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Abstract

The San José pluton in Baja California, México, comprises at least two well-defined, texturally distinct units. The northern unit was

intruded by the central unit after the former had extensively crystallized at its margins. During intrusion of the central unit, the margin of the

northern unit underwent brittle and crystal–plastic deformation, at least part of which occurred in the presence of residual melt. We infer that

biotite grains in this rock readily deformed by slip and frictional sliding along (001) planes, which caused strain-rate and differential-stress

gradients across their grain boundaries into the surrounding plagioclase framework causing it to fracture. These microfractures grew and

coalesced, and became sites of localized ductile flow. Continued development of these microshear zones led to coalescence of biotite grains,

mainly by mechanical entrainment, and ultimately to a pervasive mylonitic foliation. Thus, in a single deformation, these rocks passed

through a brittle–ductile transition. The development of an anastomosing network of ductile microshear zones allowed the progressive

partitioning of strain rates, probably over several orders of magnitude, between the microshear zones and intervening polymineralic

aggregates.

Numerical experiments were conducted to evaluate the process of biotite-assisted fracturing of the stress-supporting framework, and the

progressive evolution of differential stress and strain rate. The results are consistent with experimental evidence that biotite is extremely

weak in shear, and that phyllosilicate-bearing rocks may accommodate strain rates several orders of magnitude higher than the bulk strain

rate. This study also supports previous suggestions that strain rates associated with the growth of crustal magma chambers may be several, to

many, orders of magnitude greater than those normally associated with regional tectonic deformation.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper investigates the initiation and propagation of

microshear zones leading to mylonitic foliation in the

deforming carapace of the San José tonalite pluton of Baja

California, México (Johnson et al., 2003). Our microstruc-

tural observations and numerical modeling results: (1)

illustrate the critical role of biotite as the weak mineral in

these rocks, (2) are consistent with experimental work on

analog materials and mica-bearing rocks, and (3) may

provide evidence for fast strain rates during pluton

emplacement.

Deformation in rocks is commonly localized into zones

of relatively high strain with intervening zones of relatively

low strain. This localization occurs at all scales, from

intracrystalline dislocations, through intermediate-scale

structures such as shear zones and crenulation cleavages,

to crustal- and lithospheric-scale structures such as major

faults and active tectonic plate boundaries (e.g. Ramsay and

Graham, 1970; White et al., 1980; Bell, 1981; Kirby, 1985;

Sibson, 1986; Gapais et al., 1987; Hobbs et al., 1990; Jiang

and White, 1995; Brown and Solar, 1998; Burg, 1999;

Rutter, 1999; Vigneresse and Tikoff, 1999; Ellis et al., 2001;

Handy et al., 2001; Goodwin and Tikoff, 2002). Initiation of
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these zones begins at the grain to subgrain scale, associated

with heterogeneities that affect the strength of rocks. The

range of possible heterogeneities is large, including plastic

instabilities, crystalline defects and impurities, lattice

preferred orientation, shape preferred orientation, miner-

alogical variation, incipient melt pockets, and deformation

structures (e.g. pre-existing microfractures). Numerous

studies in naturally and experimentally deformed rocks

and analog materials have addressed the initiation and

propagation of ductile shear zones (e.g. Tullis and Yund,

1977; Poirier, 1980; Segall and Pollard, 1983; Segall and

Simpson, 1986; Jordan, 1987; Ross et al., 1987; Gottschalk

et al., 1990; Hacker and Christie, 1990; Goodwin and Wenk,

1995; Christiansen and Pollard, 1997; Bons and Jessell,

1999; Burg, 1999; Bauer et al., 2000; Goodwin and Tikoff,

2002; Streit and Cox, 2002). However, it remains a

relatively poorly understood phenomenon in naturally

deformed rocks, owing to: (1) the wide variety of

rheological responses of different rock types; (2) incomplete

exposure of natural shear zones; and (3) destruction of

critical microstructural evidence during progressive (or

later) deformation, recovery and recrystallization (e.g.

Christiansen and Pollard, 1997; Bons and Jessell, 1999;

Handy et al., 2001).

To assess the mechanisms by which ductile deformation

initiates and propagates in naturally deformed rocks, it is

necessary to track the development of the deformation

across natural strain gradients (e.g. Coward, 1976; Van

Roermund et al., 1979; Ramsay, 1980; Simpson, 1983;

Passchier, 1986; Goodwin and Wenk, 1995). Although such

studies can potentially be misleading owing to a lack of

knowledge about how strain in these zones was partitioned

through time (Means, 1985), their utility may be greatly

enhanced if the following conditions can be met: (1) relatively

homogeneous and undeformed starting material (e.g. granite),

thus avoiding the inherent complication of preexisting

anisotropies or deformational fabrics; (2) continuous strain

gradient from undeformed host to strongly deformed host;

(3) no overprinting penetrative deformation events after

shear-zone formation; and (4) preservation of microstruc-

tural relations in the most weakly deformed rocks, which are

required for identification of key processes of initiation.

These four conditions are rarely satisfied in any single

shear zone, but all are met in the San José pluton. The pluton

contains a brittle/crystal–plastic deformation gradient

within ca. 1 km of its outer margin. Primary igneous

microstructure within the pluton is progressively deformed

to a mylonitic microstructure near the contact with

surrounding host rocks. Of interest to this study, the inner

edge of the deformation gradient preserves what we

interpret to be evidence for the microstructural processes

that initiated the deformation and subsequent fabric

development. Thus, the San José pluton provides a natural

laboratory in which to investigate microstructural evidence

for the initiation and localization of ductile deformation. In

the following sections we provide a description of the

deformation gradient in the northern unit of the pluton, and

show evidence from the least deformed rocks for how

deformation may have initiated. We also examine micro-

structural evidence for evolution of the mylonitic fabric,

focusing on the role played by biotite. We then present the

results of numerical experiments designed to provide a

better understanding of the physical basis for initiation and

localization of deformation in mica-bearing rocks. Finally,

we discuss various implications of our observations and

numerical experiments for pluton emplacement rates and for

brittle–ductile transitions during progressive deformation.

In a companion paper (Vernon et al., 2004), we present a

detailed microstructural analysis of the rocks across the

preserved gradient in brittle/crystal–plastic deformation

in the pluton’s margin. Vernon et al. (2004) explore:

(1) evidence of brittle deformation, (2) evidence of melt-

present deformation, (3) recrystallization involving modifi-

cation of fragments produced by brittle deformation, as

opposed to recrystallization induced by ductile strain, (4)

evidence of contact melting during submagmatic defor-

mation (Park and Means, 1996), and (5) whether the spatial

deformation gradient in the pluton margin reflects the

deformation history experienced by the most deformed

rocks.

2. The San José pluton and its deformed margin

The 108-km2-San José pluton is located in the Sierra San

Pedro Mártir region of the Jurassic to Cretaceous Peninsular

Ranges batholith in northern Baja California, México

(Fig. 1; e.g. Gastil et al., 1975; Johnson et al., 1999,

2003). The pluton comprises at least two nested intrusive

pulses. On the basis of detailed mapping, microstructural

analysis and SHRIMP U/Pb zircon ages, Johnson et al.

(2003) concluded that the northern unit was the earliest

pulse, and that intrusion of the central unit caused a

component of outward expansion of the northern unit,

stretching its outer margin. This intrusive history is

compatible either with nested diapirism or nested dike-fed

growth.

A sharp deformation gradient involving both brittle and

crystal–plastic processes occurs within the marginal north-

ern unit (Fig. 2). Tonalite at the inner edge of this unit shows

an intrusive igneous microstructure (Fig. 3a). In contrast,

rocks at the outer edge of the unit show a mylonitic

microstructure (Fig. 3b). The average mode of the marginal

northern unit ranges from Pl61Hbe13Bt6Qtz16Ksp0.13 at its

inner edge to Pl56Hbe6Bt10Qtz23Ksp1 at the outer contact

with wall rocks (Murray, 1978).

On the basis of detailed structural mapping, geochronol-

ogy and microstructural analysis, Johnson et al. (2003)

concluded that emplacement of the pluton postdated most or

all of the regional ductile deformation in the surrounding

country rocks. The bulk of the San José pluton—excluding

the marginal northern unit—shows a typical intrusive
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Fig. 1. Geologic map of the San Jose pluton and surrounding region. Map constructed from ground mapping and air photo interpretation. Question marks

indicate regions that have not been ground checked. All ages are from SHRIMP U–Pb zircon data reported in Johnson et al. (1999, 2003). See legend for

geologic information. Inset map shows the Peninsular Ranges batholith and adjacent prebatholithic country rocks in gray shading.
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igneous microstructure (Fig. 3a). Evidence for weak ductile

deformation can be found locally throughout the pluton,

including undulatory extinction in quartz, mechanical twins

in plagioclase, myrmekite in rare K-feldspar, local but

minor quartz–quartz grain boundary migration, and vari-

able but minor deformation of biotite (e.g. rare isolated

kinks). Evidence for minor fracturing and alteration is also

present locally throughout the pluton. These fractures cut

across all igneous minerals, and are locally occupied by

white mica, chlorite, and epidote. Although the pluton is

interpreted as post-kinematic in the sense described above,

several kilometers of oblique, brittle/ductile, contractional

displacement apparently occurred on the nearby Rosarito

fault (Fig. 1) from ca. 100 to 85 Ma (Schmidt and Paterson,

2002). We suggest that the late fracturing and alteration in

the pluton may have been associated with this faulting.

Given that pluton emplacement postdates most or all of

the regional ductile deformation in this area, the defor-

mation gradient in the northern marginal unit must have

formed during pluton emplacement, rather than during an

overprinting ductile deformation. Johnson et al. (2003)

concluded that this deformation occurred during intrusion of

the central unit of the tonalite into the northern unit (Figs. 1

and 2). Contact relations between these two units indicate

that they were both magmas at the time of juxtaposition, but

the marginal northern unit was at a more advanced stage of

crystallization at the time the central unit was emplaced.

Vernon et al. (2004) discuss the evidence of melt-present

deformation in the marginal northern unit, and conclude that

these rocks were probably deformed in the presence of a

small amount of residual melt. The strongest evidence noted

by Vernon et al. (2004) is the occurrence of fractured,

boudinaged plagioclase grains, the boudin necks filled with

quartz, microcline and plagioclase that is more sodic than

the primary plagioclase (Fig. 3c and d). Some of the

deformation may have occurred in the solid state owing to

(a) crystallization as the rocks cooled, and/or (b) expulsion

of melt owing to partitioning of deformation, with zones of

highly non-coaxial deformation forming linked pathways

for melt migration (Vigneresse and Tikoff, 1999; Rosenberg

and Handy, 2000; Burg and Vigneresse, 2002). Either way,

we attribute the sparse evidence for brittle or crystal–plastic

deformation in the remainder of the northern unit (i.e. those

parts of the northern unit not included in the marginal

northern unit) to the presence of sufficient melt to preclude

significant grain–grain interactions.

Fig. 2. Map of bedding and foliation data within and surrounding the northern third of the San José pluton. See Fig. 1 for geology legend. Data from principle

author and Murray (1978). Marginal northern unit shown in darker shading within the northern unit. T1–T3 are transect lines along which microstructures of

the northern marginal unit were investigated.
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Fig. 3. (a) Largely undeformed tonalite of the northern unit, at the inner edge of the northern marginal unit. The typical intrusive igneous microstructure is only

slightly modified. Evidence for possible grain boundary adjustments in quartz and plagioclase, deformation lamellae in plagioclase, and slight bending of

biotite all indicate very small strains. Cross polarized light, long dimension of image 1.16 mm. (b) Deformed tonalite at the outer edge of the marginal northern

unit, near the contact with the wall rocks. Fractured plagioclase and hornblende, recrystallised quartz, and biotite plus grain-size-reduced feldspar and quartz

lining microshear zone are all typical of mylonitic microstructure. Cross polarized light, long dimension of image 2.95 mm. (c) Single-grain of K-feldspar (now

microcline) filling a fracture-controlled opening in plagioclase. Clear (inclusion-poor), more sodic plagioclase (x) has crystallized on the walls of the openings,

in twin continuity with the primary plagioclase. These areas typically show compositions of An23, whereas adjacent portions of original grain typically show

An41. Crossed polars. (d) X-ray aluminum composition map of area shown in (c). Note darker gray color of more sodic plagioclase. See (c) for scale.
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Fig. 4. Photomicrographs from the least deformed portions of the marginal northern unit showing evidence for fracture of plagioclase spatially associated with

biotite grains. (a) Curved fractures trending to upper right and lower left, emanating from biotite grain and from east–west-trending shear fracture in

plagioclase. (b) Fracturing of plagioclase between two similarly oriented biotite grains. (c) Stepped fracture cutting through the end of a plagioclase grain

flanked by biotite grains. Note the parallelogram-shaped segments of plagioclase controlled by the two good cleavage directions, and the patchy misalignment

of the plagioclase crystal structure in the fractured area. (d) Fracturing of plagioclase between left-stepping biotite grains. By analogy with experimental results,

this would indicate top to the left shear sense. (e) A fracture extending from the tip of a biotite grain. Note the semi-polygonal new grains of plagioclase located

in the fracture at the biotite tip, as well as the misorientation in plagioclase crystal structure to the right of the new grains. (f) Fractures in plagioclase extending

S.E. Johnson et al. / Journal of Structural Geology 26 (2004) 1845–18651850



In the following two sections we discuss initiation and

progressive development of the deformation fabric in the

marginal northern unit, focusing on the role played by

biotite. A more complete description of the microstructures

in these rocks can be found in Vernon et al. (2004).

3. Onset of deformation in the marginal northern unit

Spatially oriented samples were collected at 10–80 m

intervals along three transects through the marginal northern

unit (Fig. 2): samples were most closely spaced at the outer

edge of the unit. Transect lengths vary from 1000 to 1400 m,

and were terminated well into the pluton where evidence for

brittle or crystal–plastic deformation was no longer

observed in outcrop. Two foliation-perpendicular thin

sections were prepared from each sample: one parallel to

the lineation and one perpendicular. In addition to these

transect samples, more than 100 additional samples

collected throughout the pluton were examined, which

were used by Johnson et al. (2003).

Perhaps the most important observation in the less

deformed rocks of the marginal northern unit is that biotite

grains are spatially associated with fractures, particularly in

plagioclase (Fig. 4). The fractures are both intergranular and

intragranular, and in many instances they radiate from the

tips of biotite grains much like the splay fractures that form

near the tips of small faults. Some of these fractures and

their relations to biotite grains resemble shear fractures

formed during the experimental deformation of biotite

gneiss (Gottschalk et al., 1990; Rawling et al., 2002). For

example, Fig. 4a shows a central fracture extending from the

tip of a biotite grain, with curved fractures extending both

from the biotite grain and the central fracture. These curved

fractures resemble ‘wing cracks’ commonly produced in

association with the propagation of mode 2 fractures (e.g.

Dey and Wang, 1981; Nemat-Nasser and Horii, 1982; Steif,

1984; Ashby and Hallam, 1986; Horii and Nemat-Nasser,

1986). The fractures are commonly developed where two

biotite grains are relatively close to one another, so that the

fractures connect the biotite grains (Fig. 4b–d). Some

fractures are controlled by the two good cleavages in

plagioclase (e.g. Fig. 4c). Others are curved or irregular

(e.g. curved fractures in Fig. 4a and d), although these could

be cleavage-controlled at a scale too fine to evaluate

optically. In some locations, fractured plagioclase at the

tips of biotite grains shows evidence for either recrystal-

lization, or sintering of fragments produced during fractur-

ing. These features occur at the tips of single biotite

grains (Fig. 4e), and in zones that connect biotite grains

(Fig. 4f).

The microstructural evidence suggests that early stages

of deformation in the marginal northern unit involved

fracture of the framework silicates, particularly plagioclase

grains adjacent to biotite grains. Although quartz shows

some fracturing, it shows more evidence for dislocation creep.

Inelastic strains in biotite were presumably accommodated

by slip and frictional sliding along (001) planes (Shea and

Kronenberg, 1992). Some fractures also appear to have

nucleated on mechanical twins in plagioclase, as investi-

gated in experiments by McLaren and Pryer (2001). The

higher occurrence of fracturing in plagioclase as compared

to quartz may be explained by the presence of two good

cleavages in plagioclase (e.g. Tullis and Yund, 1987).

Alternatively, temperature and strain-rate conditions in the

marginal northern unit during mylonitic fabric development

may have allowed quartz to deform largely by dislocation

creep, whereas plagioclase grains were initially required to

deform by fracture, followed by recrystallization-accom-

modated dislocation creep as higher strain rates were

localized into microshear zones (discussed later).

4. Coalescence of biotite and development of foliation

After plagioclase fracturing in the marginal northern

unit, crystal–plastic deformation localized in the micro-

fractures discussed above to form microshear zones, which

coalesced to form a foliation (Figs. 5e and f and 6). Small

biotite grains became entrained in the zones of fracturing

and grain-size reduced feldspar and quartz, and we suggest

that this occurred largely by mechanical ‘smearing’ of

biotite along the microshear zones (Fig. 5a–c), and possibly

by crystallization of new biotite grains, although we have no

clear evidence for this.

Further deformation led to increased entrainment of

biotite into microshear zones, and an increased percentage

of grain-size reduced feldspar and quartz (Fig. 5). Although

some of the small feldspar and quartz grains may have

formed by dynamic recrystallization, feldspar grains

commonly show large size variations, and many have

sharp corners, straight sides or irregular shapes (Fig. 5d).

These features suggest that some/many grains may have

originated as fragments that were sintered to resemble new-

grain products of recrystallization (e.g. Vernon, 1975; Tullis

and Yund, 1987; Stünitz, 1998; Bons and Jessell, 1999;

Vernon et al., 2004). Entrainment of plagioclase fragments

into microshear zones may have been accompanied by

progressive removal of grain corners and asperities (e.g.

Figs. 4c and 5d) in a manner similar to that described by

Hacker and Christie (1990) in experimentally deformed

amphibolite, and by Bons and Jessell (1999) in experimentally

from a biotite grain. The central fracture contains small, new plagioclase grains. Some of these are semi-polygonal in shape. Note large zone of plagioclase

lattice misorientation surrounded by fractures in the upper right quadrant. All photomicrographs taken under partially crossed polarizers. Width of (a) is

0.58 mm. Width of (b)–(f) is 1.16 mm.
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Fig. 5. Photomicrographs illustrating more advanced development of microshear zones. (a) A large, primary igneous biotite grain (lower left) is mechanically shredded and

reducedtosmall, alignedgrains leading intoamicroshearzone. (b)Biotitegrainsmechanically incorporated intoamicroshearzone. (c)Same imageas(b)underpartiallycrossed

polarizers. Note undulatory extinction and new-grain formation in quartz. (d) Magnification of area shown in (e). The corner of this plagioclase grain has been reduced to new

grains that appear to have formed as fracture-generated fragments. All grains are lined by fractures, grain-size variation is large, and many grains have straight sides and sharp

corners. Grain at lower center has parallelogram shape, much like fracture segments in Fig. 4c. (e) Anastomosing biotite-rich microshear zones defining foliation. The corners of

original plagioclase grains have been rounded, and quartz grains have been flattened. (f) Same image as (e) under partially crossed polarizers, showing that biotite is

accompanied by grain-size-reduced plagioclase and quartz in the microshear zones that define the anastomosing foliation. Photomicrographs (a), (b) and (e) taken under

plane polarized light, (c), (d) and (f) taken under partially crossed polarizers. Width of (a) is 1.16 mm. Width of (d) is 0.58 mm. Width of (b), (c), (e) and (f) is 2.95 mm.

S.E. Johnson et al. / Journal of Structural Geology 26 (2004) 1845–18651852



deformed octachloropropane. This is one possible expla-

nation for the rounding of grain edges (Figs. 3b and 5f) and

truncation of plagioclase zoning by biotite-rich folia. Most

of the boundaries between plagioclase grains in Fig. 5d are

microfractures, and one of the central grains (marked ‘Pl’)

has a rectangular shape similar to the fracture-controlled

shapes of plagioclase segments in Fig. 4c. Although many of

these small grains probably originated by fracturing, the

polygonal shapes of some indicate subsequent grain-

boundary mobility (Tullis et al., 1990). Thus, the obser-

vations suggest a plagioclase microstructure transitional

between cataclastic flow and recrystallization-accommo-

dated dislocation creep (Tullis and Yund, 1987). Small new

grains are rarely cut by fractures, which suggests that

fracturing occurred primarily in the earlier stages of

deformation, followed by grain sintering or recrystallization

in these narrow zones (Tullis and Yund, 1980; Simpson,

1985; Tullis, 1990).

With increasing strain, biotite continued to act as a weak

mineral in the rock, and large igneous biotite grains were

destroyed and smeared along developing folia (Fig. 5e and

f). This process continued until all the biotite was converted

to small, elongate grains defining foliation surfaces (e.g.

Mancktelow, 1985). As the fabric developed, quartz

continued to deform plastically and eventually formed

elongate patches and ribbons. Plagioclase grains also

underwent some shape adjustments, presumably through

recrystallization-accommodated dislocation creep (Tullis

and Yund, 1985). The final product is a continuous,

pervasive foliation defined largely by biotite, along with

small grains of quartz, feldspar, hornblende, epidote and

titanite (Vernon et al., 2004). This foliation wraps larger,

less deformed grains of plagioclase and hornblende, and

resembles a relatively low-strain mylonitic fabric (Fig. 5e

and f).

Fig. 6 shows the fabric evolution from least deformed to

most deformed rocks, and illustrates the progressive

smearing and coalescence of biotite to define a foliation.

Although this is a polymineralic rock, the progressive

evolution is markedly similar to processes documented in

two-phase solid aggregates incorporating one weak and one

strong phase (e.g. Jordan, 1987; Ross et al., 1987; Bons and

Cox, 1994; Bons and Urai, 1994). The progressive

coalescence of biotite, and the occurrence of biotite as the

only mineral in many microshear zone segments, suggests

that biotite was the weakest mineral and played a leading

role in localization of shear and subsequent foliation

development.

5. Numerical experiments

5.1. Description of model

To investigate the initiation of brittle/crystal–plastic

deformation in these rocks and the role of biotite in this

process, we conducted a series of numerical experiments to

simulate the non-coaxial deformation of mica grains within

a homogeneous matrix. The physical model is a box with

dimensions x ¼ 5y ¼ 5z (Fig. 7a). The box contains 33,135

gridpoints and 27,968 polyhedral elements. Within this box

we defined a volume of tight grid-point spacing with

dimensions x ¼ 8, y ¼ 5.7z. Within this inner volume we

distributed eight regions defined as biotite grains. These

grains have dimensions x ¼ 2.2y ¼ 5.5z. The choice of

biotite positions was governed by our interest in evaluating

the interaction of biotite grains in right-step, left-step and

end-on geometries (Fig. 7a). Segall and Pollard (1980) and

Dey and Wang (1981) examined the interaction of stress

perturbations around variably oriented cracks in an elastic

continuum subjected to deviatoric stresses. They found that

stress concentrations in the regions between cracks were

sufficient to cause crack linkage (e.g. Nicholson and Pollard,

1985; Lin and Logan, 1991). We sought to explore

analogous failure linkages between biotite grains, as well

as stress variation, strain-rate distribution and distribution of

failure linkages during progressive deformation.

Velocity boundary conditions are consistent with a

general shear box, as shown in Fig. 7b. These velocities

lead to a bulk tensor shear strain e13 ¼ e31 ¼ 0.0055 at 1000

steps. After initializing the velocity structure throughout the

model, the velocity conditions were fixed only on the model

boundaries. Thus, the interior of the model could deform

freely, provided the boundary conditions and continuity

were satisfied. In order to avoid the boundaries in our

analysis, Figs. 8–10 are central XZ sections through the

inner volume shown in Fig. 7a and b.

In our model the matrix was defined as a pressure-

dependent Mohr–Coulomb material (f ¼ 508—typical

value for granite; Lama and Vutukuri, 1978, table 5), and

the biotite grains were defined as a modified Drucker–

Prager material. Post-failure plasticity in these constitutive

models is governed by a shear yield function and a non-

associated flow rule (Vermeer and deBorst, 1984). We could

have constructed a more complex model involving different

constitutive relations, but we chose to use a relatively

simple model that was easily interpreted. Although this is an

unsatisfactory model for evaluating the microstructural

evolution of polymineralic rocks, we have found it

instructive in our investigation of deformation in the

marginal northern unit.

To apply the Drucker–Prager criterion, a shear strength

was assigned for a specific temperature and strain rate using

the power law constitutive relations determined by Kronen-

berg et al. (1990a) for single biotite crystals shortened at 458

to (001), parallel to [100] and [110]. To simulate the

environment at the margin of the pluton, we ran our

experiments at a confining pressure of 270 MPa correspond-

ing to a depth of ca. 10 km (S.E. Johnson, unpublished

aluminum-in-hornblende data), and temperature and strain

rate of 650 8C and 10210 s21, respectively. The notable

insensitivity of the biotite flow law to temperature and strain
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Fig. 6. Sequence of photomicrographs showing progressive fabric development in the marginal northern unit. The igneous microstructure in (a) is only mildly

affected by the deformation apparent in (b), where elongate stringers of biotite mark developing microshear zones. The final product in (e) and (f) is a mylonitic

foliation. All photomicrographs taken under plane polarized light. Width of all is 26.5 mm.
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rate (Kronenberg et al., 1990a) made precise assignment of

these two parameters unnecessary; these values resulted in a

shear strength of 9.45 MPa for the Drucker –Prager

material.

The mechanical equations were solved in three dimen-

sions using a velocity-based, Lagrangian formulation

(FLAC3D; Itasca Consulting Group, Inc., 2002) that uses

an explicit finite-difference solution for elastic and plastic

behavior. Materials in FLAC3D are represented by poly-

hedral elements within a three-dimensional grid, each

element responding to applied velocity or stress boundary

conditions by a prescribed constitutive law. FLAC3D is an

extension of the two-dimensional code FLAC, which has

been used to evaluate a number of deformation processes

relevant to structural geology (e.g. Passchier and Druguet,

2002 and references therein).

5.2. Results of numerical experiments

Figs. 8–10 show failure distribution, differential stress

and shear strain rate, respectively, for seven stages between

400 and 1000 steps (the biotite failed almost instan-

taneously, around step 30). At step 400, the Mohr–Coulomb

matrix has failed at the upper-left and lower-right corners of

the biotite grains. This result is consistent with theoretical

and experimental work on tensile fracture of material

around cracks subjected to differential stress (e.g. Segall and

Pollard, 1980; Dey and Wang, 1981; Nemat-Nasser and

Horii, 1982; Kranz, 1983; Steif, 1984; Ashby and Hallam,

1986; Horii and Nemat-Nasser, 1986). The shear strain

rate within individual biotite grains was partitioned during

the early stages of deformation, with the highest rates at

the grain edges, leading to two zones of high strain rate in

each grain.

At step 500, the failure zones between right-stepping

biotite grains have linked to form continuous zones of

plastic flow (Fig. 8). The strain rate has further partitioned

into the biotite grains, and differential stress gradients

around the grains have increased. The region between the

end-on biotite grains has begun to fail in shear, owing to a

rapid increase in the differential stress.

From steps 600 to 650, matrix failure between the end-on

biotite grains has linked, completing a long, diagonal region

of plastic flow that links four biotite grains across three

matrix bridges. Differential stress magnitudes in the matrix

away from the zones of localized failure continue to rise

concomitantly with increasing strain rates in the linked

zones of plastic flow.

At step 700, the failure distribution has rapidly evolved,

establishing the essence of a pattern that is maintained with

little change for at least 16,000 steps (the experiment was

stopped at that point). From steps 850 to 1000, a quasi-

steady failure distribution is established; nearly all matrix

strain rates outside the linked zones of plastic flow have

fallen below 5 £ 1026 s21, and all right-stepping biotite

grains are linked into three zones of high strain rate. At

step 1000, shear strain rates reach a maximum value of

1.15 £ 1024 s21 and a minimum value of ca. 3 £ 1027 s21.

These values are approximately 1.6 orders of magnitude

higher, and 1.2 orders of magnitude lower, respectively,

Fig. 7. (a) Central section through the physical model used in the numerical experiments. Eight dark rectangles simulate biotite grains. (b) Same central section

through model as in (a), showing the velocity boundary conditions. Arrows are particle velocity vectors for a bulk dextral non-coaxial flow.
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Fig. 8. Failure distribution in central sections through the numerical experiment at seven stages between steps 400 and 1000. Darker shading denotes areas in

the model that have failed and are therefore deforming by plastic flow. Biotite fails very early (around step 30), and by step 400 the surrounding matrix begins

to fail at the upper left and lower right margins of the biotite. The failure distribution progresses until it reaches a quasi-stable form at step 1000. The white areas

at step 1000 have not reached failure, so consequently behave elastically.
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than the initial shear strain rate of 5.5 £ 1026 s21. Because

deformation is focused into narrow bands, the average drop

in strain rate throughout the matrix is much less than the

average increase in the zones of high strain rate.

This history of progressive stress and strain rate

partitioning is shown in Fig. 11. The initial distribution of

strain rate and stress is nearly uniform and homogeneous. At

approximately step 30, the biotite grains begin to fail and

flow plastically (point D). This causes a rapid increase in

strain rates in the biotite grains, resulting in marked strain-

rate and differential-stress gradients across their boundaries

with the matrix material. Strain rates increase in matrix

zones of linked failure that connect the biotite grains (point

C) at approximately step 600, and fall less markedly in other

parts of the surrounding matrix (point B). The stress

between the two central biotite grains (point A) climbs

rapidly. At failure, area A flows plastically at an increasing

rate, to approximately step 950. Strain rate differences

between the linked failure zones and the surrounding matrix

span a maximum of approximately 2.8 orders of magnitude

at step 1000, and nearly 2 orders of magnitude at the points

shown in Fig. 11.

5.3. Implications of experiments for microstructural

interpretations

The model results suggest that instantaneous strain-rate

variations between biotite and plagioclase result in high

differential stresses in plagioclase grains causing them to

fracture. This interpretation is broadly consistent with

theoretical (Jordan, 1988; Handy, 1994; Handy et al.,

1999) and numerical (Tullis et al., 1991; Bons and Cox,

1994) models of two-phase systems, as well as experimental

deformation of polymineralic rocks (Tullis and Yund, 1977;

Gottschalk et al., 1990; Holyoke and Rushmer, 2002;

Rawling et al., 2002; Tullis, 2002) and two-phase analog

materials (Jordan, 1987; Ross et al., 1987; Bons and Cox,

1994; Bons and Urai, 1994). Although we cannot prove that

the microfractures in the marginal northern unit of the

pluton originated in this way, the lack of these micro-

fractures in the bulk of the pluton, and their progressive

evolution into microshear zones and foliation in the more

deformed parts of the marginal northern unit, support this

interpretation.

Our model geometry incorporated approximately 20% of

the weak phase (biotite), and in this instance the strong

stress-supporting matrix determined the bulk strength of the

experiment in the early stages of deformation (e.g. Tharp,

1983; Jordan, 1988; Handy, 1990, 1994). It is important to

note that the maximum tensor shear strain in the zones of

linked failure at step 1000 in our numerical experiment is

only 0.033 (Fig. 8). Thus, the experiment does not address

the issue of coalescence of biotite at higher strains.

However, the strain rate partitioning in the experiments is

controlled by the weak phase, and we speculate that the

linked zones of plastic flow established by step 1000 are

ideal candidates for zones of physical and chemical linkage

of individual biotite grains and other fine-grained minerals,

as observed in the marginal northern unit of the pluton. The

smearing and coalescence of weak minerals in the marginal

northern unit of the pluton would have caused a marked

change in the pattern and magnitude of stress and strain-rate

partitioning. Layers composed of weak minerals preferen-

tially strain at lower creep stresses and higher strain rates,

leading to weakening of the whole rock (e.g. Price, 1982;

Jordan, 1987; Ross et al., 1987; Handy, 1990, 1994; Bons

and Cox, 1994).

6. Discussion

6.1. Brittle–ductile transition during progressive

deformation

Rocks in the marginal northern unit of the San José

pluton appear to record a transition from dominantly brittle

failure to dominantly ductile flow. The most widely cited

natural example of crystal–plastic deformation mechanisms

localizing on brittle fractures is that of Segall and Simpson

(1986). In their examples, the brittle and ductile events were

separated by an unknown amount of time, and may not have

formed during a progressive deformation event. The ductile

deformation described by Segall and Simpson (1986) was

strongly localized in the fractures, but gradients in ductile

strain occurred in wall rocks adjacent to some of the

fractures. These authors suggested that fluid access along

wall-rock cracks caused reaction softening or hydrolytic

weakening adjacent to the fractures, enhancing wall-rock

ductility leading to the localized ductile strain gradients.

This interpretation was later supported by Kronenberg et al.

(1990b) on the basis of infrared spectroscopy and

transmission electron microscopy analyses of the same

rocks.

Relevant examples of ductile shear zones nucleating on

precursor faults in laboratory experiments were reported by

Tullis et al. (1990). They examined ductile shear-zone

formation in quartzite, aplite and albite rocks that were pre-

faulted at low temperatures and high strain rates, and then

briefly annealed at high temperatures. The annealed samples

were then deformed at temperatures of 900–1100 8C, at an

axial strain rate of 1026 s21. Although the fault gouge in

these samples sintered and recrystallized during annealing,

the ductile strain was strongly localized along the former

faults in the aplite and albite rock, but not in the quartzite.

Tullis et al. (1990) provided a two-fold explanation of this

observation. First, the feldspar and quartz show different

recovery mechanisms at these conditions. Feldspar under-

goes recrystallization-accommodated dislocation creep,

which in the fine-grained, sintered fault gouge allowed

constant generation of small, strain-free new grains that

were easily deformed. Thus, strain localized in these new

grains. In contrast, for deformation under the same
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Fig. 9. Contours of differential stress (s1–s3) in central sections through the numerical experiment at seven stages between steps 400 and 1000. Contour of

maximum differential stress filled black, contour of minimum differential stress (biotite grains) filled gray. Note the high values of differential stress between

the biotite grains.
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conditions quartz undergoes climb-accommodated dislo-

cation creep, which generates new recrystallized grains by

progressive subgrain rotation. These new grains have

similar dislocation densities to those of the subgrains from

which they are derived, and their strength is similar to the

original grains. Thus, strain did not localize in the new

quartz grains. The second part of the explanation concerns

the ease with which feldspar fractures relative to quartz,

owing to its two good cleavages. Tullis and Yund (1987)

showed that feldspars undergo more extreme grain size

reduction than quartz during cataclasis. The tendency for

faults in the aplite to follow feldspar as opposed to quartz

grains led to greater grain-size reduction in the feldspar in

the experiments of Tullis et al. (1990), and strain localized

in the fine-grained feldspar during subsequent high

temperature deformation. Tullis et al. (1990) noted that

the tendency for feldspar to localize ductile strain along

preexisting faults or fractures should be limited to rocks in

which feldspar forms a stress-supporting framework, as in

the northern marginal unit of the San José pluton.

The studies by Segall and Simpson (1986) and Tullis

et al. (1990), in addition to the present study, illustrate the

importance of brittle structures as sites of initiation of

ductile shear zones. In the case of the San José pluton, a

mylonitic foliation developed from initial fracturing, which

raises the question of how many pervasively foliated

mylonites in feldspar-rich rocks may have formed this way.

6.2. Preservation of microstructural relations

Recognition of a ‘brittle–ductile transition’ in the

marginal northern unit would not have been possible

without preservation of key microstructures. Although we

suggest that the marginal northern unit was deformed at

temperatures near the wet tonalite solidus (T , 680 8C at

300 MPa; Wyllie, 1977; Schmidt and Thompson, 1996), the

subtle microstructures formed in these rocks are remarkably

well preserved. The probability of preserving subtle

microstructures is considerably enhanced if differential

stress, strain rate and temperature are rapidly reduced more

or less simultaneously across the deformation zone (e.g.

Knipe, 1989; Prior et al., 1990; White and Mawer, 1992;

Handy et al., 2001). Johnson et al. (2003) concluded that the

brittle/crystal–plastic deformation in the marginal northern

unit was caused largely or entirely by emplacement of the

central unit of the tonalite into the partially crystallized

northern unit. Thus, emplacement-related differential

stress and strain rate would have dropped rapidly and

simultaneously, immediately after emplacement had con-

cluded. In addition, the pluton intruded rocks at tempera-

tures consistent with greenschist-facies grade of regional

metamorphism (Johnson et al., 2003), and the marginal

northern unit was probably much hotter at the time

deformation ceased. The resulting temperature gradient

between the pluton and wall rocks would have caused a

relatively rapid temperature drop in the marginal northern

unit, in concert with the drop in differential stress and strain

rate. Furthermore, the distance between the central unit and

the marginal northern unit (.2 km) probably precluded

sufficient reheating of the latter, minimizing destruction of

the preserved microstructures through recovery processes.

Thus, the multi-pulse nature of the pluton, the relatively low

temperature of the surrounding wall rocks, and the pluton’s

late emplacement timing relative to regional ductile strain

accumulation have all contributed to the unusual preser-

vation of microstructures defining the deformation gradient

in the marginal northern unit.

6.3. Evidence for high strain rates

The evidence for brittle deformation in the marginal

northern unit of the San José pluton at relatively high

temperatures, within an emplacement-related kinematic

setting, raises the possibility of deformation at relatively

high strain rates. Strain rates in rocks can be directly

estimated if velocity boundary conditions (or the finite strain

state) and the duration of deformation are known. Alter-

natively, if the temperature during deformation is known,

the deformation microstructures can be compared with

those from laboratory deformation experiments in an

attempt to infer flow stresses and strain rates. We do not

know the velocity boundary conditions of deformation (or

the finite strain state) in the marginal northern unit, nor the

precise time interval over which deformation occurred, and

so we cannot make a direct estimate of strain rates.

Although we have a rough estimate of the temperature

(,680 8C) during at least part of the deformation, we are

not certain how to extrapolate experimentally determined

flow laws to these polymineralic rocks, nor the relevance of

these flow laws to melt-present, cataclastic flow. Several

recent studies have used microstructural observations in

quartzites as a basis for applying laboratory-derived

quartzite flow laws to naturally deformed rocks (e.g.

Stöckhert et al., 1999; Hirth et al., 2001). However, few

studies have attempted this application to polymineralic

rocks (e.g. Yoshinobu and Hirth, 2002).

We use the following information to bracket likely strain

rates during deformation of the marginal northern unit: (1) a

brief comparison of feldspar microstructures in naturally

and experimentally deformed rocks to those in the marginal

northern unit; (2) previous studies of strain rates associated

with pluton emplacement; and (3) theoretical studies of

emplacement-related strain rates. Although we can only

confidently bracket the bulk strain rate to within three orders

of magnitude, we use this range to discuss the effects of

strain rate partitioning on the microstructural evolution of

these rocks.

6.3.1. Comparison of feldspar microstructures

Assuming that the temperature in the marginal northern

unit at the time of deformation initiation was near the

solidus temperature of wet tonalite (,680 8C at 300 MPa),
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Fig. 10. Shaded contours of shear strain rate (1=2½ð›Vx=›zÞ þ ð›Vz=›xÞ�) in central sections through the numerical experiment at seven stages between steps 400

and 1000. Note partitioning of higher strain rates into the biotite and linked zones of plastic failure, and associated drop in background strain rate throughout the

surrounding matrix.
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and bulk strain rates were in the normally accepted tectonic

range of 10213–10215 s21, dislocation creep would likely

have been the dominant deformation mechanism in

plagioclase (e.g. Tullis, 1983; Simpson, 1985; Fitz Gerald

and Stünitz, 1993; Pryer, 1993; Tullis, 2002). At these

temperatures, naturally deformed plagioclase generally

shows widespread grain boundary migration and in some

instances subgrain formation, suggesting that recrystalliza-

tion-accommodated and possibly climb-accommodated

dislocation creep have occurred (Tullis and Yund, 1985).

Although fracturing of feldspar has been documented in

rocks deformed at upper amphibolite facies conditions (Fitz

Gerald and Stünitz, 1993), the degree of fracturing is not as

pronounced as that recorded in the marginal northern unit of

the San José pluton. Plagioclase microstructures grossly

similar to those in the marginal northern unit were

developed in Enfield aplite experimentally deformed at

temperatures of 800 8C, and strain rates of ,1026 s21

(Dell’Angelo and Tullis, 1996). These experiments showed

transitional behavior of feldspar between semi-brittle flow

and recrystallization-accommodated dislocation creep. The

above observations suggest that the marginal northern unit

was deformed at rates faster than those normally associated

with regional deformation (,10213 s21), but probably at

rates slower than those of the above-mentioned experimen-

tal study (,1026 s21).

6.3.2. Pluton emplacement and strain rates

A growing body of evidence suggests that strain rates

associated with pluton construction are fast relative to

regional tectonic strain rates, regardless of the mechanism

of magma ascent and emplacement (e.g. Clemens and

Mawer, 1992; Paterson and Tobisch, 1992; Karlstrom et al.,

1993; Weinberg and Podladchikov, 1995; Pavlis, 1996;

Petford, 1996; Fernandez and Castro, 1999; McCaffrey et al.,

1999; Handy et al., 2001; Johnson et al., 2001; Gerbi et al.,

2004). For example, rates on the order of 10211–10212 s21

have been suggested for deformation in the aureoles of the

East Piute and Old Woman plutons in southern California

(Karlstrom et al., 1993; McCaffrey et al., 1999). John and

Blundy (1993) estimated strain rates of 10213 s21 for ductile

deformation in the aureole of the Adamello massif, Italy.

Nyman et al. (1995) suggested that strain rates may have

been of the order of 10212 s21 in the aureole of the Papoose

Flat pluton, eastern California. Fernandez and Castro (1999)

suggested that strain rates of 10210–10211 s21 formed in

local ‘kink-like’ openings during magma emplacement. These

strain rates are similar to the rates of 10210–10213 s21

suggested by Schmid (1989) and 1029–10211 s21 suggested

by White and Mawer (1992), for some mylonite zones.

Johnson et al. (2001) and Gerbi et al. (2004) used

analytical expressions for axial strain rates in the aureoles of

expanding spheroids to estimate wall-rock strain rates

Fig. 11. Plot of progressive evolution of differential stress and shear strain rate at locations A–E in the model (inset). For each of these points, the curve for

differential stress in denoted by (s), and the curve for shear strain rate is denoted by ( _g).
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associated with the early stages of dike-fed pluton growth.

Their modeling suggests that strain rates can reach sustained

values of ,1027.5 s21 or higher.

6.3.3. Summary

Considering the available evidence we suggest that the

central unit was emplaced as a single pulse, and on the basis

of the information presented above we estimate that

emplacement-related deformation of the marginal northern

unit occurred at strain rates between 1028 and 10211 s21,

although rates during the early stages of deformation may

have been much higher (Johnson et al., 2001; Gerbi et al.,

2004). This spread of three orders of magnitude is not

satisfying as a bulk-rate estimate. However, the modeling of

Johnson et al. (2001) and Gerbi et al. (2004) shows that

strain rates decrease with time at the margin of an

‘expanding’ pluton, and so the bulk rate may well have

spanned several orders of magnitude, conceivably starting at

1028 s21 and decreasing to 10211 s21. Strain rates may also

vary spatially by up to three orders of magnitude, as shown

in our numerical modeling (Figs. 10 and 11) and previous

theoretical (e.g. Tullis et al., 1991; Handy et al., 1999) and

experimental work (e.g. Jordan, 1987; Ross et al., 1987;

Olgaard, 1990; Tullis et al., 1990; Bons and Cox, 1994;

Rosenberg and Handy, 2000; Holyoke and Tullis, 2001).

Therefore, trying to further constrain the bulk strain rate

experienced by these rocks may provide less insight than

exploring how rates might have partitioned between, say,

1028 and 10211 s21 during progressive deformation.

An important implication from this discussion is that

microstructures observed in single thin sections may reflect

strain rates that span up to three orders of magnitude or

more, depending on the degree of strain rate partitioning

during deformation. Perhaps of more importance, strain rate

partitioning of this magnitude or higher should be expected

on a range of scales, which could lead to an overestimate or

underestimate of bulk strain rates depending on where

microstructural data are collected in a deformed sequence of

rocks. On the basis of our microstructural observations and

numerical experiments, as well as laboratory experiments

on biotite-bearing rocks (e.g. Shea and Kronenberg, 1992,

1993; Holyoke and Tullis, 2001; Tullis, 2002), we suggest

that biotite-rich layers in a deforming sequence of rocks

may commonly deform at strain rates markedly higher than

the bulk rate.

7. Conclusions

Although phyllosilicates have long been recognized as

the weakest minerals in shear in most crustal rocks,

relatively few studies have investigated their mechanical

significance for shear initiation and localization leading to

fabric development. Microstructural observations suggest

that biotite was the weakest mineral in the deforming

carapace of a tonalite pluton, and that it initiated and

localized microfractures in a stress-supporting plagioclase

framework. These microfractures evolved into ductile

microshear zones, along which biotite grains coalesced to

ultimately form a mylonitic foliation at the highest strains.

Thus, the rocks preserve evidence for a progressive

transition from brittle to ductile flow, the transition being

controlled largely by mechanical and possibly chemical

redistribution of biotite in concert with other weakening

mechanisms (e.g. grain-size reduction of feldspar). Numeri-

cal experiments designed to investigate the role of biotite in

initiating and localizing deformation illustrate the stress and

strain-rate evolution that might be expected in initially

homogeneous rocks containing biotite grains. The results of

these experiments show the important role played by weak

minerals in developing compositional layering that serves to

reduce the material’s bulk strength. These numerical

experiments also provide insight into the degree to which

strain rates may partition among different minerals in

polymineralic rocks. Thus, microstructures in a single zone

of deformation (or a single thin section) may reflect strain

rates spanning three orders of magnitude or more, and strain

rates determined by relating microstructures in deformed

rocks to mineral flow laws derived from laboratory

experiments may not reflect the bulk strain rate during

deformation.
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