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In an extensional shear zone in the Talea Ori, Crete, quartz veins occur in high-pressure low-temperature
metamorphic sediments at sites of dilation along shear band boundaries, kink band boundaries and
boudin necks. Bent elongate grains grown epitactically from the host rock with abundant fluid inclusion
trails parallel to the vein wall indicate vein formation by crack-seal increments during dissolution-
precipitation creep of the host rock. The presence of sutured high-angle grain boundaries and sub-
grains shows that temperatures were sufficiently high for recovery and strain-induced grain boundary
migration, i.e. higher than 300e350 �C, close to peak metamorphic conditions. The generally low amount
of strain accumulated by dislocation creep in quartz of the host rock and most veins indicates low bulk
stress conditions of a few tens of MPa on a long term. The time scale of stress-loading to cause cyclic
cracking and sealing is assumed to be lower than the Maxwell relaxation time of the metasediments
undergoing dissolution-precipitation creep at high strain rates (10�10 s�1 to 10�9 s�1), which is on the
order of hundred years. In contrast, some veins discordant or concordant to the foliation show hetero-
geneous quartz microstructures with micro-shear zones, sub-basal deformation lamellae, short-
wavelength undulatory extinction and recrystallized grains restricted to high strain zones. These mi-
crostructures indicate dislocation glide-controlled crystal-plastic deformation (low-temperature plas-
ticity) at transient high stresses of a few hundred MPa with subsequent recovery and strain-induced
grain boundary migration at relaxing stresses and temperatures of at least 300e350 �C. High differential
stresses in rocks at greenschist-facies conditions that relieve stress by creep on the long term, requires
fast stress-loading rates, presumably by seismic activity in the overlying upper crust. The time scale for
stress loading is controlled by the duration of the slip event along a fault, i.e. a few seconds to minutes.
This study demonstrates that microstructures can distinguish between deformation at internal low
stress-loading rates (to tens of MPa on a time scale of hundred years) and high (coseismic) stress-loading
rates to a few hundred MPa on a time scale of minutes.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Rocks correspond to stress by deformation. The stress condi-
tions and their evolution with time in the lithosphere are of vital
interest for all geodynamic processes. Early works of Sibson (1977)
and Scholz (1988) indicated that shear zones can be characterized
as deep continuations of seismic active faults, where the affected
rocks deform controlled by stress loading and stress relaxation
during the seismic cycle. Especially quartz veins have been found to
be able to record the deep response of changes in stress and fluid
pressure related to the seismic cycle (Henderson and McCaig, 1996;
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Famin et al., 2004; Nüchter and Stöckhert, 2007, 2008; Birtel and
Stöckhert, 2008; Fagereng et al., 2018). Characteristic deformation
microstructures that form at transient high stresses and subse-
quent modification at low stresses below the seismogenic zone, i.e.,
the plastosphere sensu Scholz (2002), have been identified from
the geological record (e.g., Küster and Stöckhert, 1999; Trepmann
and Stöckhert, 2003; Trepmann et al., 2017) in combination with
experimental vein quartz deformation (Trepmann et al., 2007;
Trepmann and Stöckhert, 2013). In these studies, the inferred
transient high stresses in the plastosphere have been explained by
“external” stress loading from seismic faulting in the overlying
upper crust (Ellis and Stöckhert, 2004; Ellis et al., 2006; Nüchter
and Ellis, 2010, 2011). Yet, stress loading in the plastosphere can
also be related to “internal” processes, for example ductile in-
stabilities with strain hardening (e.g., Hobbs et al., 1986; White,
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Figure 1. (a) Geologic map of the Talea Ori modified after Epting et al. (1972), Richter and Kopp (1983), and Kock et al. (2007). (b) Slaty cleavage of black shales in shear zone with
quartz veins (Bali beds). (c) Extensional shear bands in schists with quartz precipitated along shear band boundaries (white arrows, PQ s.str.). Quartz veins concordant to the
foliation are indicated by black arrow. (d) Quartzite boudin with a few cm-wide quartz vein in the boudin neck and mm-wide quartz veins (white arrow). Thin section micrographs
from this sample, MB2 (PQ s.str.), are shown in Fig. 2a, f (dashed line). (e) Array of bent wedge-shaped discordant quartz veins (white arrows, PQ s.str.). Black arrows indicate quartz
veins concordant to the foliation.
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Figure 2. (a) Transmitted light micrographs of quartz vein in quartzite boudin displayed in Fig. 1d (dashed line), sample MB2 (PQ s.str.). The distance between layers enriched in
opaque phases decreases towards the boudin neck (arrows). (b) Polarized light micrograph (crossed polarizers) showing shear band cleavage (C0-type) in black shale at Bali harbour
(sample LS82). (c) Metachert and vein with elongate quartz grains of type A microstructure (crossed polarizers, compensator plate, sample LS128, Bali beds). Note that the optical
characteristics do not reveal a CPO in the metachert. (d) Polarized light micrograph (crossed polarizers, sample LS128, Bali beds) of type A quartz vein microstructure characterized
by elongate grains and fluid inclusion trails subparallel to the vein wall (black arrows). White arrow marks sutured grain boundaries. (e) Polarized light micrograph (crossed
polarizers, sample LS128, Bali beds) of type A quartz vein microstructure. Note bent elongate grains, indicating growth during deformation of the host rock. (f) Polarized light
micrograph (crossed polarizers, compensator plate, sample MB2, PQ s.str.) with type A microstructure close to the veinwall. In the centre of the vein, grains with rational boundaries
are marked by the orientation of the c-axis. These grains are poor in fluid inclusions and show no undulatroy extinction, characterising the type B microstructure.

C.A. Trepmann, L. Seybold / Geoscience Frontiers 10 (2019) 43e54 45
1996, 2012). Local stress concentrations can occur in high-viscosity
particles in a low-viscosity matrix during boudinage and folding
(e.g., Masuda et al., 1989; Trepmann and Stöckhert, 2009; Peters
et al., 2016). Dehydration reactions during metamorphism have
recently been described to result in quartz vein formation along the
deep, tremorgenic subduction interface (Fagereng et al., 2018).
Stress concentrations in the plastosphere by such internal
processes lead to enhanced strain rates, which might load the
seismogenic zone. Resulting earthquakes can again reload the
plastosphere, which is characterizing the seismic cycle (e.g., Scholz,
2002). Here, we address the question, whether the microstructural
record can distinguish between external stress loading of the
plastosphere related to seismic activity in the upper crust and in-
ternal stress loading related to enhanced flow within the
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plastosphere. We present quartz microstructures in veins of HP-LT
metamorphic sediments from the Talea Ori, Crete, which are
interpreted to reflect deformation at different stress-loading rates.
We propose that the recorded rapid loading to high stresses re-
quires external coseismic stress loading, whereas slow stress
loading rates resulted from high strain-rate dissolution-precipita-
tion creep.

2. Talea Ori, Crete

The island of Crete is situated in the forearc of the active Hellenic
subduction zone. During collision of a microcontinent belonging to
the African Plate with the southern margin of the Eurasian Plate in
mid-Miocene times, parts of the sedimentary cover of the micro-
continent were buried to high pressure-low temperature (HP-LT)
metamorphic conditions (e.g. Fassoulas et al., 1994; Jolivet et al.,
1996; Seidel et al., 2007; Ring et al., 2010). The HP-LT meta-
morphic rocks were rapidly exhumed from maximum burial depth
of about 30e35 km between 24Ma and 19 Ma to less than 10 km in
depth before ca. 17 Ma (Thomson et al., 1998, 1999). In the Talea Ori
at the northern central coast of Crete, Miocene HP-LT metamorphic
rocks of the Talea Ori unit and the Phyllite-Quartzite unit sensu
stricto (PQ s.str.) are exposed (Fig.1a; e.g., Epting et al., 1972; Richter
and Kopp, 1983; Kock et al., 2007; Trepmann et al., 2010; Zulauf
et al., 2016). Peak metamorphic conditions indicated by petrolog-
ical constraints are about 0.9 GPa and 350e400 �C for the Talea Ori
in central Crete (e.g., Seidel et al., 1982; Theye et al., 1992), corre-
sponding to burial depth of about 30 km. Raman spectroscopy of
carboniferous material from the metasediments in the Talea Ori
give a consistent temperature range of 350e430 �C (Rahl et al.,
2005). The metasediments of the Talea Ori unit at the shear zone
contact to the PQ s.str., the Bali beds, comprise a metaturbiditic
sequence of black shales, metasandstones, quartzites, quartz met-
aconglomerates and metacherts (Fig. 1; Kock et al., 2007, Trepmann
et al., 2010). The PQ s.str. is mainly composed of black albite schists,
albite gneisses and quartzites (e.g., Zulauf et al., 2016).

3. Methods

Rock samples were collected on field campaigns between 2015
and 2017. Thin sections for transmitted light microscopy were
prepared perpendicular to the foliation and parallel to the lineation.
Sections used for analyses by electron backscatter diffraction
(EBSD) at a scanning electron microscope (SEM) were polished by
an alkaloid colloidal suspension (Syton) and coated with carbon. A
field emission SEM (SU5000, Hitachi) equipped with EBSD facilities
(NordlysNano Detector) at Ludwig-Maximilians University Munich,
Department of Earth and Environmental Sciences, was used. An
acceleration voltage of 20 kV and a working distance of 20e25 mm
were applied on samples tilted at an angle of 70� with respect to the
beam. EBSD patterns were automatically measured (step size of
0.7e1 mm) with the AZtec software (Oxford Technology) and post-
processed using the software CHANNEL 5 (Oxford Technology). To
present crystallographic orientations of the grains, stereographic
projections of the lower hemisphere are used. The software also
provides information about grain size and shape. For grain detec-
tion, a threshold value of 10� for the misorientation angle was used.
The misorientation of silicates may be > 10� (White, 1977). How-
ever, a higher threshold value of e.g. 15� did not change our results.
Grain size is given as the diameter of a circle of equal area. TEM
samples were prepared by ion thinning (GATAN PIPS) of 30 mm thin
sections glued onto a copper grid. The TEM samples were thinned
at voltages of 3e4 kV and an Ar-beam at an angle of 6�e8� with
respect to the sample. TEM samples were analysed using bright
field conditions at a Tecnai G2 (FEI) microscope operated at
200 kV at Ludwig-Maximilians University Munich, Department of
Chemistry.

4. Results

4.1. Deformation structures and quartz veins

The deformation structures in the shear zone at the contact
between the PQ s.str. and the Talea Ori unit include extensional
shear bands, shear band cleavages, kink bands and boudins
(Figs. 1bee, 2a, b). Quartz veins discordant to the foliation and with
a relative high ratio of aperture to length (typically around 1:6 to
1:10) are associated to these structures. Such aperture-to-length
ratios exceed the elastic limit of fracture aperture, indicating that
inelastic host rock deformation contributed to relief stresses
concentrating at the fracture tips to keep the fracture arrested
during aperture growth (e.g., Vermilye und Scholz, 1995; Olson,
2003). This is consistent with the relation of the quartz veins to
ductile deformation structures of the host rocks, i.e. shear bands,
boudins and kink bands within the shear zone (Fig. 1bee). An older
generation of quartz veins is concordant to the foliation (Fig. 1c, e).
Discordant wedge-shaped quartz veins can occur in arrays (Fig. 1e).
The quartz veins can contain minor amounts of albitic feldspar and
chlorite may be present. In quartzites, the spacing between the
foliation, characterized by layers rich in opaque minerals and mica,
decreases towards quartz-sealed boudin necks (Fig. 2a). This
microstructure indicates a relative enrichment of insoluble min-
erals caused by selective dissolution of quartz at sites of shortening,
indicating dissolution-precipitation creep. In mica-rich layers of
metasandstones and shales, C0-type shear band cleavage, also
referred to as extensional cleavage (e.g., Platt and Vissers, 1980;
Passchier and Trouw, 2005, Chapter 5.6.3), is common (Fig. 2b).
The shear band cleavage is characterized by a passive enrichment of
micas and opaque minerals, whereas quartz has been removed by
dissolution, indicating dissolution-precipitation creep. At the sites
of dilation, quartz is precipitated forming the observed quartz veins
discordant to the cleavage, resembling an asymmetric foliation
boudinage (Platt and Vissers, 1980). The metasediments generally
show a shape preferred orientation (SPO) but no crystallographic
preferred orientation (CPO) (Fig. 2a, c), revealing a low amount of
strain accumulated by dislocation glide. These microstructures
indicate vein formation by fracturing and sealing during
dissolution-precipitation creep of the host rock.

4.2. Vein quartz microstructures

Three types of vein quartz microstructure are distinguished by
the recorded strain and are presented in the following.

The type Amicrostructure is exclusively present in quartz veins
discordant to the foliation (Fig. 2cee). It is the most common vein
microstructure. Elongate to blocky grains with long axes perpen-
dicular to the vein wall characterize it. The crystallographic
orientation of the grains indicates epitactic growth from the vein
wall (Fig. 2cef). Common fluid inclusion trails subparallel to the
vein wall represent healed microcracks (Fig. 2d, f). This micro-
structure is characteristic of stretching veins, indicating formation
by multiple crack-seal increments (e.g., Durney and Ramsay, 1973;
Ramsay, 1980; Cox and Etheridge, 1983; Fisher and Byrne, 1990;
Fisher and Brantley, 1992; Fisher et al., 1995; Nollet et al., 2005;
Bons et al., 2012). Along the vein boundaries, the foliation in the
host rock can be displaced (Fig. 1c). The curved shape of elongate
grains is commonly not corresponding to a respective change of
crystallographic orientation (Fig. 2e), indicating that they grew
epitactically during deformation of the host rock, instead of being
deformed after growth. Such bent elongate quartz grains can track
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the shear-offset during vein widening (Durney and Ramsay, 1973;
Ramsay and Huber,1983; Urai et al., 1991). Yet, some crystal-plastic
deformation and strain-induced grain-boundary migration after
growth are indicated by the presence of undulatory extinction and
sutured high-angle grain boundaries (Fig. 2def). TEM in-
vestigations show tiny grains with diameter of a few mm, abundant
fluid inclusions along grain boundaries, a relative low free dislo-
cation density and common low angle grain boundaries
(Fig. 3aec).
Figure 3. TEM bright field images of vein quartz from samples discordant to foliation. (aec
grains with low dislocation density, a high amount of fluid inclusions along grain boundarie
compare Fig. 6). (d) Curved high angle grain boundaries in grains with high dislocation
boundaries and networks of tangled dislocations.
The type B microstructure occurs in the centre of veins
discordant to the foliation, showing otherwise a type A micro-
structure at the area close to the vein wall. Towards the centre of
these veins, grain sizes can increase, indicating growth competition
of the fast growth direction parallel to the quartz c-axis (e.g.,
Durney and Ramsay, 1973; Fisher and Brantley, 1992; Fisher et al.,
1995; Hilgers and Urai, 2002; Nollet et al., 2005; Bons et al.,
2012). The type B microstructure is characterized by rational
boundaries of quartz grains, representing crystallographic planes
) Type A microstructure (sample MS 1, Bali beds, compare with Fig. 2e) showing new
s and low angle grain boundaries. (dei) Sample MB 1, PQ s.str. (type C microstructure,
density. (e) Fluid inclusions along high-angle grain boundary. (fei) Low-angle grain
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(Fig. 2f). These hypidiomorphic quartz grains are almost devoid of
fluid inclusions and internal deformation structures as undulatory
extinction and sutured grain boundaries, in strong contrast to the
type A microstructure. The hypidiomorphic quartz crystals are
elongate, with their long axis parallel to the c-axis, consistent with
the quartz c-axis being the fast growth axis and growth in open
cavities (Fisher and Brantley, 1992; Ague, 1995; Nollet et al., 2005).
Consistently, associated veins can be partly open.

The heterogeneous type C microstructure can occur in the old
generation of quartz veins concordant to the foliation of the host
metasediments (Figs. 4 and5) and rarely also in theyoungdiscordant
veins associated to shear bands (Fig. 6). Sub-basal deformation
lamellae, a marked short-wavelength undulatory extinction (SWUE)
andmicro-shear zones in conjugate sets (Figs. 4e6) characterize the
typeCmicrostructure.Deformation lamellae sub-parallel to thebasal
planecanoccur in concordantveins and inhost rocks (Fig. 4c, d). They
show a slight difference in refractive index and a low oscillating
change in misorientation angle of <1� at the detection limit of the
EBSD technique. Such sub-basal deformation lamellae are common
in quartz deformed at high stresses and greenschist facies conditions
(e.g., McLaren et al., 1970; McLaren and Hobbs, 1972; White, 1973,
1977; Christie and Ardell, 1974; Drury, 1993; Trepmann and
Stöckhert, 2003, 2013). An oscillatory change in misorientation
angle of a few degrees is characterizing the SWUE (Fig. 5a, e). Along
micro-shear zones, the orientation abruptly changes with misori-
entation angles being generally smaller than 10� (Fig. 5a, e). The
micro-shear zones in conjugate sets are sub-parallel to one {r} and
one {z} rhombohedral planes of the host orientation (Figs. 4b and 5a,
c). They showa systematic difference in crystallographic orientation,
indicating a dextral or sinistral rotation of the c-axes with respect to
the host orientation in micro-shear zones parallel to the {z} and {r}
planes, respectively (Figs. 4b and5a, e). The angle between the c-axes
in themicro-shear zone and the host grain is with in average 5� very
similar in both sets of micro-shear zones. Similar conjugate micro-
Figure 4. Transmitted light micrographs with crossed polarizers of vein quartz microstructu
concordant to the foliation showing elongate grains and micro shear zones, in conjugate
compensator plate inserted, indicating systematic rotation of the quartz c-axes with respect
showing short wavelength undulatory extinction and deformation lamellae (black arrows,
shear zones with systematically different crystallographic orienta-
tions are described for example byVanDaalen et al. (1999), Kjøll et al.
(2015), Ceccato et al. (2017) and Trepmann et al. (2017), where both
brittle andcrystal-plasticmechanismsarediscussed tobe involved in
their formation. Dauphiné twin orientations are common along the
micro-shear zones (Fig. 5aec). Mechanical Dauphiné twinning of
quartz is observed in quartz mylonites (e.g., Pehl and Wenk, 2005;
Wenk et al., 2006, 2011; Kjøll et al., 2015). Dauphiné twin bound-
aries can be modified during recrystallization of quartz, resulting in
HAGBswith largemisorientationangles (Lloyd, 2004;Menegonet al.,
2011). Most new grains (about 70%) in micro-shear zones have di-
ameters of smaller than 8 mm, as indicated by EBSD-measurements
(Fig. 5b, d, f). Recrystallized grains can also occur restricted to high
angle grain boundaries or intragranular cracks (Fig. 6b, d, e). There,
most new grains (ca. 70%) have a grain diameter smaller than 10 mm
with an expected value of 9 mm (Fig. 6e). Subgrains similar in shape
andsizeare commonclose to recrystallizedareas (Fig. 6c).Newgrains
show similar grain orientations as the deformedhost (Fig. 6g, f). TEM
observations of quartz from the vein in Fig. 6 show high dislocation
densities (Fig. 3dei). Sutured high angle grain boundaries (Fig. 3d)
andgrainboundariesdecoratedbyfluid inclusions (Fig. 3e), aswell as
low angle grain boundaries (Fig. 3f, h) are common.

5. Discussion

The three different types of vein quartz microstructure are
interpreted to represent deformation at different stress conditions,
which is discussed in the following.

5.1. Growth of quartz in open cavities at quasi-isostatic stress
conditions

The type B microstructure with hypidiomorphic grains and no
internal deformation microstructures, exclusively occurring in
re type C revealing high stress, dislocation glide-controlled deformation. (a) Vein quartz
sets (arrows) (CT83). (b) Close-up of micro-shear zones. Micrograph is taken with
to the host orientation (sample LS12 Bali beds, compare with Fig. 5). (c, d) Quartz vein
LS12, Bali beds).



Figure 5. EBSD data of optical microstructure shown in Fig. 4b (sample LS12). (a) EBSD map, colour coding is by misorientation angle of up to 25� to a reference orientation of the
host grain (white cross) and Dauphiné twin domains (black cross). Host orientations are in dominating blue colour, Dauphiné twins in red colour (compare with Fig. 5c). Orientation
of misorientation profile (AA0) is indicated by white line. Dashed white lines indicate traces of one {r} and one {z} rhombohedral plane (compare with Fig. 5c). Black dashed box
indicates close-up in (b). (b) Close-up of a micro-shear zone with new grains in random colours (neglecting Dauphiné twins). Grain boundaries are indicated by yellow (low-angle
grain boundaries with misorientation angle <10�) and red lines (high-angle grain boundaries with misorientation angle >10�). (c) Corresponding pole figures, stereographic
projection of the lower hemisphere. (d) Corresponding polefigures for new grains (one point per grain). (e) Misorientation profile to line displayed in (a). (f) Grain size distribution
for new grains.
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discordant quartz veins, represents the latest stage of veining, after
which the temperature-stress conditions were too low to allow for
crystal-plastic deformation of quartz. The rational grain boundaries
together with the associated partly open fractures indicate that
vein opening was fast compared to the precipitation rates (e.g.,
Fisher and Byrne,1990; Fisher and Brantley, 1992; Ague,1994,1995;
Fisher et al., 1995; Hilgers et al., 2003; Nollet et al., 2005). This
suggests that ductile deformation of the host rocks by dissolution-
precipitation creep was ongoing, forming the cavities. The fluid
pressure remained high enough to keep the veins open against the
lithostatic pressure. These microstructures indicate that stresses
relaxed and became quasi-isostatic after precipitation of the crys-
tals into the residual cavities and completion of the veins.

5.2. Vein formation by crack-and-seal increments e deformation at
low stress-loading rates

The curved shape of elongate grains characteristic of the type A
microstructure, which is not corresponding to a change of
crystallographic orientation (Fig. 2e and f), indicates deformation of
the host rock during sealing (Durney and Ramsay, 1973; Ramsay
and Huber, 1983; Urai et al., 1991). The elongate grains epitacti-
cally growing from quartz grains in the host rock with healed
microcracks parallel to the vein wall indicate formation by crack-
seal increments, where the average vein opening velocity is
smaller than the growth velocity of the crystals as indicated from
numerical simulation (e.g., Hilgers et al., 2001; Nollet et al., 2005).
The observation that the crack-seal microstructures exclusively
occurs in discordant veins located at sites of dilation along shear
band boundaries, kink band boundaries and boudin necks
(Fig. 1bee) shows that vein formation by cracking and sealing is
related to dissolution-precipitation creep of the metasediments.

Undulatory extinction, subgrains, sutured high-angle grain
boundaries (Fig. 2cef) and tiny dislocation-free new grains
observed in TEM (Fig. 3a) indicate that most of the veins formed at
temperatures sufficiently high to allow for dislocation climb and
strain-induced grain boundary migration, i.e. temperatures of at
least 300e350 �C. These temperatures are close to the peak



Figure 6. Type C quartz microstructure of vein discordant to foliation in metasandstone (sample MB1, PQ s.str.). (a, b) Cross polarized light micrographs showing short-wavelength
undulatory extinction and localized zones of recrystallized grains. Box in (a) shows close-up photograph in (b), box in (b) is indicating area of the EBSD map in (c) and (d). (c) EBSD
map with colour coding by relative misorientation angle (up to 60�) with respect to blue colour. Lines indicate Dauphiné twin boundaries (green), low-angle (yellow) and high-
angle (red) grain boundaries. (d) EBSD map of same area showing new grains in random colours. (e) Histogram of grain sizes of new grains. (f, g) Lower hemisphere stereographic
projection of host grains and new grains, respectively.
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metamorphic conditions for the rocks of central Crete (about
0.9 GPa, 350 �C after Seidel et al., 1982; Theye et al., 1992). Given the
extensional character of the shear bands and boudins, the veins
formed most probable during exhumation from depth of maximal
30 km within the subduction channel.

The generally low amount of strain accumulated by dislocation
creep of quartz in most veins and host rocks implies that stresses in
these rocks were too low to result in relevant strain rates of
dislocation creep at the given temperatures. Thus, flow laws for
dislocation creep of quartz can be used as lower bound of the dif-
ferential stress (e.g., Stöckhert, 2002; Trepmann and Stöckhert,
2009; Wassmann and Stöckhert, 2013). For temperatures of
300e350 �C and a strain rate of 10�15 s�1, the flow law of Paterson
and Luan (1990), equation (1), predicts differential stresses below a
few tens of MPa.

dε=dt ¼ A$ expð�Q=RTÞ $ sn (1)

with the parameters A¼ 6.5�10�8MPaen/s; Q¼ 135�15 kJmole1;
n ¼ 3.1.

Applying different creep parameters for a rheology controlled by
dislocation creep of quartz (e.g., Ranalli, 1995, Chapter 10), yields
the same order of magnitude. These differential stress conditions of
less than few tens of MPa are consistent with the record of static
recrystallization of quartz in HP-LT metamorphic conglomerates
from related tectonic units in the Talea Ori (Trepmann et al., 2010).
Generally, the record of rocks exhumed from subduction zones
indicate low bulk stress conditions and a long-term rheology
dominated by dissolution-precipitation creep over crystal-plastic
deformation in subduction zones (e.g., Stöckhert et al., 1999;
Wassmann and Stöckhert, 2013). Consistently, the expected brit-
tle strength of the host rock at the given P-, T-conditions and the
indicated high pore fluid pressures would not require higher stress
conditions for the crack-seal processes.

As vein opening is related to dissolution-precipitation creep in
the metasediments, the time interval for the crack-seal episodes
depends on the effective viscosity of the metasediments.
Dissolution-precipitation creep is a deformationmechanism,which
allows for the accumulation of high strain at low bulk stress con-
ditions characterized by relatively low viscosities on the order of
1019e1020 Pa s (e.g., Trepmann and Stöckhert, 2009;Wassmann and
Stöckhert, 2013). Considering a Maxwell rheology, the time
required to dissipate the imposed stress can be expressed by the
relaxation time lR (e.g., Ranalli, 1995, Chapter 4), which is defined
as the viscosity (h) divided by the shear modulus, G (1).

lR ¼ h=G (2)

For viscosities, h, of 1019e1020 Pa s and a typical shear modulus,
G, for schists of 19 GPa (Johnson and DeGraff,1998) it is on the order
of a few tens to hundred years. The time scales of stress build up for
cracking and sealing can be assumed lower than the Maxwell
relaxation time of the metasediments undergoing dissolution-
precipitation creep. Progressive vein formation might cause
increasing bulk strength of the rocks, as veins represent high-
viscosity layers in a low-viscosity matrix.

The Deborah number, De, relates relaxation time and the char-
acteristic time of a deformation process (e.g., Poole, 2012). For our
purpose, De can be considered as Maxwell relaxation time multi-
plied with strain rate, d 3/dt (2).

De ¼ lR$dε=dt (3)

When De becomes >1, i.e. the Maxwell relaxation time is higher
than the reciprocal of the strain rate, d 3/dt, the material cannot
dissipate the imposed stress. Assuming a viscosity of 1019 Pa s for
the metasediments undergoing dissolution-precipitation creep, a
strain rate of 2.5 � 10�9 s�1 would be required for this critical
behaviour, and 3.5 � 10�10 s�1 would be required for a viscosity of
1020 Pa s. Such high strain rates are predicted along the plate
interface in subduction zones, which depend on relative plate ve-
locity and cumulative shear zone width (e.g., Fagereng and Sibson,
2010). For a convergence of about 4.5 cm/yr for the Hellenic sub-
duction zone (McClusky et al., 2000), and 10 m cumulative shear
zone width, for example, the predicted strain rates are on the order
of 10�10 s�1.

5.3. High-stress dislocation glide-controlled deformation

The heterogeneous type Cmicrostructure occurs sporadically in
older vein generations concordant to the foliation (Figs. 4 and 5)
and few young discordant veins related to the extensional shear
zone (Fig. 6). Sub-basal deformation lamellae and SWUE (Figs. 4c, d,
5a, e and 6b) reflect high-stress dislocation glide-controlled
deformation with subsequent modification by recovery (e.g.,
McLaren and Hobbs, 1972; Christie and Ardell, 1974; Drury, 1993;
Trepmann and Stöckhert, 2003, 2013; Vernooij and Langenhorst,
2005). Micro-shear zones in conjugate sets (Figs. 4a, b and 5)
involve brittle and crystal-plastic mechanisms with formation of
new grains by nucleation and growth (Trepmann et al., 2007; Kilian
and Heilbronner, 2017)

̣

associated with subgrain rotation and
strain-induced grain boundary migration (Van Daalen et al., 1999;
Ceccato et al., 2017; Trepmann et al., 2017) at greenschist facies
conditions. In the type C microstructure, recrystallized grains are
generally restricted to sites of localised high strain (i.e., along
intragranular cracks and pre-existing grain boundaries, Figs. 5 and
6). Abundant low angle grain boundaries (Fig. 3e, f, h), subgrains of
similar shape and size close to recrystallized grains (Fig. 6c) and
newgrain orientations scattering around the orientation of the host
grain (Fig. 6f and g) indicate recrystallizationwith subgrain rotation
and strain-induced grain-boundary migration (e.g., Stipp and
Kunze, 2008; Ceccato et al., 2017; Trepmann et al., 2017). The
sequence of dislocation glide-controlled and associated brittle
deformation of quartz producing highly damaged zones, which are
sites of subsequent formation of new grains is interpreted to reflect
initially high and then relaxing stresses (Trepmann and Stöckhert,
2003; Trepmann et al., 2017), consistent to microstructures pro-
duced in deformation experiments at such stress histories (Hobbs,
1968; Trepmann et al., 2007). During high-stress dislocation glide-
controlled deformation (low-temperature plasticity, Peierls stress-
controlled glide), strain rates are too high at given temperature
for effective concomitant dislocation climb, causing dislocation pile
upwith strain hardening and associatedmicrocracking (e.g., Hobbs,
1968; Drury, 1993; White, 1996). The resulting localized high strain
zones are sites of recrystallization during dislocation creep at
subsequently relaxing stresses (e.g., Hobbs, 1968; Trepmann and
Stöckhert, 2003; Trepmann et al., 2007, 2017).

Because of the transient nature of this deformation and rela-
tively low strain, paleopiezometers are difficult to apply and they
can at best record some arbitrary stage of stress relaxation after
peak stresses (e.g., Trepmann and Stöckhert, 2003). However, at
least as a very rough indicator of a lower stress bound, we can use
the grain diameters of new grains in the micro-shear zones within
the range of 7e10 mm (Figs. 5f and 6e). Following the paleopiez-
ometer of Stipp and Tullis (2003), these grain diameters would
indicate differential stresses within the given error range between
45 MPa and 400 MPa for the stage of recrystallization at already
relaxed stresses. Initial dislocation-glide controlled deformation
with the formation of deformation lamellae (Christie and Ardell,
1974; Drury, 1993; Trepmann and Stöckhert, 2003, 2013; Vernooij
and Langenhorst, 2005), micro-shear zones (Trepmann et al.,



Figure 7. Conceptual sketch showing the stress history during deformation of the host rock, see text for discussion.
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2017) and Dauphiné twins (e.g., Pehl and Wenk, 2005; Wenk et al.,
2006, 2011; Kjøll et al., 2015) would consistently indicate stresses of
a few hundred MPa.

5.4. High (coseismic) stress-loading rates

The dominating microstructures indicative of low-stress, high-
strain dissolution-precipitation creep of the host rocks and type A
and B vein quartz microstructures are in marked contrast to the
type C microstructure indicating high-stress, glide-controlled
deformation. To explain the locally present evidence of high
stresses we discuss two possibilities:

(1) Stresses concentrated in monophase quartz layers repre-
senting high-viscosity layers in a low-viscosity matrix (e.g., Masuda
et al., 1989; Trepmann and Stöckhert, 2009; Peters et al., 2016).

If this would be the case, the type C microstructure should be
much more common and dependent on the strain accumulated
within the metasediments. This, however, has not been observed:
The type C microstructure is not as common as the type A micro-
structure and can occur in veins both, concordant and discordant to
the foliation. As such, it is not directly related to the high strain-rate
by dissolution-precipitation creep of the metasediments in contrast
to the crack-seal deformation indicated by the typeAmicrostructure.

(2) Stress-loading in the flowing metasediments occurred as
consequence of seismic rupture in the overlying seismogenic zone
(e.g., Sibson, 1977; Scholz, 1988; Scholz, 2002), as simulated in
numerical models by Ellis and Stöckhert (2004) and Nüchter and
Ellis (2010, 2011).

We argue that loading of the middle crust, which relieves shear
stress by creep on the long term, to high differential stresses must
be achieved rapidly, presumably by seismic activity in the overlying
upper crust (Küster and Stöckhert, 1999; Trepmann and Stöckhert,
2003). Slow stress-built-up at the given temperatures and lithol-
ogies would result in high strain-rate dissolution-precipitation
creep with type A crack-seal microstructures before reaching the
stresses required for low-temperature plasticity of monophase
quartz layers. During fast stress-loading rates, dissolution-
precipitation creep of the metasediments cannot relax the
stresses sufficiently fast, so that transient peak stresses can build up
causing dislocation glide-controlled deformation and associated
microcracking in the monophase quartz veins.

The time scale of stress loading is characterized by the duration
of the slip event along a fault, i.e., a few seconds to minutes,
depending on the size of the fault and the seismic event (e.g., Wald
and Heaton, 1994). Unfortunately, the microstructures in the Talea
Ori do not provide good constraints on the peak stresses for
coseismic deformation. In metagranites from the Sesia zone,
Western Alps, peak stresses at the base of the seismogenic zone
were estimated based on mechanical twinning of jadeite to be
about 0.5 GPa or even higher (Trepmann and Stöckhert, 2001).
Whereas the quartz microstructures in the associated metagranites
(Trepmann and Stöckhert, 2003) are quite similar to the type C
microstructure, the tectonic setting and the lithologies are very
different. Yet, to our knowledge, it is the only estimate on the peak
differential stress related to coseismic loading in the plastosphere
at greenschist facies conditions.

The microstructures suggest that dislocation creep with local-
ized recrystallization of quartz is dominating stress relaxation after
coseismic glide-controlled deformation at peak differential stress.
Therefore, a flow law for dislocation creep can be used to infer the
time scale of stress and strain rate relaxation assuming tempera-
tures between 300 �C and 350 �C and initial peak stresses of for
example 300 MPa to 500 MPa. For these temperature and stress
conditions, strain rates suggested by the flow law of Paterson and
Luan (1990), Eq. (1), are on the order of 10�11 s�1 to 10�12 s�1.
Assuming a Maxwell rheology, the relaxation time (2) for these
conditions is between ten to few hundred years (Fig. 7). Although
strain rates during initial dislocation glide-controlled deformation
might have been transiently higher, the rapidly relaxing strain rates
cause that the overall amount of strain by dislocation glide and
creep is low in comparison to the low-stress, high-strain rate
dissolution-precipitation creep of the host rock.

5.5. Quartz veins and the seismic cycle

Quartz veins with a high ratio of aperture to length have been
attributed to coseismic deformation and sealing during postseismic
creep (Henderson and McCaig, 1996; Nüchter and Stöckhert, 2007,
2008; Birtel and Stöckhert, 2008). There, however, vein formation is
monogenetic and crystallization occurred in an open cavity as
opposed to the crack-seal microstructures, observed here
(Fig. 2cee). Fagereng et al. (2018) discussed the occurrence of
quartz veins formed by dehydration reactions during meta-
morphism at 470e550 �C to reflect tremors along the subduction
thrust interface. Dissolution-precipitation creep at high strain rates
causing internal stress loading and thus multiple crack-seal epi-
sodes, is not contradictory to such scenarios, on the contrary, it
might be triggered or at least amplified by seismic stress pulses. The
quartz veins and local occurrence of high-stress deformation mi-
crostructures detected here can further be used for unravelling
burial and exhumation histories, where the closer relation to the
shear zones and faults in the study area needs to be discussed,
which however is beyond the scope of this study.

6. Conclusions and summary

The quartz microstructures type A and type B in veins associated
to boudins, kink bands and shear bands in metasediments (Figs. 1,
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2, 3aec) reflect episodes of cracking and sealing during dissolution-
precipitation creep of the host rock at temperatures close to peak
metamorphic conditions of around 350 �C. The time scale to cause
cyclic cracking and sealing is assumed lower than the Maxwell
relaxation time of the metasediments undergoing dissolution-
precipitation creep at strain rates of 10�10 s�1 to 10�9 s�1, which
are a few tens to hundred years (Fig. 7). The generally low amount
of strain accumulated by dislocation creep of quartz in the host rock
indicates that bulk stresses stayed below a few tens of MPa at the
given temperature conditions on a long term.

In some veins concordant or discordant to the foliation, the
heterogeneous type C quartz microstructure is characterized by
micro-shear zones, SWUE, sub-basal deformation lamellae and
recrystallized grains restricted to high strain zones (Figs. 3def,
4e6). These microstructures indicate local and transient high-
stress dislocation-glide controlled deformation (low-T plasticity,
Peierls stress-controlled glide) and subsequent dislocation creep at
relaxing stresses. The indicated stresses of a few hundred MPa are
explained by fast (coseismic) stress-loading rates resulting from a
seismic slip event in the overlying seismogenic layer, i.e. on the
time scale of seconds to minutes (Fig. 7). Stress relaxation is
controlled by dislocation creep at rapidly decaying strain rates from
initially about 10�11 s�1 to 10�12 s�1 at time scales of tens to hun-
dred years. The overall amount of strain by dislocation glide and
creep is low in comparison to the low-stress, high-strain rate
dissolution-precipitation creep of the host rock.

The study demonstrates that quartz microstructures are a
powerful tool to distinguish different stress histories during
deformation and to detect transient deformation caused by seismic
activity.
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