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a b s t r a c t

We use field and microstructural observations, coupled to previously published P-T-time histories, to
track the rheological evolution of an intracontinental subduction complex exposed in the Betic Cordillera
in the western Mediterranean region. The body of rock we focus on, known as the Nevado-Filabride
Complex (NFC), was originally part of the upper crust of the Iberian margin. It was subducted into hot
asthenospheric mantle, then exhumed back toward the surface in two stages: an early stage of fast
exhumation along the top of the subducting slab in a subduction channel, and a late stage of slower
exhumation resulting from capture by a low-angle detachment fault rooted at the brittle-ductile tran-
sition. Each stage of deformation in the NFC was punctuated by changes in the dominant deformation
mechanism. Deformation during initial subduction of the complex was accommodated by pressure-
solution creep in the presence of a fluid phase e the grain sizes, stress magnitudes, and estimated
strain rates for this stage are most consistent with a thin-film model for pressure solution in which the
diffusion length scale is controlled by the grain size. During the early stages of exhumation within the
subduction channel, deformation transitioned from pressure solution to dislocation creep due to in-
creases in temperature, which resulted in increases in both water fugacity and grain size, each of which
favor the dislocation creep mechanism. Differential stress magnitudes for this stage were w10 MPa, and
are consistent with simple models of buoyancy-driven channel flow. With continuing subduction-
channel exhumation, deformation remained within the dislocation creep field because sequestration
of free water into hydrous, retrogressive minerals suppressed the pressure-solution mechanism. Dif-
ferential stresses progressively increased to w100 MPa near the mouth of the channel during cooling as
the rocks moved into mid-crustal levels. During the final, core-complex stage of exhumation, defor-
mation was progressively concentrated into a narrow zone of highly localized strain beneath a mid-
crustal detachment fault. Localization was promoted by a transition from dislocation creep to
dislocation-creep-accommodated grain boundary sliding at temperatures of w350e380 �C, grain sizes of
w4 mm and differential stress magnitudes of w200 MPa. Peak differential stress magnitudes of
w200 MPa recorded just below the brittle-ductile transition are consistent with Byerlee’s law in the
upper crust assuming a vertical maximum principal stress and near-hydrostatic pore fluid pressures.
Overall, the distribution of stress with temperature, coupled to independent constraints on strain rate
from field observations and geochronology, indicate that the naturally calibrated Hirth et al. (2001) flow
law for wet quartzite accurately predicts the rheological behavior of mid-crustal rocks deforming by
dislocation creep.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A common feature of nearly all convergent orogens is the
preservation of low to medium grade, high-pressure metamorphic
rocks that have been subducted to several tens of kilometers depth,
then exhumed back to the surface during ongoing subduction.
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During the burial and exhumation cycle, the deeper parts of these
subduction complexes may occupy a channel along the interface
between the down-going slab and the overriding plate. Their
rheological properties exert a controlling influence over several
aspects of subduction zone dynamics, including the shear stress
along the plate interface (e.g. Vergnolle et al., 2007), the depth of
coupling between the upper and lower plates (e.g. Stöckhert, 2002),
the amounts and rates of exhumation of subducted material (e.g.
Gerya and Stöckhert, 2002), and the depth of seismicity (e.g.
Tichelaar and Ruff (1993)). Field and microstructural observations
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of exhumed subduction complexes can constrain their rheological
properties and can provide unique insight into these aspects of
subduction dynamics, often at a scale inaccessible to geophysical
measurements.

Many models of subduction channel mechanics assume iso-
viscous Newtonian or temperature-dependent power-law rheol-
ogies. But during subduction and exhumation, rocks within a
subduction complex undergo important changes in their bulk
rheological properties. They are heated and pressurized, inducing
metamorphic reactions that change the rock density and absorb or
expel fluids; and they are deformed, changing the distribution and
orientation of mineral phases, the average grain sizes, and the ge-
ometry and anisotropy of the rock body. During initial burial, for
example, rocks at the top of the subducting slab may be uncon-
solidated and wet, such that they behave as low viscosity melanges
in which the rheology is controlled by a weak matrix phase (e.g.
clay or mica) deforming at high pore-fluid pressures (Cloos, 1982;
Cloos and Shreve, 1988). During subsequent burial and associated
increases in pressure and temperature, the rocks may become less
porous; the clayminerals may break down to form other, less fissile,
Al-rich silicates; and the strain may become distributed into
different phases with different rheological characteristics (e.g.
Grigull et al., 2012). The rheology at this stage will likely depend on
the remaining fluid content and the load-bearing minerals, them-
selves dependent on the original bulk composition. As the rocks
pass through peak T and P and begin to cool and decompress,
retrogressive metamorphic reactions may lead to the consumption
of water by the formation of hydrated minerals, and associated
strengthening (Yardley, 1981). As a result, the rocks may cease to
deform, or else deform by processes operative under higher dif-
ferential stresses, such as dislocation creep or brittle fracture. These
progressive changes in rock properties affect the active deforma-
tion mechanisms and the associated effective viscosity, likely
inducing transient and complex effects on the behavior of the plate
boundary interface.

In this paper we use field and microstructural observations,
coupled to previously published PeT-time histories, to track the
rheological evolution of an intracontinental subduction complex
exposed in the Betic Cordillera of southern Spain. The body of rock
we focus on was originally part of the upper crust of the Iberian
margin. It was subducted into hot asthenospheric mantle, then
exhumed back toward the surface in two stages: an early stage of
fast exhumation along the top of the subducting slab in a subduc-
tion channel, and a late stage of slower exhumation by capture
along a low-angle detachment fault rooted at the brittle ductile
transition (Behr and Platt, 2012). Such two-stage exhumation his-
tories are common to many subduction complexes in the Medi-
terranean region (Jolivet et al., 2003), but very little is known about
the interplay between the rheological behavior of these rocks and
their exhumational style. We demonstrate that the transitions from
burial, to channelized exhumation, to exhumation in the footwall of
a low-angle detachment fault are each punctuated by changes in
the dominant deformation mechanisms, suggesting an important
link between the style of exhumation and the internal rheology of
the subducted rocks. We also use observational data on the rheo-
logical parameters (e.g. stress, temperature, grain size, strain rate)
of the subducted rocks to test the applicability of published
experimental quartzite flow laws and to examine the localization
mechanisms that operated during progressive exhumation and
cooling in this subduction zone environment.

2. Regional geology

The Betic-Rif Cordillera of southern Spain and northernMorocco
is the western-most of the arcuate Alpine mountain belts that
encircle the Mediterranean Sea (Fig. 1). The orogen has straddled
the collision zone between Africa and Iberia from the early Eocene
to the present, accommodating between 140 and 500 km of
northward motion of Africa relative to Iberia (Dewey et al., 1989;
Vissers and Meijer, 2012). The arc comprises an external, non-
metamorphic, thin-skinned fold-and-thrust belt surrounding an
internal extensional hinterland known as the Alboran Domain. The
external zones preserve remnants of the original African and Ibe-
rian continental margins that were rifted apart during the early
Mesozoic, whereas rocks in the internal zone are the subducted and
exhumed equivalents of the intervening thinned continental and
oceanic material that resided between the two continents prior to
convergence.

We focus here on one of the subducted and exhumed bodies of
rock within the internal zone of the Betic Cordillera, known as the
Nevado-Filabride Complex (NFC). The NFC is the most recently
subducted and exhumed complex in the Betics, showing evidence
for high pressure/moderate temperature metamorphism at w15e
18Ma (Sanchez-Vizcaino et al., 2001; Platt et al., 2006), followed by
retrogression associated with rapid exhumation to upper crustal
levels by w8 Ma (Johnson et al., 1997). The NFC is exposed in the
cores of two EeW trending, domed culminations, including the
Sierra Nevada-Sierra de Los Filabres and Sierra Alhamilla-Sierra
Cabrera culminations. Within these ranges, the NFC composes the
footwall of what resembles a large-scale metamorphic core com-
plex, separated from lower grade hanging-wall rocks exposed along
the margins of the ranges by a well-defined, low angle brittle
detachment fault that formed along precursory ductile shear zones
(Jabaloy et al., 1993). The NFC is unique in that it provides a
microstructural record of deformational processes during rapid
intracontinental subduction and exhumation, which has not been
described or quantified from any other orogen. Our study focused
on the NFC as exposed in the Sierra Alhamilla, because there it
preserves the most complete and well-exposed sequence of
deformation associated with exhumation of the Complex.

3. Deformation history of the NFC in the Sierra Alhamilla

The Sierra Alhamilla is an EeW-trending antiformwith Nevado-
Filabride rocks exposed in the core and hanging-wall carbonates
and phyllites exposed along the rim and as isolated klippen near
the crest of the range. The footwall and hanging-wall rocks are
everywhere separated by a brittle detachment fault, in some places
associated with a pronounced zone of cataclasis and mylonitization
in the footwall. The NFC in the Sierra Alhamilla has been divided
into two tectonostratigraphic units: the Alhamilla unit and the
Castro unit, distinguished on the basis of metamorphic grade,
lithologic heterogeneity and style of deformation (Fig. 2) (Platt and
Behrmann, 1986). The Alhamilla unit is the structurally lowest,
cropping out throughout the core of the range and along its
northern margin. It consists of graphitic mica schist with minor
lenses of quartzite and metaconglomerate. These rocks generally
show biotite and chlorite zone greenschist facies metamorphism
with an average peak temperature of w490 �C, except at the con-
tact with the Castro unit where there is an inverted metamorphic
zonation defined by the local occurrence of garnet and local peak
temperatures ofw530 �C (Behr and Platt, 2012). The Alhamilla unit
preserves crenulation cleavages of different orientations
throughout the range, but they are difficult to relate to specific
tectonic or metamorphic events due to a scarcity of metamorphic
index minerals.

The Castro unit is structurally higher, crops out only on the
southern margin of the range, and comprises several intercalated
rock types, including quartzite, light-colored schist and phyllite,
graphitic mica schist, marble, and granite. Most of the deformation



Fig. 1. Tectonic map of the Betic-Rif arc in the Western Mediterranean. Modified from Platt et al. (2003).
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associated with exhumation in the NFC is concentrated in the
Castro unit, which is divided into three distinct deformational
zones: the central Castro unit, the lower mylonite zone, and the
upper mylonite zone (Fig. 2). The main phase of deformation,
related to exhumation, is associated with a moderately SE-dipping
foliation (S3) that grades from proto-mylonitic in the central Castro
unit outward into mylonitic and ultramylonitic in the upper and
lower mylonite zones. These gradations are associated with dis-
cordances in and shallowing of the S3 foliation dip, as well as a
progressive swing in trend of the stretching lineation from SSW to
WSW (Behr and Platt, 2012). Quartz c-axis fabrics presented by
Behr and Platt (2012) suggest that the change in stretching direc-
tion was accompanied by an increase in the component of simple
shear deformation e symmetric fabrics are preserved in the pro-
tomylonites, whereas strongly asymmetric fabrics are observed in
mylonites near the upper and lower mylonite zones. The S3 folia-
tion overprints an earlier schistosity (S2), occasionally preserved in
the field within tight folds, particularly in protomylonites in the
central Castro unit. Within the upper mylonite zone, the S3 folia-
tion is locally warped and overprinted by a set of SE-vergent folds
and crenulations, pervasive shear bands, layers up to a few meters
thick of ultramylonite, and cross-cutting brittle-ductile shear zones
and bands of pseudotachylite, all of which we group together as D4
structures. At the contact with the hanging wall along the
detachment, the NFC rocks are overprinted by cataclasis and shear
along closely-spaced brittle faults. Mineral assemblages associated
with the S2 schistosity record amphibolite-facies conditions,
including garnet, staurolite and kyanite, whereas mineral assem-
blages associated with S3 and later structures in the rest of the
Castro unit record progressive retrogression frommid-amphibolite
to lower greenschist facies. Retrogression is pervasive in the two
mylonite zones at the upper and lower boundaries of the Castro
unit and complete in ultramylonites and in cross-cutting brittle-
ductile shear zones near the detachment.

The deformation and metamorphism in the Castro unit, and the
equivalent tectonic units in the rest of the NFC, has been inter-
preted by numerous workers to reflect an early phase of subduction
under low temperature/high pressure conditions to form S1, fol-
lowed by deformation at peak temperature and pressure conditions
during the transition from subduction to exhumation to form S2,
and culminating in progressive localization during later exhuma-
tion and cooling to form S3 and D4 structures (Vissers et al., 1995;
Galindo-Zaldívar et al., 1989; Jabaloy et al., 1993; Augier et al., 2005;
Agard et al., 2010; Behr and Platt, 2012). A recent detailed synthesis
of thermobarometry, kinematic data, and geo- and thermo-
chronology led Behr and Platt (2012) to suggest that exhumation
in the NFC occurred in two stages: an early stage of exhumation by
channel flow along the top of the subducting slab (Stage 1 Exhu-
mation, Fig. 3), followed by a late stage of exhumation within the
footwall of a low-angle detachment fault rooted at the brittle-
ductile transition (Stage 2 Exhumation, Fig. 3). In these authors’
interpretation, rocks in the central Castro unit record early coaxial
to top SSW deformation within the subduction channel at depths
between 50 and 25 km (D3); rocks in the upper mylonite zone
record top-WSW extension beneath a mid-crustal core complex
detachment (recorded by D4 structures), and rocks in the lower
mylonite zone represent the transition between these two exhu-
mational styles. The structurally higher Castro unit represents the
margin of the subduction channel at the interface with an initially
hot subduction zone hanging wall, whereas the Alhamilla unit was



Fig. 3. Pressure-temperature path and associated tectonic model for the Nevado-Filabride Complex as presented in Behr and Platt (2012). Rocks along the Iberian continental
margin were subducted in the Miocene, leading to deformation and high pressure/low temperature metamorphism. Rocks at the top of the subducting slab detached and were
exhumed in two stages: an early stage along the subduction channel, and a later stage along a low-angle detachment fault rooted in the middle crust.

Fig. 2. Map and generalized cross-section of the southern side of the Sierra Alhamilla showing the relationships between the two primary units in the Nevado-Filabride Complex
(the Alhamilla Unit and the Castro Unit) and the upper plate rocks above (modified from Platt and Behrmann (1986)). Sample numbers are shown on the map as white circles.
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closer to the cold subducting slab, accounting for the inverted
metamorphic zonation between the two units (Fig. 3) (Behr and
Platt, 2012).

4. Sampling, methods, and general approach

Our overall approach in this study is to build upon the tectonic
model described in Section 3 by using microstructural analysis to
characterize the rheological properties of the rocks during a) initial
subduction, b) channelized exhumation, and c) final core-complex-
style exhumation to the surface. This type of analysis is possible in
the NFC (and other exhumed terranes) because increasing locali-
zation and rapid cooling during exhumation allowed earlier mi-
crostructures produced by more distributed deformation to be
preserved (e.g. Behr and Platt, 2011). We collected samples from
four transects through the Castro unit on the south side of the Si-
erra Alhamilla and one transect across the core of the range through
the Alhamilla unit. The majority of samples were quartzites or
quartz-rich mica schists. Approximately 250 thin sections were
made from the samples and examined under a petrographic mi-
croscope; several of these were chosen to characterize the relevant
rheological properties of the rocks in detail. The parameters we
consider as controlling the rheological behavior of the NFC rocks
include a) the mineral phase accommodating the majority of
deformation, b) grain size, c) differential stress magnitude, d)
dominant deformation mechanism, e) water content, f) tempera-
ture, and g) strain rate. We use field and microstructural observa-
tions to place constraints on, and in some cases directly quantify
several of these parameters, using the methods described below.

4.1. Primary strain-accommodating phase

The two-primary strain-accommodating phases in the NFC
rocks are quartz and mica. Feldspar, tourmaline, garnet, kyanite,
staurolite, chloritoid and rutile occur in some rock types but always
behave as porphyroclasts and do not show crystal-plastic defor-
mation. In nearly all quartz mica schists, mica occurs as isolated
fish-shaped porphyroclasts and/or as 1e2-mm selvages cut by
pervasive shear bands. An exception is within some of the the
highest strain rocks within the upper mylonite zone, in which both
mica and quartz are very finely recrystallized and occasionally
dispersed, forming a polyphase mixture; in these rocks, mica is
commonly associated with chlorite. The microstructures in
quartzites and quartz-mica schists we use to characterize the
rheology suggest that quartz acted as an interconnected weak
phase during deformation and can therefore be used to approxi-
mate the bulk rheology of the rock (Dell’Angelo and Tullis, 1996;
Handy, 1990; Handy et al., 1999).

4.2. Deformation mechanisms

Deformation mechanisms documented for quartz under
amphibolite to greenschist facies conditions include dissolution-
precipitation creep, dislocation creep, and grain-boundary sliding.
In most natural settings, these mechanisms occur together, but the
rate-limiting mechanism controls the bulk rheology and is likely to
dominate the microstructure. Dissolution-precipitation creep is
characterized by small-scale chemical differentiation of quartz
from immobile phases such as sheet silicates, graphite and oxides.
Material may be precipitated in veins, crenulation hinges, or as
fibrous or optically continuous overgrowths in pressure shadows
around pre-existing grains. This process commonly results in a
moderate to strong shape-preferred orientation (SPO) but a
random crystallographic preferred orientation. Dislocation creep is
characterized by the formation of strong crystallographic preferred
orientations (LPO), subgrains and/or abundant grain boundary
migration, and, in some cases, ribbon grains formed by dislocation
glide. Grain-boundary sliding may result in a homogeneous dis-
tribution of different phases (neighbor-switching), may produce
diamond-shaped grains and grain boundaries that are aligned
across several grain diameters, and may significantly weaken or
randomize the LPO (White, 1977; Fliervoet et al., 1997). We use
EBSD to help distinguish these features through submicron-scale
microstructure maps and LPO measurements.

4.3. Grain sizes

Grain sizes in coarse-grained samples (>100 mm) were
measured by taking optical images, tracing grain boundaries by
hand, digitally scanning the grain-boundarymaps and using ImageJ
to quantify the average particle size. Samples with smaller grain
sizes (<100 mm) were measured using Electron Backscatter
Diffraction (EBSD). For these we used a JEOL-7001F SEM mounted
with an EDAX Hikari high speed EBSD detector to produce grain-
boundary maps, then used the grain reconstruction module in
the OIM analysis software to quantify grain size, following the
recommendations by Humphreys (2001) and the procedures out-
lined in Behr and Platt (2011). All samples used for grain-size
analysis and EBSD were cut parallel to lineation and perpendic-
ular to foliation.

4.4. Stress magnitudes

For samples deformed by dislocation creep, recrystallized grain-
size paleopiezometry can be used to estimate the magnitude of
differential stress the rocks were accommodating during defor-
mation. We used the empirical piezometer of Stipp and Tullis
(2003), for which the experimentally-produced quartz micro-
structures are similar to those observed in the Castro unit mylon-
ites, suggesting that extrapolation to natural microstructures is
reasonable. Holyoke and Kronenberg (2010) recently proposed a
small systematic correction to the Stipp and Tullis (2003)
piezometer based on calibration of a solid-medium deformation
apparatus to a gas apparatus, which we incorporate here. The
piezometer is most applicable to the grain sizes and recrystalliza-
tion mechanisms for which it was calibrated (i.e. grain sizes
<35 mm and bulging (BLG)-dominated recrystallization). It may
also apply to recrystallized grain sizes up to w120 mm, corre-
sponding to the transition from subgrain rotation (SGR)-dominated
to grain boundary migration (GBM)-dominated recrystallization
(Stipp et al., 2010), but stress estimates from larger grain sizes are
minimum estimates only. All but one of our samples are within the
range 5e120 mm. Within the uncertainties of the experimental
data, the Stipp and Tullis (2003) piezometer exhibits no depen-
dence on temperature, water content of the quartz, or the alphae
beta transition in quartz (Stipp et al., 2006). Grain-size measure-
ments obtained in the Stipp and Tullis (2003) piezometer study did
not include a stereological correction, so we neglect this in our
grain-size measurements for consistency with the piezometer.

4.5. Strain rates

Constraints on strain rate come from measurements of shear
zone width, coupled to estimates of the slip rate accommodated
within the shear zone, which casts strain rates as spatial gradients
in velocity. Shear zone width measurements are based on field and
microstructural observations, and the slip rates within the shear
zones are based on previously published geo- and thermo-
chronology and thermal modeling (Platt et al., 2006; Johnson
et al., 1997; Behr and Platt, 2012).
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4.6. Temperature and pressure

Behr and Platt (2012) used several thermobarometers to deter-
mine the PT conditions of deformation in different parts of the
Castro unit, including Raman spectroscopy on carbonaceous ma-
terial (Beyssac et al., 2002), Thermocalc Average PT (Powell and
Holland, 1994), Ti-in-quartz thermobarometry (Wark and Watson,
2006; Thomas et al., 2010) and chlorite thermometry (Vidal et al.,
2001). Peak temperatures and pressures of w560 �C/12 kbar are
preserved in some protomylonites in the central Castro Unit,
whereas the majority of rocks in the central Castro unit are
mylonites formed under temperatures ranging from 435 to 560 �C
and pressures ranging from w6 to 10 kbar. Temperatures and
pressures recorded in the lower mylonite zone range from 385 to
430 �C/3 to 5 kbar, and temperatures and pressures recorded in the
upper mylonite zone range from 325 to 385 �C/2 to 4 kbar.

5. Descriptions of quartz microstructures

Through examination of w250 thin sections from samples
collected at different structural levels in the Sierra Alhamilla, we
identified 6 microstructural domains, each representing different
stages in the subduction and exhumation history and the rheo-
logical evolution of the NFC. These include the following: Domain
S1A, the S1 fabric in the Alhamilla unit and Domain S1C, the S1
foliation preserved in porphyroblasts in the central Castro unit,
both of which record deformation on the prograde path during
subduction; Domain S2, the peak temperature fabric (S2) formed
during the transition from subduction to exhumation and pre-
served in the central Castro unit; Domain S3, the S3 foliation in the
central Castro unit that represents the intermediate stages of
exhumation in the subduction channel; Domain LMZ, the S3 fabric
preserved in the lower mylonite zone, which represents the final
stages of exhumation in the subduction channel during the tran-
sition to core complex exhumation; and Domain UMZ, the S4 foli-
ation in the upper mylonite zone, representing final exhumation
along a low angle detachment fault. Below we describe the quartz
microstructures in each of these domains. In Table 1, we list
quantitative measurements of several rheological parameters for 8
samples.

5.1. Domain S1A: S1 fabric in the Alhamilla unit

Graphitic mica schists in the Alhamilla unit typically exhibit
w0.2 to 1-mm-scale quartz microlithons with relict crenulation
arcs, and graphite-mica cleavage zones, forming a well-defined
differentiated crenulation cleavage (S1) (Fig. 4a). Porphyroblastic
metamorphic minerals are uncommon in these rocks, but the as-
sociation of coarse-grained Mg-chloritoid with S1 suggests that it
Table 1
Statistics and observations for samples used in this study.

Region/Domain Sample# Grain
size (um)

# of measured
regions

# of grains
(total)

Stress (Mpa)

UMZ WB71 3.0 � 0.4 1 167 205 þ 25/�19
UMZ WB13 3.6 � 0.3 2 419 177 þ 13/�11
UMZ WB69 3.5 � 0.8 1 180 181 þ 41/�27
UMZ WB17 3.6 � 0.6 1 1016 177 þ 28/�20
LMZ WB6 6.4 � 1.6 2 306 112 þ 29/�18
LMZ WB7 7.2 � 0.74 3 574 102þ9/�7
S3 WB66 27 � 12 1 168 36 þ 21/�9
S3 WB81 24 � 13 1 225 40 þ 35/�12
S2 WB76 135 � 30 1 37 10 þ 2/�1
S1C PB286 60e190 1 430 <10
S1A Pt212 40e80 1 54 <10
was formed at or near peak-pressure conditions. In some areas the
S1 fabric has been affected by one or more later sets of differenti-
ated crenulation cleavages, locally associated with the growth of
albite (Platt and Behrmann, 1986). White mica grains in the S1
graphite-mica domains are typically coarse but in some samples are
separated along cleavage planes by dense stringers of graphite.
Quartz grains within the microlithons are typically equant or
slightly elongated parallel to the foliation; they exhibit a narrow
grain-size distribution, straight to slightly curved grain boundaries,
random LPO, and no evidence for intracrystalline plasticity (Fig. 4b).
The quartz grain sizes measured in a sample collected near the
Castro-Alhamilla unit contact (Pt220) averagedw50 mm, and based
on visual inspection, average quartz grain sizes in other samples in
the Alhamilla unit are similar.

Minor interlayered quartzites and quartz-pebble conglomerates
in the Alhamilla Unit show a strong planar fabric with associated
stretching SW-trending stretching lineation (Platt and Behrmann,
1986). The quartz in these rocks forms large amoeboid grains
with abundant evidence for local grain boundary migration, and
exhibits a strong lattice preferred orientation (LPO) (Fig. 4c and d)
(Platt and Behrmann, 1986), in contrast to quartz within the mica
schists. The quartz grain size in these rocks is on the order of 100e
200 mm, although grain boundaries are commonly pinned by mica.
Some deformed quartz pebbles in the metaconglomerates, how-
ever, lack mica, and recrystallized quartz grains show highly vari-
able sizes up to 200 mm (Fig. 4c and d).

The timing of the S1A fabric in the Alhamilla Unit is not entirely
certain, in view of the tectonic discontinuity represented by the
Lower Mylonite Zone, which separates it from the Castro Unit. Our
preferred interpretation is that it is coeval with S1C in the Castro
Unit.
5.2. Domain S1B: S1 fabric in porphyroblasts in the central Castro
unit

Rocks that best preserve remnants of the early subduction phase
of deformation (S1 fabrics) in the Castro unit are protomylonites in
the unit’s center. Within them, metamorphic porphyroblasts of
garnet, kyanite, and staurolite in schists, and garnet and chloritoid
in quartzites are dispersed, each exhibiting rotated textures relative
to the primary foliation. Garnet porphyroblasts in the schists and
micaceous quartzites exhibit prograde zoning profiles and are up to
1 cm in diameter, preserving well-defined inclusion trails. The in-
clusion trails consist predominantly of quartz and mica, with rare
occurrences of chloritoid, kyanite and graphite; they commonly
define a differentiated cleavage, with quartz-rich microlithons
separated from each other by mica- and graphite-rich selvages
(Fig. 5a and b). Quartz grains within the microlithons lack undulose
extinction and other evidence of intracrystalline plasticity, and
T (�C) P (kbar) Fabric strength
(x random)

Inferred
def. mech.

Tectonic stage

366 � 36 2.5 � 2.3 4.6 GBS Exhumation along low
angle detachment382 � 18 3.8 � 1.3 5.6 GBS

325 � 25 2.3 � 1.8 7.4 GBS
n/a n/a 9.1 GBS
401 � 27 3.7 � 1.7 14.8 DC Exhumation

in subduction
channel

424 � 21 4.7 � 1.3 15 DC
495 � 90 10.4 � 3.8 15.5 DC
495 � 90 10.4 � 4.0 13.9 DC
556 � 14 12.5 � 1.4 17 DC to PS
380e556 <12.5 n/a PS Subduction
200e490 1e12.5 n/a PS



Fig. 4. S1A microstructures in the Alhamilla unit. [A] Graphitic mica schist showing a differentiated crenulation cleavage, with segregated quartz-rich and mica/graphite-rich
domains. Plane polars. Sample Pt220. [B] Higher magnification view of the same sample shown in [A]. Quartz grains are equant and generally uniformly sized (w50 mm), and
show no crystallographic preferred orientation. Crossed polars. [C] Quartzite from the Alhamilla unit showing large dynamically recrystallized quartz grains with lobate grain
boundaries. Note pinning of quartz grain-boundaries by micas. Sample Pt443. [D] Same view as in [C] with gypsum plate in highlighting the strong LPO. Note also concentrations of
mica and graphite, suggesting that pressure-solution was also active.
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have shape-preferred orientations, but no lattice preferred orien-
tations (Fig. 5c). Grain sizes of quartz inclusions within the garnet
porphyroblasts vary widely, ranging from w10 to 1000 mm. How-
ever, porphyroblasts in several samples contain quartz inclusions
that appear to increase in size outward from the porphyroblast
cores toward the rims, and the grain-size increases are commonly
associated with slight to pronounced deflections in the included
foliation (Fig. 5 a and b). The grain-size increase was quantified in
one 7-mm-diameter garnet porphyroblast in Sample PB286; quartz
grains in the core yield an average size of w57 mm whereas quartz
grains included in the rim yield an average size of w192 mm
(Fig. 5d).

5.3. Domain S2: S2 fabric in the Central Castro unit

Protomylonites in the central Castro unit preserve intercalated
lenses of the peak-temperature mineral assemblage and associated
S2 foliation, and record the transition from subduction to exhu-
mationwithin the subduction channel. Quartz-bearing mica schists
from this domain exhibit 1e2-mm quartz microlithons and mica
selvages, forming a differentiated crenulation cleavage (Fig. 6a).
Garnet porphyroblasts are common and are frequently mantled by
quartz pressure shadows (Fig. 6a and b). Unlike the schists in the
Alhamilla unit and the relict S1 foliation in porphyroblasts in the
Castro unit, however, at the scale of the individual microlithons and
pressure shadows, the quartz microstructures include large
amoeboid grains with lobate grain boundaries, and exhibit wide
grain-size distributions, closely resembling the zone of GBM
described by Stipp et al. (2002) (Fig. 6b). Grain sizes range from 100
to 500 mm, and average w130 mm.

5.4. Domain S3: S3 fabric in central Castro unit

The schists and quartzites of the central Castro unit exhibit
composite protomylonitic quartz microstructures, with relics of the
original, large, dynamically recrystallized grains like those associ-
ated with Domain S2 still preserved at the micro-scale (Figs. 7a and
b, 8a). These old grains are for the most part strongly deformed into
ellipsoidal shapes that define the S3 foliation and associated
stretching lineation, and they exhibit core-and-mantle structure in
which newly recrystallized grains are concentrated along the
margins of their host grains (Fig. 7d). Near the two bounding
mylonite zones, some quartzite domains exhibit quartz ribbons
that are pervasively recrystallized to form aggregates with grain-



Fig. 5. Domain S1C microstructures from garnets in the central Castro unit. [AeB] Garnet porphyroblasts in the central Castro unit from sample Pt286. Quartz inclusions in the
garnets define a differentiated crenulation cleavage and lack any significant LPO (see [C]). Near the rims of each garnet, quartz inclusions are larger than quartz grains in the core
(quantified in [D]). The grain-size increases are associated with deflections in the internal foliation. [C] Pole figures for quartz inclusions within the garnet shown in [B]. Lower
hemisphere, equal area projection. Numbers of grains ¼ 57. [D] Quartz inclusion grain sizes separated by core and rim from the garnet shown in [B]. The average grain size increases
from w57 to w192 mm.
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size distributions ranging fromw20 to 60 mm in diameter (Fig. 7e).
These dynamic recrystallization microstructures appear to corre-
spond to the SGR-GBM transition in which both subgrain rotation
and surface energy driven grain boundary migration are active
(Platt and Behr, 2011). LPOs in this domain range from symmetric
double maxima on either side of the y-axis in coarser grained
quartz regions (Fig. 8a), to elongate girdles across the y-axis with
asymmetric tails near the z-axis in more pervasively recrystallized
quartz domains (Fig. 8b). The protomylonitic microstructures in the
central Castro unit grade intomylonitic toward the upper and lower
mylonite zones.

5.5. Domain LMZ: S3 fabric in the lower mylonite zone

In the lower mylonite zone, quartz in both mica schists and
quartzites forms long, thin, continuous ribbons, producing a fine
lamination on the scale of w100 mm. Some ribbons preserve grain
orientation domains representing single grains that have been
stretched to greater than 2 mm; most are dissected by uniformly
sized (w6 mm) recrystallized grains (Fig. 9a). Host grain boundaries
are somewhat irregular and in some places sutured and the host
grains themselves enclose abundant subgrains. Newly recrystal-
lized grains are generally equant, with curved and occasionally
irregular grain boundaries. Quartz LPOs in these rocks show
asymmetric single girdles (Fig. 9b).

5.6. Domain UMZ: S4 fabric in the upper mylonite zone

The upper mylonite zone as mapped in Fig. 2 is a composite
domain inwhich very high strain ultramylonites and brittle-ductile
shear zones generally subparallel to the detachment (D4 struc-
tures) cut discordantly across lower strain zones of mylonite more
characteristic of the central Castro unit (S3). A few tens of meters
below the detachment, the early mylonites form m-scale, relict
lenses and pods intercalated with the higher strain, cross-cutting
ultramylonites. Pseudotachylites associated with ultramylonites
were also identified along this zone. These occur as black, flinty
material along small brittle fault surfaces and splay into the



Fig. 6. Domain S2 microstructures from the central Castro unit. [A] Example of the peak temperature mineral assemblage and associated S2 foliation as preserved in the central
Castro unit showing a differentiated crenulation cleavage. Quartz in the quartz-rich microlithons shows evidence for crystal-plastic deformation. Plane polarized light. g ¼ garnet,
b ¼ biotite, wm ¼ white mica, st ¼ staurolite. Sample Pt479. [B] Same as [A] but in crossed polarized light. Red box shows region featured in [C]. [C] Magnified view of quartz
microstructure shown in [A] and [B] highlighting undulose extinction (yellow arrow), subgrain boundaries (red arrow) and sutured grain boundaries (blue arrow). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surrounding rock as injection veins. In some cases they form black
laminae that are sub-parallel to the ultramylonitic foliation. All
pseudotachylite occurrences have been recrystallized, and some
show ultramylonitic microstructures.

Along the detachment itself, several zones of ultramylonite
coalesce into a 2e5 m zone of very finely laminated rock, within
which highly attenuated intrafolial folds are common at both the
outcrop- and micro-scale (Fig. 10a). In these ultramylonites, micas
are completely recrystallized to grain sizes of less than 10 mm,
forming discrete phyllitic laminae typically less than 1e2 mm in
thickness. The phyllitic laminae are separated by quartz ribbons,
some of which form single-orientation, elongate, but discontin-
uous lenses, and others of which are more continuous and
pervasively dynamically recrystallized to a uniform grain size of
w3e4 mm (Fig. 10). Partly recrystallized quartz aggregates exhibit
irregular, sutured grain boundaries when proximal to host por-
phyroclasts (Fig. 10d and e). Quartz grains within fully recrystal-
lized clusters, on the other hand, are typically diamond-shaped or
rectangular, and some grain boundaries are straight or gently
curved and are aligned across several grains (Fig. 11). LPOs in this
domain show high concentrations along the z-axis (Figs. 10c and
11d), although some appear rotated with respect to the dominant
stretching lineation (Fig. 10c). The LPOs also show a distinct
decrease in intensity, showing only 4e9 times random as
compared to LPO intensities in the central Castro unit and the
lower mylonite zone, which range from 14 to 16 times random
(Table 1).
6. Rheological interpretations

6.1. S1A interpretations

The presence of a differentiated cleavage and grain SPO, the
lack of evidence for intracrystalline plasticity, and the lack of LPO
in the bulk of the Alhamilla unit indicate that pressure solution
was the dominant deformation mechanism in the unit during all
stages of deformation. This constrains the water fugacity to be at a
maximum, since the pressure-solution mechanism requires the
presence of free water. Behr and Platt (2012) constrained the peak
temperature for the Alhamilla unit to an average of 490 �C, with
slightly higher temperatures of up to 530 �C recorded at the contact
with the Castro unit. Interlayered quartzites show evidence for
dislocation creep during formation of the S1 foliation, but the
dynamically recrystallized grain-size (100e200 mm) is outside the
range for which stress can be estimated with confidence. The stress
was most likely lower than the 10 MPa differential stress measured
for peak temperature deformation in the Castro unit (see below).
The presence of locally developed late crenulation foliations in the
Alhamilla Unit suggests that deformation continued during exhu-
mation, but the total accumulated strain at this stage was very low
compared to that in the overlying Castro unit.
6.2. S1C interpretations

The presence of a differentiated cleavage and grain SPO, the lack
of evidence for intracrystalline plasticity, and the lack of LPO in
Domain S1C (garnet inclusion trails) indicate that pressure solution
was also the dominant deformation mechanism in these rocks
during subduction. A likely exception to this is in pure quartzites
(>85% quartz), but these lack metamorphic porphyroblasts, so
remnants of the early deformation fabric are poorly preserved in
them. As discussed for the Alhamilla unit, the dominance of pres-
sure solution indicates the presence of free water, and water
fugacity was likely at a maximum. If we assume progressive crys-
tallization of garnet during prograde metamorphism, the apparent
increase in quartz grain size from core to rim in many garnet por-
phyroblasts may represent an increase in quartz grain size with
increasing temperature in the Castro unit (Passchier & Trouw,
2005; section 7.6.2). The S2 mineral assemblage in these central
Castro unit rocks records peak temperature conditions of w560 �C
(Behr and Platt, 2012), so the fabrics preserved within the por-
phyroblasts formed somewhere below peak temperature and
above the garnet-in reaction atw450 �C. Stresses during this phase
of deformation are assumed to be lower than or equal to the 10MPa



Fig. 7. Domain S3 microstructures from the central Castro unit. [A] Lowmagnification view of a sample showing both relics of the earlier high temperature S2 quartz microstructure
seen in Domain S2 [B] and a secondarily recrystallized quartz microstructure associated with retrogression and S3 [C]. Sample WB91. Plane polarized light. [B] A lensoidal remnant
of the early peak-T quartz microstructure in which recrystallized quartz grains are greater than 100 mm and show evidence for high temperature GBM (Domain S2 microstructures).
This microstructure is likely preserved because later deformation in this rock was concentrated into the adjacent micaceous shear band to the right of this lens. [C] Quartz
microstructure preserved in a foliation-parallel quartz band. Large recrystallized grains are deformed, and new recrystallization has occurred along the host grain margins. [D]
Another example of a composite quartz microstructure with a macroscopic S3 foliation showing large quartz grains relict from the peak temperature S2 foliation. These are
deformed and partly recrystallized at their margins. Sample WB78. Crossed polarized light. [E] An example of more pervasive dynamic recrystallization in Domain S3 associated
with S3 retrogression. Grains are equant and exhibit a fairly narrow grain-size distributions. Sample WB81. Crossed polarized light.
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measured in early Castro unit exhumation fabrics, as discussed
below (Table 1).

6.3. Domain S2 interpretations

The evidence for both local differentiation of quartz-rich and
mica-graphite-rich layers and intracrystalline plasticity in quartz in
the protomylonites in this domain indicate that a transition from
pressure solution to dislocation creep occurred at or near peak
temperature conditions of 560 �C. Quartz-bearing schists at the
very top of the Alhamilla unit, which reached temperatures of
530 �C (Behr and Platt, 2012) do not show evidence for a switch to
dislocation creep, so this further brackets the transition between
the two mechanisms to between w530 and 560 �C. Recrystallized
grain sizes of w135 mm in quartz indicate stresses of w10 MPa at
peak temperature (Table 1). The recrystallization mechanism was
likely dominated by high-temperature grain boundary migration,
similar to Regime 3 of Hirth and Tullis (1992) or the zone of GBM of
Stipp et al. (2002).

6.4. Domain S3 interpretations

Microstructures in mylonites in the central Castro unit highlight
the continued activity of dislocation creep during the initial stages



Fig. 8. EBSD data from Domain S3. [A] Sample Pt490 exhibiting large relict Domain S2 quartz grains, now deformed to define the S3 foliation. LPO shows symmetrical double
maxima on either side of the y-axis. IPF-Y coloring, lower hemisphere, equal-area projection. [B] Pervasively recrystallized region from sample WB81 showing a single girdle LPO
with asymmetric tails. IPF-Y coloring, lower hemisphere, equal-area projection.
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of retrogression. The dominance of dislocation creep over pressure
solution in these rocks suggests that freewater was no longer a part
of the deforming system, likely as a result of retrogressive reactions
that sequestered water into hydrous minerals such as chlorite (e.g.
Fig. 9. Domain LMZ microstructures in the lower mylonite zone. [A] Quartz microstructur
dynamically recrystallized to grain sizes ofw6 mm. Crossed polarized light. [B] EBSD data from
some places sutured, whereas newly recrystallized grains are equant with typically curve
coloring, lower hemisphere, equal-area projection.
Yardley, 1981). These rocks show a gradual transition in dynamic
recrystallization mechanism from GBM-dominated (Regime 3) to
SGR-dominated recrystallization (Regime 2e3) at temperatures
between the peak T recorded in Domain S2 of 560 �C and the lower
e in Sample WB6 showing attenuated quartz ribbons that are partially to pervasively
recrystallized region in Sample WB6. Larger host grain boundaries are irregular and in

d grain boundaries. The c-axis LPO in this rock is an asymmetric single girdle. IPF-X



Fig. 10. Domain UMZ microstructures in the upper mylonite zone. [A] Ultramylonite from near the detachment showing fine-scale lamination, extremely attenuated quartz ribbons,
and attenuated intrafolial folds. Sample WB17. [B] Higher magnification view of a quartz-rich lens showing pervasive dynamic recrystallization. Red box shows area of [C]; yellow
box shows area of [D] and [E]. [C] Maximum magnification view of recrystallized grains under the petrographic microscope. Gypsum plate is inserted. [D] Electron backscatter
diffraction map for this sample showing the resolution of w4 mm recrystallized grains. The host grains and newly recrystallized grains have sutured to irregular grain boundaries.
IPF-Y coloring. [E] EBSD map colored by the degree of intragranular misorientation quantified using the EDAX OIM software. Grains with low internals strains (colored blue) are
interpreted as fully recrystallized grains, whereas all other grains are interpreted to be deformed and partially recrystallized host grains. [F] Pole figures for c- and a-axes from
recrystallized grains shown in [D] and [E]. The pole figures define a z-axis maximum that is slightly rotated out of the principle plane of shear. Lower hemisphere, equal-area
projection.
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temperature recorded in the lower mylonite zone of 440 �C. The
pervasively recrystallized regions described in Section 5.4 yield
stresses of 20e60MPa. LPOs in this domain reflect a transition from
rhomb<a> slip during coaxial deformation to rhomb þ prism<a>
slip with a minor component of basal slip during non-coaxial
deformation (Schmid and Casey, 1986) (Fig. 8).

6.5. Domain LMZ interpretations

Rocks in the lower mylonite zone show continued activity of
dislocation creep, with a distinct transition from subgrain-rotation-
dominated to low temperature bulging-dominated dynamic
recrystallization. We attribute the quartz microstructures in these
rocks to the BLG II zone of Stipp et al. (2002) or the Regime 1 to 2
boundary of Hirth and Tullis (1992). This transition in recrystalli-
zation mechanism is clearly associated with the progressive local-
ization of strain into the lower mylonite zone, suggesting that low
temperature bulging/GBM likely acted as a weakening mechanism
in these rocks (Hirth and Tullis, 1992; Platt and Behr, 2011).
Temperatures recorded for this domain range fromw400 to 425 �C
(Behr and Platt, 2012) and the steady-state recrystallized grain sizes
in quartz indicate stresses of approximately 100e110 MPa. LPOs
indicate non-coaxial shear and show contributions from rhomb,
prism and basal <a> slip systems.

6.6. Domain UMZ interpretations

The presence of brittle-ductile shear zones and pseudotachylites
in Domain UMZ indicate that deformation occurred near the
brittle-ductile transition. The decrease in LPO intensity and the
high degrees of strain localization in the ultramylonites of this
domain suggests that a transition from dislocation creep to a grain-
size sensitive mechanism such as diffusion creep or grain boundary
sliding occurred within pervasively dynamically recrystallized ag-
gregates. The most likely explanation for the mechanism switch is
the decrease in grain size caused by dynamic recrystallization
during increasing stress and decreasing temperature. The recrys-
tallized regions proximal to relict porphyroclasts resemble Regime



Fig. 11. Domain UMZmicrostructures showing evidence for grain boundary sliding. [A] Band contrast map of quartz grains in sample WB13. Bulk foliation in the rock is near-vertical
in this view, defined at this scale by a weak shape-preferred orientation in the recrystallized grains. [B] Annotated band contrast map highlighting grain boundary alignments (red
lines), four-grain junctions (yellow lines) and diamond-shaped grains (blue diamonds). [C] EBSD map of region in [A] and [B]. [D] C- and a-axis pole figures showing weak and
scattered LPO with concentrations near the z-axis.
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1 of Hirth and Tullis (1992) and the zone of BLG I described by Stipp
et al. (2002); their grain sizes correspond to a stress of w180e
200 MPa. The grain alignments, rectangular and diamond grain
shapes, and the dominance of basal slip highlighted by the LPO in
more pervasively recrystallized regions suggest that dislocation-
creep-accommodated grain boundary sliding was likely an impor-
tant contributing mechanism. This observation is consistent with
earlier observations made in the Sierra Alhamilla by Behrmann
(1985), who documented the scattering of LPO in mylonites with
grain sizes less than 10 mm, and attributed this to superplastic flow
of quartz. Our data support the earlier conclusions of Behrmann
(1985), although we have refined the conditions at which this
transition occurred to a grain size of w4 mm, a stress of w180e
200 MPa, and temperature range of w325e360 �C (Table 1).

7. Shear zone widths and estimates of strain rate

Domains S1A and S1C represent the earliest deformational mi-
crostructures that we can identify in the NFC, and the associated
relatively high-pressure, low-temperature mineral assemblages
suggest they formed during subduction of the Iberian margin. Platt
et al. (2003) estimated the Alboran-Iberia convergence rate during
formation of the external thrust belt associatedwith Iberianmargin
subduction at 212 � 76 km in the eastern Betics. If we average this
rate over the estimated duration of thrusting (11 m.y. between 18
and 7 Ma), we obtain a subduction-rate estimate of 19 � 9 mm/yr.
Strain during this period was initially distributed over the thickness
of the BedareMacael and Calar Altar units; subduction of the Ragua
unit probably started somewhat later, by which time the upper
units may have begun their return journey towards the surface. The
Castro unit in the Sierra Alhamilla probably represents the
intensely folded and imbricated equivalent of the Bedar-Macael
unit, but in the Sierra de los Filabres to the north, deformation is
less intense, and the original structural thickness of the Bedar-
Macael and Calar Altar units is estimated at 6e8 km by
MartinezeMartinez et al. (2002). If we take that as the width of the
shear zone, the strain-rate was w5 � 1014/sec. These estimates and
the associated uncertainties are shown in Table 2.

Domains S2, S3 and LMZ represent the exhumation of the Castro
Unit within the subduction channel. Behr and Platt (2012) esti-
mated an average slip rate during this stage of 15 � 5 km/m.y.,
corresponding to exhumation along a steeply dipping subduction
zone interface from the maximum depth of burial (57 � 10 km) to
the depth at which the transition to a core complex mode of
exhumation took place (15 km). The time period for this stage of
exhumation is constrained to 2e4m.y. by the 17e18Ma age of peak
pressure metamorphism (Platt et al., 2006), and the 14e15 Ma
zircon fission track ages, by which time the rocks had cooled to
below the brittle-ductile transition. Domain S2 microstructures
occupy the whole thickness of the Castro Unit, now up to 600 m
thick, and the uppermost part of the Alhamilla Unit. The upper part
of the Castro unit has been truncated by the detachment, however;
our best estimate for the likely maximum total thickness of the
Castro unit during exhumation is 1000 m. Domain S3 microstruc-
tures are restricted to the Castro unit, and Domain LMZ micro-
structures are restricted to the lower mylonite zone and a few tens
of meters thickness of rock below the upper mylonite zone, giving a
total thickness of 100 m. The strain-rate during exhumation
therefore increased with time as the active shear zone narrowed,
from w2.7 � 1013/sec to w2.7 � 1012/sec.



Table 2
Estimates of strain rate from field and geochronological data.

Region/Domain Width (m) � Displacement (m) � Time � Slip rate
(mm/yr)

� Strain-rate (/s)

Subduction (Domains S1A & S1C) 7000 1000 212 76 11 1 19.3 7 8.0 � 10�14�2.8 � 10�14

Transition from subduction to exhumation (Domain S2) 1000 400 57.5 10 15.0 5 6.0 � 10�13�1.3 � 10�13

Early subduction channel exhumation (Domain S3) 600 300 15.0 5 1.2 � 10�12�2.0 � 10�13

Late subduction channel exhumation (Domain LMZ) 100 20 15.0 5 4.6 � 10�12�1.5 � 10�12

Core complex-style exhumation (Domain UMZ) 8 3 60 20 8 1 7.5 3 3.7 � 10�11�8.1 � 10�12
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Domain UMZ represents the early, ductile, stage of motion along
the Nevado-Filabride detachment, which probably began at w14e
15 Ma, and continued in the western NFC until w6 Ma (Johnson
et al., 1997). Estimation of the total slip on the detachment is
problematic, as no breakaway has been identified where the
detachment can be seen to have reached the surface when it was
active (but see MartinezeMartinez et al., 2002) and no geologic
markers can be correlated from hanging wall to footwall. We
consider it highly unlikely that the slip is as large as the total
present-day extent of the detachment in the direction of transport
(w180 km). The alternative explanation is that the detachment
corresponds approximately to the upper surface of the NFC after
the syn-subduction phase of exhumation, which brought it into
contact with the crust of the Alboran Domain. Further exhumation
occurred by slip on brittle normal faults that soled onto the
detachment. The displacement is therefore likely to vary somewhat
from place to place. A minimum estimate for the amount of slip is
the amount that would be required to exhume the NFC from 15 km
to 5 km (corresponding to the apatite fission-track closure tem-
perature) at any one location along a normal fault dipping 30�; that
is, 20 km. This is likely to have happened in multiple locations,
however, effectively thinning the overlying Alboran crust to an
average ofw5 km,whichwas subsequently removed above the NFC
culminations by erosion. These displacements would be additive
along the detachment. Given the position of the Sierra Alhamilla
about 80 kmwest of the easternmost extent of the detachment, we
estimate that the equivalent of three such normal faults are likely to
Fig. 12. Plots of our data in stress-temperature (left) and stress-depth space (right). Strain-r
laws. These can be compared with our estimated strain-rates shown in Table 2. See Section
have soled onto the detachment by that point, giving a total slip on
the detachment of 60 km. Slip took place over a period of w8 m.y.
(from 14 to 6 Ma), so we estimate a strain-rate in Domain UMZ of
1.7 � 1011/sec.

8. Discussion

Our data from the NFC is here evaluated in two quite different
ways. Firstly, because we have determined flow stress, strain-rate,
and temperature from naturally deformed quartz mylonites, we
evaluate the applicability of experimentally-derived constitutive
relationships to geological conditions (Section 8.1). Secondly, we
evaluate the structure and rheological characteristics of an intra-
continental subduction channel, and the way it evolved with time
(Section 8.2).

8.1. Implications for experimentally-derived constitutive
relationships

8.1.1. Implications for dislocation creep flow laws
The quantitative data on stress and temperature for dislocation

creep microstructures presented in Table 1 can be used to evaluate
the applicability of experimentally-derived dislocation creep flow
laws.We also include data fromDomain UMZ, with the assumption
that despite the transition from dislocation creep to GBS in this
domain, the grain sizes reflect the steady-state grain size formed
during dynamic recrystallization. In Fig. 12a, these 7 data points are
ate contours are calculated from Hirth et al. (2001) and Rutter and Brodie (2004) flow
s 8.1 and 8.2 for discussion.
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plotted in stress-temperature space along with two of the most
recently published quartzite flow laws for wet dislocation creep.
The flow laws include 1) a generalized quartzite flow law by Hirth
et al. (2001), which uses parameters from Paterson and Luan (1990)
and Gleason and Tullis (1995), normalized to a single water
fugacity, and modified to fit natural data from greenschist facies
rocks; and 2) an experimental flow law by Rutter and Brodie (2004)
conducted on wet, hot-pressed samples of Brazilian quartz using a
gas-medium apparatus. The flow laws are plotted for a range of
strain rates, assuming maximum water fugacities at all tempera-
tures and pressures. Rather than assuming a linear geotherm to
estimate fugacity, we used the preferred PT path from Behr and
Platt (2012) shown in Fig. 3. The fugacities were calculated using
an online JavaScript code

(http://www.geo.umn.edu/people/researchers/withe012/
fugacity.htm) that solves the analytical equation for fugacity given
in Sterner and Pitzer (1994).

The stressetemperature plot in Fig. 12a highlights several inter-
esting results. First, the Rutter and Brodie (2004) flow law generally
overestimates the stresses for a given temperature and strain rate; it
only overlaps the naturally constrained data for strain rates slower
thanw5 � 1014, which is nearly 1 order of magnitude less than our
independent estimates described in Section 7. Second, in contrast to
theRutterandBrodie (2004)flowlaw, theHirth et al. (2001)flowlaw
brackets thenatural data for geologically reasonable strain rates, and
furthermore, it predicts accurate strain rates for deformation in the
central Castro unit and the lower mylonite zone. This is demon-
strated in greater detail in Fig. 13, in which we plot the strain rates
calculated from Hirth et al. (2001) and those calculated indepen-
dently from the field and geochronologic data described in Section 7
together for Domains S2, S3, LMZ and UMZ. The Hirth et al. (2001)
strain rates match our independent estimates for all domains
within error, but generally overpredicts the strain-rate inDomain S3
and under-predicts the increase in strain rate/localization observed
in the Domain UMZ/the upper mylonite zone.
Fig. 13. Comparisons between calculated strain rate based on the Hirth et al. (2001)
flow law and our independent estimates of strain rate (Table 2). The Hirth et al.
(2001) flow law matches the predicted strain rates within error, except for the up-
per mylonite zone.
8.1.2. Implications for strength at the brittle-ductile transition
In Fig. 12b we plot the stress measurements as a function of

depth using pressure constraints described in Behr and Platt (2012)
and assuming a 275 bar/km geobaric gradient. To compare our
differential stress estimates from paleopiezometry to estimates of
differential stress on faults, we convert them to plane stress by
multiplying by 2/O3 (See Appendix A1 formore detail). We also plot
a frictional strength curve assuming vertical maximum principal
stress, hydrostatic pore fluid pressure and using a coefficient of
friction of 0.85 for stresses <200 MPa and 0.6 for stresses
>200 MPa (Byerlee’s Law). This frictional strength curve can be
compared to estimates of the peak stress and depth of the brittle-
ductile transition (BDT) to test the applicability of Byerlee’s Law
to the middle crust (Gueydan et al., 2005; Little et al., 2007; Behr
and Platt, 2011; Kidder et al., 2012). Samples collected from the
ultramylonite zone adjacent to the detachment within the upper
mylonite zone show evidence for coeval ductile and brittle
behavior, so the stresses measured within them likely reflect peak
stress conditions in the middle crust. These data predict peak
stresses ofw230 MPa at depths ofw10e15 km, which is consistent
with Byerlee’s law assuming hydrostatic pore fluid pressures.
Assuming greater pore fluid pressures and/or a lower coefficient of
friction would be inconsistent with the high stresses recorded at
the BDT. Similar conclusions were reached by Behr and Platt (2011)
for a metamorphic core complex in the Basin and Range Province in
western North America. These authors observed peak stresses of
w136 MPa at w9 km depth, also consistent with Byerlee’s Law at
hydrostatic pore fluid pressures.

8.1.3. Implications for deformation mechanism switches at high
stress and low temperature

Despite the high stresses in the upper mylonite zone, significant
strain localization (i.e. weakening) occurred due to the transition
from grain-size insensitive dislocation creep to grain-size sensitive
dislocation-creep-accommodated grain boundary sliding (dis-GBS).
This transition allowed the deformation to occur within a very nar-
row zone along the base of the brittle detachment fault, essentially
forming a discrete, but ductile discontinuity in themiddle crust. This
deformation mechanism switch may also play an important role in
localizing strain in the high strength middle crust in other regions,
and could significantly influence models of mid-crustal tectonic
processes. However, although the grain boundary sliding regime is
well defined in other minerals such as olivine e.g. (Hirth and
Kohlstedt, 2003; Hansen et al., 2011), very little experimental data
is currently available on the stress or grain-size exponents, activi-
tation energies or dependence onwater fugacity for thismechanism
in quartz. Stipp and Kunze (2008) identified some evidence for dis-
GBS in quartzites experimentally deformed at low T and high
stress (‘Regime 1’ quartzites of Hirth and Tullis, 1992). Additionally,
Stipp and Tullis (2003) documented an apparent change in slope in
the piezometric relationship in quartzites deformed under Regime 1
conditions, which may be associated with this deformation mech-
anism switch. More detailed experimental data on dis-GBS in
quartzites is neededbefore thedeformation switch canbe accurately
quantified and extrapolated to natural rocks.

8.1.4. Implications for pressure solution flow laws
Despite its common occurrence in low-grade metamorphic

rocks, pressure solution remains a poorly understood deformation
mechanism in quartz because it can only be reproduced in the
laboratory at extremely slow strain rates (Rutter, 1983; Gratier and
Guiguet Irigm, 1986; Gratier et al., 2009, 2013). As a result, most
flow laws for pressure solution are based on microphysical theory,
with some variables, such as diffusion coefficients or diffusion
length scales, constrained by experimental studies (Rutter, 1976;

http://www.geo.umn.edu/people/researchers/withe012/fugacity.htm
http://www.geo.umn.edu/people/researchers/withe012/fugacity.htm


Fig. 14. Stress-strain rate curves for three theoretical models for pressure-solution
creep under conditions corresponding to the end of the subduction in the Alhamilla
Unit: stress corrosion microcracking (Gratz, 1991; den Brok, 1998); island-channel
(Spiers and Schutjens, 1990; Cox and Paterson, 1991); and thin-film pressure-solu-
tion creep (Weyl, 1959; Rutter, 1976).
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Cox and Paterson, 1991; Shimizu, 1995; Farver and Yund, 2000).
There are three primary theoretical models to describe pressure
solution: the island channel model (Spiers and Schutjens, 1990; Cox
and Paterson, 1991), the thin-film model (Weyl, 1959; Rutter, 1976),
and the stress-corrosion micro-cracking model (Gratz, 1991; den
Brok, 1998). All three models depend on the solubility of SiO2 in a
fluid phase, but the primary difference between them is the rate-
limiting diffusion pathway. In the island channel model, the diffu-
sion length-scale is related to fluid pathways or channels; stress is
transferred through the island channels, and diffusion is controlled
by the fluid itself. In the thin-filmmodel diffusion is modulated by a
thin and continuous fluid film surrounding grain boundaries, such
that the grain size controls the diffusion length scale. In the stress-
corrosion micro-cracking model, boundaries are assumed to have
an island-channel network structure intersected by microcracks,
and the rate of material transport is regulated by thin-film diffusion
at the islands.

A generalized form of the flow law for pressure solution is:

_ε ¼ AVmcDwsrf
RTd3rs

(denBrok,1998)whereA is a shape constant,Vm is themolar volume
of the solid phase, c is the solubility of the solid in the fluid phase
(expressed as a mole fraction), D is the diffusivity of the solid in the
grain boundary or grain-boundary fluid,w is grain-boundarywidth,
s is deviatoric stress, R is the gas constant, T is temperature in Kelvin,
and rf and rs are the densities of the fluid and solid phases. In the
island-channelmodelw is thewidth of the channels (dchan), and the
diffusivity is that in a freefluid (Dfluid). In the stress-corrosionmicro-
crackingmodel the scale length is given by disld2 on the bottom line,
where disl is the island diameter; diffusion is assumed take place
along grain-boundaries (Dgb) as in the thin-film model.

The constraints on rheological parameters we have determined
for the Alhamilla unit allow us to test the applicability of these flow
laws to natural conditions. As shown in Table 1 and discussed in
Section 7, the Alhamilla unit underwent pressure-solution creep
throughout subduction up to its average peak temperature of
w490 �C. Quartz grain sizes in these rocks average 10e80 mm, stress
magnitudes are estimated to have been less than 10 MPa, and strain
rates during subduction are estimated to have been between
8.0 � 1014 and 2.8 � 1013/s. Plotting these natural data on a stress-
strain rate plot (Fig. 14), using the parameters listed in Table 3,
demonstrates that only the thinfilmpressure-solutionmodel (Rutter,
1976) predicts strain rates that overlap the naturally constrained data
from the Alhamilla unit within error. This suggests that diffusion in
Table 3
Parameters used for pressure solution calculations.

Parameter Description Value Reference

A Geometric constant 44
Vm Molar volume of solid

(m3/mol)
2.269 � 10�5 Berman (1988)

c Solubility of solid
in fluid phase

P & T
dependent

Fournier and Potter
(1982)

Dgb Grain boundary
diffusivity

T dependent Farver and Yund
(2000)

Dfluid Diffusivity in grain
boundary fluid

T dependent Watson and Wark
(1997)

w Effective width of grain
boundary (nm)

100 Joesten (1983)

dchan Width of island
channel (mm)

0.1 den Brok (1998)

disl Island diameter (mm) 0.5 Paterson (1995)
rf Density of fluid (g/mL) 0.923
rs Density of solid (g/mL) 2.65
R Gas constant (kJ/mol) 8.314
the Alhamilla unit rocks at peak conditionsmay have been controlled
primarily by grain size, similar to deformation by Coble creep. This
may not apply to deformation of the Alhamilla unit during the entire
prograde phase of metamorphism, however, as other factors may
contribute to diffusion length scales at lower temperatures (e.g.
micro-cracking or fluid-connected channels).

8.1.5. Transition from pressure solution to dislocation creep
In Fig. 15 we show a deformation mechanism map for the peak

temperature conditions recorded in the Castro unit of 560 �C,
showing the boundary between the thin-film pressure-solution
creep model and the dislocation creep flow law from Hirth et al.
(2001). The deformation mechanism map accurately predicts the
deformation mechanism boundary within error, and it provides
some clues as to how the Castro unit transitioned from pressure
solution to dislocation creep, whereas the Alhamilla unit remained
in the pressure solution creep field. The two differences between
the Alhamilla unit and the Castro unit at the end of the subduction
event were temperature and stress; the Castro unit exhibited both
higher temperatures and slightly higher stresses than the Alhamilla
unit due to its proximity to the subduction channel margin and
mantle wedge. The stress gradient predicted by the subduction
channel model discussed in the next section is small,w2.5 MPa/km
near the upper boundary, but the higher temperature in the Castro
unit has two important effects. 1) It leads to higher water fugacity,
which enhances the dislocation creep flow law. The higher tem-
perature also increases the solubility of quartz in fluid and thus
enhances the pressure-solution flow law, but at the peak temper-
atures recorded in the Castro unit, the dislocation creep flow law is
enhanced more, and the boundary between the two mechanisms
shifts toward smaller grain sizes and lower stresses. 2) The higher
temperature also leads to greater grain boundary mobility, which
may result in an increase in grain size and an associated transition
to dislocation creep. As illustrated in Fig. 15, the Castro unit pre-
serves larger quartz grain sizes than the Alhamilla unit, suggesting
that grain growth may have helped to promote the transition to
dislocation creep.

8.2. Implications for stress magnitudes in subduction channels

The stresses we have measured in the NFC provide a measure of
the likely stress magnitudes in an intracontinental subduction-



Fig. 15. Deformation mechanism map for peak temperature conditions in the Castro
unit at the transition from pressure solution to dislocation creep. Constraints on stress
and grain size for the Alhamilla unit (discussed in Section 5.1) are plotted in orange.
Constraints on stress and grain size for the Castro unit (Section 5.3) are shown in blue
and constraints on strain rate for the early stages of exhumation in the Castro unit
(Section 7) are shown in pink. The thin-film pressure-solution flow of Rutter (1976)
and the Hirth et al. (2001) dislocation creep flow accurately predict the transition
between the mechanisms within error of the natural constraints. The map demon-
strates that the transition was likely promoted at least partly by an increase in grain
size at peak temperature conditions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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zone setting. Subduction-zone interfaces where oceanic litho-
sphere is being subducted are thought to be occupied by weak
overpressured sediments, or sedimentary rocks undergoing pro-
grade metamorphism that releases overpressured water (e.g Audet
et al., 2009; Fagereng and Diener, 2011; Peacock et al., 2011; Saffer
and Tobin, 2011), and shear stresses are thought to be of the order
of a few MPa. Where continental lithosphere is being subducted,
however, sedimentary sequences are likely to be more consoli-
dated, and in some cases only the lower part of continental litho-
sphere subducts (e.g., in the Apennines, Benoit et al., 2011). In that
case, delamination is required within the continental crust, or be-
tween the continental crust and the underlying lithospheric
mantle, and higher stresses are likely. Vergnolle et al. (2007), for
example, found that an average shear resistance of 20 MPa on the
Himalayan continental subduction zone gave the best fit to a geo-
detically constrained model of India-Asia collision.

The stresses in Table 1 are calibrated against differential stresses
measured in uniaxial compression experiments. To compare these
with shear stresses in a plane stress environment such as a sub-
duction zone, they should be divided by O3. Expressed as shear
stress, our measurements range from 6 MPa in Domain S2, through
w22 MPa in Domain S3, to w62 MPa in the lower mylonite zone.
These stresses, however, are normal-sense shear stresses exerted
by the exhuming NFC - driven presumably by the buoyancy of the
material in the subduction channel. The measurements therefore
do not directly constrain the shear stress related to subduction,
although we postulate that subductionwas continuing beneath the
exhuming NFC, both to provide the cooling evidenced by the PT
path, and to accommodate continued convergence with the south
Iberian margin. Our evidence from Domains S1A and S1C suggests
that subduction of the NFC occurred under relatively cool condi-
tions (<500 �C), was accompanied by prograde metamorphism
involving dehydration reactions that release water, and deforma-
tion by some form of pressure-solution creep. The shear stress
appears to have been around 6 MPa at the end of the subduction
history of the rocks presently seen at the surface.

To put our measured values in context of current geodynamic
models for subduction channels and for plate coupling stresses
along subduction zone interfaces, we have calculated velocity
profiles and shear stresseswithin the channel for the NFC, using the
analytical formulations given by Beaumont et al. (2009) for a linear
viscous material, and by Gerya and Stöckhert (2002) for a power
law material with stress exponent n ¼ 3 (see Appendix for details).
These formulations are one-dimensional, and assume a parallel-
sided subduction channel. Given a channel width, density
contrast, and subduction rate, they allow us to calculate the effec-
tive viscosity thematerial in the channel needs to have to produce a
specified rate of exhumation. We chose the parameter values listed
in Table 4 for the calculations, based on data from the NFC.
Assuming a relatively narrow channel (10 km) at the time the
presently exposed rocks were being subducted, the linear viscous
model (most appropriate for pressure-solution creep) suggests
shear stresses of w10 MPa along the upper surface of the channel,
and strain-rates of around 10�13/s. These values are reasonably
Table 4
Parameters used for subduction channel stress calculations.

Parameter Value

Dip of subduction zone 70�

Density contrast between channel material and overlying rock 300 kg/m3

Thickness of subduction channel (Domains S1A, S1C and S2) 10 km
Thickness of subduction channel (Domain S3) 15 km
Subduction Velocity 20 mm/yr
Maximum exhumation velocity (at center of channel) �15 mm/yr
consistent with the values we estimated during subduction. We
assume that the channel widened to 15 km during exhumation of
the Castro slice, based on the thermal modeling of the PT path by
Behr and Platt (2012). For this width, the power-law creep model
suggests maximum shear stresses of w18 MPa along the upper
surface of the channel, and strain-rates of around 2� 10�13/s: these
values are consistent with those we estimated during the early
stages of exhumation. Calculated shear stresses along the lower
surface of the channel, which accommodates the motion of the
down-going plate, are in the range 17e23 MPa, but we do not have
observational evidence to constrain them, as that part of the
channel is permanently subducted. Shear stresses of >60 MPa, as
we have observed in the later stages of exhumation, are not pre-
dicted by these simple channel flow models. Such high stresses are
likely to be a result of changes in channel dimensions during the
transition from channel flow to core-complex exhumation, or to the
topographic gradients created by crustal thickening during pro-
gressive collision between the Alboran Domain and the south
Iberian margin.
9. Conclusions

We have used microstructural observations to document the
rheological properties of a continental subduction complex during
subduction and progressive exhumation. To summarize our
conclusions:

1. The dominant deformation mechanism during prograde HP/LT
metamorphism in the subduction complex was pressure
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solution. Natural constraints on the conditions at which this
mechanism was operative and on the rheological parameters
associated with it are most consistent with a pressure-solution
model in which the diffusion length scale is controlled by grain
size– i.e. the thin film pressure-solution creep model of Rutter
(1976).

2. The lower unit (Alhamilla unit) of the subduction channel
continued to deform by pressure-solution creep through peak
temperature conditions, whereas the higher temperature,
higher stress upper unit (Castro unit) of the subduction com-
plex shows a clear transition from pressure solution to dislo-
cation creep at or around peak temperature conditions. The
transition to dislocation creep likely occurred as a result of an
increase in grain size and an increase in water fugacity as peak
temperature conditions were reached.

3. The upper tectonic unit of the subduction complex continued
to deform by dislocation creep mechanisms during retrogres-
sion through the lower greenschist facies. It did not revert back
into the pressure-solution creep field despite decreasing tem-
perature, because retrogressive reactions sequestered free
water into hydrous minerals such as chlorite, suppressing the
pressure-solution mechanism.

4. As rocks in the subduction channel approached mid-crustal
levels, they were captured by a low-angle detachment fault
rooted at the brittle-ductile transition and exhumation
continued via a core-complex mechanism. Extreme localiza-
tion along the detachment was promoted by a switch in the
dominant deformation mechanism from dislocation creep to
grain-boundary sliding. Presently, there are few experimental
constraints on this mechanism and this study highlights the
need for more experimental data on dis-GBS in quartzites.

5. Our measured stresses and strain rates are most consistent with
the naturally calibrated flow law of Hirth et al. (2001), indicating
that this flow law provides accurate estimates of mid-crustal
strength if the rocks are deforming by dislocation creep.

6. Our estimated stress magnitudes at the end of subduction and
the start of exhumation are consistent with flow-channel
models for linear viscous and power-law creep respectively.

7. Peak differential stress magnitudes measured in rocks
deformed by coeval brittle and ductile deformation at the end
of exhumation are consistent with Byerlee’s law and hydro-
static pore fluid pressures.
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Appendix

A1. Comparison of paleopiezometric stresses with shear stresses on
faults

Paleopiezometry is based on deformation experiments designed
to investigate the relationship between dynamically recrystallized
grain size and stress during the plastic deformation of minerals such
as quartz, feldspar, calcite, and olivine. These experiments are car-
ried out in uniaxial compression, where the maximum principal
compressive stress is parallel to the axis of a cylindrical rock sample,
and the intermediate and minimum principal stresses are equal to
the pressure exerted by the confining medium. The results of such
experiments are usually expressed in terms of the differential stress
(s1 � s3), though in some papers this quantity is loosely referred to
as the shear stress. Natural faulting, however, is commonly analysed
in terms of plane stress, where the intermediate principal stress is
the mean of the maximum and minimum principal stresses.

The problem that arises when comparing stresses determined by
paleopiezometry with shear stresses on faults is that a polycrystalline
substance such as quartz, which has a large number of potential slip
systems for dislocation glide, deforms in response to the deviatoric
stress tensor as a whole. The most useful way of expressing the
magnitude of the deviatoric stresses is the second invariant of the
deviatoric stress tensor, II0T ¼ sijsij: The relationship between the
second invariant and the differential stress in uniaxial compression is
different from that in plane stress. The second invariant can be
expressed in terms of the principal deviatoric stresses:

II0T ¼
�
s021 þ s022 þ s023

�.
2;

and hence in terms of the principal full stresses:

II0T ¼
h
s21 þ s22 þ s23 � ðs1s2 þ s2s3 þ s3s1Þ

i.
3:

For uniaxial compression, s2 ¼ s3, so

II0T ¼ ðs1 � s3Þ2=3
For plane stress, s2¼(s1þs3)/2, so

II0T ¼ ðs1 � s3Þ2=4:
This suggests that we need different values of the differential

stress to produce a given dynamically recrystallized grain size in
plane stress vs. uniaxial stress. We therefore take the value of dif-
ferential stress obtained from paleopiezometry and multiply by 2/
O3 to get the appropriate value of differential stress in plane stress.
A2: Channel flow stress calculations

We assume that the subduction channel has a constant width,
that the down-dip velocity v is a result of Poiseuille flow driven by a
bouyancy-generated pressure gradient VP ¼ (rm � rs)gsing (where
g is the dip of the subduction zone), superimposed on the down-
channel Couette flow driven by the down-going slab (Beaumont
et al., 2009). The velocity profile in a linear viscous fluid across
the channel is then given by:

vðxÞ ¼ VP
�
xL� x2

�
2h

þ Vð1� x=LÞ;

where x is distance from the down-going slab across the channel, V
is the velocity of the subducting slab, L is the thickness of the
channel, and h is the viscosity of the material in the channel.

The maximum rate of exhumation ve occurs where the velocity
gradient is zero, which allows us to invert this expression for the
viscosity in terms of ve:

4V2h2

L2VP
� 4hðV � 2veÞ þ L2VP ¼ 0:

The channel-parallel shear stress s¼ hdv/dx, so taking the lesser
of the two roots of the quadratic in h, we can determine the stress
profile across the channel:

sðxÞ ¼ �VPðL� 2xÞ � hV
L

:

We can derive analogous expressions for power-law flow in the
channel, using the relationships derived by Gerya and Stöckhert
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(2002) for a power-lawmaterial with flow law of the form _e ¼ Bsn.
The non-dimensional down-dip velocity u ¼ v/V is given by:

uðxÞ ¼ 1� C1
h
1� ð1þ C0xÞ4

i
; where

C1 ¼ 1=
h
1� ð1þ C0Þ4

i
; and

G ¼ C4
0hh

1� ð1þ C0Þ4
ii ¼ BL4ðVPÞ3

4V
:

We can then invert for B in terms of the non-dimensional
maximum exhumation velocity ue ¼ ve/V in the same way, giving:

B ¼ 4VC1C4
0

L4ðVPÞ3
;

where C1 ¼1�ue, C0 ¼ [ue(ue�1)]1/4�1,and the stress profile across
the channel is given by:

sðxÞ ¼ ð1þ xC0Þ½4VC1C0=BL�
1 =

3:
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