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[1] We examine the kinematic and thermal evolution of the Nevado-Filabride Complex
(NFC), an Early to Middle Miocene subduction complex within the Betic Cordillera of
southern Spain. Thermobarometry from the NFC in the Sierra Alhamilla reveals an inverted
geothermal gradient, with peak temperatures and pressures of 560�C and 13 kbar reached
in the uppermost tectonic unit. The NFC cooled during exhumation, defining a linear
PT path that remained within the stability field of kyanite until the aluminosilicate
breakdown reaction. Geo- and thermochronology suggest the NFC was subducted and
exhumed to the surface within �10 m.y., recording an early stage of fast cooling from peak
T through �250�C, followed by a late stage of slower cooling as the rocks approached the
surface. The exhumation is associated with a progressive change in kinematics, with early
co-axial fabrics showing NNE-SSW-trending stretching lineations, and late non-coaxial
fabrics showing SSW-trending lineations. A new tectonic model is proposed to explain
these data, in which rocks at the leading edge of the Iberian margin were subducted
southeastward beneath the thin, hot, Alboran lithosphere to form the NFC. The rocks at the
top of the slab began to be exhumed once they reached 48–67 km depth. They were initially
exhumed rapidly along the top of the subducting slab, in a subduction channel geometry;
then upon reaching the middle crust, were captured by a low-angle detachment fault with a
WSW shear sense and final exhumation was accommodated more slowly in a core-complex
geometry.

Citation: Behr, W. M., and J. P. Platt (2012), Kinematic and thermal evolution during two-stage exhumation of a Mediterranean
subduction complex, Tectonics, 31, TC4025, doi:10.1029/2012TC003121.

1. Introduction

[2] High pressure (HP) metamorphic rocks are commonly
exposed at the surface within the interior of ancient colli-
sional orogens. Their widespread occurrence has led to the
recognition that the exhumation of HP terranes is a funda-
mental aspect of subduction dynamics, yet there is no con-
sensus as to the driving forces or kinematics behind the
exhumation process. Models typically involve either the
removal of overburden by erosion [Hsu, 1991; Chemenda
et al., 1995; Vance et al., 2003], or the transport of high
pressure rocks through the overburden by diapirism [England
and Holland, 1979; Brun and Faccenna, 2008], normal
faulting and horizontal extension [Platt, 1986], channelized
or corner flow [Cloos, 1982; Gerya et al., 2002], or extrusion
[Hacker et al., 1995; Ring et al., 2007]. Several models have
invoked some combination of these processes, working either

in tandem [Beaumont et al., 2001; Vannay et al., 2004] or in
succession [Jolivet et al., 2003; Walsh and Hacker, 2004;
Warren and Beaumont, 2008; Ring et al., 2010].
[3] Distinguishing between these different exhumation

mechanisms requires the collection and synthesis of a wide
range of structural, petrological and geochronological data
from the HP units and their surroundings [Platt, 1993; Ring
et al., 1998]. In this contribution, we use this multidisci-
plinary approach to decipher the exhumation history of one
of the main tectonic complexes in the Betic Cordillera of
southern Spain. The Betic Cordillera has long been recog-
nized as a convergent orogen within which deep crustal and
upper mantle rocks were exhumed to the surface by tectonic
processes [Dewey, 1988; Vissers et al., 1995; Monie et al.,
1994; Argles et al., 1999; Azañón and Crespo-Blanc, 2000].
Two of the three main tectonic complexes, known as the
Alpujarride Complex and the Nevado-Filabride Complex,
exhibit clear evidence for HP metamorphism. The Alpu-
jarride Complex, for example, is host to one of the largest
exhumed bodies of continental mantle lithosphere in the
world (the Ronda peridotite); and the Nevado-Filabride
Complex includes eclogitic lenses metamorphosed at pres-
sures in excess of 15 kbar [Puga et al., 1999; Platt et al.,
2006; Augier et al., 2005a]. Although models differ in detail,
most workers agree that parts of the Alboran Domain (e.g. the
Alpujarride Complex) were exhumed to the surface in the
early Miocene (�22–18 Ma) as a result of ductile thinning
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and normal faulting, following the removal of lithospheric
mantle beneath the Alboran region [Platt and Vissers,
1989; García-Dueñas et al., 1992; Blanco and Spakman,
1993; Calvert et al., 2000]. The exhumation history of the
structurally deepest Nevado-Filabride Complex, however,
remains poorly understood and controversial [Augier et al.,
2005a; Platt et al., 2006]. In particular, recent Lu-Hf dating
on garnet in Nevado-Filabride eclogites suggests that the HP
metamorphism occurred at �18 Ma, by which time the
Alpujarride Complex had been exhumed to upper crustal
levels [Platt et al., 2006]. This suggests that the two com-
plexes underwent quite separate subduction and exhumation
histories, contrary to most previous tectonic models in which
they were thought to have experienced parallel tectonic his-
tories with only slight differences in the rates of final exhu-
mation [Vissers et al., 1995].
[4] Here we re-evaluate the exhumation history of the

Nevado-Filabride Complex (NFC) in light of these recent age
constraints. We bring to the problem new structural, petro-
logical, and geochronological data for the upper tectonic
units in the NFC from its southeastern culmination, the Sierra
Alhamilla. We synthesize these new data in the context of
previously published work and suggest a new, two-stage
tectonic model for subduction and exhumation of the com-
plex, involving an early stage of channel flow along the
top of a subducting slab, and a late stage of exhumation by
capture along a low angle detachment fault. We demonstrate
that the tectonic model is consistent with the pressure-
temperature and temperature-time paths recorded in the NFC
using 2-D thermal-kinematic modeling.

2. Regional Geology

[5] The Betic-Rif Cordillera of southern Spain and north-
ern Morocco is the western-most of the Alpine arcuate
mountain belts that encircle the Mediterranean Sea. 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
Iberian continental margins that were rifted apart during the
early Mesozoic, whereas rocks in the Alboran Domain are
the subducted and exhumed equivalents of the intervening
thinned continental and oceanic material that resided between
the two continents prior to convergence.
[6] Subduction in the Betics occurred in the Eocene to

early Miocene, although the exact timing, the polarity, and
whether the subduction occurred in two punctuated stages
are topics of current debate. Subduction was accompanied
by high pressure/low temperature metamorphism and crustal
thickening [Vissers et al., 1995]. During the Miocene, the
Alboran Domain underwent extensional collapse and rapid
crustal thinning, coeval with contraction in the external
zone thrust belt [Dewey, 1988; Platt and Vissers, 1989].
Presently, most of the Alboran Domain resides below sea
level beneath the Alboran Sea, but its outer margins are
exposed along the southern coast of Spain and the northern
coast of Morocco.

[7] The Alboran Domain in southern Spain is commonly
divided into three major tectonic complexes: the structurally
highest Malaguide, the intermediate Alpujarride, and the
structurally lowest Nevado-Filabride. These units are distin-
guished in part by their lithologic and metamorphic char-
acteristics, but primarily by the regional fault contacts
between them, across which there are abrupt downward
increases in metamorphic grade. These fault contacts were
originally interpreted to be thrusts [e.g., Egeler and Simon,
1969], but have since been recognized as large-scale exten-
sional shear zones that may have cut or reactivated earlier
contractional structures [Platt, 1986; García-Dueñas et al.,
1988, 1992; Platt and Vissers, 1989; Galindo-Zaldívar
et al., 1989; Vissers et al., 1995; Jabaloy et al., 1993;
Lonergan and Platt, 1995; Azañón and Crespo-Blanc, 2000;
Martinez et al., 2001].
[8] The Malaguide Complex crops out primarily in the

western Betics and includes mainly unmetamorphosed
Paleozoic to Eocene clastic and carbonate rocks assembled in
a series of thrust repetitions. It resides in the hanging wall of
a large-scale, extensional shear zone above the higher grade
Alpujarride Complex in the footwall [Aldaya et al., 1991;
Lonergan and Platt, 1995].
[9] The Alpujarride Complex is a heterogeneous body

exposed throughout the southern Betics, enclosing the Ronda
peridotite in the west. It also includes Paleozoic and Meso-
zoic metasediments that range in metamorphic grade from
up to granulite facies in the west near Ronda, to greenschist
facies elsewhere in the orogen. The complex preserves relicts
of Eocene high P/low T metamorphism [Goffé et al., 1989;
Azañón and Goffe, 1997; Platt et al., 2005], which are
overprinted by a distinctive thermal pulse associated with
rapid exhumation and thinning of the Alboran lithosphere
during the early Miocene [Platt and Whitehouse, 1999].
Thermochronologic and stratigraphic data indicate the Com-
plex was exhumed to the surface by �18 Ma [Platt et al.,
2005].

3. The Nevado-Filabride Complex

[10] The Nevado-Filabride Complex is the focus of this
study; it is the structurally deepest and most recently
exhumed tectonic unit, exposed only in the eastern part of the
Betics, primarily in the Sierra Nevada–Sierra de Los Filabres,
and Sierra Alhamilla-Sierra Cabrera culminations (Figure 1).
These ranges form E-W trending antiforms with Nevado-
Filabride rocks exposed in the cores and Alpujarride along
the flanks. The two complexes are everywhere separated by
well-developed brittle detachment faults that formed along
precursory ductile shear zones. The deformation zone along
the contact is known as the Betic Movement Zone [Platt
et al., 1984].
[11] The NFC is usually divided into three main tectonic

units, which are from bottom to top, the Veleta Unit (recently
redefined and renamed as the Ragua by Martínez-Martínez
et al. [2002]), the Calar Alto Unit, and the Bedar Macael
Unit (the latter two together are known as the Mulhacen). The
Ragua Unit consists of several km thickness of Paleozoic
graphitic mica schists with minor intercalated quartzites and
rare lenses of graphitic marble. The Calar Alto unit includes
a substantial thickness of Paleozoic graphitic mica schist
(Montenegro Fm), capped by �1500 m of light schists,
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quartzites and meta-conglomerates of probable Permo-Triassic
age (Tahal Formation), and by up to 150 m of Triassic cal-
careous and dolomitic marbles [Martínez-Martínez, 1984,
1986]. The Bedar-Macael Unit contains several thrust sheets
and fold-nappes made up of a similar sequence of rock types
as in the Calar Alto [García-Dueñas et al., 1988], but the
sequence is significantly thinner and is locally intruded by
Permian metagranites [Priem et al., 1966]. A discontinuous
set of lenses and pods of metabasic and meta-ultramafic rocks
occurs within the upper part of the Calar Alto Unit, the Bedar-
Macael Unit, and along the contact between the two units.
[12] The NFC shows evidence for a complex PT path

involving early high P/T ratio metamorphism followed by
decompression (see Text S1 in the auxiliary material for more
details).1 The dominant metamorphic assemblages in meta-
sedimentary rocks were apparently formed during intense
deformation during the decompressional history, and sub-
stantially overprint the evidence for the early high P/T ratio
metamorphism. The shapes of exhumation paths proposed
for the NFC vary substantially, ranging from near-linear
cooling [Puga et al., 2000; de Jong, 2003], isothermal
decompression [Augier et al., 2005a, 2005b], slight heating
[Vissers, 1981;Gomez-Pugnaire and Fernández-Soler, 1987],
or reheating during decompression [Bakker et al., 1989].
In several cases the proposed PT paths pass into the andalu-
site [Bakker et al., 1989; Augier et al., 2005a, 2005b] or
sillimanite stability fields [Augier et al., 2005a, 2005b]
(Figure S1 in the auxiliary material). The only Alpine-age
aluminosilicate recorded from the NFC is kyanite, which
is widespread, which suggests that these PT paths signifi-
cantly overestimate the temperature during the later stages
of exhumation. We examine this further in Section 6.

[13] The timing of high pressure metamorphism in the
NFC is currently debated. U/Pb dating on metamorphic
zircons with high-P mineral inclusions from ultramafic rocks
in the Bedar-Macael unit yielded 15.0 � 0.6 Ma [Sanchez-
Vizcaino et al., 2001]. Similarly, Lu-Hf dating on prograde
garnets in eclogites gave ages of �16–18 Ma [Platt et al.,
2006]. The garnet ages in particular suggest that high-P
metamorphism in the Nevado-Filabride occurred after the
Alpujarride Complex was exhumed to the surface, thus
implying two punctuated phases of high pressure metamor-
phism and subsequent exhumation [Sanchez-Vizcaino et al.,
2001; Platt et al., 2006]. Ar/Ar ages from synkinematic
white mica, however, range from 75 – 10 Ma [Monie et al.,
1991; Platt et al., 2006; Augier et al., 2005b]. Some work-
ers have interpreted these to reflect variable degrees of excess
Ar [Sanchez-Vizcaino et al., 2001; de Jong et al., 2001; Platt
et al., 2006], whereas others interpret them as recording
sequential recrystallization of white mica during subduc-
tion and progressive exhumation [Augier et al., 2005c].
In Section 8.2, we present new in-situ Ar/Ar data from eight
samples, which support the interpretation that Ar ages in
these rocks are influenced by excess Ar.

4. The NFC in the Sierra Alhamilla

[14] Our study focused on the NFC as exposed in the Sierra
Alhamilla. The range consists of an E-W-trending antiform
with the NFC exposed in the core and Alpujarride carbonates
and phyllites exposed along the rim and as isolated klippen
near the crest of the range. The two complexes are every-
where separated by a well-defined brittle detachment fault,
in some places associated with a well developed zone of
mylonitization in the NFC rocks in the footwall. The present-
day accentuated arch in the Sierra Alhamilla formed during
the late Miocene, as evidenced by Tortonian marine basin
sediments on the north side of the range that are locally

Figure 1. Inset shows the Betic-Rif Cordillera with internal zones colored grey and external zones colored
green. Larger map shows the main tectonic units in the eastern part of the Betics near Almeria. Nevado-
Filabride Complex rocks crop out primarily in the cores of the Sierra Nevada, Sierra de Los Filabres, Sierra
Alhamilla, and Sierra Cabrera. Modified from Martínez-Martínez et al. [2002].

1Auxiliary materials are available in the HTML. doi:10.1029/
2012TC003121.
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overturned beneath NFC graphitic mica schists [Platt et al.,
1983; Weijermars et al., 1985].
[15] The NFC in the Sierra Alhamilla consists of two dis-

tinctive units, named the Alhamilla unit and the Castro slice
by Platt and Behrmann [1986]. The two units are dis-
tinguished on the basis of metamorphic grade, lithologic
heterogeneity and style of deformation; and are generally
correlated with the Ragua and Mulhacen units elsewhere in
the NFC. Rocks in the Castro slice grade from tectonites in
the center of the unit, to two zones of mylonite– one at the
top of the unit at the contact with the Alpujarride Complex,
and the other at the base of the unit at the contact with the
Alhamilla unit. The two mylonite zones are present only on
the south side of the range; they merge into a single high
strain zone at the eastern and western extents of the exposed
Castro slice (Figure 2). The lower mylonite zone is only
slightly discordant to fabrics in the central Castro slice,
whereas the upper mylonite zone is mostly parallel to the
detachment and cross-cuts all earlier fabrics.

4.1. Alhamilla (Ragua) Unit

[16] The Alhamilla unit is the structurally lowest in the
Sierra Alhamilla, cropping out throughout the core of the
range and along its northern margin. It consists of monoto-
nous graphitic mica schist with rare lenses of quartzite and
metaconglomerate. 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.
These rocks generally show no evidence of having reached
temperatures greater than mid-greenschist facies, preserving

only biotite and chlorite zone greenschist facies assemblages.
However, within the Alhamilla unit near the contact with the
overlying Castro slice, an inverted metamorphic zonation is
present, defined by the local occurrence of garnet. We quan-
tify the magnitude of this inverted zonation using Raman
spectroscopy on graphite in the schists in Section 5.

4.2. Castro (Mulhacen) Unit

[17] The Castro slice crops out only on the southern margin
of the range and thins toward the east and west (Figure 2)
[Platt et al., 1984]. It comprises several intercalated rock
types, including quartzite, light-colored schist and phyllite,
graphitic mica schist, marble, and granite.
[18] The main phase of deformation in the Castro slice is

associated with a moderately SE-dipping foliation (S3) that
grades from proto-mylonitic in the center of the unit outward
into mylonitic at the upper and lower contacts, and ultra-
mylonitic at the very top of the unit. We refer here to the two
mylonite zones at the upper and lower contacts of the Castro
slice as the upper mylonite zone (UMZ) and lower mylonite
zone (LMZ), respectively (Figure 2). The S3 foliation over-
prints an earlier schistosity (S2), occasionally preserved in
the field within tight folds associated with D3, particularly
in the central Castro slice. At the micro-scale, the S2 foliation
is also preserved as crenulation arcs in the hinges of D3
crenulations and as inclusion trails within metamorphic por-
phyroblasts. The S2 fabric is itself a differentiated crenula-
tion cleavage, suggesting it too overprinted an even earlier
fabric (S1) that is otherwise not preserved. Within the upper
and lower mylonite zones in the Castro slice, the S3 fabric
is locally warped and overprinted by variously oriented

Figure 2. Detailed map of the southern Sierra Alhamilla with locations of samples mentioned in the text
shown as blue circles. Modified from Platt and Behrmann [1986].
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folds, pervasive shear bands, local lenses of ultramylonite
and cross-cutting brittle-ductile shear zones (D4) (Figure 3).
At the contact with the overlying Alpujarride Complex, the
rocks are pervasively overprinted by cataclasis and shear
along closely-spaced detachment-parallel brittle faults (D5).
[19] Mineral assemblages associated with the S2 schistos-

ity in the central Castro slice record amphibolite-facies con-
ditions, including staurolite + garnet + plagioclase + kyanite +
white mica + biotite + rutile � graphite, tourmaline and

opaques in metapelites, and garnet + chloritoid in quartzites.
Staurolite porphyroblasts occur as large crystals typically
>5 mm in diameter and as smaller stubby grains– most
exhibit curved inclusion trails defined by graphite. Garnet
porphyroblasts vary in diameter from >5 mm to <1 mm.
Some large porphyroblasts have spiral inclusion trails
defined by quartz and white mica. The garnets typically
preserve prograde zoning profiles with Ca-rich cores and Fe-

Figure 3. Field photographs of outcrop-scale features preserved in the Castro unit. (a) Foliation in central
Castro slice showing tight D3 folds that preserve remnants of the S2 foliation and the peak temperature
mineral assemblage. (b) Upright fold warping the ultramylonitic foliation in the lower mylonite zone.
(c) Albitized cataclasite near the boundary between the lower mylonite zone and the Alhamilla unit.
(d) S3 extensional crenulation cleavages folded by D4 in upper mylonite zone. (e) Local D4 folds crenulat-
ing the ultramylonitic foliation in the upper mylonite zone. (f) S3 foliation plane preserving both an early
stretching lineation and a late crenulation lineation formed during D4 folding.
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rich rims; some preserve very thin retrogressive rims rich in
Mn [Augier et al., 2005a].
[20] Mineral assemblages associated with S3-S5 in the rest

of the Castro slice record progressive retrogression from
mid-amphibolite to lower greenschist facies, defined by the
breakdown of garnet and biotite to chlorite and the growth
of more paragonitic white mica [Augier et al., 2005a]. Ret-
rogression is pervasive in the two mylonite zones at the upper
and lower boundaries of the Castro slice and complete in
ultramylonites and in cross-cutting brittle-ductile shear zones
near the detachment.
[21] The deformation and metamorphism in the Castro

slice, and the Mulhacen unit in the rest of the NFC, has been
interpreted by previous workers to reflect an early phase
of subduction (D1) under low temperature/ high pressure
conditions to form S1, followed by deformation at peak
temperature and pressure conditions (D2) to form S2, and
culminating in progressive localization during exhumation
and cooling (D3–D5) under greenschist facies [Vissers et al.,
1995; Galindo-Zaldívar et al., 1989; Jabaloy et al., 1993;
Augier et al., 2005c; Aerden and Sayab, 2008; Agard et al.,
2010]. We agree with this general tectonic model, and in the
following sections, we present new data on the kinematics,

PT conditions, and timing of the exhumation stage as pre-
served in the Sierra Alhamilla.

5. Peak Temperatures in the Alhamilla Unit

[22] In order to quantify the peak temperature and the
magnitude of an inverted metamorphic zonation in the
Alhamilla unit below the Castro slice we examined several
samples at varying structural distances using Raman spec-
troscopy on graphite (see Appendix A for a brief description
of this method) [Beyssac et al., 2002]. Structural distances
were estimated from geological cross-sections, but we note
that they are approximate only because the local structure in
the Alhamilla unit is complex and variable. Temperature as a
function of structural distance is shown in Figure 4. Samples
WB127, 128, 129, 116 and 115 yield fairly consistent tem-
peratures, which average to 493 � 8�C. We interpret this to
be the average peak temperature in the Alhamilla unit. Sam-
ple WB5, taken closest to the Castro slice, yields a higher
temperature of 532 � 20�C, thus confirming the presence of
an inverted geothermal gradient at the contact. This is con-
sistent with the local presence of garnet and chloritoid in
the Alhamilla unit at these structural levels. Compared to the
peak temperature measured in the Castro slice, of 556 �
18�C (Section 6), the two units differ by �65�C.
[23] Temperature gradients constrained using graphite

crystallinity across the Calar Alto–Ragua unit contact in the
Dos Picos shear zone are different from those we describe
above for the Sierra Alhamilla [Augier et al., 2005b]. How-
ever, the overall contrast in peak metamorphic temperature
between the Bedar-Macael and Ragua unit is similar in the
Sierra Nevada and Sierra de Los Filabres to what we describe
here– the Ragua unit exhibits an average peak T of �510�C
[Augier et al., 2005b] whereas the Bedar-Macael exhibits
an average peak T of �530–580�C. Thus, although there
may be local jumps in temperature due to post-metamorphic
thrusting or excision, an overall inverted gradient with
highest temperatures preserved in the highest structural units
appears to be regional in extent.

6. Thermobarometry in the Castro Slice

[24] We selected several samples from different parts of the
Castro slice with which to estimate the pressure-temperature
conditions during the end of D2 through D4. As described in
Section 4, the highest temperature amphibolite facies mineral
assemblages in the Castro slice are preserved only in the
center of the unit between the two mylonite zones, whereas
they are heavily overprinted by greenschist facies metamor-
phism elsewhere. The methods used include chlorite ther-
mometry (Table 1) [Vidal et al., 2001], graphite crystallinity
thermometry [Beyssac et al., 2002], Thermocalc Average

Figure 4. Results from Raman spectroscopy in the
Alhamilla unit and Castro slice. (a) Raman spectra for sample
WB74 from the central Castro slice. (b) Raman spectra from
sample WB115 from the Alhamilla unit. Note the differences
in height between the band at wavelength 1350. (c) Summary
of Raman results. Filled circles = Alhamilla unit, filled
squares = Castro slice. Five samples structurally below the
Castro slice in the Alhamilla unit yield an average tempera-
ture of �493�C (lower grey band), whereas one sample very
close to the Castro slice, but still within the Alhamilla unit,
yields a higher temperature, suggesting the presence of a
local inverted metamorphic gradient. Average peak T of
556 � 11�C (upper grey band) from two samples collected
from different locations in the Castro slice.

Table 1. Temperatures From Chlorite Thermometry

Sample Domaina
Matrix Chlorite T
(Number of Grains)

Vein Chlorite T
(Number of Grains)

WB7 C 424 � 21 (8) 257 � 16 (5)
WB6 C 401 � 27 (5) 256 � 8 (7)
WB13 D 382 � 18 (8) 293 (1)
WB71 D 366 � 36 (5) N/A

aStructural domain. C = lower mylonite zone; D = upper mylonite zone.
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PT [Powell and Holland, 1994], and Ti-in-quartz thermo-
barometry (Table 2) [Thomas et al., 2010;Wark and Watson,
2006]. Details of each method are provided in Appendix A
and representative mineral chemistry data are given in
Table S1 in the auxiliary material.

6.1. PT Conditions for Specific Samples

[25] WB74 is a mica schist collected from the central
Castro slice from a lens of rock that preserves the S2 folia-
tion. The mineral assemblage consists of garnet + staurolite +
kyanite + white mica + biotite + quartz, with rutile, graphite
and oxides as accessories (Figure S2 in the auxiliary material).
Raman spectroscopy on graphite gave a peak temperature of
556 � 18�C. Ti-in-quartz measurements from matrix quartz
yielded concentrations of 5.9 � 0.9 ppm (Table 2). Coupled
together, and assuming aTi = 1 due to the presence of rutile,
this yields a pressure for the start of exhumation of 12.0 �
0.9 kbar (Figure 5). As a test for the accuracy of these results,
we also used the equilibrium mineral assemblage in WB74 to
determine an average PT in the Thermocalc software [Powell
and Holland, 1994], yielding a temperature of 623 +/� 68 �C
and a pressure of 12.9 +/� 3.8 kbar, which is within error of
the independent estimate from Raman and TitaniQ (Figure S3
in the auxiliary material).
[26] WB66 and WB81 are micaceous quartzites col-

lected several tens of meters below the upper mylonite zone.
The microstructure is mylonitic, with quartz recrystallization
resembling Regime 2 to 3 ofHirth and Tullis [1992] (Figure S2
in the auxiliary material). The primary mineral assemblage
includes white mica, biotite, garnet, chloritoid, rutile and
oxides. Garnet is partly retrogressed to biotite and chlorite.
We were not able to quantitatively determine a tempera-
ture for these two samples because a) the peak temperature
mineral assemblages preserved in the central Castro slice are
largely retrogressed in these rocks; and b) chlorite in these
rocks appears late, occurring primarily in garnet pressure
shadows, in cross-cutting veins or along the fringes of mica
grains. Biotite is stable in these samples, however, whereas
it has broken down in the lower mylonite zone and has
been completely retrogressed in the upper mylonite zone. We
therefore assume a temperature greater than that preserved in
the lower mylonite zone (424�C, discussed below), but less
than the peak temperature preserved in sample WB74 in the
central Castro slice of 556�C. We thus assign a temperature

to these samples of 495 � 60 �C. Ti-in-quartz measure-
ments were used to estimate pressure, with the upper and
lower limits limited by the pressure estimates from the central
Castro slice and the lower mylonite zone, respectively. This
yields an uncertain pressure range for these samples of
between �6 and 12 kbar (Figure 5).
[27] WB6 and WB7 are mica schists collected from the

lower mylonite zone. The mineral assemblages in both
of these rocks are similar, consisting of abundant white
mica, chlorite, quartz, and feldspar, with rutile (occasionally
mantled by sphene and ilmenite), graphite, tourmaline, and
opaque minerals as accessories. Biotite and skeletal garnets

Table 2. Ti-in-Quartz Concentrations Measured by SIMS

Sample Domaina
Number
of Spots

Ti
(ppm) aTiO2

Temperature
(�C)

Pressure
(kbar)

WB74 A 8 5.9 � 0.94 0.1 556 � 18 (graphite) 12.5 � 1.4
WB81 B 8 3.2 � 0.50 0.8 495 � 60 (estimated) 10.4 � 4.0
WB66 B 10 3.8 � 0.36 0.8 495 � 60 (estimated) 10.4 � 3.8
WB72 B 8 3.6 � 0.23 0.8 N/A N/A
Pt493 B 9 3.2 � 0.52 0.8 N/A N/A
WB6 C 12 4.3 � 0.43 0.8 401 �27 (chlorite) 3.7 � 1.7
WB7 C 12 4.6 � 0.70 0.8 424 � 21 (chlorite) 4.7 � 1.3
WB12 D 12 3.0 � 0.13 0.8 N/A N/A
WB13 D 8 2.6 � 0.17 0.8 382 � 18 (chlorite) 3.8 � 1.3
WB71 D 8 3.5 � 0.18 0.8 366 � 36 (chlorite) 2.5 � 2.3
WB70 E 8 1.8 � 0.15 0.8 N/A N/A
WB69 E 8 1.6 � 0.15 0.8 325 � 25 (estimated) 2.3 � 1.8

aStructural domain. A = S2 relict foliation in central Castro slice; B = S3 fabric in central Castro slice; C = lower mylonite zone; D = upper mylonite zone;
E = ultramylonite right at detachment.

Figure 5. Pressure-temperature path for the Castro slice.
Black circles are points for which P and T are quantitatively
constrained, whereas points with white squares are estimated
qualitatively based on dominant mineral assemblages or
other inferences. Although uncertainties for the intermediate
points in the P-T path are high, the path appears to be gener-
ally linear until the final stages of exhumation. UMZ = upper
mylonite zone; LMZ = lower mylonite zone.
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occur, but are fractured and altered to chlorite. Rare frag-
ments of kyanite also occur in isolated pods, surrounded by
coarse-grained white mica. Tourmaline and feldspar form
symmetrical porphyroclasts, occasionally dispersed into the
matrix by domino-style fracturing. White mica generally
occurs as fish-shaped porphyroclasts of up to 200 mm, but in
some places forms recrystallized aggregates with grain sizes
less than 10 mm. Chlorite occurs in isolated veins and cracks,
in garnet fractures and pressure shadows, in the pressure
shadows of mica fish, in the interstices of tourmaline and
feldspar boudins, and as isolated, elongate grains parallel to
the foliation. Chlorite-quartz thermometry on matrix chlorite
yielded a temperature �401�C for WB6 and �424�C for
WB7, whereas chlorite in veins yielded much lower tem-
peratures (�250�C). Very little CL signal was captured from
samples in the lower and upper mylonite zones, suggesting
that quartz in these rocks is homogeneous with respect to
Ti, likely as a result of pervasive dynamic recrystallization.
TitaniQ measurements were obtained from thin foliation-
parallel quartz lenticles in which the quartz is completely
recrystallized, yielded a concentration of 4.3 � 0.7 ppm in
WB6 and 4.6 � 0.7 ppm in WB7.
[28] WB13 is a mica schist, and WB71 is a micaceous

quartzite, each collected from the upper mylonite zone. The
stable mineral assemblage in the upper mylonite zone is the
same as in the lower mylonite zone, with white mica, chlo-
rite, quartz, and feldspar, and various accessory minerals.
Many of the rocks within this zone look similar to those
within the lower mylonite zone, but biotite is rarely pre-
served, and garnet and kyanite are not present. In most of
these rocks, white mica is recrystallized to grain sizes of
�15–30 mm. Chlorite is pervasive throughout these samples,
occurring in abundance as fine-grained aggregates within the
matrix, and along the margins of cross-cutting veins. WB13
yielded a temperature from chlorite thermometry of �382�C
and a pressure of �3.8 kbar; and sample WB71 similarly
yielded a temperature of�366�C and a pressure of�2.5 kbar
(Figure 5).
[29] WB69 is a quartzitic schist from a zone of ultra-

mylonite within the upper mylonite zone just below the
detachment. In it the micas are completely recrystallized to
grain sizes of less than 10 mm. Closely-spaced shear bands
within micaceous layers penetrate into quartz-rich bands and
veins as brittle-ductile shear zones and induce local dynamic
recrystallization. Micro-scale intrafoliation folds are com-
mon in this sample and surrounding rocks. TitaniQ mea-
surements were taken from quartz veins, which although
cross-cutting the main foliation, exhibit substantial defor-
mation and dynamic recrystallization and flat CL signals.
Chlorite in this zone of ultramylonite is highly altered and
oxidized (likely due to fluid flow along the detachment), so
we were not able to use it to quantify the temperature. It is our
interpretation, however, that this sample represents the very
last stages of deformation in the mylonite zone, close to the
brittle-ductile transition, and therefore likely deformed at a
temperature less than samples WB13 and WB71. We there-
fore assign a temperature of 325 � 25 �C (Figure 5). This is
consistent with temperatures of �300�C estimated using
calcite-dolomite thermometry in ultramylonitic lenses of
marble that decorate the detachment in this same section of
the upper mylonite zone [Behrmann and Platt, 1982].

6.2. Brief Note on TitaniQ Results

[30] Grujic et al. [2011] recently raised questions about the
degree to which quartz re-equilibrates Ti during greenschist
to amphibolite facies prograde metamorphism at constant
pressure, given that Ti diffusion is sluggish at these condi-
tions [Cherniak et al., 2007]. Thus, it is worth discussing our
Ti-in-quartz data in some detail in order to make the case that
the data represent true equilibration during changing PT
conditions. Table 2 lists the Ti concentrations for samples
collected within different structural domains in the Castro
slice, including those for which temperature estimates were
not obtained. We note the TitaniQ data exhibit limited var-
iations in Ti concentration (ranging from <5.9 to >1.6 ppm)
amongst samples that show significant changes in mineral
assemblage and quartz microstructure associated with
decreasing temperature and pressure. This could be inter-
preted in two ways: 1) the Ti concentrations were locked in at
some intermediate T and P, despite pervasive dynamic
recrystallization, such that the Ti concentrations represent
some mixture of inherited and re-equilibrated concentra-
tions. 2) The Ti concentrations are in equilibrium with the
microstructure, but remain similar because the slope of the
exhumation path was similar to the slope of the Ti iso-
concentration lines. We interpret the Ti concentrations to
accurately reflect equilibrium conditions in all samples for
several reasons, including a) the independent estimate of T &
P in sample WB74 from the equilibrium mineral assemblage
is consistent with the estimate of T & P calculated using
TitaniQ and graphite crystallinity; 2) the Ti concentrations
cluster according to structural domain (Table 2); 3) new,
stable Ti-bearing phases (sphene and ilmenite) grow as
part of the retrogressive assemblages suggesting that Ti is
mobilized at least at the micro-scale; 4) the Ti measurements
were taken only from regions of pervasive dynamic recrys-
tallization, which exhibited homogeneous and flat CL; and
5) the resulting PT path from the combined TitaniQ/chlorite/
graphite crystallinity is consistent with exhumation entirely
within the kyanite field. If this interpretation is correct,
it suggests that Ti equilibrium may be easier to achieve at
low temperature during retrogression, than demonstrated for
similar temperature, but prograde assemblages in the Tonale
fault zone by Grujic et al. [2011].

6.3. Discussion

[31] Retrogressive mineral assemblages are notoriously
difficult to obtain precise, quantitative temperature estimates
from, and we encountered significant difficulty here. Augier
et al. [2005a] obtained very precise P-T paths from the
Nevado-Filabride complex using chlorite-phengite multi-
equilibria thermobarometry on different fabric elements [Vidal
and Parra, 2000]. Our attempts to reproduce these authors’
results from the Sierra Alhamilla were unsuccessful, however,
because nearly all the white mica and chlorite in the rocks we
examined failed to satisfy the criteria for equilibrium set out
by [Vidal et al., 2005]. The most likely explanation for this
difference is a change in calibration since the study by Augier
et al. [2005a] to incorporate Fe end-members in chlorite
[Vidal et al., 2005]. We also observed that the two minerals
are rarely in textural equilibrium in our samples.
[32] As noted in Section 3, the PT paths of Augier et al.

[2005b], Bakker et al. [1989], and Vissers [1981] indicate
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that the NFC passed through the andalusite field, and in the
case of Augier et al. [2005a], also through the sillimanite
field, as a result of either isothermal decompression or a
postulated late phase of heating (Figure S1 in the auxiliary
material). This is difficult to reconcile with the lack of
andalusite or sillimanite anywhere in the NFC. To consider
the point further, the NFC contains very similar bulk com-
positions to the overlying Alpujarride Complex, which did
undergo decompression into the andalusite and sillimanite
fields in many areas, as shown by the common occurrence of
these minerals [Argles et al., 1999], so it is difficult to explain
why the NFC lacks these minerals if it followed a similar PT
path. We suggest that there was a fundamental difference
between the exhumation paths for the two complexes. The
data we have presented here lend credence to the recent
suggestion that the two complexes exhibited consecutive, but
quite separate subduction and exhumation histories [e.g.,
Sanchez-Vizcaino et al., 2001; Gomez-Pugnaire et al., 2004;
Platt et al., 2006], and is also consistent with the occurrence
of kyanite as the only aluminosilicate in the NFC.

7. Kinematics in the Castro Slice

7.1. Stretching Lineations

[33] Rocks in the Castro slice exhibit several different
types of lineations, including stretching lineations,

crenulation lineations, striations on cm-scale shear bands,
and numerous intersection lineations. Thus it is critical to
examine stretching lineation orientations in the context of the
dominant structures. Here we describe changes in orientation
of the stretching direction throughout the Castro slice as a
function of structural domain.
[34] As discussed in Section 4.2, in the center of the Castro

slice, the rocks exhibit a moderately-dipping proto-mylonitic
foliation, in many places showing tight D3 folds that preserve
relicts of the S2 foliation (Figure 3a). The fold hinges are
subparallel to a moderately developed stretching lineation
trending�210� (Figure 6), defined by stretched quartz grains
and aligned mica sheets. Two sets of extensional crenulation
cleavages, dipping SE and SW, commonly cut across the
main foliation in the more micaceous layers.
[35] Away from the center of the Castro slice, closer to the

upper and lower mylonite zones, the rocks are mylonitic, D3
folds are less commonly preserved, and SW-dipping exten-
sional crenulation cleavages are more pervasive. Stretching
lineations here are oriented �215� on average.
[36] At the contact between the Castro and Alhamilla units,

the �50-m-thick lower mylonite zone exhibits a platy
mylonitic to finely laminated ultramylonitic foliation that is
slightly discordant to the primary fabric in the central Castro
slice. The stretching lineation in these mylonites is oriented
more westerly, averaging�235�, but shows some scatter due

Figure 6. Lineation data from different domains within the Castro slice. The lineations swing progres-
sively toward the E-W with increasing strain, from the D2 fabrics in the central Castro slice to D3, D4
and brittle fabrics in the lower and upper mylonite zones.
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to late folding and disruption by brittle deformation. Near the
top of the lower mylonite zone, lenses of lower-strain pro-
tomylonitic rock with tight folds and more southerly linea-
tions like those preserved in the central Castro slice are
intercalated with the finely laminated mylonites. Near the
boundary with the Alhamilla unit, the rocks are warped into
local upright, disruptive folds and in places are cut by brittle
faults, tension gashes, and albitized cataclasites (Figures 3b
and 3c). Slip lineations on the brittle surfaces are oriented
�260� on average (Figure 6).
[37] In the �15-m-thick upper mylonite zone, the rocks

exhibit the highest strain, with a strongly developed stretch-
ing lineation oriented �240� (Figure 6). As in the lower
mylonite zone, near the base of the upper mylonite zones,
rare panels of rock up to 0.5-m-thick preserve remnants of the
earlier protomylonitic foliation characteristic of the central
Castro slice, distinguished by the presence of tight folds and a
lineation oriented more southerly. Nearest the upper bound-
ary of the Castro slice, the mylonitic foliation is locally fol-
ded into open folds, forming a penetrative set of crenulations
in more micaceous layers (Figures 3d and 3e). The folds
are SE-vergent, with WSW-trending hinge lines and sub-
horizontal axial planes. The folding warps the mylonitic
stretching lineation and associated shear bands, and produces
an ultramylonitic axial-planar foliation and local ultra-
mylonitic lenses in quartz-rich rocks with a new stretching
lineation oriented more toward the W (Figure 3f).
[38] The contact between the upper mylonite zone and the

Alpujarride Complex is defined by a well-developed, mostly
planar detachment fault. The detachment itself is commonly
occupied, from top to bottom, by cargneule up to 5 m thick,
up to 2 m of fault gouge and cataclasite derived from both
hanging wall and footwall rocks, and up to 2 m of ultra-
mylonite. Brittle slip lineations developed in the fault gouge
and in the cargneule are oriented very close to E-W
(Figure 6).
[39] To summarize, stretching lineations in the Castro slice

show a progressive swing in trend from the center of the unit
outward into the lower and upper mylonite zones (Figure 6).
The trend of the lineations range from �210� in early pro-
tomylonites and mylonites to �240� in ultramylonites asso-
ciated with late folds, to �260� on the detachment and on
smaller-scale brittle faults.

7.2. Shear Sense Indicators

[40] Crystallographic preferred orientations were mea-
sured in several quartzites collected from the Castro slice
using electron backscatter diffraction (EBSD). EBSD mea-
surements were completed on a JEOL-7001F using a Hikari
high speed EBSD detector and associated OIM analysis
software from EDAX. The quartz c-axis fabrics range from
symmetric double maxima in early protomylonites (WB76,
Pt490), to asymmetric single girdles with varying degrees of
asymmetry in mylonites (Figure 7). The fabrics that are
asymmetric all indicate top-SW sense of shear, confirmed
also by asymmetric porphyroclasts, mica fish and oblique
new grain shape fabrics examined optically (Figure 8).
Ultramylonitic quartzites in the upper and lower mylonite
zones exhibit skewed and occasionally weak quartz c-axis
fabrics, likely due to a change in the dominant deformation
mechanism [e.g., Behrmann, 1985] and/or to the presence of

intrafolial warping. As a result, c-axis fabrics from these
zones were not used to determine sense of shear, but several
of these samples exhibited other sense-of-shear indicators
that are consistent with top-WSW motion (Figure 8).

7.3. Discussion

[41] Our data suggest that the dominant stretching direc-
tion in the NFC changed gradually from NE-SW in the
early stages of exhumation to nearly E-W during the final
stages. These results are consistent with those documented
in less detail by Platt and Behrmann [1986] for the Sierra
Alhamilla, but are in conflict with data presented by Augier
et al. [2005a], who suggested that the lineations swing from
�E-W at the crest of the range, progressively to �N-S near
the detachment. Quartz c-axis fabrics suggest that the change
in stretching direction was accompanied by an increase in the
component of simple shear deformation– symmetric fabrics
are preserved in early tectonites, whereas strongly asym-
metric fabrics are observed in mylonites near the upper and
lower mylonite zones. The quartz CPOs and other shear-
sense indicators also reveal that the dominant sense of shear
in the non-coaxial fabrics was top-SSW to top-WSW. These
shear sense results conflict with data presented by Behrmann
and Platt [1982] and Platt and Behrmann [1986], who
reported top-N sense of shear in the Castro slice based on
quartz CPOs measured optically.
[42] The kinematic data throughout the NFC suggest

exhumation was dominantly associated with top-W shear
[Jabaloy et al., 1993], with the Sierra Alhamilla clearly
recording a progressive shift from top-SSW to top WSW.
Although subsequent contraction in the southeastern Betics
clearly modified the dip of NFC fabrics and plunge of asso-
ciated lineations, there is no evidence as to whether the NFC
has experienced significant vertical axis rotations. We make
the assumption here that the complex has not been rotated
significantly because 1) the coherent structure and the con-
sistency of stretching lineations over large distances suggest
there haven’t been differential rotations within the NFC after
exhumation, and 2) given the large size of the NFC culmi-
nation, it’s unlikely to have experienced significant rigid-
body rotation as a whole.

8. Timing of Metamorphism and Cooling
in the Sierra Alhamilla

8.1. In Situ 40Ar/39Ar Dating of White Mica

[43] The debate over the age of high P metamorphism in
the Nevado-Filabride Complex hinges on the interpretation
of scatter in 40Ar/39Ar ages on white mica. de Jong et al.
[2001], and de Jong [2003] interpreted Ar ages on white
mica in the Mulhacen unit, obtained by laser step-heating, as
recording significant excess Ar as a result of fluid infiltration
and illitization of the mica on the micro-scale. Augier et al.
[2005a], on the other hand, reported a correlation between
Ar age and fabric element in schists from the Bedar-Macael
unit, and thus interpreted the ages to represent progressive
recrystallization of white mica during continuous deforma-
tion. In that study, large grainsize phengitic white micas relict
from the high P phase of metamorphism yielded ages ranging
from �42 to 24 Ma, whereas finer-grained, retrogressive
white micas yielded ages ranging from �22 to 8 Ma.
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[44] We investigated eight additional samples from the
Castro slice in the Sierra Alhamilla using laser in-situ Ar
dating on white mica from different structural and micro-
structural domains (Figure 9 and Table S2 in the auxiliary
material). Mean ages were obtained using Isoplot [Ludwig,

1999] to calculate the weighted mean after removing statis-
tical outliers (data points 2s away from the mean were
considered outliers and rejected). Several samples (Pt526,
WB13, WB8, Pt490, WB18) exhibited substantial scatter in
Ar age and are difficult to interpret (see Table S2 in the

Figure 7. Quartz c-axis pole figures for the Castro slice measured via EBSD. Samples WB76 and Pt490,
from the main Central Castro slice exhibit no apparent dominant sense of shear, whereas all other samples,
collected from other parts of the Castro slice closer to the two mylonite zones record top-SW sense of shear.
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Figure 8. Shear sense indicators in the Castro unit. (a) Pt481 from Central Castro slice. Oblique new grain
shape fabric in quartz and asymmetric clinozoiite porphyroclasts. Crossed polars. (b) Pt246 from the central
Castro slice near the lower mylonite zone. Oblique new grain-shape fabric and an asymmetric garnet por-
phyroclast. Crossed polars with tint plate. (c) WB8 from the lower mylonite zone. Top-SW extensional
crenulation cleavages. Plane light. (d) WB83 from the lower mylonite zone. Top-west mica fish. Crossed
polars. (e) WB83 from the lower mylonite zone. Top-SW domino-style fractures in plagioclase porphyro-
clast. Crossed polars. (f) WB82 from the upper mylonite zone. Top-W brittle-ductile shear zone offsetting
two foliation-parallel quartz veins. Crossed polars.
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Figure 9. Ar/Ar data for several samples collected in the Castro slice. Detailed measurements are given in
Table S2 in the auxiliary material.
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auxiliary material for sample data). Two of the ultramylonitic
samples (WB69 and WB25) exhibited relatively precise
weighted mean ages of 13.3 � 1.3 Ma and 9.5 � 1.3 Ma.
Another sample, WB79, contains large phengitic mica fish
with Si contents greater than 3.3 Si p.f.u. that are relict from
the high pressure phase of metamorphism. Some of these
mica fish are cross-cut and partially recrystallized by micro-
scale shear bands, but despite this clear textural relationship,
we do not observe any systematic textural control on Ar age.
Instead, both recrystallized grains in shear bands, and cores
of large mica fish exhibit ages ranging from 9 to 22 Ma.
Similar results can be seen in sample WB8, in which both
relict mica porphyroclasts and fine-grained mica in shear
bands yield scattered ages ranging from 18 to 180 Ma.
[45] These results contrast with the study of Augier et al.

[2005a] in two important ways. 1) Several of our samples
give scattered ages that do not correlate with any known
phase of metamorphism, strongly suggesting the presence of
excess Ar, consistent with the interpretation of de Jong et al.
[2001] and de Jong [2003] and with detailed studies of excess
Ar in similar HP terranes [Arnaud and Kelley, 1995; Sherlock
and Kelley, 2002]. 2) There is no apparent correlation
between Ar age and fabric element– i.e., some mica grains
that are relict from the high pressure phase of metamorphism
exhibit ages as young as 11 Ma (Figure 9). Thus, it appears
that excess Ar is an important contributor to the Ar signal in
these rocks, which makes it difficult to decipher the age of
HP metamorphism using the Ar system.
[46] Aerden and Sayab [2008] raised several important

questions regarding the age of high pressure metamorphism,
which warrant some discussion. 1) Why does excess Ar
affect the NFC, but not the overlying Alpujarride Complex?
If our interpretation of the NFC is correct, it can be charac-
terized as a rapidly cooled, high P/T ratio terrane. Excess Ar
is a common phenomenon in high P/T ratio terranes [Arnaud
and Kelley, 1995; Sherlock and Kelley, 2002], whereas the
Ar ages from the Alpujarride were likely reset during the
late low P/T ratio metamorphic event in the early Miocene
[Platt et al., 2005]. 2) Could the garnets dated have grown
during retrogression, rather than during the prograde phase of
metamorphism? Garnets described in the Platt et al. [2006]
study all have prograde zoning profiles and show no evi-
dence of having grown during decompression. Furthermore,
two of the samples dated were from eclogites, in which the
garnets must have grown during the HP phase of metamor-
phism. 3) Could micro-inclusions of zircon in the garnets
and/or surrounding matrix have impacted the Lu-Hf ages?
The presence of zircon in the matrix for dates that use a whole
rock analysis to constrain the isochron will cause the ages to
be overestimated, whereas the presence of zircon as micro-
inclusions in garnets will cause the ages to be underestimated

[Scherer et al., 2000]. In the study of Platt et al. [2006],
garnet separates were composed of hand-picked inclusion
free grains, and dissolution of the garnets was completed
using a hot-plate, rather than hydrothermal dissolution,
which significantly limits the contribution of Hf from zircon
because the zircon doesn’t dissolve using this method
[Anczkiewicz et al., 2004]. Additionally, 3 out of 4 of the
Lu-Hf ages come from isochrons with multiple garnet,
apatite and clinopyroxene separates; if there were signifi-
cant contamination due to zircon inclusions, the points would
be unlikely to lie on an isochron because the amount of
contamination would vary from one separate to another.
Thus, it is our interpretation that the Lu-Hf ages are a robust
estimate of the timing of HP metamorphism. Accepting
this interpretation, it could be argued that some of the Ar/Ar
ages from both our own work and the study of Augier et al.
[2005a], those that are younger than �19 Ma, may repre-
sent true cooling or recrystallization ages.
[47] If excess Ar is a contributing factor, then there is no

longer a conflict between the Ar ages and the estimates of HP
metamorphism from the Lu-Hf system on garnet [Platt et al.,
2006] and the HT metamorphism from the U/Pb system
on zircon [Sanchez-Vizcaino et al., 2001; Gomez-Pugnaire
et al., 2004], each of which agree within error. These data
suggest that the high pressure metamorphism in the NFC
occurred no earlier than 19 Ma, coincident with or just after
the final stages of exhumation in the Alpujarride Complex.

8.2. Fission Track Data and T-Time Path

[48] Detailed fission track studies have focused on the
Sierra Nevada and Sierra de Los Filabres [Johnson et al.,
1997; Vázquez et al., 2011; Clark and Dempster, 2009]. A
few ages were published by Platt et al. [2005] for the Sierra
Alhamilla. We collected three additional samples from the
Sierra Alhamilla and determined both apatite and zircon fis-
sion track ages (Table 3). One of the apatite FT ages has large
analytical uncertainties and is disregarded. The zircon FT
ages are on average slightly older than ages reported for the
eastern Sierra de Los Filabres by Johnson et al. [1997], but
two of them overlap within error of those data. Assuming the
NFC in the Sierra Alhamilla reached peak metamorphic
temperature at around the same time as the rest of the NFC at
�16-17Ma [Sanchez-Vizcaino et al., 2001;Gomez-Pugnaire
et al., 2004], the rocks were cooled from �560�C through
theZFT closure temperature of�230�C in less than�6 m.y.,
yielding a minimum cooling rate of 55�C/m.y. A more likely
estimate by taking the average ZFT age is �130�C/m.y.
with higher rates possible within the uncertainties. Within
the Sierra Alhamilla, the average age from AFT suggests the
cooling rate was slower after the rocks passed through the
ZFT closure temperature, in contrast to the 100�C/m.y.
cooling rates suggested by Johnson et al. [1997] for the
Sierra de Los Filabres. Although interpretations vary in
detail, most studies agree that during the period �12–4 Ma,
the cooling of the NFC was controlled by motion along the
Betic Movement Zone detachment, with variations in an E-W
direction and with elevation consistent with the development
of rolling hinge anticline [Martínez-Martínez et al., 2002;
Clark and Dempster, 2009; Vázquez et al., 2011]. Thus it
appears that by�12 Ma the NFC had become the footwall of

Table 3. Fission Track Cooling Ages From the Sierra Alhamilla

Sample Location
Apatite
FT Age

Zircon
FT Age Reference

WB20 Bco. del Castro 11.9 � 3.8 14.6 � 1.1 this study
WB27 Bco. del Cuillas 19.6 � 9.9 16.0 � 1.2 this study
WB29 Bco. del Cuillas 4.65 � 2.1 13.3 � 1.0 this study
PB445 Bco. del Castro 5.7 � 2.2 N/A Platt et al. [2005]
PB446 Bco. del Castro 6.1 � 2.4 N/A Platt et al. [2005]
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a top-west-directed metamorphic core complex rooted at the
brittle-ductile transition.

9. New Tectonic Model

9.1. Constraints

[49] Below we synthesize the constraints the data and dis-
cussion presented in Sections 5 through 8 place on the tec-
tonic history of the NFC. The points below are illustrated in
Figure 10.
[50] 1. Although there is no direct constraint on the polarity

of subduction or the sense of shear during the HP phase of
metamorphism in the NFC, three lines of evidence suggest it
involved subduction of the Iberian margin toward the SSE,
including a) early to middle Miocene thrusting in the Exter-
nal Betics suggests that the Alboran Domain collided with
the Iberian margin around this time, b) the Alboran Domain
was separated from the African margin by a flysch basin,
and c) the Nevado-Filabride Complex is found only on the
northern side of the Alboran Domain, and no equivalent
metamorphic terrane exists in the Rif in Morocco. The top-
SSW sense of shear in early protomylonites in the NFC
therefore likely represents exhumation toward the NNE at the
top of the SE-subducting slab.

[51] 2. HP metamorphism in the NFC likely occurred no
earlier than 19Ma, at around the same time as the Alpujarride
Complex was exhumed to the surface. This has important
implications for the initial thermal structure of the orogen
just prior to subduction of the Iberian margin to form the
NFC, because by the time the Alpujarride was exhumed, the
Alboran lithosphere had been thinned to �25 km, with
asthenospheric temperatures present below that depth [Platt
et al., 2005].
[52] 3. Temperatures in the Mulhacen unit reached a peak

of 580�C at 13 kbar in the Sierra Alhamilla (this study) and
up to 700�C at 18 kbar in the Sierra Nevada (from the Cerro
del Almirez) [Sanchez-Vizcaino et al., 2001]. This indicates
substantial heating at the top of the subducting slab, which
can be explained by the unique thermal structure of the upper
plate Alboran Domain described in 2 above; i.e. the Iberian
margin was subducted into hot asthenospheric mantle at rel-
atively shallow depth.
[53] 4. There is a difference in average peak temperature of

�65�C between the Mulhacen unit at the top of the NFC and
the Ragua unit at its base. In the Sierra Alhamilla, this is
preserved as an inverted metamorphic zonation between the
Castro slice and Alhamilla units (this study); in other areas
the difference is similar in magnitude, but partially modified

Figure 10. New tectonic model for the Nevado-Filabride Complex. (a) Cartoon showing subduction of
the Iberian margin to form the NFC and two-stage exhumation of the NFC from within a subduction chan-
nel to eventual capture by a low-angle detachment faulted rooted at the brittle-ductile transition. (b) Map
view of the tectonics in the Alboran Domain at �18 Ma. Alboran is moving west relative to Africa and
Iberia, extending as it does so. The rifted continental margin of Iberia is subducted beneath it to form the
NFC (blue arrow), and the external Betic thrust belt forms in front of this subduction zone. Return flow
of the NFC exhumes it toward the NNE (green arrow), and the final stage of exhumation (post 18Ma)
occurs in a core-complex setting associated with WSW-directed extension (red arrows). Ocean lithosphere
of the African plate is subducted northward beneath the southern margin of Alboran, and this subduction
zone rolls back southward (toward the African continental margin), and westward (toward the Atlantic).
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by late thrusting [Augier et al., 2005b]. The inverted meta-
morphic zonation can be explained by the proximity of the
subducted rocks to the hot hanging wall (perhaps enhanced
by sequential underplating of cold material), with the Mul-
hacen unit adjacent to the hot upper plate, and the Ragua unit
closer to the cold subducting slab.
[54] 5. The PT path during exhumation was approximately

linear, remaining within the kyanite field until the alumino-
silicate breakdown reaction, indicating marked cooling dur-
ing decompression. This requires a heat sink at depth: when
cooling started, at a depth of around 40 km, the characteristic
time for cooling to the surface greatly exceeded the time-
scale of exhumation. Thus, the exhumation of the NFC
was likely syn-contractional, such that continued subduc-
tion of the Iberian margin provided a heat sinkduring the
exhumation.
[55] 6. Subduction and exhumation to the middle crust

of the NFC occurred within 5 Ma according to geo- and
thermochronology discussed in Section 8. The rate of exhu-
mation was therefore >8 km/m.y., which would have been
most easily achieved if the rocks were exhumed along a
steeply dipping trajectory. The simplest way to satisfy this
constraint and the linear PT path described in Section 6 is to
assume the rocks were exhumed along the same trajectory by
which they were subducted, that is, along the top of the
subducting slab in a subduction channel geometry. Exhu-
mation along a vertical trajectory would have brought them
up through the hot Alboran upper plate, resulting in isother-
mal decompression or possibly even additional heating,
which is inconsistent with the P-T path we have observed.
[56] 7. Exhumation of the NFC from the middle crust to the

surface was slower, suggesting that the final stage of exhu-
mation occurred along a shallower trajectory. This is sup-
ported by the ZFT and AFT cooling ages and by the current
geometry of the NFC, which resembles a large-scale meta-
morphic core complex, with a low angle detachment sepa-
rating the NFC from the Alpujarride Complex. The shift
in exhumation geometry is also likely correlated with the
shift in the direction of tectonic transport and the degree of
non-coaxiality in the deformation fabrics, from NNE-SSW-
oriented, coaxial fabrics in early protomylonites in the central
Mulhacen unit, to top-WSW-oriented non-coaxial fabrics
in the upper mylonite zone formed during the final stage of
exhumation.

9.2. Summary and Regional Implications

[57] Using the above constraints, we propose a new tec-
tonic model for the Nevado-Filabride Complex, in which
rocks at the leading edge of the Iberian margin were sub-
ducted southeastward beneath the thin, hot Alboran litho-
sphere (Figure 10). The inverted metamorphic zonation
observed in the NFC occurred due to the proximity of the
subducted rocks to the hot hanging wall (perhaps enhanced
by sequential underplating). The rocks at the top of the slab
began to be exhumed once they reached �48–67 km depth
(13–18 kbar). They were initially exhumed rapidly along the
top of the subducting slab, in a subduction channel geometry,
then upon reaching the middle crust they were captured by a
WSW-directed, low-angle detachment fault, and final exhu-
mation was accommodated in a core-complex geometry
(Figure 10). In applying this interpretation to the Sierra
Alhamilla, rocks in the central Castro slice record early top-

SSW exhumation within the subduction channel at depths
below 30 km; rocks in the upper mylonite zone record
top-WSW extension beneath a mid-crustal core complex
detachment, and rocks in the lower mylonite zone represent
the transition between these two exhumational styles.
[58] Whether subduction of the Iberian margin to form the

NFC represents a renewed stage of subduction following a
reorganization of the plate boundary, or a punctuated stage of
exhumation above a continuously subducting slab depends
primarily on the polarity of early subduction and on the
possible causes of lithospheric thinning in the subduction
zone hanging wall (i.e. the Alboran domain) prior to 18 Ma.
Possible explanations for the thermal pulse and associated
thinning recorded in the Alboran domain prior to 18 Ma
include a) convective removal or delamination of mantle
lithosphere beneath a wedge of thickened continental crust
[e.g., Platt and Vissers, 1989; Vissers et al., 1995], b) slab
break-off [e.g., Spakman and Wortel, 2004], or c) slab roll-
back [e.g., Lonergan and White, 1997], each of which can
produce asthenospheric upwelling and induce significant
lithospheric thinning. Scenario a) requires that subduction of
the Iberian margin to form the NFC represented a renewed
stage of subduction following the foundering of previously
subducted material, whereas scenarios b) and c) allow
the possibility of continuous subduction only if the original
subduction zone was also SE-directed. There is little
direct evidence for the polarity of subduction beneath the
Alboran Domain during the Early Tertiary, but most previous
reconstructions assume it was NW directed, with rollback
toward the south occurring until the slab collided with North
Africa [e.g., Lonergan and White, 1997]. Thus, for the ther-
mal modeling presented in the next and final section, we
assume subduction of Iberia occurred along a newly formed
SE-directed subduction interface on the northern margin of
the Alboran Domain.

10. Test of the Tectonic Model Using 2D Thermal
Modeling

[59] In this final section we use 2-D thermal modeling to
explore whether the tectonic model described in Section 9
and shown in Figure 10 is quantitatively consistent with the
P-T path from Section 6, and the T-time path in Section 8.
The model code solves the heat transfer equation in two
dimensions using an implicit finite difference scheme for
diffusion, a semi-Lagrangian solver for advection, and a
Runge-Kutta ODE solver for particle tracking.

10.1. Initial Conditions

[60] For the upper plate of the subduction zone, repre-
sented by the Alboran Domain, we assume a high, linear
geothermal gradient of 56�C/km, with asthenospheric tem-
peratures of 1400�C reached at the base of the 25-km-thick
lithosphere (Figure 11). This is based on estimates of the
degree of thinning and heating recorded in the Alboran
Domain by the Alpujarride Complex [Argles et al., 1999].
For the southward-subducting slab, representing the leading
edge of the Iberian margin, we assume a surface heat flow of
50 mW/m�2 and a lithospheric thickness of 100 km, similar
to present-day measurements of heat flow and thickness
along the southern Iberian margin just north of the Betics
[Fernández et al., 1998]. We assume that the downgoing slab
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Figure 11. Setup and example of 2D thermal modeling. (top left) The initial conditions of the model
(described in text), and (top right) the imposed kinematics for three phases of the model evolution
(described in text). (middle and bottom) An example of the temperature evolution through time for a sub-
duction rate of 20 mm/yr, a Stage 1 exhumation rate of 15 mm/yr, and a Stage 2 exhumation rate of 5 mm/yr.
The two white dots show the particles tracked.
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that formed the NFC was continental, but this does not pre-
clude the possibility that the subducted continental fragment
was attached to a small remnant of a previously subducted
oceanic slab. The subduction dip angle is broadly constrained
to be steep by the present-day location of the NFC relative to
the unmodified Iberian margin. We therefore assume a linear
dip of 70� for the slab, but recognize that it could have dipped
between 65 and 85�.

10.2. Model Evolution and Particle Tracking

[61] The first phase of the model involves subduction of
the Iberian margin beneath the Alboran Domain. The sub-
duction rate is unknown, and is not critical to the model since
we are focusing on the exhumation from peak pressures, but
the Lu-Hf dates on prograde garnets in eclogites from Platt
et al. [2006] provide a loose constraint on the minimum
subduction rate. If these garnets grew over a range of tem-
peratures from �400–600�C, their ages represent an inte-
grated age over this growth range. If the subduction began
early on and proceeded slowly (e.g. <15 mm/yr), the inte-
grated age measured would be skewed toward older ages
than are recorded. We thus assume subduction initiated at
22 Ma and proceeded at a rate of 20 mm/yr.
[62] The second phase of the model ensues when the rocks

reach a peak pressure of 15 kbar (the average peak pressure
for the NFC as a whole). At this stage rocks at the top of the
slab begin to be exhumed along the same trajectory by which
they were subducted, i.e. within a subduction channel. The
width of the exhuming channel and the rate of exhumation
are free parameters in the model (discussed below). Subduc-
tion is ongoing beneath this channel of exhuming material.
[63] The final phase of the model occurs when the rocks

cool below 380�C. At this stage the velocity field in the
middle and upper crust switches to a shallower orientation
intended to represent capture of the NFC by a low angle
detachment fault in the middle crust. The dip of the detach-
ment fault is set to 30� based on reconstructions by Johnson
et al. [1997] andMartínez-Martínez et al. [2002] and the slip
rate along it is set to 5 mm/yr, consistent with cooling
through the AFT closure temperature by �10 Ma.
[64] Two particles are tracked throughout the model evo-

lution, one 1 km from the plate interface, and another parallel
particle 3 km from the plate interface (Figure 11). These
are intended to represent two separate units, one close to the
hot hanging wall (e.g. the Calar Alto) and the other a few
kilometers farther from it (e.g. the Ragua unit). The P-T and
T-time evolution are tracked for each particle. The only
variables we treat as free parameters are the width of the
exhuming slice and the rate of Stage 1 exhumation. These are
varied to determine the best fit to the P-T and T-time paths.

10.3. Model Results

[65] Figure 12 demonstrates that there are tradeoffs
between channel thickness and exhumation rate. A broad
channel width (e.g. 25 km) means that the tracked particles
are farther from the subducting slab, thus diffusion of heat
away from the exhuming slice is slower and the rocks stay
warmer, longer (Figure 12). Increasing the exhumation rate
has a similar effect, but for different reasons. When the slip
rate within the subduction channel is slower (e.g. 10 mm/yr),
there is an initial stage of heating just after exhumation
begins. This is because the material remains in the vicinity of

the hot hanging wall longer than it would if it were exhuming
faster, allowing additional heat to diffuse across the plate
interface. However, as the material continues to exhume,
diffusion into colder parts of the upper plate above, and the
subducting slab below, is stronger than advection of the heat
upward, thus the material cools rapidly. A high exhumation
rate (e.g. 20 mm/yr) has the opposite effect, there is little
initial reheating, but the overall cooling rate remains slower
because the diffusion of heat away from the exhuming slice is
balanced by fast advection of heat within it (Figure 12).
Exhumation rates of 15–20 mm/yr and channel thicknesses
of 15–25 km provide the best fit to the temperature-time and
pressure-temperature paths preserved in the Mulhacen unit.
They also predict peak temperatures of 450–500� for the
second particle located 3 km from the subduction interface,
which is consistent with peak T recorded in the Ragua unit.

10.4. Discussion

[66] The thermal-kinematic model presented here is con-
sistent with the P-T and T-time path for the NFC, but it is also
important to consider whether the imposed kinematics are
consistent with the driving forces for the exhumation process,
which are not included in our numerical model. The most
likely driving force for initial channelized exhumation of the
NFC is buoyancy contrasts between the subducting conti-
nental material and the overriding Alboran plate [Chemenda
et al., 1995; Bialas et al., 2010]. In our tectonic model, the
NFC continental crust (rc = �2800 kg m�3) is subducted
immediately following the removal of lithospheric mantle
from the Alboran lithosphere, so it is relatively rapidly sub-
ducted beneath asthenospheric mantle (ra = 3200 kg m�3),
yielding a density contrast (Dr) of �400 kg m�3. Bialas
et al. [2010] demonstrated using analog modeling, that den-
sity contrasts between a subducting continental body and
upper plate mantle of Dr >125 kg m�3 would allow both
initial subduction and subsequent exhumation, as long as the
interface between the continental body and the subducting
slab is relatively strong. They demonstrated that once the
buoyancy force overcomes the shear force at the base of the
continental slice, the rocks will start to be exhumed back to
the surface. We note that although simplified, our thermal-
kinematic model simulates this process and is consistent with
these mechanical constraints despite the fact that they are
imposed kinematically.
[67] In many models of channelized flow, buoyancy-

driven exhumation at depth is aided by erosion at the mouth
of the subduction channel [Chemenda et al., 1995; Beaumont
et al., 2001]. However, in the case of the NFC, exhumation at
upper crustal levels was more likely accommodated by nor-
mal faulting, as evidenced by the final geometry of the NFC
exhumation, which resembles a metamorphic core com-
plex. A two-stage exhumation from within a steeply-oriented
subduction channel to a more shallowly-oriented core com-
plex footwall has been modeled by Burov et al. [2001] and
suggested for other Mediterranean subduction complexes by
Jolivet et al. [2003]. In these models, exhumation at depths
below�30 km is driven by high buoyancy contrasts and drag
along the overriding plate; it occurs very rapidly at the top
of the subducting slab in a subduction channel geometry.
Exhumation at higher crustal levels is driven by wedge
mechanics [e.g., Platt, 1986] and controlled by low-angle
detachment faults rooted into the brittle-ductile transition
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[Jolivet et al., 2003]. In our model, the second stage of
exhumation not only includes a change in geometry but also a
change in exhumation direction from N-S to E-W. This shift
in extension direction may be due to either progressive roll-
back of the subducting slab toward the west [Royden, 1993;
Lonergan and White, 1997; Faccenna, 2004], or to late oro-
genic extension driven by the gravitational contrast between
the orogen and the oceanic lithosphere in the Atlantic to the
west [Platt, 2007].

[68] A final important issue regarding our tectonic model
of the exhumation of the NFC is the internal rheology of the
exhuming rocks. Several models treat the exhuming conti-
nental slice as a rigid body with limited internal deformation
[Chemenda et al., 1995; Bialas et al., 2010]. Others invoke
very low viscosity flow within the channel interior, either due
to the presence of melange-forming lithologies [e.g., Cloos,
1982], or to dominant deformation by diffusion creep
[Stöckhert, 2002; Stöckhert et al., 1999]. Our investigation of
the rheology of the NFC using quartz paleopiezometry

Figure 12. Comparisons between model results (colored curves) and approximate average (left) P-T path
(grey curve) and (right) T-time path (colored boxes) for (top) different channel thicknesses and (bottom)
different exhumation rates. In the T-time plots, colors represent different geochronological and thermochro-
nological data sets: pink = Lu-Hf on garnet after Platt et al. [2006], blue = U/Pb dating on zircon after
Sanchez-Vizcaino et al. [2001], yellow = zircon fission track ages (this study), green = apatite fission track
ages (this study). The modeled PT paths for the second tracked particle, intended to represent the Ragua
unit, are also shown as dashed curves on the P-T diagrams.
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indicates that these rocks started out deforming by diffusion
creep at low stresses, but evolved with decreasing tempera-
ture to deformation by dislocation creep at stresses of up to
100 MPa in the channel, and up to 180 MPa in late core
complex stages of exhumation (W.M. Behr et al., manuscript
in preparation, 2012). Future work will go toward reconciling
these results with thermomechanical models of the exhuma-
tion process in subduction complexes.

11. Conclusions

[69] In the middle Miocene, rocks at the leading edge of the
Iberian margin were subducted southeastward beneath thin,
hot Alboran lithosphere to form the Nevado-Filabride com-
plex. The NFC preserves an inverted metamorphic zonation
resulting from the proximity of the subducted rocks to the hot
hanging wall (perhaps enhanced by sequential underplating).
The rocks at the top of the subducting slab began to be
exhumed once they reached �48–67 km depth, likely as a
result of buoyancy contrasts between the subducting crust
and surrounding mantle. The rocks were initially exhumed
rapidly along the subduction channel, defining a roughly
linear PT path that remained entirely within the stability field
of kyanite until the aluminosilicate breakdown reaction.
Upon reaching the middle crust, the rocks were captured by a
low-angle detachment fault, and final exhumation was accom-
modated more slowly in a core-complex geometry, eventu-
ally forming the Sierra Nevada-Sierra de Los Filabres, and
Sierra Alhamilla-Sierra Cabrera culminations present at the
surface today. The two stages of exhumation are best recog-
nized in fabrics in the Sierra Alhamilla, where they reflect a
progressive change in kinematics, with early co-axial fabrics
in the NFC showing SSW-trending stretching lineations,
and late non-coaxial fabrics showing stretching directions
oriented around WSW. These results support mounting evi-
dence that rocks in the Betic Cordillera record two punc-
tuated stages of subduction and exhumation over the past
�30 m.y.

Appendix A: Thermobarometric Methods

[70] Several methods were used to estimate a pressure-
temperature path for exhumation of the Castro slice in the
Sierra Alhamilla, as described below. For all methods, error
bars for each individual estimate of P or T represent 2 times
the standard error.

A1. Chlorite Thermometry

[71] Three primary P- and T-dependent substitutions occur
in chlorite, including the FeMg�1 exchange, the coupled
Tschermak substitution (AlIV AlVI Si�1(Mg, Fe)�1) and the
di/trioctahedral substitution ((Mg, Fe2+)3□�1Al�2) where □
represents a vacancy [Vidal et al., 2001]. We use a Matlab
script developed by O. Vidal (written communication) to
calculate temperature for equilibrium chlorite compositions
based on these substitutions using electron microprobe
analyses of chlorite. Mineral compositions were measured on
a JEOL JXA-8200 electron microprobe at the University of
California, Los Angeles. Beam voltage, current, and diameter
were set to 15 kV, 10 nA and 5-10 mm, respectively. Because

of the possibility of contamination (e.g. intergrown phyllo-
silicates), and/or the possibility of loss of alkalis during the
analyses, only chlorite compositions that met the specific
criteria outlined in Vidal and Parra [2000] were used to
estimate temperature. Typically �1/2 to 2/3 of the chlorites
measured did not meet the necessary criteria and were
therefore disregarded for the temperature calculations.

A2. Crystallinity of Graphite

[72] Beyssac et al. [2002] demonstrated that the degree of
organization of carbonaceous material in metapelites is a
good indicator of the peak temperature conditions reached
during metamorphism. The crystallinity of graphite can
be quantified using Raman spectroscopy by comparing the
relative amplitudes of peaks at bands around 1580 cm�1,
1350 cm�1, and 1620 cm�1. Raman measurements were
completed in the Mineral Microspectroscopy Facility at the
California Institute of Technology.

A3. Thermocalc Average P-T

[73] The Thermocalc software average PT method uses the
internally consistent database of Powell and Holland [1994]
to produce a statistical determination of pressure and tem-
perature for a given equilibrium mineral assemblage. Mineral
compositions were measured on a JEOL JXA-8200 electron
microprobe at the University of California, Los Angeles.
Beam voltage, current, and diameter were set to 15 kV, 10 nA
and 4 mm, respectively.

A4. Ti-in-Quartz Thermobarometry

[74] The titanium-in-quartz geothermobarometer (Titani-Q),
calibrated by Thomas et al. [2010] and Wark and Watson
[2006], is based on the P and T dependence of Ti substitu-
tion for Si in quartz tetrahedra. The Ti calibration was carried
out at high T and P and for mineral assemblages containing
rutile, but some studies have indicated that Ti concentrations
in quartz can re-equilibrate during dynamic recrystallization
at low temperatures, so that this technique can be applied to
mylonites deformed at temperatures down to�300�C and for
estimated TiO2 activities of less than 1 [Kohn and Northrup,
2009; Spear and Wark, 2009; Behr and Platt, 2011]. Prior to
Ti measurements, samples were first examined using cath-
odoluminescence (CL). After examining the quartz-rich
regions under CL, we analyzed each sample using a Cameca-
6f Secondary IonMass Spectrometer (SIMS) at Arizona State
University. The primary ionbeam on the SIMS, composed of
16O�, was accelerated at 12.59 kV with a current intensity of
4–5 nA. The beam diameter ranged from 10–25 mm. More
details of the analytical procedure are described in Behr et al.
[2011]. All samples contained some trace of rutile, often
mantled by sphene and ilmenite. However, rutile was likely
only in equilibrium with dynamically recrystallized quartz
under peak temperature conditions, so we assume a TiO2

activity of 0.8 for all samples except WB74 (see below) in
which we use a TiO2 activity of 1 (Table 2).
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