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Abstract: We present results from a natural deformed shear zone in the Turon de Técouère massif of
the French Pyrenees that directly addresses the processes involved in strain localization, a topic that
has been investigated for the last 40 years by structural geologists. Paleopiezometry indicates that
differential stresses are variable both spatially across the zone, and temporally during exhumation.
We have, however, also calculated strain rate, which remains constant despite changes in stress.
This result appears to be at odds with recent experimental deformation on monophase (olivine)
rocks, which indicate that strain localization occurs dominantly as a result of constant stress. We
hypothesize that in the Turon de Técouère massif—and many natural shear zones—strain localization
occurs as a result of reactions, which decrease the grain size and promote the activation of grain
size sensitive deformation mechanisms. From a tectonics perspective, this study indicates that the
deformation rate in a particular plate boundary is relatively uniform. Stress, however, varies to
accommodate this deformation. This viewpoint is consistent with deformation at a plate boundary,
but it is not the typical way in which we interpret strain localization.

Keywords: strain localization; peridotite; mylonite; stress; strain rate; Pyrenees

1. Introduction

Shear zones localize deformation, particularly at high temperatures and at deeper
lithospheric levels. Despite the extensive research on shear zones, open questions remain
regarding the causes of strain localization. There are a variety of dynamic intrinsic and
extrinsic factors that could lead strain to localize in shear zones. Intrinsic factors—which
are often interrelated—include: (1) grain-size reduction [1–4]; (2) organization, growth,
and interconnection of a weak phase [5–7]; (3) development of anisotropy that facili-
tates movement [8–10]; (4) reactions associated with mineralogical changes [11,12]; and
(5) shear heating [13,14]. These intrinsic factors can act in tandem and there is evidence
that all of them can occur in specific places. Extrinsic factors for strain localization include:
(1) propagation of brittle earthquakes into the ductile realm [15–18]; (2) deformation asso-
ciated with continued focused displacements along plate margins [19,20]; (3) magmatism
and/or fluid flux through a shear zone [21,22]; and (4) material heterogeneities that occur
on a large scale relative to the shearing, such that deformation localizes on the edge of rigid
domains [9,23].
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The application of experimental deformation to understand natural deformation has
been extremely successful, providing the basic constraints of quantitative rock rheology.
This approach, however, has some limitations when attempting to understand strain
localization. Monomineralic rocks, particularly those consisting of olivine [24], do not often
exhibit strain localization. Experiments that occurred under constant strain rate exhibited
homogenous deformation [25]. Further, although laboratory experiments of monomineralic
olivine did not show any evidence of localization under constant strain rate conditions,
they could localize strain under constant stress [26]. This inference—of no localization
under constant strain rate conditions—needs to be tested in naturally deformed rocks,
which are usually polymineralic and heterogeneous.

In this contribution, we analyze strain localization in the Turon de Técouère ultramafic
massif, located in the French portion of the Pyrenees Mountains. This ultramafic massif was
affected by extension along a Cretaceous plate boundary, as constrained by new 40Ar/39Ar
data on amphibole presented in this contribution, prior to being uplifted during Late
Cretaceous–Miocene Pyrenean orogeny. We provide rheological constraints from a strain
gradient preserved across the ultramafic massif, and at a range of temperature conditions.
Our results indicate that deformation in olivine-rich rocks can localize at constant strain
rate and varying stress conditions. Strain localization is imposed by displacement along
the plate boundary and is dominantly facilitated by preexisting rock heterogeneities and
reactions. This finding challenges models for strain localization along plate boundaries
that assume constant stress conditions or are based solely on intrinsic mechanisms.

2. Geological Background
2.1. Pyrenees

The Pyrenees mountains record the Late Cretaceous-Miocene collision of the Iberian
Peninsula with the European continent; the orographic expression continues westward
as the Cantabrian mountains (Figure 1A). The deep crustal structure is well characterized
through a series of NS-oriented seismic studies, spaced out in an EW arrangement, that
were conducted about 30 years ago [27,28]. From these studies, the Iberian peninsula is
interpreted to have subducted below the European lithosphere [29–34] (Figure 1B). The lack
of a fully developed subduction system below the European side suggests that only a small
oceanic basin existed between the two sides, although other workers have used mantle
tomography to suggest a larger ocean basin existed and the subducting slab has become
detached [35]. Either interpretation is consistent with plate reconstructions, depending
on what approach is used [34,36–38]. Contractional deformation in the Pyrenees appears
to have proceeded in two distinct pulses [39], in part recognized by the sedimentation
patterns both in Spain [40,41] and France, and the adjacent Aquitaine Basin [42,43]. The first
phase of contraction occurred in the Late Cretaceous (Campanian-Maastrichtian) whereas
the second phase started in the Eocene and continued through the Miocene, with a time of
relative stability during the Paleocene [39].
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Figure 1. (A) Tectonic map of the Pyrenean-Cantabrian orogenic belt indicating the location of Chaînons Béarnais-Jaca
section line. The black box shows the location of the Turon de Técouère massif and the red circle the location of the
Lherz massif. NPZ = North Pyrenean Zone; NPF = North Pyrenean Fault (B) The lithospheric-scale Chaînons Béarnais-
Jaca geological section modified from [34]. The location of the exhumed peridotite bodies is shown on the cross section.
(C) Geological map of the Chaînons Béarnais [44] and location of the Turon de Técouère peridotite massif. (D) Structural
map of Turon de Técouère showing distribution of main mylonitic domains, modified after [12]. The locations of the studied
samples are plotted on the map.

Hyperextension of the lithosphere between the Iberian Peninsula and the European
continent is inferred to have resulted in the extreme thinning of continental crust, forma-
tion of oceanic lithosphere, and deformation of that oceanic lithosphere [34,45–49]. This
extension occurred prior to Pyrenean contraction that started in the Late Cretaceous. The
peridotites of the Pyrenees are interpreted as exposed parts of the mantle lithosphere that
were exhumed as a result of extensional shearing. These mantle sections are interpreted
to have been exhumed locally to the base of the seafloor during the Cretaceous [47,50],
although the mantle is locally overlain by highly extended and deformed lower continental
crust [49]. This deformation occurred in the mid-Cretaceous (Albian–Turonian) [51]. There
is evidence for variation in the timing of exhumation within the Pyrenees mountains, even
over relatively small (<10 km) distances [48,49]. Significant serpentinization occurred
within the peridotite complex when adjacent to major extensional deformation zones, but
also locally away from them [48]. Serpentinization is, however, not ubiquitous within the
peridotites [12,52].
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During the Cretaceous exhumation event, gabbroic rocks with crystallization ages
of 113 (Albian)–85 Ma (Coniacian) were intruded [53,54]. These gabbros exhibit cooled
margins against some of the peridotite bodies.

2.2. Turon de Técouère

Turon de Técouère (Figure 1C,D) is one of approximately 40 peridotite bodies exposed
in the Northern Pyrenean Zone. The peridotite bodies yield field, microstructural, composi-
tional, and age data that suggest a complex tectonic history [12,52,55–61]. The oldest event
suggested by these data is Paleozoic (?) partial melting, initially in the garnet-lherzolite
stability field, associated with asthenospheric uplift beneath the Pyrenees [60]. This event
was followed by high-temperature ductile deformation in the spinel-lherzolite stability
field [60], possibly in the late Paleozoic [61]. A second, middle Cretaceous magmatic
stage [47,50,53,62,63] is related to rifting in the North Pyrenean realm and possibly associ-
ated transcurrent movements along the North Pyrenean Fault [27,61]. This mid-Cretaceous
rifting was responsible for the development of mylonitic microstructures in some of the
peridotite bodies, including Turon de Técouère [48,49,61].

The Triassic-Jurassic sediments may be the upper plate of a detachment fault that
exhumed the mantle peridotites [50]. The Turon de Técouère peridotite is suggested to
be part of a tectonic assemblage, including slices of crustal basement, mantle rocks, and
sheared pre-Albian sediments [50]. This assemblage now occurs in the hanging wall of a
later thrust fault, which placed the Triassic-Jurassic sequences and peridotite bodies over
Cretaceous sediments to the south [50].

The Turon de Técouère peridotite is about 600 m across (Figure 1C,D) and is composed
of spinel- and plagioclase-bearing lherzolite. The entire massif displays some degree of
mylonitization. The southwest portion of the exposed body is composed of protomylonites
(~40% matrix), whereas mylonites (~80% matrix) make up the northeast portion. A layer,
about 25–40 m thick, of ultramylonites (~90% matrix) transects the mylonite domain at a
low angle. Ultramylonites are also present as veins in the mylonites (Figure 1D).

Details of the microstructures and processes of strain localization along this shear
zone have been described previously [12,64]. The mylonites at Turon de Técouère formed
by a reaction-dominated deformation event [12]. The fine-grained matrix was produced by
neocrystallization as a result of a continuous net-transfer reaction written as:

orthopyroxene1 + clinopyroxene1 + spinel1 + plagioclase1 + olivine1 = orthopyroxene2 + clinopyroxene2 +
spinel2 + plagioclase2 + olivine2

(1)

Changes in mineral chemistry, from porphyroclast compositions to matrix composi-
tions, are consistent with this reaction occurring while temperatures were decreasing ([12];
Figure 11 and Tables 1–3). This continuous reaction was associated with the transition from
the medium-pressure spinel lherzolite metamorphic facies to the low-pressure plagioclase
lherzolite facies at pressures around 0.5–1 GPa. Geothermometry based on composition
of matrix grains that formed during the reaction yielded temperatures between 850 and
750 ◦C, while olivine and pyroxene porphyroclasts yielded temperatures of ~1000 ◦C [12].
Olivine and pyroxene grains in polycrystalline porphyroclasts also yield temperatures of
~1000 ◦C, and deformed by dislocation creep accommodated dynamic recrystallization
during an earlier, high temperature deformation event [64].

Veins of pargasitic amphibole, up to 2 cm thick, occur in at least two localities within
the protomylonite domain and display the mylonitic deformation [12] (Figure 1D). Within
the mylonite and ultramylonite domains, amphibole is observed in only trace amounts, per-
haps as remnants of veins disrupted during deformation. Optical and transmission electron
(TEM) microscopy revealed no primary fluid inclusions [12,61]. These observations suggest
that the amphibole growth occurred prior to mylonitization and that H2O present during
amphibole growth was consumed in the amphibole-forming reaction. Therefore, deforma-
tion along this shear zone likely occurred in an H2O-deficient environment [12]. Similar
amphibole veins occur in the Lherz massif where they cross-cut the peridotite foliation.
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3. Methods
3.1. Samples and Thin Section Preparation

We analyzed representative samples from each of the three mylonitic domains (pro-
tomylonite: 95TT37; mylonite: PTT9; and ultramylonite: PTT1 and PTT2) of the Turon
de Técouère peridotite. Thin sections were cut perpendicular to foliation and parallel
to lineation. Dislocations and subgrain boundaries in olivine were decorated using the
oxidation-decoration technique [65]. Ultrahigh polished thin sections were prepared for
electron backscatter diffraction (EBSD) analysis. Thin section preparation involved polish-
ing with diamond suspensions on 6, 3, and 1 µm polishing pads, followed by 90 min of
polishing with colloidal silica suspension (0.06 µm) on a high nap pad. Thin sections were
carbon coated to reduce charging.

3.2. Scanning Electron Microscopy and Electron Backscatter Diffraction Analysis

Crystallographic orientations of constituent phases were analyzed by electron backscat-
ter diffraction (EBSD) mapping using a Philips XL30 scanning electron microscope (SEM)
with a field emission gun (FEG) and an Oxford Instruments Nordlys Max2 EBSD detector
housed at the EM square facility at Utrecht University. Typical SEM operating conditions
were an accelerating voltage of 30 kV and working distance of 21 mm. In a selected proto-
mylonite (95TT37) and an ultramylonite sample (PTT2), we created large-area maps, and
we also collected data from higher resolution maps focusing on specific areas of interest
within these samples. Mapping was performed at a step size of 8 µm for the large area
maps and 0.7–0.8 µm for the more detailed EBSD maps. EBSD data were collected using
the Oxford Instruments AZtecHKL (version 3A) acquisition and analysis software.

Post-acquisition data treatment involved processing of EBSD maps using the HKL
Channel5 software package. Processing included: (1) removal of isolated single pixels
differing by more than 10◦ from their neighbors (i.e., wild spikes); and (2) assignment of
the average orientation of neighboring pixels to non-indexed pixels with a minimum of
eight nearest neighbors. This operation was iterated until no new pixels were filled and
was repeated for non-indexed pixels with decreasing number of nearest neighbors as low
as five. The Kuwahara filter was applied for noise reduction [66].

Microstructural maps were constructed from the post-processed EBSD datasets using
the MTEX MATLAB toolbox (version 5.5) for textural analysis. For grain reconstruction, a
misorientation angle of 10◦ was used to define the lower limit of grain boundaries [67]. One
point per grain data (i.e., mean crystallographic orientation of each grain) were calculated
for the reconstructed grains and the orientations of crystallographic axes were plotted
on equal area, lower-hemisphere projections. The crystallographic preferred orientation
(CPO) data were plotted in the fabric reference frame defined by the foliation and lineation
observed in the field. Misorientation axes were calculated for correlated misorientation
angles between 2◦ and 10◦ and their distributions were plotted relative to the olivine crystal
reference framework.

Grain size was determined from EBSD maps and using the image processing software
ImageJ on diagrams produced by tracing grain boundaries on SEM images of thin sections
decorated by the oxidation-decoration process, which reveals grain boundaries in addition
to dislocations in olivine. Olivine grain size was analyzed using the equivalent circular
diameter method from both EBSD and ImageJ data. We used the open-source GrainSize-
Tools script [68] to construct grain size distributions of the number- and area-weighted
equivalent circular diameters. To convert between the mean of the equivalent circular
diameter on a two-dimensional section and the mean grain size in three dimensions, a
scaling factor of 1.2 was used [69].

3.3. Paleopiezometry

We applied three different types of paleopiezometers to estimate differential stress
in the three types of mylonite. Specifically, we used the dislocation density in an olivine
paleopiezometer of [70] in porphyroclasts and fine-grained polyphase matrix bands. Two
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subgrain size paleopiezometric relationships for dry olivine were applied to porphyro-
clasts with decorated subgrain boundaries [71,72]. Subgrain sizes and dislocation densities
were measured from thin sections decorated using the oxidation-decoration technique [65].
Subgrains were measured using the light microscope to match the method used in the
paleopiezometers applied. Dislocation densities were measured using images obtained
from backscattered imaging on the Philips XL30 SEM, and are reported in [12]. Dislo-
cation densities were measured as number/area on images from thin sections oriented
perpendicular to foliation and parallel to lineation. The dislocation density and subgrain
size paleopiezometers were applied to representative samples from the three types of
mylonites (see Table 1). Finally, the olivine recrystallized grain size paleopiezometric
relationship of [73], which includes the data of [72], was used to estimate differential stress
in polycrystalline porphyroclasts and olivine-rich recrystallized bands in the ultramylonite.

Table 1. Paleostress estimates.

Mylonite Type

Dislocation Density Subgrain Size Grain Size

Density (m2)
Stress (MPa)

N dsg (µm)
Stress (MPa)

d (µm)
Stress (MPa)

BK92 T79 KTF80 WCDG93 KTF80

Protomylonite–95TT37

Porphyroclasts 1.17 × 1013 634 1057 6.4 229 281 103 - -
Matrix 8.21 × 1012 478 - - - - 3.2 - -

Mylonite–PTT9

Porphyroclasts 2.85 × 1012 226 304 8.7 168 176 - - -
Matrix 8.46 × 1011 89 - - - - 3.3 - -

Ultramylonite–PTT1, PTT2

Porphyroclasts 3.35 × 1012 250 217 9.5 154 156 102 - -
Polycrystalline
porphyroclasts - - - - - - 68 58 59

Fine-grained
olivine-matrix - - - - - - 42 83 88

Matrix 6.77 × 1011 70 - - - - 3.1 - -

N: number of subgrains measured; dsg: subgrain size; d: grain size; BK92: dislocation density in olivine paleopiezometer of [70]; T79:
subgrain size paleopiezometer of [71]; KTF80: subgrain size and recrystallized grain size paleopiezometers of [72]; WCDG93: recrystallized
grain size paleopiezometer of [73].

3.4. 40Ar/39Ar Dating

In order to help constrain the tectonic setting of the shearing, we analyzed amphibole
veins from two ultramafic massifs using 40Ar/39Ar laser-probe experiments. One sam-
ple (VU20-A3-PTT32; 43◦03′51′′ N, 0◦29′41′′ W) was taken from the Turon de Técouère
peridotite and the second sample (VU20-A13-PLZ24; 42◦48′14′′ N, 1◦22′18′′ W) from the
Lherz peridotite. The closure temperature for 40Ar/39Ar in amphiboles is 550–600◦ [74].
Following detailed microstructural observations, mineral separation of the amphiboles was
performed using techniques described by [75,76]. The ANU laboratory standard biotite
GA1550, with the measured K-Ar age of 97.9 Ma, was used to calculate the J factor. System
blanks were measured between every 5–6 unknown values. The analysis was conducted
at the argon laserprobe facility at the Vrije Universiteit, Amsterdam. An 18 W continuous
argon ion laser, a low-volume gas purification line with Zr-AL and Fe-V-Zr gettering, and a
Mass Analyser Products Ltd. 215-50 noble gas spectrometer [77] were used for the analyses.

4. Results
4.1. Microstructure and Grain Size within Mylonitic Domains

Microstructural observations and grain size analyses are described from repre-
sentative samples from each of the mylonitic domains—protomylonite, mylonite, and
ultramylonite—observed within the Turon de Técouère peridotite. Protomylonites
contain porphyroclasts (0.35–2.5 cm) of single grains of olivine, orthopyroxene, clinopy-
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roxene, and spinel (Figures 2A and 3A). The porphyroclasts are separated by thin,
anastomosing, fine-grained (1–350 µm) polyphase bands that make up ~40% of the rock
volume and are composed of the same minerals as the porphyroclasts, in addition to
~1% plagioclase (Figures 2A, 3A and 4A). The mean olivine grain size analyzed varies be-
tween different fine-grained polyphase bands from 3 to 5 µm (Figure 4B and Figure S1a
Supplementary Materials). The olivine porphyroclasts display relatively smooth un-
dulatory extinction and/or very closely spaced subgrain boundaries (Figure S2). The
foliation in the protomylonites is defined by elongate porphyroclasts and the anastomos-
ing fine-grained bands (Figures 2A and 3A).

Figure 2. Typical microstructures in the Turon de Técouère peridotite. In all photomicrographs
lineation is parallel to the top edge and foliation is normal to the photomicrograph. (A) Protomylonite
95TT37. (B) Mylonite PTT9. (C) Ultramylonite PTT1. The white rectangle in A shows the location of
the EBSD map in Figure 3A. (D) Pressure–temperature conditions of deformation (modified from [12]).
Temperatures are based on the compositions of co-existing pyroxenes [78] and olivine + spinel [79].
S1, S2, and S3 correspond to stages 1, 2, and 3 (for more information see text and Figure 8). Ol: olivine;
Opx: orthopyroxene; Cpx: clinopyroxene; Sp: spinel.
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Figure 3. Microstructure results from the present-day protomylonite. (A) Combined EBSD phase
and inverse pole figure (IPF) map illustrating the microstructure of the protomylonite. The inverse
pole figure map of olivine crystallographic axis orientation is colored relative to the lineation, which
is parallel to the upper edge of the map (IPF-X coloring). Black lines correspond to grain boundaries.
Black areas correspond to zero solutions (not-indexed domains). Step size is 8 µm. (B) Area- weighted
distribution of olivine grain size from the map in (A). Olivine porphyroclasts tend be larger than
350 µm, whereas olivine grains in polyphase bands tend to be smaller than 350 µm (see text for
more information). (C) Crystallographic preferred orientation (CPO), low-angle misorientation axes
distribution, and misorientation angles distribution for olivine porphyroclasts. (D) Similar to (C) for
olivine in the polyphase bands.
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Figure 4. Microstructure results from a polyphase band in the present-day protomylonite. The
location of the EBSD map is shown in Figure 3A. (A) Combined EBSD phase and inverse pole
figure (IPF) map illustrating the microstructure of the polyphase band. The inverse pole figure map
of olivine crystallographic axis orientation is colored relative to the lineation, which is parallel to
the upper edge of the map (IPF-X coloring). Black lines correspond to grain boundaries. Black
areas correspond to zero solutions (not-indexed domains). Step size is 0.8 µm. (B) Frequency
distribution of olivine grain size calculated as the equivalent circular diameter from the map in (A).
(C) Crystallographic preferred orientation (CPO), distribution of low-angle misorientation axes, and
misorientation angles distribution for olivine in the polyphase band.

The mylonites exhibit an increase in the presence of fine-grained polyphase bands
to approximately 80% of the rock volume (Figure 2B). Porphyroclasts in the mylonites
consist of deformed single grains of similar minerals and size to the protomylonites; a few
porphyroclasts are surrounded by a margin of smaller polygonal grains of 20–350 µm in
diameter. The mean olivine grain size in the polyphase matrix is 3 µm (Figure S1).

The ultramylonites are composed of 90% fine-grained polyphase matrix (Figures 2C
and 5A,B). Olivine grains in the polyphase matrix range in size from 2 to 25 µm, and show
a mean grain size of 3–5.5 µm (Figure 5E and Figure S1a), similar to the polyphase bands
in the protomylonite and mylonite. Grains in the polyphase matrix exhibit straight and
aligned grain and phase boundaries (Figure 5B). Single-grain porphyroclasts within the
ultramylonites are finer-grained (up to 3 mm) than in the mylonites and protomylonites
(0.35–2.5 cm), and more elongate. Lozenge-shaped polycrystalline porphyroclasts, 1–5 mm
in diameter, are common in the ultramylonites (Figure 6A, e.g., area C). These polycrys-
talline porphyroclasts are composed of intermediate-size (20–200 µm) olivine grains or
pyroxene grains that locally show polygonal grain shapes. The mean olivine grain size in
the polycrystalline porphyroclasts is 68 µm (Figure 5C). The olivine-rich polycrystalline
porphyroclasts frequently contain some orthopyroxene and spinel grains of the same grain
size as the olivine. The polycrystalline porphyroclasts are rare in the mylonites and were
not observed in the protomylonites. Narrow olivine-rich, fine-grained recrystallized bands
are present in the ultramylonites (Figure 6A, area D). Olivine in the recrystallized domains
ranges from 20 to 80 µm in diameter, and shows a mean grain size of 42 µm (Figure 5D).
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Figure 5. Microstructure results from the present-day ultramylonite. (A) Combined EBSD phase and
inverse pole figure (IPF) map illustrating the microstructure of the polyphase band. The inverse pole
figure map of olivine crystallographic axis orientation is colored relative to the lineation, which is
parallel to the upper edge of the map (IPF-X coloring). Black lines correspond to grain boundaries.
Black areas correspond to zero solutions (not-indexed domains). Step size is 8 µm. (B) Detail of the
map in (A). Step size is 0.7 µm. (C–E) Frequency distributions of olivine grain size for olivine in
polycrystalline porphyroclasts (C), fine-grained olivine rich bands in the polyphase matrix (D), and
olivine in the polyphase matrix (E).

4.2. Olivine Crystallographic Preferred Orientations and Low-Angle Misorientations

Crystallographic orientations of olivine were determined for a representative proto-
mylonite and ultramylonite. We plot the CPO data and misorientation data distinguished
by grain populations, based on the size and type of grains.

4.2.1. Protomylonite

The examination of the microstructures in the EBSD map (Figure 3A) and the area-
weighted grain size distribution of olivine (Figure 3B) led us to distinguish two types of
grains: grains coarser than 350 µm are likely porphyroclasts, or remnant, olivine grains,
whereas grains finer than 350 µm were likely produced during deformation and reaction
(Figure 3B). We therefore plot the CPOs of these two populations of grains separately.

The coarser grains (d > 350 µm) show a concentration of olivine [100] axes subparallel
to the lineation, [010] axes near the foliation plane at high angle to the lineation, and [001]
axes at a high angle to the foliation (Figure 3C). This distribution of crystallographic axes is
consistent with an E-type CPO pattern for olivine [80]. CPO intensity in the coarser olivine
grains is relatively weak, as suggested by the low values of the J- and M-index (J = 3.04,
M = 0.06), in addition to the distribution of uncorrelated misorientation angles, which fol-
lows the theoretical distribution for untextured olivine (Figure 3C). Olivine misorientation
angles show a predominance of low-angle (2–10◦) misorientations (Figure 3C), consistent
with the plethora of low-angle boundaries present in olivine porphyroclasts (Figure 3A and
Figure S2). The misorientation axes distribution plot shows a maximum at the [010] axis
(Figure 3C), which combined with the E-type CPO in the coarser grains, suggests operation
of the (001) [100] olivine slip system.
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Figure 6. Crystallographic preferred orientation (CPO) and misorientation results from the present-day ultramylonite.
(A) Combined EBSD phase and inverse pole figure (IPF) map illustrating the microstructure of the polyphase band. The
inverse pole figure map of olivine crystallographic axis orientation is colored relative to the lineation, which is parallel
to the upper edge of the map (IPF-X coloring). Black lines correspond to grain boundaries. Black areas correspond to
zero solutions (not-indexed domains). Step size is 8 µm. (B) CPO, distribution of low-angle misorientation axes, and
misorientation angles distribution for olivine porphyroclasts from (A). (C) Same as (B) for olivine in the polycrystalline
porphyroclast from area (C). (D). Same as (B) for olivine in a fine-grained, olivine-rich band from area (D). (E) Same as
(B) for olivine in the polyphase matrix in area (E).

The finer grains (d < 350 µm) in the protomylonite have very low J- and M-index values
(J = 1.04, M = 0.003), consistent with the coincidence between the observed and theoretical
distribution of uncorrelated misorientation angles for untextured olivine (Figure 3D). As
within the coarse olivine grains, low-angle (2–10◦) misorientation angles dominate, but at a
lower frequency compared to the coarser grains. Despite the very weak olivine texture,
[100] axes show a primary concentration within the plane of foliation at a high angle to
the lineation, similar to the [100] axes of the B-type CPO pattern [81] and a secondary
concentration near the lineation (Figure 3D). The [010] axes exhibit two maxima, a primary
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within the plane of foliation at a high angle to the lineation, and a secondary at high angle
to the foliation. The [001] axes also show two maxima, a primary cluster at high angle to the
foliation, and a secondary cluster subparallel to the lineation (Figure 3D). The low-angle
misorientation axes are primarily concentrated near the [010] axis, which combined with
the crystallographic axes distributions, suggests activity of the (001) [100] slip system in
olivine. The low concentration of low-angle misorientation axes around the [100] axis,
indicates that the [100] axis maximum within the foliation and at high angle to the lineation
is not the result of dislocation creep in fine-grained olivine.

Detailed analysis of a fine-grained (mean d = 4.8 µm) polyphase band (Figures 3A and 4)
yielded results that agree with the observations from the finer grains of the large area map.
Olivine exhibits a very weak crystallographic texture with [100] axes near the foliation plane
at high angle to the lineation, and [001] axes at a high angle to the foliation (Figure 4C).
Low-angle misorientation axes are scattered between the three crystallographic axes, which
combined with the weak CPO, suggests limited activity of olivine slip systems, and therefore,
limited intragrain deformation.

4.2.2. Ultramylonite

Olivine porphyroclasts in the ultramylonite rocks are much finer than in the protomy-
lonite rocks (Figures 2C and 5A). For the purposes of our crystallographic analyses, we
defined olivine porphyroclast as any grain significantly coarser (>150 µm) than the matrix
grains (<20 µm; Figure 5E). Therefore, some grains that we have considered “porphyro-
clasts” may be remnants from “polycrystalline porphyroclasts” that have been separated by
deformation and are now isolated within the fine-grained matrix. As a result, the number
of olivine porphyroclasts in the ultramylonite is much higher than in the protomylonite.
These isolated olivine porphyroclasts show a weak crystallographic preferred orientation
(J = 1.68, M = 0.02), with [100] axes at a low angle (~15◦) to the lineation, random distribu-
tions of [010] axes, and [001] axes at a high angle to the foliation (Figure 6B). Low-angle
misorientation axes in the porphyroclasts are concentrated around the [010] axis, which
combined with the observed CPO suggests activation of the (001) [100] olivine slip system
(Figure 6B).

Olivine grains within a polycrystalline porphyroclast (Figure 6A, area C), composed
predominantly of olivine with minor orthopyroxene, show similar CPO to recrystallized
olivine in fine-grained, olivine-rich bands (Figure 6A, area D). Olivine [100] axes exhibit a
point maximum at intermediate to low angle (30–15◦) to the lineation, [010] axes show a
maximum within or near the foliation, at a high angle to the lineation, and [001] axes are at
a high angle to the foliation (Figure 6C,D). These distributions of olivine crystallographic
axes are consistent with an E-type CPO pattern, similar to the CPO in the porphyroclasts of
the protomylonite (Figure 3C). The fine-grained, olivine-rich bands show a weaker CPO
(J = 1.37, M = 0.02) and lower frequency of low-angle misorientations compared to the
polycrystalline porphyroclasts (J = 3.89, M = 0.1) (Figure 6C,D). Low-angle misorientation
axes in both the polycrystalline porphyroclasts and the fine-grained olivine-rich bands are
dispersed between the [010] and [001] axes, which suggests operation of the {0kl} [100]
olivine slip systems (Figure 6C,D).

Olivine grains mixed in a polyphase layer with orthopyroxene and clinopyroxene
show only a weak CPO (J = 1.55, M = 0.02). Olivine [100] axes form a weak point maximum
within the foliation, and perpendicular to the lineation (Figure 6E). The distribution of [100]
axes is similar to the one in the finer-grained domains of the protomylonite (Figure 4C),
and is consistent with the [100] axes of a B-type CPO pattern; however, the [010] axes
show a weaker concentration at high angle to the lineation, and [001] axes show no
obvious preferred orientation (Figure 6E). The low-angle misorientation axes are distributed
between the three crystallographic axes and show a weak concentration around [010]
(Figure 6E). The limited concentration of low-angle misorientation axes near [100] suggests
limited contribution of dislocation creep to the development of the [100] maximum at a
high angle to the lineation in the olivine CPO.
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4.3. Olivine Subgrain Size and Dislocation Density

For the three different types of mylonites, we measured subgrain sizes in olivine
porphyroclasts (Figures S1 and S2; Table 1). Subgrain walls are rare in matrix grains,
which are generally finer than the average subgrain size within the studied porphyroclasts.
The mean size of the subgrains within porphyroclasts increases from 6.4 µm within the
protomylonites to 8.7 and 9.5 µm, within the mylonites and ultramylonites, respectively
(Figure S1; Table 1).

The dislocation density data were previously reported in [12], and are also presented
here (Table 1) for completeness, as these data are the basis for the new differential stress
estimations, presented in Section 4.4. Porphyroclasts reveal higher dislocation densities
than matrix grains. Matrix grains exhibit either heterogeneous distribution of dislocations,
or contain no dislocations, especially at grain sizes <5 µm. Below, we report the average
dislocation densities, measured as number of lines intersecting a unit area. Only grains
that contained dislocations were taken into consideration. Dislocation densities in the por-
phyroclasts and matrix grains of the protomylonites are an order of magnitude higher than
the porphyroclasts and matrix grains of the mylonites and ultramylonites (Table 1). The
average dislocation density in the porphyroclasts of the protomylonites is 1.17 × 1013/m2,
whereas densities in the porphyroclasts of the mylonite and ultramylonite (including the
polycrystalline porphyroclasts) are 2.85 × 1012/m2 and 3.35 × 1012/m2, respectively. The
average dislocation density in the matrix grains of the protomylonite is 8.21 × 1012/m2,
whereas the matrix grains in the mylonite and ultramylonite have average densities of
8.46 × 1011/m2 and 6.77 × 1011/m2, respectively.

4.4. Differential Stress

We estimated differential stresses in the Turon de Técouère peridotite tectonites using
experimentally determined paleopiezometric relationships for dynamically recrystallized
grain size [72,73], subgrain size [71,72], and dislocation density [70]. Below, we present the
stresses for each type of mylonite (Table 1).

4.4.1. Protomylonites

Stresses in the protomylonites were estimated from the analysis of subgrain sizes
in the porphyroclasts and dislocation densities in the porphyroclasts and matrix grains.
Porphyroclasts yielded stresses of 229–281 MPa and 634 MPa based on subgrain sizes
and dislocation densities, respectively. The large range of estimated stresses for olivine
subgrain sizes reflects the differences between the two paleopiezometric relationships
applied (Table 1). Differential stresses estimated from the dislocation densities of the matrix
grains are 478 MPa.

4.4.2. Mylonites

The differential stresses recorded in the mylonites are lower than those in the protomy-
lonites. Subgrain sizes in the porphyroclasts yielded stresses of 168–176 MPa, and stresses
based on dislocation densities were 226 MPa. The dislocation densities in the matrix grains
yielded stresses of 89 MPa, which are lower than the stresses in the porphyroclasts.

4.4.3. Ultramylonites

The differential stresses in the ultramylonites were constrained from the analysis of:
(1) subgrain size and dislocation density in the porphyroclasts; (2) recrystallized grain size
in the polycrystalline porphyroclasts; (3) recrystallized grain size in fine-grained, olivine-
rich bands; and (4) dislocation density in the matrix grains. Subgrain sizes and dislocation
densities in the porphyroclasts yielded stresses of 154–156 MPa and 250 MPa, respectively
(Table 1). Significantly lower stresses were estimated from the recrystallized grains making
up the polycrystalline porphyroclasts (59 MPa) and the fine-grained, olivine-rich domains
(83–88 MPa). As there are very few subgrain walls within matrix grains, and subgrains
within porphyroclasts are generally coarser than the matrix grain size, we used dislocation
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densities to estimate differential stresses within the ultramylonite matrix grains. Within
the matrix, coarser grains (>5 µm) tend to have dislocations and finer grains (<5 µm) do
not. The dislocation densities that we report are average densities within those grains that
contain dislocations and may, therefore, represent a maximum stress. Average dislocation
densities in matrix grains of the present-day ultramylonite yielded stresses of 70 MPa
(Table 1).

4.5. 40Ar/39Ar Analysis of Hornblende

The amphibole from both the Turon de Técouère and Lherz peridotites showed well-
behaved plateau ages (Figure 7; Tables S1 and S2, Supplementary Materials). The Turon
de Técouère peridotite gave a weighted mean plateau date of 127.30 ± 6.7 (2σ) Ma on
sample VU20-A3-PTT32. The Lherz peridotite yielded a weighted mean plateau date of
104.23 ± 1.57 Ma (2σ) on sample VU20-A13-PLZ24. The dates are distinct from one another,
with the Turon de Técouère sample being distinctively older. Because both of these massifs
deformed above the closure temperature of hornblende (~550 ◦C), the 40Ar/39Ar analyses
provide a minimum age constraint on cessation of deformation.

Figure 7. 40Ar/39Ar ages plotted vs. the amount of 39Ar for amphibole veins from the Lherz and
Turon de Técouère peridotite bodies. Results are presented with 2σ analytical errors. 40Ar/39Ar data
are presented in Tables S1 and S2.

5. Discussion
5.1. Deformation History of Ultramafic Massifs in Chainons Bernais Region of Northern Pyrenees

These new amphibole ages from the ultramafic massifs—~127 Ma from Turon de
Técouère and ~104 Ma from Lherz—provide information on this section of the northern
Pyrenees. These ages are similar to other dates constraining deformation and exhumation
of ultramafic rocks in sections of the north Pyrenees. The Urdach lhzerzolite, for example,
is located ~12 km WNW of the Turon de Técouère peridotite was studied by [48]. Unlike
the Turon de Técouère peridotite, the Urdach lhzerzolite is serpentinized and surrounded
by deformed and attenuated crustal material. A major shear zone is interpreted by [48,49]
to occur at the crust–mantle boundary; this contact is visible at the Saraille massif ~10 km
west of Turon de Técouère. Zircon U/Pb dates of 112.9 ± 1.6 Ma and 109.4 ± 1.2 Ma were
obtained from metasomatized material along a detachment zone along the crust–mantle
contact [48]. A plateau age of 105.2 ± 0.5 Ma was obtained on muscovite on a gneiss in
the Urdach massif using the 40Ar/39Ar technique [82]. The assumed closure temperature
for argon in muscovite is ~350–400 ◦C [83]. It is argued that the muscovite must pre-date
deformation [82], suggesting that mylonitic deformation occurred between 105 and 100 Ma.
These dates are generally consistent with the 112–92 Ma timing of metasomatic fluids
within the Pyrenees [84,85].

Together, these new dates reveal a coherent tectonic history. The amphiboles within
the Turon de Técouère occur in mylonitized veins that cross-cut the protomylonite section,
which deformed at temperatures higher than 650 ◦C. Because the amphiboles record cooling
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through ~550 ◦C, these results provide a minimum date (~127 Ma) on the termination of
shearing at mantle depths. Recent geochronology suggests that deformation occurred by
~110 Ma, or at least ~105 Ma [48,82]. The pattern can be interpreted as general exhumation
associated with extension, with deformation starting at ~127 Ma or earlier. It is permissive
that extensional deformation was continuous from mantle depths at ~127 Ma to surface
depths at ~100 Ma [48,49].

These constraints are broadly consistent with numerical models. Hyper-extended
margins typically occur in amagmatic settings with relatively slower spreading rates
(<10 mm/year) [86]. In models of slow spreading centers, any particular shear zone
appears active for a maximum of 3 m.y., but with strain rates of 10−12 s−1 [87].

An important result, in terms of regional tectonics, is that the extensional deformation
must have started earlier than is previously interpreted. The initiation of extensional defor-
mation is considered to be Albian (113.0–100.5 Ma), based on the presence of flysch [48,49].
However, the 40Ar/39Ar geochronology from Turon de Técouère suggests that it must have
initiated prior to 127 Ma (Aptian or earlier).

Finally, it is worth noting that the amphiboles dated from the Lherz peridotite occurred
in an amphibole-rich vein, which is the same feature that provided an older date in the
Turon de Técouère peridotite. Yet, the dated vein in the Lherz massif is 23 m.y. younger
(~104 Ma) than the vein in the Turon de Técouère peridotite. We address two options
for how to explain these data. First, the difference in dates between the two massifs
may record along-strike variations in extensional deformation. Second, the Ar-Ar age
of the Lherz sample may reflect re-setting during metamorphism around 100–105 Ma.
This interpretation is supported by mylonitic deformation that occurred between 105
and 100 Ma at Lherz [82]. Thus, although petrological studies from Lherz indicate that
the amphibole veins intruded under shallow mantle conditions, the Mesozoic sediments
around Lherz were metamorphosed up to amphibolite facies after crustal emplacement of
the peridotites, which likely reset the 40Ar/39Ar age. If this resetting occurred, it did not
occur at the Turon de Técouère peridotite.

5.2. Deformation History of Peridotites along the Turon de Técouère Shear Zone

The deformation microstructures and compositions of the Turon de Técouère peri-
dotite suggest that deformation took place as a result of changing deformation mecha-
nisms over time, as temperatures and pressures decreased from conditions of ~1000 ◦C
at ~1.0 GPa to ~750 ◦C at ~0.5 GPa [12]. Here, we describe the deformation microstruc-
tures, and associated deformation mechanisms, that reflect the stress supporting networks
during each of the different stages of deformation (Figure 8). In the next section, we tie
these microstructures to the inferred temperature–stress–strain rate path that the Turon de
Técouère rocks followed during exhumation.

The following three points are important for understanding the structural evolution
of the Turon de Técouère shear zone:

1. During Stage 1 (~1000 ◦C), a transition in grain size occurred across the zone from
a coarse granular tectonite (preserved in the present-day protomolyonite domain)
to a mylonite (preserved in polycrystalline porphyroclasts in the present-day ul-
tramylonite domain) reflecting a strain gradient across the shear zone (Figure 8A,
Stage 1). In this context, the present-day ultramylonite formed along a pre-existing,
fine-grained mylonite [64].

2. During Stage 2 (~850 ◦C), grain size reduction by reaction was active throughout
the shear zone (Figure 8A, Stage 2) resulting in the development of the fine-grained
(~3 µm) polyphase matrix. This reaction-involved deformation progressed faster in
the finer-grained domains of the shear zone [64], i.e., the mylonite of Stage 1.

The present-day microstructural transitions observed in the Turon de Técouère peri-
dotite reflect deformation that was influenced by the pre-existing grain size heterogene-
ity across the shear zone. The present-day ultramylonite, mylonite, and protomylonite
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domains (Figure 8A, Stage 3) correspond to pre-existing mylonite, protomylonite, and
coarse-granular tectonite domains, respectively (Figure 8A, Stage 1).

Figure 8. (A) Microstructural evolution of Turon de Técouère peridotite as temperatures and pres-
sures decreased from conditions of ~1000 ◦C at ~1.0 GPa to ~750 ◦C at ~0.5 GPa. The coarse granular
tectonite, protomylonite, and mylonite domains of Stage 1 evolved into the present-day (Stage 3)
protomylonite, mylonite, and ultramylonite, respectively. (B) Olivine deformation mechanism maps
constructed using the flow laws of [88,89]. We used the piezometric calibrations of [72,73] (grey
lines), to show the relationship between recrystallized grain size and differential stress (in Stage
1 and 2). The symbols plotted on the maps correspond to the stresses estimated by the different
paleopiezometers and to the mean grain size of the load-bearing microstructure.

Deformation microstructures and geothermometry suggest that the earliest microstruc-
tures preserved within the Turon de Técouère periodotite massif are the cm-scale por-
phyroclasts within the present-day protomylonites (~1000 ◦C; [12]). The polycrystalline
porphyroclasts (20–200 µm grain size within clasts; ~1000 ◦C; [12]) observed within the
present-day ultramylonite domain suggest that the cm-scale porphyroclasts underwent
dynamic recrystallization accommodated dislocation creep.

Olivine (20 to 80 µm) in the narrow olivine-rich bands that are observed locally in the
ultramylonites display a similar CPO (type E) as the grains that make up the polycrystalline
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porphyroclasts (Figure 6C,D), suggesting that the two types of grains formed during the
same deformation stage. The olivine porphyroclasts of the present-day protomylonite
(Figure 3C) and ultramylonite (Figure 6B) also show an E-type CPO. The similarity in
the CPO between the remnant and recrystallized grains indicates that olivine may have
formed by subgrain rotation recrystallization. The finer grain sizes in the olivine-rich
bands, relative to the grains that make up the polycrystalline porphyroclasts, suggest
that the former may have formed later during this stage and at lower temperatures. This
result implies that the early stage of deformation dominated by dynamic recrystallization
continued as temperatures decreased to <1000 ◦C.

The next stage of deformation involved grain size reduction by continuous reaction,
producing the very fine-grained (2 to 25 µm; mean grain size of 3 µm) polyphase matrix
observed in all domains (Figure 8A, Stage 2). Geothermometry of matrix grains from all
types of mylonites indicates that the continuous reaction that resulted in the development
of the matrix grains took place at temperatures of approximately 750–850 ◦C [12]. This
reaction may have begun at higher temperatures; evidence for higher temperatures may
have been lost as a result of resetting of compositions during subsequent deformation.

Olivine grains in the polyphase matrix of the protomylonite display a very weak
crystallographic preferred orientation, unrelated to dislocation creep. However, as the
protomylonites contain <40% matrix (Figure 8A, Stage 2), deformation was likely controlled
by the porphyroclasts [2,8]. Within the ultramylonites, the olivine grains of the mixed
polyphase matrix also show only a weak CPO; [100] axes are consistent with a B-type CPO
pattern, but the low concentration of low-angle misorientation axes near [100] suggest
limited contribution of dislocation creep to the development of the [100] maximum at
high angle to the lineation (Figure 6E). The multiple maxima per crystallographic axis
(e.g., [100] and [001]) and the overlap in the orientation of maxima of different crystallo-
graphic axes (e.g., [100] and [010]) indicate that the olivine CPO of the polyphase matrix is
more complicated.

The fine-grained (2 to 25 µm grain size) matrix, the grain and phase boundary align-
ments, the weak CPO, and the relative lack of dislocations within matrix grains suggest
that deformation of the matrix took place by grain-size sensitive creep. Therefore, we
infer that as the reaction continued and the percentage of fine-grained matrix increased,
there was a change in the dominant deformation mechanism from dislocation creep in
porphyroclasts to grain-size sensitive creep in the fine-grained matrix. This change in
deformation mechanism resulted in weakening and strain localization in the present-day
mylonite and ultramylonite domains.

5.3. Temperature–Stress–Strain Rate Path

We constructed deformation mechanism maps in the differential stress–grain size
space at selected temperatures (1000, 850, and 750 ◦C) to describe the temperature–stress–
strain-rate history. The deformation mechanism maps were constructed using flow laws
for olivine from [88,89] (Figure 8B).

A few assumptions, outlined below, are necessary to apply paleopiezometric rela-
tionships, and in constructing and using deformation mechanism maps to interpret the
deformation history of the rocks. First, the rheology of polyphase rocks (~53% olivine,
24% orthopyroxene, and 13% clinopyroxene) is characterized by the rheology of olivine
alone, although with a caveat. Deformation experiments on olivine-orthopyroxene aggre-
gates show that the two-phase aggregates are weaker than olivine [90–92] or influence the
strength of aggregates as a function of the ratio of phases, strain, and grain size [93,94]. In
the experiments of [92], the olivine-orthopyroxene aggregates deform by diffusion creep
and olivine [100] axes align at high angle to the lineation within the foliation plane. The
deformation mechanism and olivine CPO are similar to the polyphase matrix bands in the
Turon de Técouère shear zone.

Based on the microstructural and mineralogical observations and geothermometry
outlined above, we infer that the percentage of fine-grained polyphase matrix increased
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with increasing strain, over time, and with decreasing temperatures. Further, different
deformation mechanisms dominated at different times (and different temperatures) during
the deformation history of the shear zone. Therefore, as described below, we use different
microstructures, representing evidence for different deformation mechanisms, to interpret
the flow stresses and temperatures at different stages in the deformation history (Table 1).

5.3.1. Stage 1: ~1000 ◦C

Deformation at 1000 ◦C was dominated by dynamic recrystallization in a mylonitic
domain (the present-day ultramylonite domain). This deformation resulted in dynamically
recrystallized grains (20–200 µm), observed in the present-day ultramylonite domain as
polycrystalline porphyroclasts. Using the mean grain size (68 µm) of dynamically recrys-
tallized olivine and the estimated stress of 58 MPa, a strain-rate of 10−11 to 10−10·s−1 was
obtained (Figure 8B, Stage 1). The stress and strain rate in the polycrystalline porphyro-
clasts are likely overestimates. The polycrystalline porphyroclasts were affected by limited
recrystallization during Stage 2, which likely decreased olivine grain size. We suggest that
the largest grains (~200 µm) of the olivine grain size distribution (Figure 5C) are more
representative for the microstructure of the former mylonite in Stage 1. Thus, the inferred
stresses and strain rates in Stage 1 were likely closer to 26 MPa and 10−12·s−1, respectively.

5.3.2. Stage 2: ~850 ◦C

Two grain size reduction processes were active at 850 ◦C: (1) dynamic recrystallization;
and (2) reaction. Dynamic recrystallization led to the formation of the fine-grained (20 to
80 µm) olivine rich bands that are observed locally within the present-day ultramylonite
domain. It is possible that the development of these fine-grained bands started at higher
temperatures and continued at 850 ◦C. Reaction to the fine-grained matrix (2–25 µm) be-
gan at approximately 850 ◦C. We assume that at 850 ◦C there was very little fine-grained
matrix present (Figure 8B, Stage 2), and deformation was controlled by the porphyroclasts
(cm-scale) within the present-day protomylonite domain, and by the polycrystalline por-
phyroclasts (20–200 µm) and the fine-grained olivine rich bands (20 to 80 µm) within the
present-day ultramylonite domain. Thus, dislocation creep and dislocation accommodated
grain boundary sliding were the dominant deformation mechanisms in the present-day
protomylonites, mylonites, and ultramylonites (Figure 8B). To estimate strain rates at
850 ◦C, we used the differential stresses from the: (1) grain size of the fine-grained olivine
rich bands in the ultramylonite (83–88 MPa); (2) dislocation densities and subgrain sizes
within the porphyroclasts in the protomylonite (261–343 MPa); and (3) dislocation densities
and subgrain sizes within the porphyroclasts in the ultramylonite (154–156 MPa) (Table 1).

The deformation mechanism maps at 850 ◦C suggest that the strain rates were similar
for both the protomylonite and ultramylonite. Estimated strain rates in the ultramylonite
were 10−12 to 10−11·s−1 and in the protomylonite were 10−12 to 10−10·s−1 (Figure 8B).
The significant range in the estimated strain rates is due to the uncertainty in the esti-
mated stresses from the use of paleopiezometers calibrated to different microstructures
(recrystallized grain size, subgrain size, dislocation density), and from the use of differ-
ent calibrations of the subgrain size paleopiezometer. Notably, variations in strain rates
considering an individual piezometer are less.

We plotted stresses for the protomylonites and ultramylonites, only, on the defor-
mation mechanism map at 850 ◦C. Within the mylonites, porphyroclasts are typically
surrounded by a margin of smaller (20–200 µm) grains, suggesting that the dynamic re-
crystallization that resulted in the polycrystalline porphyroclasts observed within the ultra-
mylonite domain also occurred within the mylonite domain [64]. We cannot know to what
extent the dynamic recrystallization resulted in grain size reduction to the 20 to 200 µm
grains within the mylonite domain because of overprinting by the reaction dominated
event that led to the very fine-grained (2–25 µm) matrix. Therefore, we do not know the
percentage of rock that was composed of the 20–200 µm grains at 850 ◦C and, hence, if the
strength of the mylonites at Stage 2 was predominantly controlled by the porphyroclasts
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or by the 20–200 µm grains. However, dislocation densities and subgrain sizes within
the porphyroclasts and dislocation densities within the matrix grains of the mylonites
are similar to those within the ultramylonites (Table 1) indicating that stresses within the
mylonites were similar to stresses within the ultramylonites. Therefore, we can suggest that
at 850 ◦C, the strength of the mylonites was most likely controlled by the 20–200 µm grains.

5.3.3. Stage 3: ~750 ◦C

Geothermometry [12,60] suggests that the reaction that produced the fine-grained
matrix ceased at approximately ~750 ◦C. The reaction dominated event took place primar-
ily in the ultramylonite domain because of the pre-existing finer-grain size (20–200 µm
grains) [64]. Therefore, we assume that: (1) at 750 ◦C, the present-day ultramylonite do-
main was composed of an approximately 90% fine-grained matrix, which is the matrix that
currently exists; and (2) the strength of the ultramylonite was controlled by the strength of
the fine-grained matrix [2,6,8]. Similarly, the fine-grained polyphase matrix controlled the
strength of the protomylonite and mylonite at 750 ◦C. At 750 ◦C, stresses of 478 MPa in the
protomylonite yield strain rates between 10−11 and 10−10·s−1, 89 MPa in the mylonite, and
70 MPa in the ultramylonite yield strain rates between 10−12 and 10−11·s−1 (Figure 8B).

5.3.4. Strain Rate and Stress Evolution

The data from the Turon de Técouère shear zone suggest that strain rates were rela-
tively constant or decreased a small amount (Figure 8B) over time (and with decreasing
temperature), despite different deformation mechanisms dominating at different times
during the deformation history of the shear zone. The observed range in strain rates, it
should be noted, result in part from the application of different piezometers; variations
in strain rates considering an individual piezometer are less. Differential stress shows
an initial increase between 1000 and 850 ◦C, from 26–58 MPa to 83–634 MPa. This stress
increase likely represents transient strengthening due to cooling. Subsequently, differential
stress decreases between 850 and 750 ◦C, from 83–634 MPa to 70–478 MPa (Figure 8B). This
stress decrease was the result of reaction and formation of fine-grained polyphase matrix
that deformed by grain-size sensitive creep.

5.4. Localization as a Result of Grain-Size Sensitive Deformation Processes

Consideration of the temperature–stress–strain-rate path that the Turon de Técouère
peridotites followed (Figure 8B) suggests that the localization of strain into the ultra-
mylonite domain took place as a result of lower stresses within this domain compared
to the protomylonite domain. The lower stresses in the ultramylonite were due to two
grain-size sensitive deformation mechanisms that dominated at different times in the de-
formation history: (1) dislocation accommodated grain boundary sliding; and (2) diffusion
accommodated grain boundary sliding.

The deformation mechanism map at 850 ◦C (Figure 8B) suggests that strain rates
within the protomylonite domain (10−12–10−10·s−1) were similar to strain rates within the
ultramylonite (and mylonite) domains (10−12–10−11·s−1). Stresses in the ultramylonite
domain (85–250 MPa), however, were lower than the protomylonite domain (261–634 MPa).
The lower stresses may be a result of dislocation accommodated grain boundary sliding
within the ultramylonite domain, due to the finer grain size (20–200 µm). These lower
stresses, relative to stresses in the protomylonite domain, led to strain localization. This
result is similar to results published by [95], suggesting that shear localization occurred in a
peridotite shear zone as a result of grain-size reduction caused by dynamic recrystallization.

Reaction occurring at 850–750 ◦C resulted in a second episode of weakening and
localization within the present-day ultramylonite domain. Reaction produced a fine-
grained matrix (2–25 µm grain size), resulting in a change in the dominant deformation
mechanism from dislocation creep in the porphyroclasts and polycrystalline porphyroclasts
to grain size sensitive (diffusion) creep in the fine-grained matrix, resulting in weakening
and strain localization.
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5.5. Constant Strain-Rate Localization at a Plate Boundary

We interpret that the deformation in the Turon de Técouère massif occurred at a plate
boundary based on two lines of reasoning. First, the strain rates are so rapid that they
must occur at a plate boundary. For example, mantle xenoliths from below the Calaveras
fault in the San Andreas fault system of California record strain rates of 8.1 × 10−15 to
5.0 × 10−13·s−1 [96], which are significantly slower than the strain rates inferred for the
Turon de Técouère massif of 10−12 to 10−10 s−1. The elevated strain rates are particularly
relevant, as the plate boundary is assumed to have divergence rates of only 0.5 cm/year [61].
Second, other examples of deformed ultramafic rocks in the region are interpreted to occur
along the plate boundary, as exhibited by other outcrops in the region that preserve
Early Cretaceous sedimentary rocks directly overlying highly sheared lower crustal and
ultramafic rocks [48,49].

The rock record in the Turon de Técouère massif indicates that stresses vary while
strain rates remain relatively constant. Yet, the strain clearly localized into the ultramylonite
section through time. Thus, we interpret that strain localization occurred at constant strain
rate conditions. These results are seemingly at odds with the lack of strain localization in
homogeneous material noted in experimental deformation [24,26]. We do not question the
results of these high-quality experiments, but we do question their strict applicability to the
natural world. As noted by multiple authors, stress is heterogeneous in both magnitude
and in orientation of principle directions, at a variety of scales [97]. These variations can be
due to either: (1) heterogeneous material properties that experience bulk homogeneous
deformation [9,98,99]; or (2) deformation zones where the strain rate is fixed and the stress
becomes the dependent variable [100], consistent with the interpretations described above.
The latter case describes plate boundaries. In these cases, there are two options for what
ultimately controls the strength. The classic lithospheric strength profile considers that
the strength of the strongest layer controls the mechanical response [101]. Away from that
layer, the material must deform at the strain rates imposed by the strongest lithospheric
layer. An important implication of our results is that the stress distribution with depth does
not follow the distribution predicted by the lithospheric strength profiles. Despite the fact
that the strain rate remained constant during exhumation, stress increased as the massif
exhumed from 1000 to 850 ◦C, and then stress decreased during exhumation at 750 ◦C. An
alternative is to consider a system-scale behavior, where no single material property or
lithospheric layer solely controls the behavior [97]. In this model, the mechanical response
at plate boundaries is a non-linear interaction of the mechanical responses of different
mechanical behaviors [102].

The presence of constant strain-rate deformation at an exposed plate boundary in the
Turon de Técouère massif indicates that strain can localize under these conditions. The
key question becomes: What are the first-order factors driving strain localization? Time-
dependent reactions are a critical feature at the Turon de Técouère massif [12]. There are two
possible collaborating factors that facilitate these reactions, an intrinsic factor based on total
amount of material heterogeneity (e.g., grain size and composition) and an extrinsic factor,
based on finite strain (e.g., causing grain size changes during progressive deformation).
The strength of studying natural deformation to understand strain localization is that
it inherently reflects the extrinsic factors. The continuing challenge is to determine the
relative importance of these intrinsic and extrinsic factors in different tectonic settings
and in different geological materials. Our study emphasizes the role of reactions, material
heterogeneity, and finite strain in causing strain localization of naturally deformed rocks.

6. Conclusions

A natural deformed shear zone in Turon de Técouère massif of the French Pyrenees
occurred during the mid-Cretaceous, associated with hyperextension between the Iberian
peninsula and the European continental margin offshore of southwestern France. An
40Ar/39Ar date of 127.30 ± 6.70 Ma was obtained on amphiboles within veins that cross-
cut the dominant foliation within the Turon de Técouère massif. A second 40Ar/39Ar date
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of 104.23 ± 1.57 Ma was obtained on amphiboles formed within similar veins of the Lherz
massif. Both dates are consistent with the interpretation that deformation occurred during
this extensional event during the Early to mid-Cretaceous.

The microstructures record deformation during lowering deformation temperatures
(1000, 850, and 750 ◦C), which we sub-divide into three stages for ease of presentation.
For each stage, we characterize stresses through the use of paleopiezometers for olivine.
The first stage, which occurred at 1000 ◦C, indicates stresses of ~ 60 MPa and strain-rates
of 10−11 to 10−10 to s−1 (Figure 8B). The second stage, at 850 ◦C, indicates stresses of
83 to 634 MPa and strain-rates of 10−12 to 10−10·s−1. The third and final stage, at 750 ◦C,
indicates stresses of 70 to 478 MPa and strain rates of 10−12 to 10−11·s−1. The data indicate
that the strain rate remains constant, or possibly decreased a small amount, despite the
changes in stress.

These results are consistent with other studies of naturally deformed systems along
plate margins, which record variations in stress magnitudes and/or principal directions. In
contrast, the strain rate remains similar. This situation is consistent with deformation along
a plate margin, in which the rocks accommodate the displacements and displacement rates
imposed by the plate boundaries. These displacement rates constrain strain rates, as long
as the plate motion rates, the zone of overall deformation, and kinematics of deformation
remain relatively fixed. This viewpoint, however, is not the typical way in which we
interpret strain localization, which is typically attributed to inherently static material
properties. Rather, the role of time-dependent reactions [12] and material arrangement [9]
are first-order controls on understanding the process of strain localization. The time
dependency is constrained by the kinetics of deformation mechanisms and also by the
finite strain that rearranges the phases and facilitate reactions. Material heterogeneity,
reactions, and finite strain are critical parameters to understanding strain localization in
naturally deformed rocks.
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