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Abstract

Granitic mylonites from the Pinaleño Mountains metamorphic core complex in southeastern Arizona record general shear deformation.

The mean kinematic vorticity number (Wm) was estimated using (1) the strain ratio (Rs) and the angle (Q) between the long axis of the strain

ellipsoid with respect to the high-strain zone boundary and (2) the porphyroclast hyperbolic distribution method. Wm for protomylonites and

mylonites ranged from 0.6 to 0.9. Ultramylonites record lower Wm values (0.1–0.3) suggesting that the incremental vorticity changed during

deformation. Three-dimensional strain analysis indicates that deformation in protomylonites and mylonites approximates plane strain and

has a monoclinic symmetry. The vorticity path followed by rocks tectonically exhumed in the footwall of major extensional fault systems

may evolve from a significant pure shear component early in the deformation towards simple shear as overburden load decreases during

uplift.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Structural geologists have traditionally been concerned

with trying to understand the kinematics, deformation

conditions, and tectonic significance of high-strain zones.

Over the past 15 years a number of techniques have been

developed to quantitatively evaluate both strain and

vorticity in deformed rocks (Passchier, 1987; Passchier

and Urai, 1988; Simpson and De Paor, 1993; Tikoff and

Teyssier, 1994). However, relatively few studies have

quantified the strain and vorticity path in naturally deformed

rocks (see, however, Wallis, 1992; Simpson and De Paor,

1997; Beam and Fisher, 1999).

Homogeneous plane strain deformation has traditionally

been described by the distinct end-member flow patterns:

pure shear and simple shear, with the general shear

condition representing intermediate states between pure

and simple shear deformation. A measure of the non-

coaxiality of deformation is given by the kinematic vorticity

number (Wn), which records the amount of rotation relative

to the amount of stretching (Passchier, 1988a). For pure

shear flow Wn ¼ 0 and for simple shear flow Wn ¼ 1. Wn is a

measure of the instantaneous vorticity of flow, while the

related quantity Wm is a measure of the mean vorticity of

deformation (Passchier, 1988a,b). For steady-state progress-

ive deformation Wn ¼ Wm. In naturally deformed rocks

geologists encounter the final products of deformation and

commonly can only estimate finite quantities (i.e. Wm not

Wn) rather than uniquely characterizing the progressive

history of deformation.

In a three-dimensional deformation the kinematic

vorticity number does not uniquely describe the flow

conditions (Tikoff and Fossen, 1995). However, Wn can be

meaningful if used in conjugation with an understanding of

the boundary conditions and the three-dimensional strain

geometry (constriction, plane strain, or flattening) (Tikoff

and Fossen, 1995). In an attempt to categorize all possible

combinations of three-dimensional strain with a component

of orthogonal simple shear, Tikoff and Fossen (1999)

recognized 12 end-member reference deformations. Tra-

ditionally, flow in high-strain zones has been considered to

have a monoclinic symmetry; however, Lin et al. (1998) and

Jiang and Williams (1998) demonstrated that triclinic

deformation symmetries are common and suggest that

0191-8141/03/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0191-8141(03)00044-0

Journal of Structural Geology 25 (2003) 1883–1892

www.elsevier.com/locate/jsg

* Corresponding author. Tel.: þ1-757-221-2440; fax: þ1-757-221-2093.

E-mail address: cmbail@wm.edu (C.M. Bailey).

http://www.elsevier.com/locate/jsg


simple monoclinic symmetries are the exception rather than

the rule.

Cordilleran metamorphic core complexes in the south-

western United States are characterized by curvi-planar

zones of mylonitic rocks that separate mid-crustal igneous

and metamorphic rocks of the lower plate from supracrustal

materials in the upper plate. The style of deformation in the

ductily deformed rocks of the lower plate is controversial.

Many workers consider deformation to have approximated

simple shear in these extensional high-strain zones (Davis,

1983; Reynolds, 1985; Davis et al., 1986; Naruk, 1986,

1987). However, coaxial (low Wm) fabrics have also been

reported in a number of metamorphic core complexes

(Compton, 1980; Miller et al., 1983; Lee et al., 1987; Wells

and Allmendinger, 1990; Bestmann et al., 2000). In the

Pinaleño Mountains metamorphic core complex of south-

eastern Arizona, Naruk (1986, 1987) used the angular

discordance between planar fabrics and the deflection of

geologic contacts as evidence for a bulk simple shear, plane

strain deformation path. In this study we combine recent

advances with traditional strain analysis methods to

quantitatively understand the kinematics in the Pinaleño

Mountains high-strain zone. Our work indicates that

mylonitic rocks from the Pinaleño Mountains high-strain

zone record a bulk plane strain deformation that developed

under general shear conditions characterized by a mono-

clinic symmetry.

2. Geologic setting

The Pinaleño Mountains are a northwest-trending range

in southeastern Arizona near the edge of the Basin and

Range province (Fig. 1). The range is underlain primarily by

Proterozoic (1.7–1.1 Ga) metamorphic rocks and middle

Cenozoic plutons (Thorman, 1982; Davis et al., 1988; Long

et al., 1995). A zone of mylonitic rocks flanks the

northeastern side of the Pinaleño Mountains and separates

the metamorphic and igneous complex from late Cenozoic

sediments of the Gila Valley (Naruk, 1986). Mylonitic

rocks, derived from granitic and gneissic rocks in the core of

the range, strike NW–SE, dip gently to the NE, and form a

high-strain zone at least 0.5–1 km thick. Kinematic

indicators record top-to-the-northeast movement associated

with Basin and Range extension and core complex

development (Naruk, 1986, 1987). Naruk (1987) estimated

a minimum displacement of 3–7 km across the Pinaleño

Mountains high-strain zone by integrating shear strain

assuming simple shear deformation. 40Ar/39Ar cooling ages

for Pinaleño Mountains mylonites range from 19 to 29 Ma

(Long et al., 1995). Seismic data from the Gila Valley, to the

northeast of the Pinaleño Mountains, indicate that mylonitic

rocks extend from the surface into the mid-crust (Kruger

and Johnson, 1994).

We estimated strain and vorticity for a segment of the

Pinaleño Mountains high-strain zone where granite and

granodiorite (White Streaks pluton of Naruk (1983)) are

transformed into protomylonite, mylonite, and narrow

(,10 cm) localized zones ultramylonite. The lower bound-

ary of the high-strain zone is a 10–20-m-thick transitional

zone between mylonitic rocks and unfoliated massive

granitic rocks (Fig. 2). This boundary is approximately

planar over kilometer-scale domains, strikes ,3008 and

dips 35 ^ 38 NE (Fig. 1) (Naruk, 1986). Mylonitic (s-

surfaces) foliation in the high-strain zone strikes 285–3308

and dips 20 –358 NE. Shear bands (C-surfaces) are

developed in some of the mylonitic rocks and dip 5–158

more steeply than the foliation. A penetrative elongation

lineation plunges 12–338 to the NE. The upper boundary of

the high-strain zone is not exposed as mylonitic rocks are

unconformably overlain by Neogene alluvial sediments

(Fig. 1). The mylonitic foliation is cross-cut by discrete,

planar normal faults related to Basin and Range extension

(Naruk, 1986).

3. Strain and vorticity estimates

Granitic rocks beneath the lower high-strain zone

boundary are massive and composed of plagioclase, quartz,

K-feldspar, biotite, and minor hornblende with accessory

epidote, sphene, and muscovite. Quartz forms irregular-

shaped blebs with patchy undulose extinction and aspect

ratios of up to 2:1 (Fig. 3A). Although many individual

quartz grains are inequant, collectively these grains do not

define a grain shape preferred orientation (GSPO). In the

high-strain zone, quartz has been transformed into lenses

and ribbons with aspect ratios of 2:1 to .20:1 (Figs. 3B and

C and 4). Quartz grains are commonly polycrystalline

aggregates. Individual grains within polycrystalline lenses

and ribbons are 150–400 mm in diameter, have irregular

grain boundaries, define a moderate GSPO, and display a

crystallographic preferred orientation. Quartz microstruc-

tures are indicative of dynamic recrystallization by both

subgrain rotation and grain boundary migration (Regimes II

and III of Hirth and Tullis (1992)). Feldspars display a range

of microstructures including deformation twins, flame

perthite, patchy undulose extinction, and asymmetric

myrmekite. In some samples original igneous feldspars

are mantled by fine-grained (,50 mm) aggregates indica-

tive of minor dynamic recrystallization by subgrain rotation

(Tullis and Yund, 1985). Crystal-plastic feldspar micro-

structures are commonly cut by intra- and inter-granular

fractures. Ultramylonites are characterized by a fine-grained

matrix of quartz, biotite, and muscovite with 10–20%-

rounded porphyroclasts of plagioclase and K-feldspar (Fig.

3D). Quartz and feldspar microstructures are consistent with

peak deformation conditions in the upper greenschist facies

(,450 8C) (Tullis, 1983; Tullis and Yund, 1987; Simpson

and Wintsch, 1989).

Strain was estimated from quartz grain shapes using the

Rf/ff method with a hyperbolic stereonet (De Paor, 1988)
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(Fig. 4, Table 1). Although quartz grains have internally

recrystallized during deformation their margins are distinct

and clearly defined by other phases (Fig. 3B and C). Quartz

has been used as a strain marker in a number of greenschist

facies high-strain zones (Mawer, 1983; O’Hara, 1990;

Bailey et al., 1994; Fletcher and Bartley, 1994). Bailey et al.

(1994) demonstrated that quartz grain shapes record strain

ratios similar to fractured and boudinaged feldspar grains

from the same samples. At low and medium metamorphic

grades, granitic mylonites are composed of three mechani-

cally different phases: feldspar, quartz, and mica. In most

situations feldspar is the strongest phase and mica the

weakest; thus strain estimates based on quartz grain shapes

may be suitable for approximating whole rock strain at the

scale of a thin section or hand sample. Our strain estimates

(Table 1) from quartz grain shapes are comparable with the

strains estimated from deflected planar markers in the

Pinaleño Mountains high-strain zone by Naruk (1986).

Strain estimates based on grain shapes cannot resolve strain

due to grain boundary sliding (Wenk and Pannetier, 1990),

thus at high strains in mica-rich mylonites our strain

estimates may be low. However, in low- to moderate-strain

protomylonites and mylonites the framework feldspars are

still in contact with one another and grain boundary sliding

should be minimal.

Below the high-strain zone boundary, quartz grain shapes

Fig. 1. Geologic map and cross-section of the Ash Creek and White Streaks Canyon area, Pinaleño Mountains, Arizona. The angle between the high-strain zone

boundary (hszb) and foliation (fol) is Q.

C.M. Bailey, E.L. Eyster / Journal of Structural Geology 25 (2003) 1883–1892 1885



from three samples yield sectional strain ratios of ,1.1 with

no systematic orientation of the long axis. In protomylonites

and mylonites, sections were measured parallel to

lineation and normal to foliation as well as normal to both

foliation and lineation. In each section, 16–60 quartz grains

were measured. The long axis of the sectional strain ellipse

is always within 58 of the macroscopic fabric element

suggesting that the macroscopic foliation (S-surfaces)

defines a principal plane of the finite strain ellipsoid (Fig.

4). Strain ratios in XZ sections ranged from two to eight

(Table 1). Three-dimensional strains generally plot near the

line of plane strain on a Flinn diagram (Fig. 5). Pegmatitic

veins generally showed no evidence for either contraction or

extension in planes normal to the elongation lineation,

consistent with a bulk plane strain deformation. Naruk

(1986) reports geochemical evidence from the granitic

Fig. 2. (A) Undeformed White Streaks granodiorite approximately 50 m below the lower high-strain zone boundary. (B) Porphyroclastic mylonite derived from

White Streaks granodiorite. (C) View to west-northwest of the lower high-strain zone boundary (HSZB) separating undeformed White Streaks granodiorite

(left) from mylonitic rock in the high-strain zone (right). Mylonitic foliation dips less steeply than the high-strain zone boundary.
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Fig. 3. Photomicrographs of (A) irregular quartz (q) lens in macroscopically undeformed granite below the lower high-strain zone boundary (XPL). (B)

Elongate quartz (q) lens with an aspect ratio of ,5:1 in granitic mylonite (PPL). Edge of the quartz lens defined by biotite (b) and feldspar (f). (C) Same quartz

lens as (B) (XPL). Quartz lens is composed of an aggregate of dynamically recrystallized grains (rq). (D) Forward (f) and backward (b) rotated feldspar

porphyroclasts in ultramylonite (PPL). Top-to-the-left sense of shear.

Fig. 4. (A) Tracing of quartz grain shapes in sample P22XZ. (B) Rf/ff hyperbolic stereogram of quartz grain shapes for sample P22XZ. Rs ¼ 6.4 and fs ¼ 218.

fs is subparallel to the macroscopic foliation (f ¼ 08).
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protolith and mylonites consistent with isovolumetric

deformation.

The relationship between the strain ratio (Rs) and the

angle between the high-strain zone boundary and the long

axis of the strain ellipsoid (u) is a function of the mean

kinematic vorticity of deformation (Fossen and Tikoff,

1993; Bailey et al., 1999). If Rs and u are known, an estimate

of Wm can be obtained. u was estimated from the angular

difference between (1) a sample’s foliation and the high-

strain zone boundary, and (2) the foliation and shear bands

(C-surfaces), if present, in a sample. These values were

averaged to obtain a mean u. Wm values for eight samples

ranged from 0.5 to 0.96 and plot off the Rs/u curve for

simple shear (Wm ¼ 1) (Fig. 6). Error bars were estimated

from the maximum and minimum u values and the

uncertainty associated with the dip (^38) of the high-strain

zone boundary (Fig. 6).

During general shear deformation, porphyroclasts rotate

both forward and backward with respect to the overall flow

(Simpson and De Paor, 1993). In ultramylonites, Wm can be

estimated using the porphyroclast hyperbolic distribution

(PHD) method (Simpson and De Paor, 1993). On a

hyperbolic stereonet, forward and backward rotated grains

define two separate fields separated by a hyperbola. Each

limb of the hyperbola represents a flow apophysis and Wm is

the cosine of the interlimb angle (Bobyarchick, 1986;

Simpson and De Paor, 1993). Porphyroclasts in Pinaleño

ultramylonites have rotated both forward and backward

(Fig. 7). PHD analysis of three samples yield Wm values of

0.1–0.3 (Fig. 7, Table 2).

4. Discussion

4.1. Deformation path of the Pinaleño Mountains high-

strain zone

Vorticity analysis of mylonitic rocks from the Pinaleño

Mountains metamorphic core complex indicates bulk

general shear deformation (Wm ¼ 0.1–0.9) that signifi-

cantly deviated from simple shear. For protomylonites and

Table 1

Strain ratio (Rs), mean kinematic vorticity number (Wm), shear strain (g), and three-dimensional strain data for Pinaleño Mountains high-strain zone. Rs 2 XZ

and Rs 2 YZ measured from quartz grain shapes. X, Y, and Z calculated from Rs 2 XZ and Rs 2 YZ where X ¼ (Rs 2 XZ) £ (Z), Y ¼ 1, Z ¼ 1/(Rs 2 YZ).

K ¼ Ln(X/Y)/Ln(Y/Z)

Sample Rock type Theta Rs 2 XZ Wm g Rs 2 YZ X Y0 Z XY Rs 2 YZ Ln(X/Y) Ln(Y/Z) K

P1 Protomylonite 10 ^ 6 2.6 0.6 ^ 0.2 1.0 1.6 1.63 1 0.63 1.63 1.60 0.49 0.47 1.03

P4 Protomylonite 9 ^ 5 3.1 0.6 ^ 0.2 1.0 2.0 1.55 1 0.50 1.55 2.00 0.44 0.69 0.63

P10 Protomylonite 14 ^ 6 4.0 0.8 ^ 0.15 1.9 1.4 2.86 1 0.71 2.86 1.40 1.05 0.34 3.12

P12 Mylonite 8 ^ 5 5.0 0.6 ^ 0.2 2.2 2.7 1.85 1 0.37 1.85 2.70 0.62 0.99 0.62

P20B Mylonite gneiss 12 ^ 4 4.4 0.8 ^ 0.1 2.1 2.9 1.52 1 0.34 1.52 2.90 0.42 1.06 0.39

P22 Mylonite 17 ^ 6 6.4 0.95 ^ 0.05 2.7 2.1 3.05 1 0.48 3.05 2.10 1.11 0.74 1.50

P23 Mylonite 5 ^ 4 8.3 0.6 ^ 0.3 3.6 2.5 3.32 1 0.40 3.32 2.50 1.20 0.92 1.31

P30 Mylonite 7 ^ 4 7.5 0.7 ^ 0.2 3.4 2.6 2.88 1 0.38 2.88 2.60 1.06 0.96 1.11

Fig. 5. Logarithmic Flinn diagram for quartz grain shapes.

Fig. 6. Rs/Q diagram for granitic protomylonites and mylonites. All samples

plot within the field of general shear (Wm ¼ 0.4–0.96).
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mylonites to have experienced simple shear deformation,

sectional strains (Rs ¼ 3–8) of four to five times greater

would be required (Fig. 6). The three-dimensional geometry

(Fig. 8) of the Pinaleño mylonites approximates plane strain

in the lengthening/thinning shear reference deformation of

Tikoff and Fossen (1999). Symmetric structures were

dominant on planes normal to the lineation and foliation,

consistent with a bulk monoclinic symmetry for the

deformation (Fig. 8). A minimum displacement of 2.2 km

across the Pinaleño Mountains high-strain zone was

calculated by integrating shear strains determined from

sectional strains and the kinematic vorticity number of

individual samples (Fig. 9). This estimate is lower than

displacement estimates (3–7 km) of Naruk (1986, 1987)

who assumed simple shear deformation. However, these

estimates are clearly minimum values as the total displace-

ment associated with narrow zones (,10 cm) of ultra-

mylonites and brittle faulting are not considered.

Ultramylonites record significantly lower Wm values

(0.1–0.3) than protomylonites and mylonites (0.6–0.9)

suggesting the Pinaleño Mountain high-strain zone experi-

enced a non-steady vorticity history. There is, however, no

obvious trend in Wm values for the protomylonites and

mylonites, perhaps an indication that the bulk vorticity at

low to moderate strains remained constant with time.

Ultramylonites are composed of a weak matrix of mica and

recrystallized quartz with isolated feldspar porphyroclasts,

and may have experienced significant strain softening. A

consequence of strain softening may be the development of

a large coaxial component of strain as the ultramylonite

shortens more readily normal to foliation than protomylo-

nitic to mylonitic rocks with a framework of interlocking

feldspars.

Strain compatibility issues arise in zones of general shear

deformation. Simpson and De Paor (1993) argued that

general shear high-strain zones can develop only where: (1)

the wall rock is capable of deforming, (2) sectional area

changes (volume change) occur, along curved, non-parallel

sided boundaries, or (3) the high-strain zone is separated

from its wall rock by a fault or dilational gap. Hudleston

(1999) noted that bulk strain compatibility might be

achieved by arrays of anastomosing high-strain zones

even if individually these zones locally deviate from plane

strain and simple shear. Mylonitic rocks from the Pinaleño

Mountains consistently record plane strain, general shear

deformation and show few geochemical changes consistent

with significant volume loss (Naruk, 1986). How then can

this high-strain zone be compatible with its wall rocks?

Possible solutions may include a non-parallel sided high-

strain zone that widens at depth as well as a broad zone (at

depth) of weakly deformed wall rocks in the footwall.

4.2. Evolution of fabrics in extensional core complexes

Lower plate materials in metamorphic core complexes

are tectonically exhumed from mid-crustal depths during

large-magnitude extension (e.g. Crittenden et al., 1980).

Although a number of distinct models have been proposed

to describe the geometry of highly extended terranes and

metamorphic core complexes (Davis, 1983; Wernicke,

1985; Lister et al., 1986; Wernicke and Axen, 1988; Lister

and Davis, 1989), all these models require that material in

the lower plate is brought towards the surface during

extension. Upper plate materials are commonly buried by

alluvial deposits shed from the uplifted block.

At mid-crustal depths material in the lower plate

experiences a state of stress in which the overburden

component (sV) forms a larger component of the total stress

than at upper levels in the crust (Fig. 10). As material is both

deformed and translated towards the surface in a core

complex high-strain zone, sV drops becoming a smaller

component of the total stress (Fig. 10). Although the

relationship between stress and the associated strain

produced in rocks is complex, the decreasing sV should

change the nature of the deformation path. In the mid-crust,

large overburden stresses may cause deformation with a

significant pure shear component; as sV drops the

Fig. 7. Hyperbolic stereogram of feldspar porphyroclasts from ultramylo-

nite (sample P25). Minimum hyperbola defines an opening angle of 798 and

corresponds to Wm ¼ 0.2.

Table 2

Poryphyroclast hyperbolic distribution (PHD) data for Pinaleño Mountains

high-strain zone ultramylonites. Wm ¼ cosine (n)

Sample Total grains Backrotated n-angle Wm

P20B 30 17 71 0.3

P24 80 35 82 0.1

P25 42 22 79 0.2

Fig. 8. Bulk plane strain, general shear deformation with a monoclinic

symmetry for Pinaleño Mountains high-strain zone.
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deformation becomes increasingly non-coaxial (Fig. 10).

Rocks that begin to deform early in the history of a

metamorphic core complex should record more of the

coaxial deformation (lower Wm values) than rocks that start

deforming later when the non-coaxial component is greater.

Early coaxial fabrics have been reported in a number of

metamorphic core complexes (Compton, 1980; Miller et al.,

1983; Lee et al., 1987; Wells and Allmendinger, 1990;

Bestmann et al., 2000). Early coaxial fabrics in these core

complexes are commonly overprinted by non-coaxial

fabrics suggesting a non-steady vorticity path. Coaxial

fabrics seem to be best preserved in ductily deformed

supracrustal rocks (carbonates and quartzites) away from

the main extensional high-strain zones. In contrast, granitic

tectonites in metamorphic core complexes record non-

coaxial fabrics (Davis, 1983; Reynolds, 1985; Naruk, 1986,

1987; this study). We view the coaxial and non-coaxial

strains recorded in these metamorphic core complexes as

evidence of a bulk general shear deformation path that

evolves through time. If Pinaleño ultramylonites formed

early in the deformation history their low Wm values relative

to the protomylonites and mylonites may be consistent with

an increasingly non-coaxial deformation path as the lower

plate was denuded.

Fig. 9. Shear strains and minimum displacement estimate across the Pinaleño Mountains high-strain zone. Rs/g curves from Bailey et al. (1999).

Fig. 10. Schematic diagram illustrating the progressive changes in the deformation path associated with the formation of extensional core complexes. Material

at point X is deformed in core complex high-strain zone and is progressively uplifted to the surface. As sV decreases with time, the incremental vorticity (Wn)

increases. Mean vorticity (Wm) records general shear.
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5. Conclusions

Meaningful estimates of the mean vorticity and strain can

be obtained from naturally deformed rocks. Although we

cannot fully or uniquely understand the kinematic history of

natural high-strain zones, quantitative strain and vorticity

analyses place reasonable constraints on actual deformation

paths. Granitic mylonites from the Pinaleño Mountains

metamorphic core complex in southeastern Arizona experi-

enced general shear deformation. Wm for protomylonites

and mylonites ranged from 0.6 to 0.9, whereas ultramylo-

nites record lower Wm values (0.1 – 0.3). The bulk

deformation approximates plane strain with a monoclinic

symmetry. We suggest that deformation in extensional core

complexes records bulk general shear, not simple shear, and

may progressively evolve from a significant pure shear

component early in the deformation towards a larger simple

shear component as the load on the footwall block is

reduced during tectonic exhumation. This deformation path

model for lower plate mylonites should be tested in other

extensional metamorphic core complexes.
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