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Abstract In this study we apply electron tomography to characterize 3D dislocation microstructures in two
quartz mylonite specimens from the Moine and Main Central Thrusts, both of which accommodated
displacements by dislocation creep in the presence of water. Both specimens show dislocation activity with
dislocation densities of the order of 3–4 × 1012 m− 2 and evidence of recovery from the presence of subgrain
boundaries. 〈a〉 slip occurs predominantly on pyramidal and prismatic planes (〈a〉 basal glide is not active). [c]
Glide is not significant. On the other hand, we observe a very high level of activation of 〈c + a〉 glide on the
{1010} , {1011} , {112n} (n = 1,2) and even {2131} planes. Approximately 60% of all dislocations show
evidence of climb with a predominance of mixed climb, a deformation mechanism characterized by dislocations
moving in a plane intermediate between the glide and the climb planes. This atypical mode of deformation
demonstrates comparable glide and climb efficiency under natural deformation conditions. It promotes
dislocation glide in planes not expected for the quartz structure, probably by inhibiting lattice friction. Our
quantitative characterization of the microstructure enables us to assess the strain that dislocations can generate.
We show that glide systems indicated by the observed dislocations are sufficient to accommodate any arbitrary
3D strain by themselves. Although historically dislocation glide has been regarded as being primarily
responsible for producing strain, activation of climb can also directly contribute to the finite strain. On the basis
of this characterization, we propose a numerical modeling approach for attempting to characterize the local
stress state that gave rise to the observed microstructure.

Plain Language Summary In this study, we characterize dislocation microstructures generated in
quartz deformed in natural shear zones by advanced transmission electron microscopy to better understand the
geological deformation conditions and the response of quartz to applied stresses. We characterize the crystal
defects responsible for deformation of the mineral and their three‐dimensional geometries. We highlight an
original deformation mechanism activated at very low natural strain rates that involves simultaneous dislocation
glide and climb outside of their crystallographic glide planes.

1. Introduction
Quartz is one of the major constituents of the Earth's continental crust. Above ca. 300°C (corresponding to depths
beyond 10 km, Stipp et al., 2002a), quartz is ductile and it appears to be one of the weaker minerals in naturally
deformed rocks of the continental crust. The plasticity of quartz is thus important to the description of the
rheology of the lower crust. Many studies over the last 60 years have been devoted to the plasticity of quartz. Still,
the plastic behavior of this mineral is only partially understood, even in the laboratory. Our understanding of the
crystal plasticity of this mineral under natural conditions, and its control of crustal rheology, is far from resolved.
The simple question of how quartz deformes by glide of dislocations is not straightforward. In this trigonal
mineral (Figure 1), glide of 〈a〉 dislocations (1/3 ⟨2110⟩ ) in the basal plane is expected (Baëta & Ashbee, 1969).
It was indeed observed experimentally very early on and is complemented at higher temperatures by glide of [c]
([0001]) dislocations in prismatic planes (Blacic, 1975). However, these slip systems by themselves are insuf-
ficient to satisfy the von Mises‐Taylor criterion for general strains with arbitrary non‐zero components (von
Mises, 1928; Taylor, 1938; Ball & White, 1978). Activating 〈c + a〉 glide can potentially satisfy the remaining
strain components (Baëta & Ashbee, 1969; Trépied & Doukhan, 1982): however, this mechanism seems to have
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been neglected for several years. As far as deformation involving dislocation motion is concerned, conservative
glide is not the only process contributing to creep. Additional degrees of freedom to deformation may be
facilitated by dislocation climb as point defects become mobile through diffusion. Strains may also be satisfied by
cracking at low effective stresses or sliding at grain boundaries (Behrmann & Mainprice, 1987; Fliervoet
et al., 1997; Fukuda et al., 2018; Rutter & Brodie, 2004; Tokle et al., 2019).

Beyond the fundamental questions about intracrystalline deformation mechanisms that apply to all minerals (and
crystalline solids in general), dislocation creep of quartz and its mechanical properties depend on impurities,
particularly those derived from water (such as hydroxyls at structural sites of the crystalline structure and dis-
locations). Owing to the three‐dimensional network of strong Si‐O bonds, dry quartz is very strong, and almost
undeformable by dislocation motions in the laboratory. In contrast, quartz deformed at tectonic strain rates in the
presence of water (at temperatures greater than 300°C) is ductile and appears to be one of the weakest minerals of
quartzo‐feldspathic crustal rocks.

The phenomenon of water (or hydrolytic) weakening was discovered by Griggs and Blacic (1965) and interpreted
to result from hydrolysis of strong Si‐O‐Si bonds, to form weak hydrogen‐bonded SiOH groups at dislocation
cores (Griggs, 1967, 1974). Hydrous defects were originally thought to be transported to dislocation cores by
volume diffusion. However, alternative water weakening models have since been proposed, including potential
effects of hydrogen impurities on other charged point defects that facilitate climb (Hobbs, 1981, 1984), and effects
of hydrogen impurities on concentrations (and mobilities) of dislocation kinks and jogs (Hirsch, 1981). All of
these models have been challenged, though, by the discovery that solubilities of OH defects within the quartz
structure are low (Cordier & Doukhan, 1989, 1991; Doukhan & Paterson, 1986; Kronenberg et al., 1986), limiting
the predicted changes in point defect chemistry of crystalline quartz and the delivery of OH to dislocations cores
by radial volume diffusion to dislocation cores. Ab initio models of hydrous molecular structures and dislocation
kinks in quartz indicate that hydrous defects are stable at dislocation cores, particularly at dislocation kinks
(Heggie et al., 1985; Heggie & Jones, 1986). Hydrous defects are therefore thought to gain access to dislocation
cores by pipe diffusion from grain boundaries or fluid inclusions (Bakker & Jansen, 1990, 1994; Cordier &
Doukhan, 1989, 1991; Cordier et al., 1988; Heggie, 1992).
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Figure 1. Representation on equal‐angle Wulff net, upper hemisphere, of crystallographic planes and directions usually
reported for the glide systems in the quartz structure. Three 〈a〉 directions (the notation “〈 〉” stands for equivalent directions
where “[ ]” is used for a specific direction) can induce glide in the (0001) basal plane (the great circle in red):
a1 = 1/3[2110] , a2 = 1/3[1210] and a3 = 1/3[1120] . The [c]= [0001] dislocations can glide in first‐order {1010} (in blue),
or second‐order {2110} (in orange), prismatic planes. Here, “{ }” notation is applied to equivalent planes, while a particular
plane is designated by “( )”. 〈c + a〉 = 1/3⟨2113⟩ dislocations are usually reported to glide in rhombohedral {1011} planes (in
green).
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Hydrolytic weakening has only been observed when measured OH concentrations are supersaturated with respect
to hydrous defect solubilities (Cordier & Doukhan, 1989; Kekulawala et al., 1978, 1981; Kirby & McCor-
mick, 1979). Initial transient creep rates of OH‐supersaturated quartz have been explained by mechanisms of
dislocation nucleation at non‐equilibrium water clusters and fluid inclusions with further dislocation multipli-
cation facilitated by pipe diffusion of hydrous defects (Cordier & Doukhan, 1989; Gerretsen et al., 1989;McLaren
et al., 1989). Most relevant to the present study is the role of hydrous defects in facilitating dislocation climb
during plastic deformation of quartz.

Dislocation climb is usually regarded as a recovery mechanism rather than a strain‐producing mechanism (Tullis
& Yund, 1989). However, activation of the climb mechanism proposed by Nabarro (1967) was suggested by Ball
and White (1978) and Ball and Glover (1979) to apply to quartz single crystals experimentally compressed along
the [0001] direction. The activity of dislocation climb in quartz also has implications for the onset of dynamic
recrystallization (Hirth & Tullis, 1992). In the absence of significant contributions from dislocation climb at low
temperature, recrystallization involves strain‐induced grain boundary migration (GBM), or bulging. At higher
temperature, when dislocation climb is enhanced, recrystallization may occur by progressive subgrain rotation
(Hirth & Tullis, 1992).

In a recent study, we applied an analytical method to quartz using electron tomography of dislocation micro-
structures to determine the components of the plastic strain tensor (Mussi, Gallet et al., 2021) resulting from the
displacement of these dislocations. This study revealed the unexpected activation of climb of 〈c+ a〉 dislocations.
The present study was undertaken to learn whether climb of 〈c + a〉 dislocations is important to the plastic
deformation of quartz in natural shear zones. Quartz mylonite specimens were selected for electron tomography
from the Moine and Main Central Thrusts (MCTs), both of which deformed extensively by dislocation creep in
the presence of water. Transmission electron microscopy (TEM) tomography of dislocations presented in this
study is applied to determine the relative mobilities of dislocations by glide and climb.

2. Materials and Methods
2.1. Specimens

Two quartz mylonite specimens have been chosen for this study, which exhibit optical microstructures and
crystallographic preferred orientations due to dislocation creep and dynamic recrystallization. Both mylonites
come frommajor shear zones of collisional tectonic boundaries, one from theMCT of Northwest India, associated
with the southward‐directed Oligocene‐Miocene extrusion of the Greater Himalayan slab (Hodges, 2000) and the
other from the gently SE‐dipping Moine Thrust (MT) of Northwest Scotland, associated with Caledonian
shortening of the foreland continental margin during closure of the Iapetus Ocean (Strachan et al., 2002). The
MCT mylonite specimen S‐09‐35a (hereafter referred to as MCT) was collected from a quartz‐rich horizon of
Greater Himalayan orthogneisses exposed in the western part of the Sutlej Valley, at a structural distance of 71 m
above the MCT (Law et al., 2013). The MT mylonite specimen SG‐10 (hereafter referred to as MT) was collected
from Cambrian quartzites of the footwall exposed at the Stack of Glencoul, just 4.6 m below the thrust contact
with overlying Neoproterozoic Moine schists (Christie, 1963; Law et al., 1986, 2010). It was in these quartz
mylonites that recrystallization (rather than brittle fracturing) was first recognized and explicitly named as a grain
scale deformation process leading to grain size reduction in naturally deformed high strain rocks (Christie, 1960;
Christie et al., 1954) and directly correlated with intracrystalline slip and recrystallization microstructures pro-
duced in experimentally deformed quartz‐rich rocks (Carter et al., 1964, their Plate 9; see review by Law &
Johnson, 2010).

The MCT specimen is made up of highly sheared quartz horizons within a sheared orthogneiss matrix of mixed
quartz and layer silicates (Figure 2). Almost all quartz horizons of this specimen have been recrystallized, but the
TEM observations made here are from larger residual quartz grains whose deformation gives them the grain
shapes of augen (Figure 2). These quartz augen exhibit patchy undulatory extinction and well‐developed subgrain
walls. Fine recrystallized quartz grains appear within the larger grains and at their margins, with microstructures
that indicate that recrystallization occurred predominantly by subgrain rotation (SGR) with subordinate grain
boundary migration (GBM) (Law et al., 2013; Stipp et al., 2002b). The mean recrystallized grain size measured in
the quartz‐rich layers is ∼45 μm (Francsis, 2012). Crystallographic c‐axes of recrystallized quartz‐rich horizons
show distinctly asymmetric cross‐girdle patterns due to internal shear in the fault transport direction, with high
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c‐axis densities defining a great circle consistent with oblique grain shape
alignments subparallel to lineation and top‐to‐the SW (thrust) shear (Law
et al., 2013).

Using the Faleiros et al. (2016) opening angle thermometer, the temperature
of deformation for MCT is estimated to be 515°C, based on a measured c‐axis
fabric opening angle of 68° (Law et al., 2013). In contrast to the differences in
crystal fabric and petrologically based temperatures of MT specimens at the
Stack of Glencoul, estimates of peak deformation and metamorphic tem-
peratures, based on c‐axis patterns and coexisting garnet and muscovite
compositions of mylonites collected from the Sutlej Valley, are in close
agreement. Peak pressures estimated for mylonites ∼1,100 m structurally
above MCT are of the order of 800 MPa (Supplementary file in Law
et al., 2013). The differential stress estimated from the mean recrystallized
grain size of MCT and the modified Stipp et al. (2006) grain size piezometer
(with the adjustment of Holyoke & Kronenberg, 2010) is ∼24 MPa (Franc-
sis, 2012; Law et al., 2013). The strain rate predicted by the Hirth et al. (2001)
flow law at these conditions is ∼10− 12 s− 1.

Other than our own preliminary TEM of MCT samples, we are not aware of
any previous studies of dislocations by electron microscopy of high strain
rocks from the Sutlej Valley. Undulatory extinction and subgrains of theMCT
sample at the optical scale correspond to dislocations and subgrain walls at the
TEM observational scale. Infrared absorption measurements of OH bands in
MCT reveal large but variable OH contents of large augen quartz grains with
mean molar OH contents of 3,010 (±2,780) ppm (Kronenberg et al., 2017).
These bands are due to intragranular molecular water, and TEM shows that
fine fluid inclusions routinely decorate dislocations.

The MT specimen consists of sheared ribbon (high aspect ratio) quartz
grains with smooth undulatory extinction observed in conventional thin
sections, and well‐developed subgrain walls that are apparent in ultra‐thin
sections (∼5 μm) (Kronenberg et al., 2020), consistent with optical micro-
scopy of etched sections and TEM of nearby mylonitic Cambrian quartzites
(Ord & Christie, 1984; Weathers et al., 1979). Ribbon quartz grains are

recrystallized at their margins, with microstructures due to grain boundary bulging (BLG) and subordinate
subgrain rotation (SGR) (Law, 2014; Stipp et al., 2002b); over 70% of this specimen consists of recrystallized
grains (with a 21 μm mean size; Weathers et al., 1979; Kronenberg et al., 2020) but the new TEM observations
of this study are from original ribbon quartz grains (Figure 3). Crystallographic c‐axes of ribbon and recrys-
tallized quartz grains exhibit nearly symmetric crossed‐girdle patterns aligned with respect to grain shape
foliation and lineation (Law et al., 2010), consistent with significant plane‐strain foliation‐normal shortening by
glide on multiple slip systems with Burgers vectors parallel to 〈a〉 and to [c] (and other crystallographic slip
vectors with components in a and c).

The temperature of deformation for the leading edge of the MT, based on crystallinity of white micas, is relatively
low, 300–350°C (Johnson et al., 1985), while temperature estimates for the MT specimen based on opening
angles of quartz c‐axis fabrics measured on ribbon detrital quartz grains (53°) and matrix recrystallized quartz
grains (69°) are as high as 415°C and 525°C respectively (Law et al., 2010; Faleiros et al., 2016 opening angle
thermometer). Peak lithostatic pressures during mylonitization have not been determined. The differential stress
estimated from the mean recrystallized grain size (21 μm) of MT and the modified Stipp et al. (2006) recrys-
tallized grain size piezometer (with the adjustment of Holyoke & Kronenberg, 2010) is ∼44 MPa, and strain rates
based on this stress, temperature estimates of 350–400°C, and the quartzite flow law of Hirth et al. (2001) are
between 10− 14 s− 1 and 10− 13 s− 1.

Preliminary TEM observations of MT corroborate earlier observations of dislocation microstructures (Ord &
Christie, 1984; Weathers et al., 1979) and intimate dislocation‐fluid inclusion relationships suggest that hydrogen
defects had direct access to the cores of dislocations. Infrared absorption measurements of OH bands of original

Figure 2. Low magnification optical micrographs of specimen Main Central
Thrust (MCT) (S‐09‐35a) from hanging wall orthogneisses of the MCT,
collected from the western part of the Sutlej Valley, NW India (Law
et al., 2013): (a) Plane light image of XZ section prepared perpendicular to
foliation (horizontal in this image) and parallel to lineation (in foliation),
nearly parallel to the fault transport direction (top to the left), with sheared
quartz horizons within a matrix of quartz and layer silicates. (b) Deformation
and recrystallization microstructures of quartz horizon in cross‐polarized
light.
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ribbon quartz grains of MT are large, varying from one grain to another, with
molar OH/Si concentrations of 2,400 (±700) ppm (H/106 Si) (Kronenberg
et al., 2020).

While the inferred temperatures, pressures, differential stresses and strain
rates of the twomylonite specimens investigated in this study vary, the overall
crystallographic fabrics are remarkably similar. With their similar quartz
cross‐girdle c‐axis fabrics and fabric opening angles for the MCT and MT
specimens (68° for recrystallized grains in MCT, and 53° and 69° measured
for deformed detrital and recrystallized grains, respectively, in MT) we might
expect similar dislocation slip systems to be important with similar pro-
portions of slip vector components in the a and c directions.

Temperature estimates for these specimens correspond well with the tem-
perature ranges for dynamic recrystallization of quartz by BLG, SGR, and
GBM mechanisms (Stipp et al., 2002a, 2002b); subgrain rotation recrystal-
lization appears to be important for both mylonites, with the implication that
dislocation climb is important in both tectonic settings and deformation
conditions. In addition to SGR recrystallization, the MCT specimen has grain
boundaries characteristic of some GBM recrystallization, while the MT
specimen exhibits evidence for BLG recrystallization as well as the SGR
mechanism (Kronenberg et al., 2017, 2020).

2.2. Transmission Electron Microscopy

Dislocation Electron Tomography (DET) reconstructs in 3D the dislocation
microstructure (Barnard et al., 2006). This method differs from that of
conventional tomography studies, since DET is based on diffraction
contrast. Dislocations in the specimens MCT and MT zone are imaged
using the high‐structure factor 1122 and 1101 diffraction vectors, respec-
tively. DET requires precise alignment of the diffraction vectors along the
tilt axis (with an accuracy of ±0.1°) in order to maintain constant
diffraction contrast conditions for images acquired over the entire tilt se-
ries. Once this key alignment is satisfied, a tilt‐series of images is acquired,
capturing several micrographs of the region of interest for numerous tilt
angles (generally consisting of approximately 60 projected images acquired

over every two degrees of tilt). DET analyses were carried out using the electron microscopy facility of the
Advanced Characterization Platform of the Chevreul Institute (University of Lille), with a FEI® Tecnai
G220Twin microscope, operating at 200 kV equipped with a LaB6 filament. TEM analyses were conducted
with a high‐angle triple‐axis sample‐holder (Hata et al., 2011) with a maximal angular range of ±80° in weak‐
beam dark‐field (WBDF) and with a conventional double‐tilt sample‐holder with a maximal angular range of
±60° in bright‐field conditions. As quartz is known to be electron beam sensitive, special precautions were
taken during acquisition:

‐ TEM analyses were performed with a small condenser aperture of 100 μm in diameter and a small spot size of
11.3 nm in diameter.

‐ To highly enhance the WBDF micrographs signal‐to‐noise ratio, without increasing the electron dose, pixels
have been gathered four by four.

‐ Last but not least, tilt‐series were acquired with fewer projected images than normally employed in DET (less
than 30 micrographs), before much electron beam damage was observed.

For the MCT specimen, WBDF micrographs were acquired every 5° from − 55° to 70° (tilt‐series composed of 26
projected images), and for the MT specimen, bright‐field micrographs were acquired every 10° from − 50° to 50°
and for − 45°–35° (tilt‐series composed of 11 and 9 projected images respectively). Relations between the crystal
reference system and the specimen reference system were obtained simulating electron diffraction patterns with
the “Electron Diffraction” software from Morniroli et al. (1994). Since dislocation contrast is intrinsically weak in

Figure 3. Optical micrographs of specimen Moine Thrust (MT) (SG‐10)
from footwall quartz mylonites of the MT collected at the Stack of Glencoul,
NW Scotland (Christie, 1963; Law, 2014; Law et al., 1986, 2010): (a) Cross‐
polarized image of XZ section prepared perpendicular to foliation
(horizontal in this image) and parallel to lineation (in foliation) and fault
transport direction (top to the left) shows highly sheared (high aspect ratio)
ribbon quartz grains and extensive dynamic recrystallization. (b) Larger
ribbon quartz grains show smoothly undulatory extinction with serrated
grain boundaries at their margins, of similar dimensions as recrystallized
quartz grains.
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WBDF mode, the tilt‐series alignment must be conducted manually with one‐
pixel accuracy employing Gatan® image alignment software. Each WBDF
micrograph was numerically filtered with the background subtraction option
of ImageJ software, to enhance the dislocation contrast of the tilt‐series ob-
tained with an intermediate number of projected images (26 micrographs).
Given that the tilt‐series for quartz was obtained with relatively few projected
images (9 and 11 bright‐field micrographs), each dislocation of each micro-
graph was redrawn to consider only the position of the dislocation line
(following the analytical method of Mussi, Gallet et al., 2021). Image
reconstruction was conducted using the Weighted Back Projection (WBP)
algorithm (Herman et al., 1976), based on the Radon transformation. The
WBP algorithm is freely available with the TomoJ plugin (Messaoudi

et al., 2007) accessible in ImageJ. This reconstruction generates a volume which is interpolated in the angular
range of acquisition and extrapolated in the missing‐wedge. This method leads to ribbon shapes of the recon-
structed dislocations (thin dislocation widths in the acquisition angular range and thick dislocation widths in the
missing‐wedge). The UCSF Chimera free software (Pettersen et al., 2004) is used to redraw the dislocations in the
volume which re‐establishes the cylindrical geometries of the dislocations (Liu & Robertson, 2011; Mussi
et al., 2016). The procedure for producing 3D DET volumes is summarized in the supplements and illustrated
using the Supplementary Movies S3–S7.

2.3. Burgers Vector Indexing Method

Burgers vector identifications were conducted using the invisibility criterion g ⋅ b = 0, where g is the considered
diffraction vector and b is the Burgers vector. Dislocation intensity has also been used for indexing, knowing that
the peak value of the dislocation intensity in weak‐beam conditions is assumed to be approximately proportional
to (g ⋅ b)2 (De Ridder & Amelinckx, 1971). The thickness fringe method developed by Ishida et al. (1980) was
also used to index Burgers vectors in order to reduce the necessary number of micrographs required for our
analyses. This technique consists of counting the number of thickness fringes observed for dislocations that
intersect thin foil surfaces (this number corresponds to the |g ⋅ b| product). Consequently, just three independent
diffraction conditions were sufficient for Burgers vector characterization.

2.4. Potential Plastic Strain Associated With Dislocation Segments

Most of the dislocation segments observed in this study lie out of their glide planes. This configuration is dis-
cussed in Section 4.3. These dislocation segments must be analyzed, recognizing that they must have moved by a
combination of glide and climb. In the following, we express the strain that can be generated by the displacement
of the dislocation segments present in the specimen, taking into account their movement plane. The geometry is
represented schematically in Figure 4. We denote n the unit vector normal to the plane containing the dislocation
line (referred to as the movement plane), and ng the unit vector normal to the glide plane (index.g stands for
“glide”). The Burgers vector b is thus perpendicular to ng (Figure 4). The unit line vector of the dislocation,
denoted l, is in the movement plane and is therefore perpendicular to n. For the part of a segment that is edge
oriented, the line vector, denoted le (index.e stands for “edge”) is also perpendicular to the Burgers vector.
Therefore, it can be expressed as

le =
b × n
‖b × n‖ (1)

where “×” is the cross product. The normal ng of the dislocation glide plane is perpendicular to both the line
vector le and the Burgers vector b and can thus be written

n g =
le × b
‖le × b‖

. (2)

The dislocation (edge or screw) gliding in that plane produces a plastic strain‐rate proportional to its Schmid
tensor Sg, according to the Orowan equation

Figure 4. Geometry of a dislocation in mixed climb configuration that is
where the plane of movement (identified by its normal n) is intermediate
between the glide plane and the climb plane. ng is the normal of the
dislocation glide plane, nc is the normal of the dislocation climb plane. b is
the Burgers vector.
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ε̇ g
ij = ρbvgSg

ij (3)

with Sg
ij =

1
2(n

g
i b̂j + ng

j b̂i) , where b̂ is the unit vector parallel to b, ρ is the density of mobile dislocations and vg is
their glide velocity. The inclination θ between the dislocation plane and the glide plane (Figure 4) can be
calculated from cosθ= ng. n. For non‐zero values of θ, climb must be involved. The kinematics of the climb of an
edge dislocation is a little more complicated as diffusion may not produce an isochoric strain (see Lebensohn
et al., 2010; Yuan et al., 2018). However, considering geological time scales, we assume that the density of point
defects that affect climb achieves equilibrium concentrations (i.e., constant with time) at a given temperature.
Thus, no volume change is expected due to climb. The strain‐rate tensor produced by climb is proportional to the
“climb Schmid tensor” Sc (index.c stands for climb)

ε̇cij = ρbvcScij (4)

where vc is the climb rate of the segment and Sc is given by Scij = b̂ib̂j − 1
3b̂kb̂kδij. As indicated in Tables S1 and S2

in Supporting Information S1, several dislocation segments and movement planes have been identified in the two
grains investigated. Grain deformation can be investigated by summing‐up the contributions of glide and/or climb
of one or more dislocation segments, and the number of the associated independent deformation systems can be
computed as explained in Cotton & Kaufman (1991) and Castelnau et al. (2020) for any crystal symmetry.

2.5. Estimation of the Local Loading Conditions

Here we attempt to infer the local stress that acted in situ on the investigated grain to produce the observed
dislocation microstructure. We assume a power law constitutive relation for glide and for climb to estimate the
dislocation velocity for glide and climb. These velocities, which depend on the local stress, are linked together by
the angle θ shown in Figure 4.

2.5.1. Glide

We start with the Orowan equation (Equation 3), written for a specific slip system and consider a standard power‐
law (Morales et al., 2011) to describe the shear‐rate at the slip system scale:

γ̇ = γ̇0

⃒
⃒
⃒
⃒
τ
τ0

⃒
⃒
⃒
⃒

ng − 1 τ
τ0

(5)

where γ̇0 is a reference strain‐rate, τ0 is the corresponding reference stress, ng gives the stress sensitivity for glide,
and τ is the shear stress resolved on the glide plane given by:

τ = ng
i b̂jσ′ij (6)

The dislocation glide velocity is thus given by:

vg =
γ̇0
ρb

⃒
⃒
⃒
⃒
τ
τ0

⃒
⃒
⃒
⃒

ng − 1 τ
τ0

(7)

2.5.2. Climb

Here we use the Orowan equation (Equation 4) adapted to climb, following Lebensohn et al. (2010). As for glide,
we consider a standard power‐law to describe the longitudinal strain‐rate:

ε̇ = γ̇0

⃒
⃒
⃒
⃒
σ′
σ0

⃒
⃒
⃒
⃒

nc − 1 σ′
σ0

(8)

where γ̇0 is a reference strain‐rate (which can be taken as the same as for glide), σ0 is the corresponding reference
stress, nc gives the stress sensitivity for climb, and σ′ is the deviatoric stress given by:
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σ′ = b̂ib̂jσ′ij (9)

The dislocation climb velocity is thus given by:

vc =
γ̇0
ρb

⃒
⃒
⃒
⃒
σ′
σ0

⃒
⃒
⃒
⃒

nc − 1 σ′
σ0
. (10)

2.5.3. Estimation of the Local Stress

The velocities vc and vg are related by the angle θ between the normal to the
plane of movement and the normal to the glide plane. This can be expressed as

( vgb̂ + vcn
g). n = 0 (11)

where cosθ = ng. n. To find a stress state compatible with the observed
dislocation structure, we must solve for a system of nonlinear equations
formed by one condition (Equation 11) for each observed dislocation
segment. We adopt a minimization procedure in order to find the stress tensor
that best matches the observations. We construct the following objective
function

∑sl
k
s (θ

mod
s − θobss )

2
(12)

where θmod is the θ angle computed from the above equations and θobs is the
observed angle. The difference in θ angles is weighted by the dislocation
length l to the power k in order to force a better match for longer dislocation
segments (here, we used a value k = 4). The objective function is the sum
over all observed dislocation segments s, minimized by the Nelder–Mead
method.

3. Results
The dislocation microstructures of the MCT and MT specimens are com-
parable. Dislocation densities are 3 × 1012 m− 2 and 4 × 1012 m− 2 respec-
tively (with densities measured directly from the reconstructed volumes).
Subgrain boundaries due to recovery are observed in both specimens
(Figures 5a and 6a).

In this section, the quantitative analysis of the microstructure is described,
followed by a detailed characterization of slip systems, and then climb sys-

tems for each specimen. From these analyses, Schmid tensors and associated equivalent strain and stress tensors
of each specimen are estimated.

3.1. Quantitative Analysis of the Microstructure

The characterization of dislocation glide and/or climb relies on determination of the plane of movement of the
dislocation, which can only be achieved for curved dislocations. In this study, however, we have sought to take
into account the contribution of rectilinear dislocations to the microstructure. Lattice friction is high in quartz
under the deformation conditions of our specimens (Doukhan & Trépied, 1985). Consequently, it is highly likely
that rectilinear dislocations are in glide configurations. Following the characterization of direction lines of
rectilinear dislocations with known Burgers vectors, it is possible to infer their glide planes (provided that they are
not pure screw in character). In order to optimize the quantification of the dislocation glide and climb contri-
butions, we have only considered the dislocations whose Burgers vectors could be determined unambiguously,
keeping in mind that indexing of Burgers vectors has previously been optimized (see Section 2.3). However, DET

Figure 5. Global microstructure of the Main Central Thrust specimen:
(a) Micrograph in weak‐beam dark‐field condition obtained with the 1122
diffraction vector (the white rectangles are analyzed in detail in this study),
where one subgrain boundary (SGB) can be observed on the right (arrows, the
subgrain wall between the dashed lines is visible during tit‐experiments).
(b) Dislocation Electron Tomography 3Dmodel of the region outlined in blue in
(a), viewed along the same direction (projection angle − 15°) (see also
Supplementary Movie S1). The color code represents the Burgers vector: green
stands for 1/3 [1210] , dark green stands for 1/3 [1213] , red stands for
1/3 [1120] and blue stands for 1/3 [2110].
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has been conducted for each specimen with only one diffraction vector which
does not allow identification of all dislocation segments. More precisely, the
DET study of the MCT specimen has been conducted with the 1122
diffraction vector, where all dislocations (〈a〉, [c] and 〈c + a〉) are in contrast
except c + a3 dislocations. Our DET study of the MT specimen has been
conducted with the 1101 diffraction vector where all dislocations are in
contrast except a3, c + a2 and c − a1.

3.2. Glide

3.2.1. MCT Specimen

In this specimen, we found evidence of 〈a〉 and 〈c + a〉 glide in prismatic
{1100} planes, and also of 〈a〉 glide in pyramidal {1101} planes and in a
(1102) pyramidal plane.

An example of tomographic reconstruction of a typical domain is shown in
Figure 7. The Burgers vector indexing shows the presence of dislocations
with 1

3[1210] (or a2) and 1
3[1213] (or c − a2) Burgers vectors, drawn in light

and dark green, respectively. The reconstructed dislocation volumes can be
tilted to view the planes containing these dislocations edge‐on. Figures 7a–7c,
show an a2 dislocation lying near the prismatic (1010) plane. This demon-
strates activation of the 1

3[1210] (1010) slip system. A slightly more complex
configuration is detailed in Figures 7d–7f. Part of this dislocation is in the
(1010) glide plane. Moreover, a collinear interaction (Madec et al., 2003;
Mussi et al., 2015) with an a2 sessile dislocation loop can be clearly identified.
The plane of this loop is edge‐on for a projection angle (A projection angle is
the angle between the normal of the specimen thin foil and the direction of the
electron beam for a particular tilt angle) of − 38° (Figure 7f). The 3D ge-
ometry of this dislocation is due to this interaction. From Figures 7g–7i, we
also characterize the 1

3[1213] (1010) slip system.

3.2.2. MT Specimen

The MT specimen also shows dislocations in glide configurations. We found
evidence for glide of 〈a〉, [c] and 〈c + a〉 dislocations. In this specimen, no
prismatic glide has been observed for 〈a〉 and 〈c + a〉 dislocations; only [c]
dislocations in (1100) and (2110) glide planes have been characterized. 〈a〉
dislocations appear to glide predominantly in {1101} pyramidal planes. We
have also noted evidence for 〈a〉 glide in {1102} and {2201} , and 〈c+a〉 glide
in {1011} , {1121} , {1122} and {2131} . Glide in {1101} represents approx-
imately 3/7 of all dislocation glide evaluated in this specimen. An example of
a slip system characterization is shown in Figures 8a–8d. The pyramidal

(1121) plane is edge‐on with a projection angle of 14°. The direction of the trace of this plane corresponds to the
direction of the dislocation line with a projection that is rectilinear, as its movement plane is edge‐on (Figure 8b).
The 1

3[2113] (1121) slip system has been identified given that the Burgers vector of this dislocation is c+ a1. We
have also identified the [0001] (2110) slip system (Figures 8e–8h).

3.3. Climb

3.3.1. MCT Specimen

A significant proportion of the dislocation population cannot be interpreted as resulting from glide (i.e., lying in a
plane which contains the Burgers vector). For instance, Figures 9a–9c show a 1

3[1120] dislocation (a3) in a
(1120) plane. This corresponds to a prismatic loop in pure climb configuration. A complex 3D dislocation

Figure 6. Global microstructure of the Moine Thrust specimen:
(a) Micrograph in bright‐field condition obtained with the 1101 diffraction
vector (the white rectangles are analyzed in detail in this study) where two
subgrain boundaries (SGB) can be observed (indicated by white arrows). In the
top left corner is the stress ellipsoid inferred from the present analysis (see
discussion, Figure 15 and Supplementary Movie S8). (b) Dislocation Electron
Tomography 3D model of the region outlined in blue in (a), viewed along the
same direction (projection angle 0°) (see also Supplementary Movie S2). The
color code represents the Burgers vector: green stands for 1/3 [1210] , red
stands for 1/3 [1120] and blue stands for 1/3 [2110].
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(Figures 9d–9f) has been analyzed where one of its segments is practically in pure climb configuration (Figure 9f)
and three other segments are neither in pure climb, nor in pure glide configurations. In other words, the Burgers
vector of this dislocation makes an angle with the plane containing each segment under consideration with values
between 0 and 90° (such as in Figure 4). These configurations are characterized as mixed climb, as kinematically
described in Section 2.4. We also note that this dislocation shows collinear climb interaction with a prismatic
loop. Figures 9g–9i show an example of mixed climb, which involves a c − a2 dislocation. Of all dislocations
analyzed in the MCT specimen, approximately 3/5 are of mixed climb character (considering the lengths of the
dislocation segments).

3.3.2. MT Specimen

We find the same results for the MT specimen as for the MCT specimen, with a significant proportion (around
half) of dislocations in mixed climb configurations (Figures 10d–10f and 10g–10i). An example of a small
dislocation loop in a pure climb configuration has also been found (Figures 10a–10c).

3.4. Strain Analysis From Electron Tomography Data

The plastic strain inferred for the motion of each dislocation segment has been calculated based on the relations
provided in Section 2.4. We have considered, for each specimen, (a) the segments that correspond to pure glide
(θ = 0) only, (b) the segments in pure climb configurations (θ = 90°) only, (c) all glide components of the
segments (i.e., including pure glide segments and the glide contribution of segments in mixed climb configu-
rations), and (d) all climb components (i.e., pure climb segments and the climb contributions of segments in mixed
climb configurations). In all cases except in the case of pure climb, the set of available dislocations is sufficient to
provide five independent strain components at the grain scale. Thus, the observed dislocation microstructure can

Figure 7. Slip system characterizations by dislocation electron tomography for the Main Central Thrust specimen, obtained
with the 1122 diffraction vector: (a) Raw weak‐beam dark‐field (WBDF) micrograph of a a2 dislocation observed along a
projection angle of − 15°; (b) reconstructed volume of this dislocation (colored in green) for a projection angle of 72° where the
prismatic (1010) plane is edge‐on; (c) same reconstructed dislocation with a projected angle of − 18°; (d) raw WBDF
micrograph of two a2 dislocations (a dislocation loop and a complex 3D dislocation) observed along a projection angle of − 15°;
(e) reconstructed volume of these dislocations for a projection angle of 72°; (f) same reconstructed dislocations with a projected
angle of − 18°; (g) raw WBDF micrograph of 3D c − a2 dislocations observed along a projection angle of − 15°;
(h) reconstructed volume of these dislocations (colored in dark green) for a projection angle of 72°; (i) same reconstructed
dislocations with a projected angle of − 18°. The 1

3[1210] (1010) and 1
3[1213] (1010) slip systems have been characterized in

this figure. The hexagonal prism is a visual aid to the orientation of the quartz crystal lattice (For interpretation of the references
to color in this caption, the reader is referred to the web version of this article).
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accommodate any deformation. The Schmid tensors, either for glide or for climb, are full matrices (presented in
the supplements) in which no specific component dominates. The associated equivalent Schmid tensors,

Sg
eq = (S

g
ii )

1
2 for all glide contributions and Sceq = (S

c
ii)

1
2 for all climb contributions, have similar values, about 0.2

for MT for both glide and climb. Somewhat smaller values are obtained for glide (∼0.1) than for climb (∼0.4) for
the MCT specimen.

4. Discussion
4.1. Slip Systems

In our specimens, dislocations observed are mostly of the 〈a〉 and 〈c + a〉 types with only few [c] dislocations
observed in the MT specimen. Active slip systems in quartz have been constrained by many experimental studies
(Baëta & Ashbee, 1969; Hobbs, 1968; Morrison‐Smith et al., 1976) and their activities have been shown to
depend strongly on temperature and stress. Below 700°C, 〈a〉 basal glide dominates. Above 700°C, glide becomes
progressively more active in pyramidal ({110n} with n = 1, 2, 3), and then on prismatic planes. Above 750°C,
〈c + a〉 dislocations are activated which glide in {1101} and {112n} families of planes with n = 1, 2 and then [c]
glide on prismatic planes. Under geological conditions of strain‐rate and deviatoric stress, the same sequence is
assumed to be valid with the activation of [c] glide starting at 600–650°C (Mainprice et al., 1986; Okudaira
et al., 1995). Mainprice et al. (1986) also point out that the activation of [c] glide is favored by wet conditions,
which is the case in our specimens. Our observations are thus consistent with this transition sequence where 〈a〉
basal glide is not active, [c] glide is of marginal importance, and 〈a〉 slip occurs predominantly on pyramidal and
prismatic planes at the high temperature, low strain rate conditions of these shear zones, in which hydrogen
defects have access to dislocation cores. However, this study has led to an additional and remarkable observation:
activation of 〈c+ a〉 glide is widespread in the {1010} , {1011} , {112n} (n= 1, 2) and even {2131} (not previously
reported) planes. Glide along 〈c + a〉 is generally expected at high temperatures (Baëta & Ashbee, 1969).
However, while 〈c+ a〉 glide is reported in the literature, it has been the subject of far fewer detailed observational
studies than 〈a〉 and [c] glide, particularly in natural specimens. We had previously observed 〈c + a〉 dislocations

Figure 8. Slip system characterizations revealed by dislocation electron tomography, obtained with the 1101 diffraction
vector, in the Moine Thrust specimen: (a) Raw bright‐field micrograph of a c + a1 dislocation observed along a projection
angle of 0°, intersecting two fine‐scale fluid inclusions; (b) reconstructed volume of this dislocation (colored in dark blue) for
a projection angle of 14° where the pyramidal (1121) plane is nearly edge‐on; (c) same reconstructed dislocation with a
projected angle of 26° (green plane shows the habit plane of the dislocation segment); (d) same reconstruction with a projected
angle of − 76° (the normal to the pyramidal plane appears edge‐on in this image); (e) raw bright‐field micrograph of a [c]
dislocation observed along a projection angle of 10°; (f) reconstructed volume of this dislocation (colored in yellow) for a
projection angle of 42° where the prismatic (2110) plane is edge‐on; (g) same reconstructed dislocations with a projected angle
of 36°; (h) same reconstruction with a projected angle of − 48° (the normal to the prismatic plane appears edge‐on in this image).
The 1

3[2113] (1121) and [0001] (2110) slip systems have been characterized in this Figure. The hexagonal prism is a visual aid
to the orientation of the quartz crystal lattice (For interpretation of the references to color in this caption, the reader is referred to
the web version of this article).
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in a Bohemian granulite (Mussi, Gallet et al., 2021). Yet in many studies that depend on extracting geometrically
necessary dislocation densities from EBSD measurements (Wallis et al., 2019) or modeling crystal preferred
orientations (e.g., Keller & Stipp, 2011; Morales et al., 2011), 〈c+ a〉 glide has been neglected. Determinations of
geometrically “necessary” dislocation densities from measured lattice distortions rely on knowing the
displacement vectors of the individual dislocations that are generated and remain within quartz grains. General
strains can fictively be explained by assuming activation of dislocation systems with other Burgers vectors
(without 〈c + a〉 glide), but such suppositions are contrary to the results of this study.

4.2. Mixed Climb

The most important observation of this study is the significant activation of climb over a wide range of middle to
deep crustal temperatures and tectonic strain rates. Besides some evidence for dislocations in pure climb
configuration, we found pervasive evidence of mixed climb (Carrez et al., 2024) of 〈a〉 and 〈c + a〉 dislocations.
The long‐standing problem of accommodating any arbitrary strain can be solved for quartz either by activation of
〈c+ a〉 glide, or climb.We show here that both operate together with 〈c+ a〉 dislocations that exhibit mixed climb
geometries. Moreover, we show that the contribution of glide produced by the observed microstructures is
sufficient to accommodate any arbitrary strain. Hence, activation of climb is not necessary to provide additional
strain components. However, we show that climb provides an additional contribution to strain comparable to that
of glide.

Activation of dislocation climb in quartz has been recognized for many decades (White, 1977), especially under
wet conditions when internal water contents exceed the solubility limit of water‐related defects (Cordier &
Doukhan, 1989; Kirby & McCormick, 1979; McLaren et al., 1989). Climb is generally inferred by the absence of

Figure 9. Climb characterizations revealed by dislocation electron tomography, obtained with the 1122 diffraction vector, for
the Main Central Thrust specimen: (a) Raw weak‐beam dark‐field (WBDF) micrograph of a a3 dislocation observed along a
projection angle of − 15°; (b) reconstructed volume of this dislocation (colored in red) for a projection angle of 31° where the
prismatic (1120) plane is edge‐on; (c) same reconstructed dislocation with a projected angle of 121°; (d) raw WBDF
micrograph of another geometrically complex a3 dislocation observed along a projection angle of 5°; (e) reconstructed volume
of this dislocation for a projection angle of − 59° where the pyramidal (1211) plane is edge‐on; (f) the same dislocation with a
projected angle of 31° where the pyramidal (1121) plane is edge‐on; (g) raw WBDF micrograph of a c − a2 dislocation
observed along a projection angle of 30°; (h) the reconstructed volume of this dislocation (colored in dark green) for a projection
angle of 72°; (i) the same reconstructed dislocation with a projected angle of − 29° for which its plane is edge‐on. The
1
3[1120] (1120) pure climb system and the 1

3[1120] (1121) and 1
3[1120] (1211)mixed climb systems have been characterized in

this figure. The hexagonal prism is a visual aid to the orientation of the quartz crystal lattice (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).
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apparent lattice friction (curved and entangled dislocations) and by the presence of subgrain boundaries (Baëta &
Ashbee, 1973; Ball & Glover, 1979), as found in our two specimens. Under all conditions that climb is significant,
it is considered an important recovery mechanism (Tullis & Yund, 1989). Indeed, dislocation creep is usually
described within the framework of Weertman (1968) creep where the strain is produced by dislocation glide
whose resulting hardening is counterbalanced by a recovery mechanism, generally involving dislocation climb. It
is implicit that dislocation glide produces most of the strain, while climb produces little strain but controls the
strain‐rate. This means that the glide velocity is supposed to be much greater (several orders of magnitude greater)
than the climb velocity. On this basis, Boioli et al. (2015) modeled creep in olivine above 1400 K with a glide
velocity more than a thousand times faster than the climb velocity under low stress.

Our observation of pervasive mixed glide and climb with movement planes taking any orientation between pure
glide and pure climb in quartz mylonites of the MCT and MT (Figure 11) suggests that velocities of dislocation
glide and climb were comparable. In this case, climb and glide are both strain‐producing mechanisms. Defor-
mation microstructures of γ‐TiAl alloys deformed at 770–790°C have led to the same observation, with a tran-
sition in the temperature/strain‐rate domain where climb can reach the velocity of glide (Couret, 2010; Galy
et al., 2023; Malaplate et al., 2004; Voisin et al., 2016). Preferential mixed climb has also been characterized in
minerals such as olivine (Mussi et al., 2017) and MgO (Mussi, Carrez et al., 2021). Such mixed climb motions
may be difficult to recognize without the characterization of both Burgers vectors and dislocation lines. However,
we may well wonder whether this mechanism can be inferred from less detailed observations.

Early studies of deformation lamellae in quartz deformed in laboratory experiments (Blacic, 1975; Christie
et al., 1964; Hobbs, 1968; Trepmann & Stöckhert, 2013; Tullis et al., 1973) and under natural, crustal conditions

Figure 10. Characterizations of dislocation climb revealed by dislocation electron tomography, obtained with the 1101
diffraction vector, for the Moine Thrust specimen: (a) Raw bright‐field micrograph of a a1 dislocation observed along a
projection angle of 0°; (b) reconstructed volume of this dislocation (colored in blue) for a projection angle of 42° for which
the prismatic (2110) plane is edge‐on; (c) same reconstructed dislocation with a projected angle of 10°; (d) raw bright‐ field
micrograph of a1, a2 and c dislocations observed along a projection angle of 0°; (e) reconstructed volume of these dislocations
(colored in blue, green and yellow respectively) for a projection angle of 30° where the habit plane of the a1 dislocation loop is
edge‐on; (f) same reconstructed dislocations with a projected angle of − 36° where the prismatic (1320) plane is edge‐on
(corresponding to the habit plane of the a2 dislocation loop); (g) raw bright‐field micrograph of a c − a2 complex dislocation
observed along a projection angle of 0°; (h) reconstructed volume of this dislocation for a projection angle of − 73° where the
habit plane of a part of this dislocation is edge‐on; (i) same reconstructed dislocation with a projected angle of 42° where the last
two parts of this dislocation are edge‐on. The 1

3[2110] (2110) pure climb and the 1
3[1210] (1320) mixed climb systems are

characterized in this figure. The hexagonal prism is a visual aid to the orientation of the quartz crystal lattice (For interpretation
of the references to color in this caption, the reader is referred to the web version of this article).
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Figure 11. Histograms quantifying the climb contribution in quartz of [c], 〈c + a〉, and 〈a〉 dislocations: (a) Histogram of the evolution of the angle between Burgers
vectors and normal vectors to habit planes (̂n, b) normalized for dislocation segment lengths for the Main Central Thrust (MCT) specimen; (b) histogram for the Moine
Thrust (MT) specimen; (c) MCT specimen: histogram where the lengths of straight‐line dislocation segments are included, considering these segments are in a glide
configuration; (d) MT specimen: histogram where the lengths of straight‐line dislocation segments are included. From these histograms, more than 50% of the dislocation
length is found in climb configurations.
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(e.g., McLaren & Hobbs, 1972; Sylvester, 1969; Trepmann & Stöckhert, 2003) were taken as evidence of slip on
basal and prismatic planes. However, these planar optical features commonly occur at angles of up to 15–30° from
rational crystallographic planes perpendicular and parallel to c (Christie & Ardell, 1974; Heard & Carter, 1968;
Hobbs, 1968; Tullis et al., 1973). Characterized optically by their anomalous refractive index, deformation
lamellae observed by TEM were found to consist of lamellar zones of highly tangled dislocations rather than
simple arrays of free dislocations in their anticipated slip planes (Christie & Ardell, 1976). Detailed TEM
diffraction analysis of the tangled dislocations within these lamellae has not been possible. Nevertheless, Ver-
nooij (2005) posed the hypothesis that orientations of deformation lamellae, like slip bands, reveal directions of
dislocation motion, and therefore give relative velocities of glide within basal and prism planes, and climb out of
these planes. Heard and Carter (1968) showed that non‐basal deformation lamellae are favored by high tem-
perature (and low strain rate), as may be expected for higher climb velocities at higher temperatures. Mis-
orientations of deformation lamellae may therefore result from some climb accompanying glide. Still, the tangled
nature of dislocations within lamellar regions of early experiments indicates that climb was insufficient for
significant recovery.

Much higher rates of dislocation climb and recovery are evident from the microstructures of MCT and MT
quartzites and the DET analyses of this study. Compiling our results for these natural quartz shear zone speci-
mens, Table 1 summarizes length‐weighted proportions of dislocations found in glide, pure climb, and mixed
glide‐climb orientations.

Glide‐producing dislocation lines constitute ca. 38% of the total in the MCT specimen and approximately 50% for
the MT specimen. More than half of the total dislocation line lengths analyzed involve some climb (pure or
mixed) component in both specimens. Considering the length of each dislocation segment and measuring the
angle between Burgers vector and normal vector to each plane of motion (̂n, b), histograms can be plotted for all
dislocation segments to quantify the climb contribution for each kind of Burgers vector. The (̂n, b) angle ranges
from 0° for pure climb to 90° for glide configurations (see Figure 11). Figures 11a and 11c describe the climb
distribution of the MCT specimen without and with rectilinear dislocation segments respectively. Similarly
Figures 11b and 11d show the climb distributions for MT specimens without and with rectilinear dislocation
segments, respectively. These histograms show no significant difference between dislocation microstructures in
specimens MCT and MT. 〈a〉 dislocations are found most often in climb or mixed climb orientations.

Our calculations (Section 3.4) for both MCT andMT specimens indicate that plastic strains produced by climb are
of the same order of magnitude (possibly larger for the MCT specimen) as produced by glide. MCT and MT
specimens were deformed extensively by dislocation creep in the presence of water. Abundant fluid inclusions
that intersect with dislocations suggest that dislocation mobilities in these specimens have probably been facil-
itated by access to hydrous defects within dislocation cores that increase rates of dislocation glide and/or climb
(Cordier & Doukhan, 1989; Kirby & McCormick, 1979; McLaren et al., 1989). However, our characterizations
do not allow us to draw any further conclusions about the potential role of hydrous defects on climb, including
mixed climb.

The fact that plastic strains produced by climb and glide are of the same order of magnitude is an important
observation, as it bears on interpretations of CPO of rock deformed by dislocation creep. In recent studies,
deformation is taken to be due to glide on the 〈a〉 basal system, then 〈a〉 prismatic/pyramidal slip, and then [c]
prismatic slip with increasing temperature (Keller & Stipp, 2011; Morales et al., 2011, 2014; Okudaira
et al., 1995; Tokle et al., 2019). Changes in proportions of different slip systems activated at different temper-
atures and strain rates are presumably reflected in c‐axis fabrics of quartz mylonites, with an opening angle about
the normal to foliation for pure shear that constitutes a balance between slip systems that rotate c‐axes toward the
maximum compressive stress (normal to foliation) and those that rotate c‐axes toward foliation. Conceptual and
numerical models of CPO development (e.g., Lister & Hobbs, 1980; Tullis et al., 1973; Wenk et al., 1989, 2019)
are based on varying proportions of dislocation glide on 〈a〉 basal, 〈a〉 prism, 〈a〉 pyramidal, [c] prism, and 〈c+ a〉
pyramidal systems, but we know of nomodels that incorporate 〈c+ a〉 prism glide or climb as a strain mechanism.
Revisions to our interpretation of CPO will need to include the addition of slip with displacement vector 〈c + a〉
on prism and other planes. Kinematically, adding 〈c + a〉 glide will alter the proportions of 〈a〉 and [c] glide.
Moreover, if only glide is considered, we will miss a significant fraction of the strain accomplished during
dislocation creep.
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Deformation thermometers such as the quartz c‐axis fabric opening
angle thermometers of Kruhl (1998) and Faleiros et al. (2016) rely
on fabric observations and determined temperatures of deformation.
They do not explicitly take into account the separate potential in-
fluences of different slip systems or the balance of glide and climb
on fabric development. However, the interpretation of these
empirically based thermometers will depend on activation of slip
systems at varying temperature, strain rate and action of hydrous
defects. Relations between glide‐induced CPO and total strain will
further depend on how much strain is accomplished by glide and by
climb.

4.3. Inferring Stress Loading

Sylvester (1969) suggested that deviations of deformation lamellae
orientations from rationale crystallographic planes tend toward
planes of high shear stress, potentially offering a tool to reconstruct
internal stresses. Here, we explore this hypothesis further. To do
this, we represent on Figure 12 the different systems (glide or climb)
on a stereographic projection for quartz where positive vertical
[0001] is shown vertical (upper hemisphere). Figure 12a summa-
rizes our observations for the different types of dislocations, color‐
coding the contribution of climb. From this stereographic projection
(Figure 12b), we can see that the orientation of the grain analyzed in
the MCT specimen strongly enhances activation of the
1/3[1210] (1010) glide system. As a result, there is little climb of
1/3[1210] dislocations. In contrast, glide of 1/3[1120] disloca-
tions is less favorable (Figure 12c) increasing the tendency to climb.

In Figure 12d, we extract the glide components of the mixed climb planes of 1/3[1120] dislocations into the pure
climbing plane normal (along the [1120] direction), but also on the glide plane normal depicted in Figure 4.

This analysis reveals the strain contributions of two easy slip systems: 1/3[1120] (1100) , 1/3[1120] (1101) and,
to a lesser extent, of 1/3[1120] on (110n) and other unexpected planes. Such evidence of glide in planes that
have not been reported for quartz raises questions. Dislocation motion in these planes does not correspond to pure
glide, but is associated with mixed climb. This observation is in line with interpretations made of mixed climb in
TiAl alloys. According to Malaplate et al. (2004), dislocation motion in mixed climb planes may be facilitated by
reduced lattice friction during pure glide (probably linked to specific dislocation core structures). We hypothesize
that activation of mixed glide and climbmay allow activation of glide on additional planes. This hypothesis, based
as it is on preliminary observations, requires further observational and theoretical investigation.

We apply the method described in Section 2.5.3 to learn whether the stress state that acted in situ can be inferred.
Several minimization attempts have been carried out, and slightly better results have been obtained when allowing
different slip resistances τ0 for dislocations with 〈a〉, 〈c + a〉, and [c] Burgers vectors. Results (Figure 13 for MT)
show a good match between the observed and computed θ values. In the minimization procedure, we needed to
optimize not only for stress state but also the rheological parameters. Best results are obtained for a nearly linear
response to stress for both glide and climb (ng ≈ nc ≈ 1) and slip resistances for 〈c + a〉 and [c] dislocations just
half the slip resistance for 〈a〉 dislocations.

The stress state obtained in this way for the quartz grain MT at the time of deformation indicates that the larger
normal stress (promoting climb) acted on planes perpendicular to directions close to 〈c + a〉 and that the
maximum shear stress (promoting glide) appeared to have been on planes close to {1010} or to (0001). To provide
a graphical illustration of this stress state, we show the normal stress acting on given crystallographic planes
(Figure 14), and the maximum resolved shear stress on those planes, for any plane orientation. Alternatively, the
stress state inferred for MT can be represented as a Lamé stress ellipsoid (Figure 15 and Supplementary
Movie S8). The stress ellipsoid is oblate in shape, with two principal stresses having similar absolute values (− 4.4

Table 1
Proportion of Dislocation Segments in Glide, Pure Climb and Mixed Climb
Configuration for Each Specimen, Depending onWhether or Not Straight Segments Are
Included in the Counting
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Figure 12. (0001) stereographic projection (upper hemisphere) of the normal to the habit planes of dislocations characterized in the main central thrust specimen. The
rainbow color code is associated with the angle between the habit plane normal and the Burgers vectors (0° in red for pure climb and 90° in blue for glide) and the symbol
sizes correspond to the lengths of dislocations using a non‐linear scale illustrated by three examples: 250, 1,000 and 4,000 nm. (a) All observed Burgers vectors plotted
(〈a〉 dislocations are represented by circles, 〈c + a〉 by squares and [c] by diamonds); (b) Projections of the habit plane normals for a2 dislocations (a high proportion of
dislocations are found in the (1010) glide plane); (c) Projections of the habit plane normal for a3 dislocations (a few in glide planes and many in mixed climb
configurations); (d) Stereographic projection for a3 dislocations where the glide components of the mixed climb planes are extracted and added. These glide components
are linked to their parent mixed climb plane by a solid line. (e) enlargement of the great circle of (d) showing glide planes normal to this plane. Labeled Miller indices of
these planes show the diversity of glide components involved.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029083

WEIDNER ET AL. 17 of 22

 21699356, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029083 by E
N

SA
M

, W
iley O

nline L
ibrary on [15/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

mailto:Image of 12|


and 5.2) while the third one is significantly smaller (0.8). The stress ellipsoid,
oriented along the TEM view direction, is represented in Figure 6a, and
principal stresses are normalized by the critical shear stress for 〈a〉 glide.

While this estimation of the local stress state acting in situ does not take into
account changes in stress during the plastic deformation history, it is, to our
knowledge, the first estimation of in situ stress state based on observed
dislocation structures. Moreover, the rheological coefficients thus obtained
for MCT and MT shear zones correspond to in situ conditions and extremely
slow geological strain‐rates.

4.4. Limitations

Detailed TEM characterization of a mineral as electron‐beam sensitive as
quartz necessarily leads to a limited number of characterizations. Although
statistical evaluation is difficult to apply, the validity of the results can be
discussed from several points of view. While the analysis of the deformation
microstructures of natural samples is of prime importance, it is not without
its difficulties. The first is that these samples are the product of a long and
complex history. We assume implicitly that the dislocations available for
study at the end of deformation are comparable to (potentially exactly the
same systems as) dislocations that were present and mobile during peak
metamorphic and deformation conditions. For simple thermal histories, this

assumption can be made as the exponential dependence of dislocation creep leads to an effective temperature
when dislocation mobilities slow down and dislocations are left within the crystalline interior, much as the
exponential dependence of diffusion can lead to effective closure temperatures that govern geochemical age
determinations. In the case of this study, we do not seek to link microstructures or mechanisms to any particular
moment of the sample deformation histories.

The question remains as to whether the microstructure active during deformation was erased by a late episode of
recovery at low or negligible deviatoric stress, particularly since evidence of recovery (subgrain boundaries) is
present. With regard to the major results of this study, specifically the widespread activation of 〈c + a〉 glide and
the importance of mixed climb to dislocation creep, our conclusions do not depend on demonstrating their activity
at peak metamorphic‐tectonic conditions or the statistics of large numbers of observations. For example, the
development of a dislocation loop in a mixed plane can only be understood in terms of simultaneous and

equivalent glide and climb displacements. Such a microstructure cannot be
the result of two distinct and successive episodes of deformation and
recovery.

A highly focussed study such as ours also raises the question of whether it
samples a representative volume element (RVE) which is the smallest volume
overwhich ameasurement can bemade that will yield a value representative of
the whole. As our study is based on a very small volume and a small number of
dislocations, it is important to discuss the validity of our observations without
the support of statistical elements. With regard to the observation of mixed
climb, we emphasize that two grains from two distinct samples (to which we
can add the granulite sample of Mussi, Gallet et al., 2021) lead to the same
observation. This suggests that the crystalline defects of our studied volumes
are not exceptional and that the conclusions drawn from these limited obser-
vations are probably more general in their significance.

The other result is the completeness of the plastic strain tensor, which leads to
the conclusion that the vonMises criterion is satisfied. The volume sampled is
surely not large enough to provide a quantitative measure of the plastic strain
tensor for either shear zone, but the scale of study is sufficient to demonstrate
that the necessary slip systems required to accommodate any general plastic
strain were indeed activated.

Figure 13. Computed θmod angles versus observed θobs angles after
minimizing the objective function (Equation 12) to find the stress state at the
time of deformation of the quartz grain of Moine Thrust specimen, that is
most consistent with the observed dislocation segments. Each symbol
corresponds to a different dislocation segment, and the symbol size is
proportional to the segment length.

Figure 14. Stress state obtained for specimen Moine Thrust at the time of
deformation after minimization of the objective function (Equation 12),
plotted with respect to the hexagonal crystal lattice. (a) The normal stress
acting on specific crystallographic planes, for any possible plane orientation
(values normalized by the critical shear stress for 〈a〉 glide). (b) Shear stress
acting on the same crystallographic planes (also normalized by the critical
shear stress for 〈a〉 glide). For a stress tensor σ, the normal stress acting on a
plane perpendicular to direction n is given by n.σ.n. The magnitude of the
shear stress on that plane is ‖σ.n − (n.σ.n)n‖. The two plots show these two
values for all possible orientations of n with respect to the hexagonal lattice.
For example, the shear stress acting on the basal plane is large but the normal
stress on the same plane is vanishingly small. Numerical stress values are
dimensionless, normalized by the critical shear stress for 〈a〉 glide.
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We have also tried to deduce, from dislocation microstructures, the me-
chanical loading conditions acting at the crystal scale that may have generated
the microstructures. Here, we exploit the highly anisotropic nature of crys-
talline plasticity. In the case of the MCT sample, we can see the difference in
responses of dislocations a2 and a3 (Figure 12). The minimization of the
objective function (Equation 12) gives the best results for the MT quartz
grain, but it is unclear that this problem is uniquely solved. The local stress
may include contributions from neighboring grains at the polycrystal scale,
residual stresses of the dislocation network, and thermally derived stresses.
Greater statistics would be required to capture the heterogeneity of stress in a
polycrystalline rock over a much larger RVE.

5. Conclusion
Several important conclusions can be drawn from detailed 3D electron to-
mography of quartz specimens from the MCT and the MT, both of which
were deformed extensively by dislocation creep in the presence of water. We
show that 〈a〉 slip occurs predominantly on pyramidal and prismatic planes,
that 〈a〉 basal glide is not active, and that [c] glide is not significant under
those conditions. A remarkable new result of this study is the widespread

activation of 〈c + a〉 glide in the {1010} , {1011} , {112n} (n = 1, 2) and even {2131} (not previously reported)
planes. Even more remarkable is the conclusion that more than approximately 60% of all dislocations involve
climb in their motion. This result could only be realized through characterization of the three‐dimensional
microstructure of the dislocation lines by electron tomography. The simultaneous motion of dislocations by
glide and climb, known as mixed climb in materials science, is apparently widespread in naturally deformed
quartz shear zones. This mode of deformation is characterized by displacement of dislocations in intermediate
planes between the glide and climb planes, with significant implications for relative glide velocity vg and climb
velocity vc; vg and vc must have comparable magnitudes under natural strain rates. Our quantitative character-
ization of slip systems in these samples demonstrates that glide of the observed dislocations can accommodate any
arbitrary strain without strains due to climb, grain boundary sliding or other intercrystalline mechanisms. On the
other hand, the magnitudes of strains achieved include significant contributions due to dislocation climb. Plastic
strains produced by climb are not subordinate to those of glide; rather, they are of the same order of magnitude as
strains due to glide (and possibly larger for the MCT specimen than for the lower temperature MT specimen).
Strain analysis based on the exclusive activation of glide systems does not therefore provide a satisfactory
description of quartz deformation at natural strain rates.

Data Availability Statement
Raw data are available at Zenodo repository (Weidner et al., 2024).
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