (1997) is a method
for measuring kinematic vorticity in high-strain ductily
deformed rocks. Here we investigate the accuracy of the PHD
method as a kinematic vorticity gauge and explore the ability
of the method to evaluate three-dimensional strain symmetry.

2. Instantaneous flow and strain symmetry

Understanding instantaneous flow quantities during defor-
mation provide the basis for many kinematic methods, including
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Fig. 3. (a) Block diagram of monoclinic shear. The transport direction and correspondingly the vorticity profile plane (VPP) are parallel to the lineation. Maximum

symmetry is expected in the lineation-normal plane with a zero Wk-value. (b) In triclinic shear, the VPP and transport direction are not parallel to the lineation.

Therefore, both lineation-parallel and normal planes should have non-zero Wk-values, but neither are the VPP.
the porphyroclast hyperbolic distribution method. Instanta-
neous stretching axes (ISA) are three principal directions of
stretching present in a deforming fluid and correspond to three
directions of maximum, intermediate, and minimum stretch
within a flow field (Passchier, 1988, 1997). Flow eigenvectors
(flow apophyses of Passchier, 1988) are axes defining directions
in which material lines only shorten and lengthen, but do not ro-
tate. In orthorhombic coaxial flows, or pure shear, the two flow
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eigenvectors are orthogonal and parallel to the ISA (Fig. 2)
(Simpson and De Paor, 1993). Simpson and De Paor (1993)
divide non-coaxial flow into two subcategories, simple shear and
general shear. The two eigenvectors are parallel to each other
and the flow plane during simple shear. General shear is charac-
terized by two eigenvectors, with one eigenvector parallel to the
flow plane and the other eigenvector inclined at an acute angle to
the flow plane (Simpson and De Paor, 1993). In general shear,
the eigenvector oblique to the flow plane is commonly referred
to as the unstable eigenvector (Fig. 2) (Simpson and De Paor,
1993; Piazolo et al., 2002).

The behavior of porphyroclasts entrained within the flow
depends on the flow type (i.e. orientation of the eigenvectors) and
the axial ratio of the porphyroclast in question (Ghosh and
Ramberg, 1976; Passchier, 1987, 1997; Simpson and De Paor,
1993, 1997; Piazolo et al., 2002; Giorgis and Tikoff, 2004).
During deformation, rigid porphyroclasts with an aspect ratio
greater than a critical value rotate towards material attractors
nearly coincident with the flow eigenvectors (Simpson and De
Paor, 1993, 1997; Passchier, 1997). Porphyroclasts with axial
ratios smaller than this critical value rotate independent of the
bulk flow attractors (Passchier, 1987; Mulchrone et al., 2005).

In the case of general shear, porphyroclasts can either rotate
backwards or forwards towards the flow attractors (Passchier,
1987; Simpson and De Paor, 1993, 1997). Porphyroclasts that
forward rotate reach a stable end position within the obtuse an-
gle field between the two eigenvectors (Ghosh and Ramberg,
1976). Simpson and De Paor (1993) hypothesized that back-
ward rotated porphyroclasts would rotate to an instantaneous
stable position where forward rotation of the simple shear
component was counteracted by backward rotation from the
pure shear component. Later, Simpson and De Paor (1997)
indicated that the stable position reached by the contributions
of the pure and simple shear components would define the
unstable eigenvector in agreement with Piazolo et al. (2002).
Porphyroclasts that have reached a stable end position, through
forward or backward rotation, can be identified by sigma tails
(Passchier, 1987). Sigma tails are hypothesized to form during
slow rotations of porphyroclasts, which occurs as they appro-
ach their stable end positions. Backward rotated porphyro-
clasts are identified by long axes orientations antithetic to
the overall sense of shear and the presence of synthetic sigma
tails on antithetic porphyroclasts. Synthetic sigma tails on
antithetically oriented porphyroclasts must be produced through
back rotation of the porphyroclast, because forward rotation of
an antithetic porphyroclast would inhibit tail formation
(Fig. 4). Porphyroclasts will only reach stable end positions
if sufficient amounts of strain have accumulated.

Finite strain symmetry is independent of the type of flow.
Monoclinic strain symmetry produces a vorticity vector parallel
to one of the ISA of the flow (Passchier, 1998). This assumption
implies that the vorticity vector is within foliation and is either
parallel or normal to the lineation (Fig. 3). The vorticity vector
is referenced relative to the plane orthogonal to the vector
(Passchier, 1998). Maximum rotation within the flow occurs
within this vorticity profile plane (VPP) and the plane is consid-
ered to contain the shear direction (Robin and Cruden, 1994).
Relations between the VPP, lineation, and foliation depend
upon the geometry of the shear zone (Fig. 5; Passchier, 1998).
General shear zones should have maximum asymmetry in the
VPP. In monoclinic general shear zones, the maximum asymme-
try plane (and VPP) should be the lineation-parallel foliation-
normal plane. Furthermore, the plane normal to both foliation
and lineation is expected to have maximum symmetry, because
material will not rotate in this plane and will record only the pure
shear component of the general shear deformation (Fig. 3).
(a)

(b)

Fig. 4. Tail formation on rotating porphyroclasts. (a) Sigma tails growing on a back-rotating porphyroclast. (b) Growth of sigma tails is inhibited by forward

rotation of a porphyroclast with a long axis oriented antithetic to the sense of shear. Presence of sigma tails on antithetically oriented porphyroclasts is evidence

of back rotation.
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Fig. 5. Relations between the location of the VPP, lineation, and foliation in monoclinic shear zones as defined by Passchier (1998). Dotted lines are an aid to the

visualization of the three-dimensional shapes of the figures. White arrows indicated shear directions and directions of shortening and extension. (a) Transtension,

the VPP is parallel to both foliation and lineation; the zone widens with increasing deformation. (b) Monoclinic general shear, the VPP is parallel to lineation and

orthogonal to foliation; the zone can widen or shorten. (c) Transpression, the VPP is orthogonal to both lineation and foliation; the zone shortens with increasing

deformation.
If both the shear direction and vorticity vector make an an-
gle with the ISA, then the flow is triclinic (Jiang and Williams,
1998). Triclinic shear is analogous to multiple instantaneous
monoclinic deformations superimposed on the previous defor-
mation, but between each incremental monoclinic deformation,
the shear direction is changed, and the end result yields a single
triclinic deformation. In triclinic shear zones, the lineation is
not expected to be parallel to the shear direction, but rather
oriented between the ISA and the finite strain axes (Jiang and
Williams, 1998). Orientations of lineations would also be
expected to change with respect to the vorticity vector throughout
the shear zone (Robin and Cruden, 1994; Lin et al., 1998; Lin
and Jiang, 2001). For a triclinic deformation the VPP is no
longer parallel to fabric elements in the rock (Fig. 3). In the
field, the identification of triclinic deformation has relied on
the presence of a wide variation of lineation orientations within
a shear zone and a noticeable porphyroclast asymmetry in both
lineation-normal and lineation-parallel planes.

3. The porphyroclast hyperbolic distribution method

Simpson and De Paor (1993, 1997) proposed the porphyro-
clast hyperbolic distribution (PHD) method for measuring the
kinematic vorticity number that is based on the premise that
the orientation of the long axes of backward rotated grains
within the acute angle field between the flow eigenvectors
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delineates the orientation of the unstable eigenvector. The stable
eigenvector is assumed to be parallel with foliation (Simpson
and De Paor, 1997). Porphyroclasts in a given plane of a sample
are identified as either forward or backward (Fig. 4) rotated
based on the orientation of long axes relative to the overall sense
of shear (e.g. Simpson and De Paor, 1993, 1997). The angle
between the long axis of the grain and the normal to foliation
is the phi (f) angle, with positive f values indicating forward
rotated grains and negative f values indicating back-rotated
grains. Axial ratios (R) of the porphyroclasts are also measured.
Both the f and R-values are plotted on a hyperbolic stereonet
(De Paor, 1988). A hyperbola is drawn to include all of the
back-rotated grains, and the angle between the two limbs of
the hyperbola represents the acute angle between the two eigen-
vectors, such that the cosine of this angle (n) yields the kinematic
vorticity number (Bobyarchick, 1986):

Wk ¼ cosðnÞ: ð1Þ

4. Methods

4.1. The modified PHD method

We analyzed ultramylonites because they are the product of
high-strain flows with clearly defined porphyroclasts that are
likely to have reached a stable final position (if particular por-
phyroclasts are able to stabilize within a flow). In their original
discussion of the PHD method, Simpson and De Paor (1997)
advised that the analysis be done on lineation-parallel,
foliation-normal planes because this is assumed to be the
vorticity profile plane for monoclinic deformations. This does
not imply that the method is unsuitable or inaccurate for
analyzing planes in other orientations, but rather that for mono-
clinic deformations, other planes would not yield kinematic
vorticities characteristic of the bulk flow (Fig. 3). If the sample
was instead a product of a triclinic deformation, then kinematic
vorticity analysis of non-lineation-parallel, foliation-normal
planes should yield non-zero Wk-values (Fig. 3).

The presence of synthetic sigma tails on antithetically ori-
ented porphyroclasts was used as a proxy for back rotation
throughout the thin section in question. For each sample, three
thin sections from both the lineation-parallel and lineation-
normal planes were analyzed (all planes discussed here, and
subsequently, are normal to foliation). Two samples that were
sufficiently large were analyzed on planes at 30� and 60�

from the lineation-parallel plane. More than 40 of the largest
back-rotated porphyroclasts were measured in each thin sec-
tion; with grains being traced by hand from micrographic images
and then analyzed digitally. Plotting the data on a hyperbolic net
is not necessary because the porphyroclast with the lowest f

angle always defined the kinematic vorticity number. The kine-
matic vorticity value is thus given by:

Wk ¼ cosð90�fÞ ð2Þ

where the f is the smallest angle made with the normal to
foliation by back-rotated grains. Grain orientations are more
easily visualized with a radial distribution plot than a hyperbolic
net (Fig. 6). Porphyroclasts with small axial ratios (less than
1.4) were removed from consideration because sub-spherical
grains are not actually back-rotated, but rather are continu-
ously forward rotated and hence will give a false reading of
kinematic vorticity (Passchier, 1987). Although an axial ratio
of 1.4 is an arbitrary cutoff, clasts below this ratio are sub-
spherical, commonly difficult to measure, plot close to the
origin on the hyperbolic net, and do not affect the determined
opening angle of the hyperbola.

Traditionally the PHD method has been applied only to
lineation-parallel planes with the assumption that deformation
was monoclinic. We emphasize that choosing to analyze only
the lineation-parallel plane does not make a deformation two-
dimensional; much previous work has ignored the possible
three-dimensionality of the strain history. More often than
not deformations are three-dimensional. Previous kinematic
vorticity studies investigating only lineation-parallel planes
may have incorrectly assumed that the deformation in question
could be treated as two-dimensional. To characterize three-
dimensional deformations, ‘‘two-dimensional’’ analyses are
commonly performed on multiple non-parallel sections to infer
three-dimensional strain (Milton, 1980; Siddans, 1980; Owens,
1984; De Paor, 1990; Robin, 2002; Giorgis and Tikoff, 2004;
Launeau and Robin, 2005).

4.2. Bootstrapping statistics

Bootstrapping is a statistical process that involves the crea-
tion of resampled ‘‘bootstrap’’ data sets that are treated as mul-
tiple data sets and meant to simulate the sampling of numerous
samples when in actuality only one sample is available (Fig. 7;
Diaconis and Efron, 1983; Mukul et al., 2004). Bootstrapping
was introduced by Efron (1979) to evaluate distributions of
data sets that were limited in size. Bootstrapping has recently
been utilized by structural geologists to determine the error of
the mean radial length of elliptical objects method for strain
data (Mukul et al., 2004; Mulchrone et al., 2003).

For each sample, two data sets representing the lineation-
normal and lineation-parallel planes were compiled from
measurements of the three thin sections that defined each
plane. Using the modified PHD method described earlier,
only the f angles of back-rotated grains were needed to define
the kinematic vorticity number. The data sets were input into
the computer program Statistica and a bootstrapping algorithm
was applied. During each iteration of the bootstrapping
process, a new data set with an equal number of entries to
the initial data set was created by random sampling of the
initial set (with replacement) (Fig. 7). During random sam-
pling, any value can be sampled any number of times.
Theoretically, reproducing the original data set is equally as
likely as producing a data set composed entirely of a single
value. For each plane, 200 bootstraps were done.

Wk-values for each iteration were dependant upon the
maximum opening angle in the bootstrap data set. Because
Wk-values are calculated using a cosine function, the scale is
not linear. Wk-values can be converted to a linear scale by
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Fig. 6. Plot of data from sample HZ1 from the Hylas zone, Virginia. (a) Hyperbolic stereonet plot of axial ratios and long axis orientations of both forward and

backward rotated porphyroclasts. Solid circles are backward rotated and hollow diamonds are forward rotated. (b) Radial distribution plot of backward rotated

porphyroclasts with maximum opening angle defined by the solid black line.
considering the percent of a deformation resultant from simple
shear (Fig. 1). In a single plane, a standard deviation was found
for each of the 200 bootstrap-derived % simple shear values and
then the average was calculated. The average values from each
plane were used to calculate an average standard deviation for
the PHD method.

4.3. ‘‘Sieving’’ the porphyroclasts

A form of computational ‘‘sieving’’ was applied to the data
to test the significance of the axial ratio in determining the
kinematic vorticity value. The use of the term sieving does
not refer to any particular statistical method (at least that the
authors are aware of), but rather was named as such because
the procedure was reminiscent of the physical process of pro-
gressively sieving sediment samples. Sieving in this context
simply refers to examining certain subsets of the data. Specif-
ically, in the sieving process, back-rotated porphyroclasts are
incrementally removed from consideration based on their axial
ratio and then the orientations of the remaining grains were
plotted on a radial distribution plot (Fig. 8). Rotation rate and
sensitivity of porphyroclasts to changes in flow path is largely
dependant upon the axial ratio of the porphyroclast (Passchier,
1987; Simpson and De Paor, 1993, 1997; Piazolo et al., 2002).
Porphyroclasts with large axial ratios should be more sensitive
to the flow path and orient sub-parallel to the stable positions. If
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Fig. 8. Sieving plots of the lineation-parallel plane of sample AF01 from the Santa Catalina Mountains. Radial distribution plots were made incrementally remov-

ing axial ratios in 0.2 bins. Intermediates are not illustrated to show broad patterns, leaving plots of populations of grains with axial ratios greater than 1.0, 1.6, 2.0,

and 2.4.
the extensional eigenvector is a stable position, as sieving
continues, two populations should emerge within a group of
porphyroclasts sub-parallel to foliation and an additional
assemblage sub-parallel to the extensional eigenvector.

5. Results

5.1. Pusch Peak, Santa Catalina Metamorphic
Core Complex, Arizona

Granitic rocks (Banks, 1980; Force, 1997) that comprise
the Santa Catalina and Rincon Mountains in southern Arizona
underwent significant ductile deformation during Tertiary
crustal extension and metamorphic core complex formation
(Davis, 1980; Rehrig and Reynolds, 1980). Pusch Peak, situ-
ated immediately north of Tucson, forms the westernmost
exposure of the mylonitic rocks in the Santa Catalina Mountains.
The protolith for these mylonitic rocks is a two-feldspar, gar-
net-bearing leucogranite and pegmatite that was intruded into
older granites and metasedimentary rocks as a suite of sills
(Force, 1997). Mylonitic rocks are characterized by a well-
developed mineral elongation lineation that plunges 10e25�

to the southwest. Strain is extremely localized, and a 1e3 m
thick zone of ultramylonite crops out at the base of a pegmatite



993A.M. Forte, C.M. Bailey / Journal of Structural Geology 29 (2007) 983e1001
sill along the southern flank of Pusch Peak. Naruk (1987)
interpreted mylonitic deformation in the Santa Catalina fore-
range to be a product of simple shear, whereas Force (1997)
later hypothesized that an early pure shear deformation was
overprinted by later simple shearing.

Four samples of Pusch Peak ultramylonite were analyzed
with the modified PHD method (Table 1). The ultramylonite
matrix is very fine-grained quartz and muscovite with abundant
feldspar porphyroclasts consistent with greenschist facies meta-
morphism (Fig. 9a, b). Feldspars underwent some crystal plastic
deformation with many grains displaying undulose extinction
and rare examples of deformation lamellae and subgrains but
very minor recrystallization. Foliation is best developed in lin-
eation-parallel planes and is not folded. In lineation-normal
planes, the trace of foliation is still evident but poorly defined.
At the slab and thin section scale, strong asymmetries are evi-
dent in both lineation-parallel and normal faces (Figs. 9a,
b and 10).

Two samples, AF01 and AF02, yield Wk-values in the lin-
eation-parallel section of 0.5e0.6, indicating general shear,
and lineation-normal Wk-values of 0.3e0.4 (Table 1). The
foliation is rarely folded and no relict fabrics are visible in thin
section or hand sample, consistent with a single triclinic defor-
mation rather than multiple monoclinic deformations that are
overprinted to yield an apparent triclinic symmetry. A third
sample from the Pusch Peak ultramylonites, SC5, yielded a
lineation-parallel value of 0.03 and a normal value of 0.09,
consistent with a pure shear dominated deformation (Table 1).
Sample AF21 has a lineation-parallel Wk-value of 0.22 and
a lineation-normal Wk-value of 0.09 indicating pure shear
dominated deformation in both planes (Table 1).

5.2. Virgin Mountains

The Virgin Mountains are located in southeastern Nevada
and northwestern Arizona in the Basin and Range province.
Paleoproterozoic rocks (w1.7 Ga) that experienced regional
deformation and metamorphism between 1650 and 1550 million
years ago (Quigley et al., 2002) form the interior of the range and
are overlain by a Paleozoic to Mesozoic cover sequence. The
Virgin Mountains are part of the Mojave Precambrian complex,
an upper-amphibolite to granulite facies metamorphic terrain
(Quigley et al., 2002). Ductile strain in the Paleoproterozoic
rocks in the Virgin Mountains has been interpreted to be the
result of overall dextral strike-slip (transpressive), with significant
strain partitioning into zones of pure shear dominated, simple
shear dominated, and general shear dominated deformations
(Quigley et al., 2002). Protoliths for the ultramylonites include
a group of biotite-hornblende granodiorites, pelitic gneisses,
and leucopegmatites (Quigley et al., 2002). Four samples were
collected from the Cabin Canyon area of the Virgin Mountains
where the mylonitic foliation is sub-vertical and the mineral
elongation lineations plunge between 5 and 10�.

Samples AF08 and AF09 are petrographically identical and
yield similar kinematic vorticity values (Table 1). The matrix
is predominantly fine-grained recrystallized quartz with thin
stringers of biotite and small amounts of well-aligned muscovite.
Feldspar porphyroclasts are commonly elliptical with irregular
grain boundaries and poorly defined tails of recrystallized quartz
and feldspar (Fig. 9c, d). Feldspars commonly have undulose
extinction, rare deformation lamellae, and are mantled by neobla-
sts, consistent with lower amphibolite facies conditions (Fig. 9c, d).
Average Wk-values for both the lineation-parallel and lineation-
normal sections are 0.10, consistent with a pure shear dominated
deformation (Table 1). Both samples AF08 and AF09 were large
enough to be sectioned along planes at 30� and 60� from the
lineation-parallel plane. The Wk-values from these sections
are also consistent with a pure shear dominated deformation
(Table 1). Samples AF06 and AF07 are petrographically dis-
tinct, with respect to samples AF08 and AF09, and composed
of approximately equal amounts fine-grained quartz, biotite
and muscovite that define a strong foliation. Feldspar porphyro-
clasts, are elliptical with well-defined grain boundaries, and
rarely display undulose extinction (Fig. 9e, f). Both AF06 and
AF07 yield Wk-values of 0.1e0.2 for the lineation-parallel plane
and values of 0.4 for the lineation-normal plane (Table 1).

The Cabin Canyon segment of the Virgin Mountains was
interpreted to be a zone of Paleoproterozoic transpressional dex-
tral strike-slip deformation (Quigley et al., 2002). The kinematic
vorticity values in samples AF06 and AF07 are much higher in
the lineation-normal plane, consistent with a ‘‘rolling lineation’’
parallel to the vorticity vector (Sanderson and Marchini, 1984;
Passchier, 1998; Tikoff and Greene, 1997). However, given the
sectional uncertainty, this could be described as a triclinic fabric.
Lineations in Virgin Mountain ultramylonites plunge shallowly
and Quigley et al. (2002) used the lineation orientation as an
indicator of strike-slip tectonics. However, if the lineation is
a rolling lineation, then the transport direction is orthogonal to
the lineation, implying that these zones are not strike-slip, but
rather experienced high-angle dip-slip general shear deforma-
tion (Fig. 11). Quigley et al. (2002) discussed the presence of
sense of shear indicators on the lineation-normal faces of ultra-
mylonites, but interpreted these indicators to be the result of an
earlier thrusting episode. Our vorticity data are inconsistent with
significant strike-slip movement in these ultramylonites. The
relatively low Wk-values for the lineation-parallel planes indi-
cate that the deformation was nearly monoclinic with a transpres-
sive geometry (Fig. 5). The other two Virgin Mountain samples,
AF08 and AF09, are likely from a zone of pure shear dominated
strain. This observation is supported by pure shear dominated
Wk-values for both the lineation-normal, lineation-parallel,
and intermediate planes of the samples.

5.3. Hylas zone

The Hylas zone is a regional-scale, northeastesouthwest
striking zone of mylonitic rocks in the Virginia Piedmont (Bo-
byarchick and Glover, 1979). Mesoproterozoic to Paleozoic
gneisses, amphibolites, and granites form the protoliths for
Hylas zone tectonites (Bobyarchick and Glover, 1979; Gates
and Glover, 1989). Gates and Glover (1989) provide thermo-
chronologic evidence for a progressive lower amphibolite to
greenschist facies deformation event that began at w330 Ma
and was followed by steady cooling into the Mesozoic. Hylas
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Table 1

Kinematic vorticity values broken down by thin section, with values presented

as Wk-values and percent simple shear

Section Wk � Error %

Simple

SD N

Santa Catalina

AF01 PA 0.72 0.10 52 7

PB 0.57 0.12 39 19

PC 0.64 0.11 44 7

Parallel 0.57 0.12 39 3 33

NA 0.37 0.13 24 10

NB 0.82 0.08 61 10

NC 0.90 0.06 71 12

Normal 0.37 0.13 24 18 32

AF02 PA 0.56 0.12 38 18

PB 0.66 0.11 46 12

PC 0.77 0.09 56 13

Parallel 0.56 0.12 38 5 43

NA 0.59 0.11 40 25

NB 0.28 0.14 18 17

NC 0.63 0.11 43 15

Normal 0.28 0.14 18 9 57

SC5 PA 0.37 0.13 24 24

PB 0.48 0.13 32 10

PC 0.03 0.14 2 24

Parallel 0.03 0.14 2 13 58

NA 0.69 0.11 49 19

NB 0.09 0.14 6 25

NC 0.48 0.13 32 25

Normal 0.09 0.14 6 14 69

AF21 PA 0.92 0.06 74 14

PB 0.22 0.14 14 9

PC 0.95 0.04 80 10

Parallel 0.22 0.14 14 18 33

NA 0.7 0.10 49 15

NB 0.66 0.11 46 17

NC 0.09 0.14 6 17

Normal 0.09 0.14 6 15 49

Virgin Mountain

AF06 PA 0.74 0.10 53 5

PB 0.10 0.14 6 19

PC 0.47 0.13 31 16

Parallel 0.10 0.14 6 7 40

NA 0.85 0.08 65 12

NB 0.67 0.11 47 15

NC 0.39 0.13 26 18

Normal 0.39 0.13 26 9 45

AF07 PA 0.19 0.14 12 17

PB 0.54 0.12 36 8

PC 0.54 0.12 36 11

Parallel 0.19 0.14 12 10 36

NA 0.82 0.08 62 11

NB 0.44 0.13 29 24

NC 0.41 0.13 27 16

Normal 0.41 0.13 27 5 51

(continued)
mylonites and ultramylonites are interpreted to be the product
of dextral strike-slip movement (Bobyarchick and Glover,
1979; Gates and Glover, 1989). We analyzed one sample from
the Royal Stone quarry in Rockville, Virginia. The matrix is
predominantly fine-grained quartz and white mica with ab-
undant epidote-rich zones consistent with greenschist facies
metamorphism (Fig. 9g, h). Porphyroclasts are rare and com-
monly composed of microcline with poorly defined tails of
recrystallized quartz (Fig. 9g, h). Kinematic vorticity values

Table 1 (continued )

Section Wk � Error %

Simple

SD N

AF08 PA 0.33 0.14 21 14

PB 0.71 0.10 50 13

PC 0.14 0.14 9 16

Parallel 0.14 0.14 9 9 43

30-A 0.09 0.14 6 23

30-B 0.59 0.12 40 22

30-C 0.12 0.14 8 34

30-Int 0.09 0.14 6 9 79

60-A 0.14 0.14 9 30

60-B 0.48 0.13 32 34

60-C 0.03 0.14 2 19

60-Int 0.03 0.14 2 10 83

NA 0.68 0.11 48 9

NB 0.02 0.14 1 18

NC 0.03 0.14 2 25

Normal 0.02 0.14 1 3 52

AF09 PA 0.17 0.14 11 24

PB 0.09 0.14 6 26

PC 0.05 0.14 3 43

Parallel 0.05 0.14 3 2 93

30-A 0.67 0.11 47 21

30-B 0.48 0.13 32 25

30-C 0.29 0.14 19 14

30-Int 0.29 0.14 19 6 60

60-A 0.09 0.14 6 12

60-B 0.54 0.12 36 10

60-C 0.47 0.13 31 11

60-Int 0.09 0.14 6 14 33

NA 0.29 0.14 19 24

NB 0.17 0.14 11 24

NC 0.79 0.09 58 19

Normal 0.17 0.14 11 3 67

Hylas zone

HZ1 PA 0.72 0.10 51 16

PB 0.95 0.04 80 9

PC 0.93 0.05 76 8

Parallel 0.72 0.10 51 8 33

NA 0.75 0.10 54 4

NB 0.93 0.05 76 8

NC 0.72 0.10 51 8

Normal 0.72 0.10 51 3 20

Values are only considering grains with axial ratios greater than 1.4 but have not

been sieved. Error values (�Error) for each plane are given for the Wk-values

based on the bootstraps. Also included are the standard deviations in percent sim-

ple shear (SD) for planes based on the bootstraps. N is the number of back-rotated

porphyroclasts (with axial ratios greater than 1.4) analyzed in each plane.



995A.M. Forte, C.M. Bailey / Journal of Structural Geology 29 (2007) 983e1001
Fig. 9. Photomicrographs of ultramylonites with sense of shear (when it was determinable) illustrated with white arrows, base of images are 3.4 mm wide. (a) PPL image

of lineation-parallel plane of sample SC5 from the Santa Catalina Mountains. (b) PPL image of lineation-normal plane of sample AF01 from the Santa Catalina

Mountains. (c) XPL image of lineation-parallel plane of sample AF09 from the Virgin Mountains. (d) XPL image of lineation-normal plane of sample AF08 from the Virgin

Mountains. (e) PPL image of lineation-parallel plane of sample AF06 from the Virgin Mountains. (f) PPL image of lineation-normal plane from sample AF06 of the Virgin

Mountains. (g) PPL image of lineation-parallel plane of sample HZ1 from the Hylas zone. (h) PPL image of lineation-normal plane of sample HZ1 from the Hylas zone.
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1cmLineation-Normal Lineation-Parallel

(a) (b)

Fig. 10. Ultramylonite slab from the Santa Catalina Mountains. Sense of shear markers in both lineation-normal and parallel planes are very well defined. (a)

Lineation-normal plane exhibiting clear top to the right sense of shear. (b) Lineation-parallel plane with top to the left sense of shear. Strong sense of shears

in both planes could indicate a triclinic deformation.
for the Hylas zone sample indicate general shear in both the
lineation-normal and lineation-parallel planes with both planes
yielding a Wk-value of 0.72 (Table 1). Vorticity data are consis-
tent with general shear deformation with a triclinic symmetry.
Furthermore, foliation-parallel quartz ribbons exhibit strong
grain-shape asymmetries and oblique fabrics in both lineation-
parallel and lineation-normal sections (Fig. 12). The thermo-
chronologic evidence of Gates and Glover (1989) as well as the
lack of microstructural evidence for multiple deformation events
implies a single general shear deformation that may be triclinic.

5.4. Error estimation from bootstraps

Bootstrapping data is best visualized as a radial distribution
of the maximum opening angles reported from each iteration
of the bootstrap (Fig. 13). On average, the lowest Wk-value
from a plane was reported 70% of the time, so the largest petal
on the radial distribution plot was always the outlying petal.
The lowest value is considered the accepted value because
the most extreme outlier typically defines the measurement
yielded from the PHD method. The other 30% of measure-
ments give a lower opening angle and so correspondingly
a higher, more simple shear dominated, Wk-value. Usually,
the distributions of opening angles are within 15�, but some
analyses produced wider distributions with opening angle dis-
parities of between 20 and 50�.

The average of the standard deviations from all of the boot-
straps gives a 1s standard error of�9% for a Wk-value measured
on a percent simple shear scale. Error bars from the percent sim-
ple shear scale convert to error bars for specific Wk-values and
range from �0.14 for end member pure shear to �0.01 for
end member simple shear (Fig. 14). The percent simple shear
error value is based on the average values of bootstraps done on
lineation-parallel planes, lineation-normal planes, and the inter-
mediate planes analyzed. The error value is �8% simple shear
if only considering bootstraps of lineation-parallel planes. The
error values for lineation-normal planes and intermediate planes
are higher, at �9% and �10%, respectively.
Simpson and De Paor (1997) suggest that the accuracy of the
PHD increases with the number of back-rotated porphyroclasts
measured. To test this idea, correlation between error and num-
ber of back-rotated porphyroclasts was calculated with a Pearson
correlation function. The data set consisted of 22 pairs (one for
each plane composed of three thin sections) of the number of
back-rotated porphyroclasts identified in the plane and the stan-
dard error found for that plane with the bootstrapping statistics.
A slight negative correlation exists, meaning that as the number
of grains went up the error went down, as expected, but this cor-
relation was not statistically significant with a p-value of 0.385.
This suggests that the number of grains analyzed does not appre-
ciably improve the accuracy of the analyses. Analyzing as many
grains as possible is still recommended because this should in-
crease the likelihood of finding outlying grains that define the
analysis.

5.5. Axial ratio sieving

Porphyroclasts with axial ratios less than 2.0 typically define
a nearly random assortment of long axis orientations (Fig. 8).
Most grains and the variability in long axis orientations is
removed from the data set when only considering porphyroclasts
with axial ratios greater than 2.0. Typically, porphyroclasts with
axial ratios between 2.0 and 3.0 define several sets of orienta-
tions of long axes, but these populations are not oriented at the
corresponding opening angle that defines the kinematic vorticity
number that is determined by the PHD method for the plane in
question. Above 3.0, porphyroclasts are approximately parallel
to the foliation plane, with an opening angle at maximum 20�,
indicating a minimum kinematic vorticity number of 0.93
(75% simple shear).

6. Discussion

The PHD results are inconsistent at both the shear zone and
hand sample scale. Kinematic vorticity values from samples
within the same shear zone indicate different styles of shear
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Dextral Strike-Slip
Transpression

Dip-Slip
General Shear
With A Rolling
Lineation

Vorticity Vector

Vorticity VectorWk = 0.40

(a)

(b)

Fig. 11. (a) Hypothetical strain geometry in the Virgin Mountain ultramylonites as interpreted by Quigley et al. (2002). The ultramylonites were theorized to be the

product of dextral strike-slip transpression with the slip direction being parallel to the nearly horizontal lineation. (b) Based on kinematic vorticity analysis, the

lineation may be a rolling lineation defining the ultramylonites as a product of dip-slip general shear. Note: that for both figures the dotted lines do not represent

initial shapes, but rather provide reference for visualizing the three-dimensional object shapes.
(Table 1). Piazolo et al. (2002) suggested that kinematic vortic-
ity may be very locally dependent and that the kinematic vortic-
ity number for any sample may be significantly different from
the kinematic vorticity number of the bulk flow. Variability in
results between values from different locations in the respective
shear zones may be a function of this local unevenness of vortic-
ity (strain partitioning), rather than a problem with the PHD
method. Wk-values from a single hand sample should not be
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0.5 mm

(a) (b)

Fig. 12. Foliation-parallel quartz vein in sample HZ1 from the Hylas zone, Virginia. (a) XPL photomicrograph of lineation-normal plane. The quartz vein has

a very strong preferred orientation of the long axes of recrystallized grains. The long axes are inclined with the sense of shear, the high angle between the quartz

long axes and the foliation plane is consistent with a widening shear zone during the last increments of deformation. (b) XPL photomicrograph of lineation-parallel

plane. Long axes or recrystallized quarts is also inclined with sense of shear, but not as strongly as in the lineation-normal plane.
considered indicative of the Wk of the entire zone and instead
samples should be analyzed from several spaced locations in
the shear zone.

Kinematic vorticity numbers of thin sections from the same
plane of a hand sample also vary significantly. For example,
three Wk-values from three thin sections defining the linea-
tion-parallel plane of AF06 were 0.74, 0.47, and 0.10. The first
and second values both indicate general shear, but with signifi-
cant differences in shortening normal to the foliation. The final
value indicates a pure shear dominated deformation. The vari-
ability in flow responsible for preserving Wk-values of 0.74
(53% simple shear) and 0.10 (6% simple shear) a few centime-
ters apart in a deforming ultramylonite would render meaningful
Wk analysis nearly impossible. Uncertainties in the PHD method
more easily explain the unpredictability of Wk-values within
a single plane. Error ranges derived from the bootstrapping sta-
tistics indicate a certain amount of inherent error in the PHD
method, but not enough to explain the variability seen in the
analyses. Reliance on the outlying back-rotated porphyroclast
that defines the kinematic vorticity number may contribute to
the imprecision found in the PHD method.

When reporting the kinematic vorticity value for any
planes, because of the nature of the PHD, the lowest value
(and correspondingly the highest opening angle) is reported.
Kinematic vorticity values as determined by the PHD are
dependent upon the most extreme outlier within the data set.
In cases such as sample AF21 from the Santa Catalinas, the
outlier dramatically changes the Wk-values. The reported value
from the lineation-parallel plane is 0.22, but all of the back-
rotated porphyroclasts, with the exception of four of the 40
grains would yield a Wk-value of greater than 0.90. The Wk-
value from the normal plane of AF21 (0.09) is based solely
on one outlying grain, the next most outlying porphyroclast
yielding a Wk-value of 0.45. Simpson and De Paor (1997)
advised that if the outlying grain plotted at an orientation on
the hyperbolic net significantly different from the rest of the
population, it should be considered suspect. The bootstraps
contained all grains to test the significance of the outlying
grain and as reported earlier, the bootstraps returned this out-
lier (or a porphyroclast with a f angle within 5� of the outlier),
on average, 70% of the time. This would indicate that the out-
lying grain is significant, but does not preclude the idea that
the outlier may not accurately represent the kinematic vorticity
value and instead may be a product of cut effects, the initial
orientation and shape of the porphyroclast or an indicator of
the three-dimensional nature of the flow.

Bootstraps indicate that outlying grains are significant, but do
outliers define the extensional eigenvector? Sieving results indi-
cate that large axial ratio back-rotated sigma porphyroclasts, the
grains expected to be above the critical axial ratio, do not track
the extensional eigenvector and instead are oriented sub-parallel
to the foliation plane (Fig. 8). We interpret the sieves as evidence
that the extensional eigenvector does not act as a strong fabric
attractor. The uncertainty inherent in the method as identified
by the bootstraps prevents the PHD from being useful in provid-
ing specific kinematic vorticity numbers. Error bars as large as
�0.14 are quite significant when the effective scale of Wk-values
are 0 to 1 and a small change in kinematic vorticity can yield
a large change of foliation-normal thinning estimates. In spite
of these uncertainties, the PHD method can discriminate be-
tween pure shear dominated, general shear, and simple shear
dominated deformations. Ability to distinguish between types
of shear is useful as a method for characterizing strain symmetry.
Many of the samples analyzed in this study preserve fabrics that
are best explained by a triclinic deformation symmetry. If it is
clear that general or simple shear conditions existed in both
the lineation-parallel and normal planes then the deformation
is triclinic. Analysis of several key planes at different orienta-
tions with the PHD method is a viable method for strain symme-
try analysis.

7. Conclusions

The porphyroclast hyperbolic distribution method of vorticity
analysis has significant limitations and is not a reliable method
for determining Wk-values with high precision. However, the
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PHD method is useful for discriminating between simple shear
dominated, pure shear dominated, and general shear deforma-
tions. Furthermore, the modified PHD method, as described in
this paper, is useful for discerning triclinic shear from mono-
clinic shear. Although past PHD studies have essentially
assumed monoclinic flow, PHD analysis of multiple planes
provides aviable test of the two-dimensionality of the strain
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Fig. 13. Radial distribution of the bootstrap results for sample AF02 from the

Santa Catalina Mountains. Petals represent the opening angle indicated by

the most extreme outlier returned by iterations of the bootstrap. (a) Plot for the

bootstraps of the lineation-parallel section of AF02. As indicated by the radius

of the petal, 60% of the bootstraps included this outlying grain, while the other

40% did not include this grain and the PHD analysis of these data sets yielded

a higher kinematic vorticity number. (b) Plot of the bootstraps for the normal

section of AF02. Eighty percent of the bootstraps included an outlying grain

with a long axis orientation of between 70 and 75� (as measured from the

foliation plane).
symmetry. The PHD method identified ultramylonites from the
Pusch Peak region in the Santa Catalina metamorphic core com-
plex as the product of triclinic general shear. Additionally, ultra-
mylonites from the Cabin Canyon region in the Virgin
Mountains may have experienced dip-slip general shear to
pure shear dominated deformation, not dextral strike-slip defor-
mation as previously reported. An ultramylonite from the Hylas
zone is the product of triclinic general shear.

To better understand the ability of the PHD method to iden-
tify triclinic shear, several tasks should be completed. The
PHD method should be used to analyze lineation-normal and
lineation-parallel planes from shear zones that have been inde-
pendently determined to have a monoclinic or triclinic symme-
try. Further study of kinematic vorticity in triclinically deformed
rocks will require a more three-dimensional approach. Analyz-
ing a lineation-parallel plane alone is incomplete and even with
the addition of a lineation-normal plane the analysis is still lim-
ited. The examination of the intermediate planes is still a viable
idea, and should be expanded to analyze as many planes as phys-
ically possible between the lineation-normal and lineation-
parallel planes. When the technology becomes more feasible
and readily available, the analysis of populations of porphyro-
clasts should be done with tomography to produce a true three-
dimensional representation of the fabric (Carlson et al., 1998;
Carlson et al., 2003; Ketcham, 2005).
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