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Abstract. Experiments comprising sequences of deforma-
tion (at 300 or 600◦C) and annealing at varying temper-
ature (700 to 1100◦C), time (up to 144 h) and stress (up
to 1.5 GPa) were carried out in a Griggs-type apparatus on
natural olivine-rich peridotite samples to simulate deforma-
tion and recrystallization processes in deep shear zones that
reach mantle depth as continuations of seismically active
faults. The resulting olivine microfabrics were analysed by
polarization and electron microscopy (SEM/EBSD, TEM).
Core-and-mantle-like microstructures are the predominant
result of our experiments simulating rapid stress relaxation
(without or with minor creep) after a high-stress deforma-
tion event: porphyroclasts (> 100 µm) are surrounded by new
grains comprising fragments and recrystallized grains with
a wide range in size (2 to 40 µm). Areas with small grains
(≤ 10 µm) trace former high-strain zones generated during
initial high-stress deformation even after annealing at a tem-
perature of 1100◦C for 70 h. A weak crystallographic pre-
ferred orientation (CPO) of new olivine grains is related to
the orientation of the original host crystals but appears unre-
lated to the strain field. Based on these findings, we propose
that olivine microstructures in natural shear-zone peridotites
with a large range in grain size, localized fine-grained zones,
and a weak CPO not related to the strain field are diagnostic
for a sequence of high-stress deformation followed by recrys-
tallization at low stresses, as to be expected in areas of seis-
mic activity. We extended the classic Avrami-kinetics equa-
tion by accounting for time-dependent growth kinetics and
constrained the involved parameters relying on our results
and previous studies devoted to the kinetics of defect pro-

cesses in olivine. Extrapolation to natural conditions suggests
that the observed characteristic microstructure may develop
within as little as tens of years and less than ten thousands
of years. These recrystallization microstructures have a great
diagnostic potential for past seismic activity because they are
expected to be stable over geological timescales, since driv-
ing forces for further modification are not sufficient to erase
the characteristic heterogeneities.

1 Introduction

In the tectonic environment of subduction zones, shear zones
can reach down to mantle depth as continuation of seis-
mically active fault zones, as for example observed for
the Sumatra earthquake in 2004 that caused the infamous
tsunami (Singh et al., 2008; Dessa et al., 2009). The macro-
scale time-dependent rheology of such shear zones is con-
trolled by nano- to micro-scale deformation and recrystal-
lization processes in the affected upper mantle rocks (i.e.,
peridotites). What are these processes and what are their
characteristic timescales for damage healing? These ques-
tions can be addressed by experimentally studying defor-
mation and recrystallization processes during characteristic
stress sequences. Large earthquakes generate short-term high
strain rates and stresses at depth below the seismogenic zone
and below the long-term lithospheric brittle-ductile transi-
tion, causing transiently brittle mechanisms at depth where at
lower stress the material shows ductile behaviour (e.g., Sib-
son, 1980; Scholz, 2002; Ellis and Stöckhert, 2004; Nüchter

Published by Copernicus Publications on behalf of the European Geosciences Union.



424 C. A. Trepmann et al.: Experimental deformation and recrystallization of olivine

and Ellis, 2010). This temporal change in rheology is re-
flected by

1. seismological observations: maximum hypocenter
depths are initially larger than that of the preceding
background seismicity and then decrease gradually
with time back to the original level (e.g., Ben-Zion and
Lyakhovsky, 2006; Ben-Zion, 2008) and aftershocks
following large earthquakes occur transiently at larger
depth than the main event (e.g., Schaff et al., 2002;
Rolandone et al., 2004).

2. the microstructural record of deformation at high
stress and recrystallization at lower stress from ex-
humed metamorphic rocks (e.g. Küster and Stöckhert,
1999; Trepmann and Stöckhert, 2001, 2002, 2003;
Nüchter and Stöckhert, 2007; Birtel and Stöckhert,
2008; Matysiak and Trepmann, 2012).

Despite the important influence of rapidly changing stresses
and strain rates on deformation and recrystallization in shear
zones, these processes are commonly discussed from a per-
spective of long-lasting constant stress and strain-rate con-
ditions (e.g., Platt and Behr, 2011a, b). The focus on defor-
mation and recrystallization at such quasi-stationary condi-
tions owes partly to the lack of diagnostic features in the ge-
ological record that can be used to assess whether recrystal-
lization occurs continuously together with deformation (dy-
namic recrystallization) at relatively constant stresses or sub-
sequently to high-stress deformation when stresses decrease
and eventually become insufficient to maintain inelastic de-
formation (static recrystallization). Microstructures, formed
at rapidly evolving conditions during coseismic loading and
postseismic relaxation, superimpose each other and a pro-
longed thermal history of exhumed rocks causes a modifica-
tion of the earlier features. Therefore, non-steady-state exper-
iments at successively different stress conditions are needed
to identify characteristic overprinting microfabrics and the
relevant timescales of their evolution. Such experiments, de-
signed to simulate the natural stress history during coseis-
mic loading and postseismic relaxation, were performed on
natural vein quartz (Trepmann et al., 2007; Trepmann and
Stöckhert, 2013) and on natural peridotites (Druiventak et al.,
2012). Olivine in peridotites experimentally deformed at low
temperatures and high stresses reveals specific microstruc-
tures (Druiventak et al., 2011) that are modified by recovery
and recrystallization to core-and-mantle-like microstructures
during annealing at quasi-isostatic conditions (Druiventak et
al., 2012). The experimentally derived core-and-mantle-like
microstructures are strikingly similar to those from shear
zone peridotites (Druiventak et al., 2012; Matysiak and Trep-
mann, 2012) often interpreted to be formed by continuous
dynamic recrystallization during dislocation creep at rela-
tively constant stresses.

The primary objectives of this experimental study are doc-
umenting the microfabric evolution and constraining the ki-

netics parameters of static recrystallization of olivine after
high-stress deformation. For this end, we carried out experi-
ments comprising deformation and isostatic annealing (“kick
and cook”) at various temperatures and for different dura-
tions, simulating quasi-instantaneous stress relaxation and a
subsequent prolonged isothermal low-stress event. We aim
at establishing relations between deformation conditions, an-
nealing temperature, and annealing time on the one hand and
area percentage, grain size, and crystallographic character-
istics of recrystallized olivine on the other. In addition, we
want to find out to what extent complex stress histories as
likely occurring in natural situations affect the characteris-
tic microfabrics and how the modified microstructure affects
rock strength. We therefore (a) simulate creep at low stresses
during recrystallization (“kick and creep”) and (b) repeat de-
formation after a first deformation and isostatic annealing
(“kick-cook-kick”). The microstructural findings from our
experiments and the inferred kinetics parameters are used
to discuss the time-dependent rheology and damage healing
processes in shear zones that occur at mantle depths as con-
tinuations of seismically active faults.

2 Characteristics of the experimental approach

2.1 Experimental protocol

The Griggs-type apparatus, its sample assembly, and the
sample material, a coarse-grained (grain size 0.2 to 1 mm)
peridotite (up to 90 % olivine, orthopyroxene, chromite and
chromium chlorite) from the Almklovdalen complex, Nor-
way, have previously been described in detail (Druiventak
et al., 2011, 2012). In this study, five suites of experiments
were carried out with varying sequences of deformation and
annealing.

1. To simulate instantaneous stress relaxation after high-
stress deformation, samples were deformed at tem-
peratures of 300 and 600◦C, at a confining pressure
of 1 GPa. The strain rates varied between 3× 10−5

and 8× 10−5 s−1 (Table 1). After deformation, the ax-
ial piston was retracted and samples were heated at a
constant rate of 5◦C min−1 to temperatures of 700 to
1100◦C. To avoid melting of the confining medium,
the confining pressure was simultaneously increased
at a constant rate to 2 GPa and these conditions were
held for ca. 16, 70 or 144 h.

2. Two reference annealing experiments without preced-
ing deformation (“cook”, Table 1) were performed at a
temperature of 1000◦C, a confining pressure of 2 GPa,
and a duration of ca. 70 h. One experiment (B9026)
was performed in the Griggs-type apparatus and one
(B9032) in a standard piston cylinder apparatus (Ren-
ner et al., 1997).
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Table 1.Mechanical data from the deformation and annealing experiments.

High-stress deformation (“kick”) Quasi-static annealing (“cook”)
pc = 1 GPa pc = 2 GPa

sample# Tc,def
[ ◦C]

Tm,def
[ ◦C]

SR
[10−5 s−1]

1σmax
[GPa]

εmax
[%]

Tc,ann
[ ◦C]

Tm,ann
[ ◦C]

tann
[h]

A

[%]
dexp
[µm]

std
[µm]

dmax
[µm]

εtot
[%]

KH171 260 326 3.0 1.6 25 nd
B9016 301 296 7.4 1.4 28 33
B9027 301 298 6.6 1.1 19 24
B90011,2 601 614 7.9 1.1 19 no annealing 6
B9003 602 614 8.0 1.1 21 nd
B90091,2 601 595 7.6 1.3 24 26
B9030 602 584 7.4 1.1 16 17
B9021 301 307 7.5 1.2 25 702 704 16.4 0.2 2.9 0.9 6.3 25
B9034 301 285 6.7 0.9 18 702 667 144.3 1.0 4.0 1.6 9.9 28
B9020 301 279 6.9 1.6 23 801 764 16.6 1.2 3.6 1.0 7.0 21
B9019 301 303 7.4 1.3 23 901 890 16.8 2.6 3.8 1.2 8.0 15
B9018 301 337 7.4 1.3 25 1001 858 16.2 5.1 3.9 1.5 11.6 30
B9017 301 300 7.4 1.4 27 1001 1011 69.2 12.6 5.2 2.7 23.1 25
B9028 301 298 7.0 1.6 22 1001 992 144.0 30.9 9.9 4.9 31.7 14
B90072 602 nd 8.0 1.0 18 702 nd 16.2 0.2 3.1 0.9 6.4 11
B9031 601 610 7.3 1.0 14 702 705 144.1 1.2 3.4 1.5 9.7 23
B90052 601 592 8.1 1.0 17 801 790 16.3 0.5 3.4 1.3 10.0 18
B9035 601 601 8.0 1.0 21 801 787 72.2 1.5 3.1 1.4 11.9 26
B9024 601 577 7.6 1.3 19 801 768 144.0 1.2 4.1 1.6 10.7 14
B90042 601 622 7.5 1.0 17 901 929 16.2 2.7 3.0 1.4 11.0 9
B9022 601 613 8.2 0.9 23 901 831 69.0 2.9 3.0 1.2 10.0 31
B9025 601 599 7.8 1.5 20 901 895 144.0 6.0 4.0 2.1 18.0 27
B90062 601 625 7.7 1.2 18 1001 1018 16.2 9.3 4.0 2.2 18.0 11
B9010 602 496 8.0 1.3 23 1001 1007 68.9 7.5 4.0 3.1 41.0 5
B9029 602 579 7.9 1.0 19 1001 961 143.9 18.7 5.0 3.5 26.0 29
B9036 601 618 7.9 1.0 15 1100 1089 69.3 26.7 5.0 5.1 42.0 26
B9026 no deformation 1000 1002 68.8 0.3 4.2 3.6 25.8 3
B9032p no deformation 1001 nd 75.2 < 0.1 4.9 3.5 40.8 1

Tc,def, Tm,def, Tc,annandTm,ann: temperature readings (not corrected for pressure) of the controlling and monitoring thermocouples during deformation and annealing, respectively.
SR: strain rate;1σmax: maximum differential stress;εtrue: sum of elastic and inelastic strain derived from stress-strain curves;tann: annealing-time;A: area covered by
recrystallized grains;dexp, std anddmax: expectation value, standard deviation and maximum grain size of the diameter of recrystallised olivine grains;εtot: total strain determined
from sample shortening after quenching.
p Experiment performed in a piston cylinder apparatus.
(1) Druiventak et al. (2011).
(2) Druiventak et al. (2012).
nd: not determined

.

3. To simulate creep during the period of stress relaxation
three experiments were conducted with the first defor-
mation stage as in 1) and continued deformation dur-
ing heating and annealing at 1000◦C and 2 GPa for
ca. 70 h (Table 2). In these “kick and creep” experi-
ments, the piston was not retracted before heating and
annealing. During one experiment (B9037) the axial
piston remained at its final position of the first de-
formation step. During heating stress relaxation may
have been partly counteracted by thermal expansion
of the piston and the sample. Stress relaxation then
dominated during isothermal annealing. The axial pis-
ton was advanced from its end position with a ve-
locity of 0.15 mm h−1 during experiment B9039 for
ca. 0.7 h during heating from 600 to 850◦C. In exper-
iment B9038 the piston was advanced with a velocity
of 0.75 mm h−1 during the entire heating period lasting
for ca. 2 h.

4. To simulate a repeated seismic event, “kick-cook-
kick” experiments were carried out comprising defor-
mation and subsequent quasi-isostatic annealing as in

1) and finally a second deformation step at 1 GPa and
300◦C (B9040) or 600◦C (B9014), experiment B9015
was deformed during both high-stress stages at 600◦C
and 2 GPa (Table 2).

5. One reference experiment (B9044, Table 2) was car-
ried out without the first deformation but starting with
isostatic annealing at 1000◦C for 70 h followed by
deformation at 600◦C and 1 GPa confining pressure
(“cook and kick”).

The “kick and cook” and “kick and creep” experiments fol-
low the original set up for studying quartz-microstructure
development during coseismic loading and postseismic re-
laxation (Trepmann et al., 2007; Trepmann and Stöckhert,
2013), later applied to natural peridotites (Druiventak et al.,
2012). Experiments with separate stages of deformation and
successive annealing have also been performed on other ge-
omaterials, e.g., single quartz crystals (e.g., Hobbs, 1968),
synthetic rock salt (e.g., Piazolo, 2006) as well as on ana-
logue materials (e.g., Urai and Humphreys, 2000).
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Table 2.Mechanical data of experiments of “kick and creep” (a) and “kick-cook-kick” (b) experiments.

(a)

High-stress deformation (“kick”) Low-stress deformation at high temperature (“creep”)
pc = 1 GPa pc = 2 GPa

sample# Tc,def
[ ◦C]

Tm,def
[ ◦C]

SR
[10−5 s−1]

1σmax
[GPa]

εmax
[%]

Tc,ann
[ ◦C]

Tm,ann
[ ◦C]

tann
[h]

A

[%]
dexp
[µm]

std
[µm]

dmax
[µm]

SR
[s−1]

1σ

[GPa]
εtot − εmax
[%]

εtot
[%]

B9037 301 309 6.6 1.1 17 1001 1005 70.2 25.6 5.7 2.9 22.04× 10−7 0.30 10 27
B9038 301 326 7.0 1.5 21 1001 Nd 70.8 nd 6.4 5.4 29.5 1× 10−6 0.44 19 50
B9039 602 629 7.7 1.0 17 1001 955 69.8 23.6 nd nd nd 6× 10−7 0.39 16 33

(b)

First deformation (“kick”)
pc = 1 GPa (except B9015: 2.0 GPa)

Quasi-isostatic annealing (“cook”)
pc = 2 GPa

Second deformation (“kick”)
pc = 1 GPa (except B9015: 2 GPa)

sample# Tc,def
[ ◦C]

Tm,def
[ ◦C]

SR
[10−5 s−1]

1σmax
[GPa]

εmax 1
[%]

Tc,ann
[ ◦C]

Tm,ann
[ ◦C]

tann
[h]

A

[%]
dexp
[µm]

std
[µm]

dmax
[µm]

Tc,def
[ ◦C]

Tm,def
[ ◦C]

SR
[10−5 s−1]

1σmax
[GPa]

εmax 2
[%]

εtot − εmax 1
[%]

εtot
[%]

B9040 301 302 7.3 1.26 23 1001 1028 69.1 30.2 4.5 3.8 22.0 301 311 2.42 nd 16 11 34
B9014 602 nd 7.6 1.17 25 1001 nd 16.5 15.9 3.6 1.9 28.4 602 nd 5.81 2.0 9 12 37
B9015 601 592 7.6 1.29 18 1001 nd 16.6 20.0 4.9 3.7 23.5 602 nd 4.94 2.0 9 18 36
B9043 602 nd 7.4 1.27 19 1001 nd 69.0 nd nd nd nd 601 nd 5.28 2.1 11 20 39
B9044 no deformation 1001 971 69.9 nd nd nd nd 601 570 8.34 2.1 15 11 11

Notation for table heads as for Table 1; numbers quoted in italic: strain rate and stress during creep estimated as described in the text.

2.2 Analytical techniques

The olivine microfabrics of tested samples were analysed
by polarization microscopy, scanning electron microscopy
(SEM) including electron back scatter diffraction (EBSD),
and transmission electron microscopy (TEM). Polarization
microscopy was performed on polished thin sections (30 µm
thick). A SEM (LEO 1530) instrument equipped with field
emission gun and forescatter detector was used for automated
EBSD measurements with a step size of 0.7 to 1 µm. For
TEM analysis, a Phillips EM301 microscope was operated
at 100 kV. TEM foils (100 to 200 nm thick) were prepared by
the focused ion beam (FIB) technique using a FEI Quanta200
3-D microscope.

The area covered by new grains, was mapped for all sam-
ples relying on images gained by optical microscopy (see
Tables 1 and 2). EBSD measurements provided information
on the spatial distribution of the crystallographic orientation
of new grains. Since new grains were generally too small to
be analysed by polarization microscopy in 30 µm thick sec-
tions, EBSD maps were also used for grain size analysis, de-
spite the general difficulty to distinguish between misindex-
ing and small real grains. Grain sizes were estimated using a
threshold of a relative crystallographic misorientation angle
of 10◦ to formally distinguish between subgrains and grains.
The quoted grain sizes represent the diameter of a circle of
equivalent area. Given the applied step size of 0.7 to 1 µm
for automatic EBSD measurements, grains with a diameter
below 2 µm were neglected. The average grain diameter is
given as the expectation value of the associated grain size
distribution. Variability in grain size within a sample is rep-
resented by the standard deviation in grain size (see Tables
1 and 2). Typically, grain size distributions show the maxi-
mum for the lowest grain size bin (< 5 µm), then grain size
frequencies rapidly decrease to zero. Maximum size of new
grains is reported as the diameter of the last bin class with
a non-zero frequency. The skewness of grain size distribu-
tions is to some extent affected by the automatic detection of
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Fig. 1. Stress-strain curves for deformation at 300◦C and 600◦C.
Mean value and standard deviation of stress at 10 % strain indicate
a weak temperature dependence of strength.

grains from EBSD data, likely overestimating the amount of
small grains. Clearly, the absolute values for grain size de-
termination are strongly dependent on the processing routine
of the EBSD data. Here, all measurements were processed by
strictly the same routine to ensure that the data are significant
for a comparison of the results from the various experiments
employing different deformation and annealing conditions.

3 Results – mechanical data

Maximum differential stress,1σmax, and maximum strain,
εmax, (sum of elastic and inelastic strain) reached during de-
formation were derived from stress-strain curves after fric-
tion correction (Rybacki et al., 1998). The maximum dif-
ferential stress ranged between 1 and 1.5 GPa during the
initial deformation stage (Table 1). A weak temperature
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Fig. 2. (a), (b)Polarized light micrograph (crossed polarizers) of sample B901 after deformation at 600◦C, 1 GPa that did not experience
subsequent annealing. The yellow lines in(b) encircle the highly damaged zones, identified by optical microscopy (in combination with
EBSD and TEM analyses). The shortening direction is vertical, indicated by black arrows.(c) EBSD map (relative misorientation) of sample
B909 after deformation at 600◦C, 1 GPa that did not experience subsequent annealing; the shortening direction is vertical, indicated by white
arrows, and corresponding pole figures(d).

dependence of strength can be noticed from mean values of
differential stress at 10 % strain (Fig. 1). On average, sam-
ples deformed at 300◦C show a higher strength than those
deformed at 600◦C (see also Druiventak et al., 2011).

The stress-strain curves yield maximum strains between
14 and 28 %, correlating well with the permanent shortening
εtotal between 5 and 33 % as determined from calliper mea-
surements on recovered samples after the experiments (Ta-
ble 1). Shortening of samples in the reference annealing ex-
periments without preceding deformation (“cook”) amounts
to 3 % in the Griggs-type apparatus and 1 % in the piston-
cylinder apparatus (Table 1).

Most of the stress-strain curves show systematic soften-
ing with increasing strain (Fig. 1). Due to the inherent un-

certainty of the friction corrections in solid-media apparatus
(e.g., Rybacki et al., 1998; Holyoke and Kronenberg, 2010)
it is possible that the curves indicating softening do not all re-
flect actual material behaviour. Yet, the cases for which stress
decreases prominently with increasing strain (Fig. 1) corre-
late with the observation of local shear zones in the deformed
samples (Fig. 2). The slight variations in applied strain rates
do not affect strength (Table 1).

Strainsεcreep, accumulated during the “creep” stage in
“kick and creep” experiments in which the piston was slowly
advanced during heating or remained at its final position
after the deformation stage during annealing, range from
10 to 29 %, as calculated from the difference between to-
tal strain determined from the shortening of the sample

www.solid-earth.net/4/423/2013/ Solid Earth, 4, 423–450, 2013
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after the experiment and the strain derived from the stress-
strain curves of the low-temperature deformation (“kick”
stage) (Table 2). These strains correspond to approximate
strain rates between 10−6 and 10−7 s−1 gained from sim-
ply dividing accumulated strain by the duration of the high-
temperature stage (Table 2). Differential stress at this stage
is estimated to be somewhat below 0.5 GPa using the flow
law for dislocation creep of olivine after Chopra and Pater-
son (1981) and assuming that olivine deforms by dislocation
creep at the given temperature of 1000◦C and the inferred
strain rates. As the axial piston is not (B9037) or slowly
advanced only during the heating stage (B9038, B9039),
stresses and strain rates decrease with time during the creep
experiment.

Strain during the second high-stress low-temperature de-
formation after isostatic annealing can be estimated in two
ways: (1) taking the difference between the total strainεtot
representing the permanent shortening of the sample and the
strainεmax1 derived from the stress-strain curves of the first
deformation leads to 11 to 20 %; (2) directly analyzing the
“second” stress-strain curve gives comparable strainsεmax 2
of 9 to 16 % (Table 2). Maximum differential stresses during
the second deformation stage in kick-cook-kick experiments
exceed those observed during the first. The friction charac-
teristics changed relative to the first deformation stage when
the experiment was cooled down to the temperatures of the
second deformation stage (300, 600◦C) after extended high-
temperature annealing rendering the quoted stresses of the
second stage more uncertain. Despite this uncertainty, the
recorded values of stress are systematically higher for the
second deformation stage compared to the first, suggesting
that a significant reduction in strength from the first to the
second deformation stage is unlikely. Also, strength deter-
mined from the reference experiment without a first defor-
mation stage is similar to the ones determined during the first
deformation cycles (“cook-kick”).

4 Results – olivine microfabric analysis

Microstructures resulting from the high-stress deformation
(“kick”) are described in detail by Druiventak et al. (2011).
In this study, we focus on the evolution of the olivine micro-
fabric during subsequent annealing at different temperatures,
durations, and stresses. As the high-stress deformation deter-
mines the olivine microfabric evolution during subsequent
annealing, the main characteristics still ought to be sum-
marised here. After “kick”, the olivine grains with an orig-
inal diameter of 0.2 to 1 mm show intragranular fractures,
some of which may be pre-existent (Fig. 2a to c). Local-
ized, highly damaged zones of a few tens to 100 µm in width
are characterized by systems of intergranular fractures sepa-
rating fragments of various sizes (Fig. 2c). These fragments
show strong patchy undulatory extinction in the polarization
microscope (Fig. 2a, b) corresponding with high internal mis-

orientation angles evidenced by EBSD data (Fig. 2c, d) and
associated with a high density of dislocations, cellular do-
mains, and voids as found by TEM (see Druiventak et al.,
2011, 2012). Thus, the fragments show both, a misorienta-
tion between each other due to rigid body rotation and at the
same time internal misorientation due to crystal-plastic de-
formation (Fig. 2c, d). The highly damaged zones constitute
an area percentage of 5 to 7 % (Fig. 2a, b).

4.1 Microfabrics after reference experiments

In samples from the reference annealing experiments at
1000◦C for 70 h without preceding experimental deforma-
tion (“cook”, B9026, B9036, Fig. 1), small grains with a di-
ameter of 4 to 5 µm occur locally along boundaries of orig-
inal olivine crystals and pre-existent cracks in them. These
small new grains cover an area of about 1 to 3 % of the ref-
erence samples. Microstructures from the “cook and kick”
reference experiment (B9044, annealed at 1000◦C for 70 h,
deformed at 600◦C, Fig. 1) show some isometric new grains
along boundaries of large original grains comparable to the
“cook” reference samples (B9026, B9032) and otherwise the
deformation microstructures compare well to the “kick” ex-
periments, i.e., they comprise fractured original grains and
highly damaged zones.

4.2 Microfabrics after deformation and annealing
(“kick and cook”)

4.2.1 Types of grains

In experimentally deformed and then annealed samples we
differentiate two types of new grains on the basis of the
microstructures of samples deformed at 300 or 600◦C and
annealed at the lowest temperature of 700◦ C for 144 hr
(Fig. 4). In these samples, a marked modification is not
resolved by polarization microscopy compared to the mi-
crostructures observed immediately after deformation. In
TEM, the highly damaged zones are still characterized by a
high density of dislocations that occur in tangles and cellular
domains, irrespective of deformation temperature (Fig. 4b:
600◦C, Fig. 4d: 300◦C). The combination of EBSD maps
and TEM observations (Fig. 4), however, reveals that new
grains occur locally even at this lowest annealing tempera-
ture. We subdivide two different types of new grains:

1. Almost defect-free tiny (<1 µm) crystalline volumes
occur within crystalline material of very high defect
density (Fig. 4b, d). New grains that develop from
these cellular domains in highly damaged zones are
subsequently referred to as “recrystallized grains”.
Voids occur along the boundaries of these grains but
also within the matrix of high defect density.

2. Grains of a few micrometers or a few tens of microme-
ters with smoothly curved grain boundaries and an in-
herited defect density are interpreted to originate from
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Fig. 3. (a) Polarized light micrograph (crossed polarizers) and(b) mapped area occupied by new grains for sample B9029 deformed at
600◦C and annealed at 1000◦C for 144 h. The red color in(b) represents the area occupied by new grains and yellow represents olivine
porphyroclasts surrounded by new olivine grains. The shortening direction is vertical, indicated by arrows.

small fragments of original grains whose boundaries
lost their angularity driven by curvature reduction dur-
ing incipient heat treatment (Fig. 4c). These grains are
referred to as “fragments”. Voids of 1 to 2 µm in di-
ameter are present at three-grain junctions and smaller
voids between two such grains.

The distinction between “fragment” and “recrystallized
grain” thus reflects both, the variance in defect density
and size. The characteristics of fragments and recrystal-
lized grains change during annealing. To distinguish be-
tween fragments and recrystallized grains is straightforward
when inspecting individual grains using TEM and high-
resolution EBSD maps but rather impossible on the scale of
an entire sample. Therefore, they are summarized as “new
grains” when describing bulk properties. A distinction be-
tween “fragment” and “porphyroclast” is established solely
on the basis of size: Porphyroclasts are defined by a long axis
of grains > 100 µm, i.e. > 10 to 50 % of the original grain size
of the natural peridotites. Grains with inherited dislocation
density (i.e., fragments plus porphyroclasts) are summarized
as deformed grains.

4.2.2 Development of the area occupied by new grains
and their size during isostatic annealing

A dependence of the size of new grains and the area they
occupy on deformation temperature is not obvious from our
data (Fig. 5a, b) but a strong dependence on annealing tem-
perature and time (Figs. 5c, d, 6). The area occupied by
new grains (up to 30 %) and the average grain diameter (3
to 10 µm) increase with annealing temperature and time (see
also Table 1). New grains occur between porphyroclasts and
in intragranular zones. Most prominently, they follow the
original highly damaged zones generated during the high-
stress deformation stage (Fig. 3). The size of new grains
varies strongly within one sample, as reflected by the high
standard deviation (Table 1) and by grain size distributions
derived from EBSD data (Fig. 7c, Fig. 8d). The variability
slightly increases with increasing annealing temperature and
time (Fig. 5c, d) not only in absolute values but also relative
to the expectation values (Table 1).

Recrystallized grains and new grains originating from
fragments differ prominently also after annealing at high
temperature for a longer time: in samples after annealing for
144 h at 1000◦C, EBSD data reveal a heterogeneous distri-
bution of small isometric recrystallized grains with smoothly
curved high-angle grain boundaries and devoid of intracrys-
talline deformation features (Fig. 7). In contrast, fragments
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Fig. 4. (a)EBSD map with relative misorientation (sample B9031). The shortening direction is vertical, indicated by white arrows. FIB cuts
for TEM samples are shown by yellow rectangles.(b, c) TEM micrographs of sample B9031, deformed at 600◦C and annealed at 700◦C
for 144 h. TEM sample locations are shown in(a). (d) TEM micrograph of a sample B9034 deformed at 300◦C and annealed at 700◦C
for 144 h. Note the “new grains”, i.e. defect-poor crystallites (arrows inb, d) in a distorted matrix of high defect density still present after
annealing in zones of high strain generated during deformation. In contrast(c) shows a “fragment”, see text for explanation.

developed irregular grain shapes with sutured boundaries,
undulatory extinction and sub-grain boundaries, i.e. internal
crystallographic misorientation, as indicated by polarization
microscopy and EBSD analysis (Fig. 7a, b).

After isostatic annealing at 1100◦C for 70 h, fragments
(labelled “f” in Fig. 8a) show mostly concave and su-
tured boundaries and are thus distinguishable from isometri-
cally shaped recrystallized grains with curved convex bound-
aries. Recrystallized grains typically retain a small diam-
eter of ≤ 10 µm. Areas, where recrystallized grains occur
concentrated and together with fragments of various size
(Fig. 8a, d), are interpreted to represent former highly dam-
aged zones. Grain size distributions overly decrease mono-
tonically for deformed samples annealed at temperatures up
1000◦C (Fig. 8d) but distributions of samples annealed at
1100◦C show a decreased amount of grains in the lowest bin
(< 5 µm, Fig. 8a, d). The increase in average and maximum
grain diameter with higher annealing temperature and time is
also reflected by the higher variance in grain sizes (Table 1).

Generally, less than a few percent of the area of a sample
are covered by recrystallized grains after annealing at tem-
peratures of≤ 900◦C. Microstructural observations indicate

that the highly damaged zones formed during deformation
are completely replaced by defect-poor new grains after an-
nealing for 70 h at 900◦C. At higher temperatures, the area
occupied by new grains is larger than the optically defined
highly damaged zones. Generally, the striking microstructure
of porphyroclasts surrounded by new grains observed after
annealing at temperatures of≥ 900◦C is similar to what is
commonly addressed as core-and-mantle structure (e.g., Fitz
Gerald and Stünitz, 1993; Passchier and Trouw, 2008; Stipp
and Kunze, 2008).

In TEM, the different characteristics of fragments and re-
crystallized grains are apparent by their respective intracrys-
talline defects: fragments show low-angle grain boundaries
arranged in short, commonly subparallel sets and a low to
moderately high (< 1013 m−2) dislocation density (Figs. 8b,
c, 9). Recrystallized grains are free of low-angle grain bound-
aries and contain almost no dislocations (Figs. 8b, c, 9a, b, c,
f). Boundaries between two recrystallized grains (Fig. 9a, b)
as well as the boundaries between recrystallized grains and
fragments (Figs. 9c, f, 10b, c) are smoothly curved and partly
decorated by tiny voids.
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The differentiation between fragments and porphyroclasts
becomes increasingly ambiguous, as the grain size of por-
phyroclasts shrinks due to the growth of new grains (Fig. 8a).
Despite this ambiguity in detail, however, it can be safely
stated that an area > 70 % of the sample is covered by por-
phyroclasts (host fragments > 100 µm) even at the highest
annealing temperature of 1100◦C (B9036, Fig. 8).

4.2.3 CPO of new grains

New grains in intragranular zones show a relative misorienta-
tion angle of more than 30◦ compared to their host (Fig. 10a,
b). There, misorientation patterns suggest a common axis
possibly associated with rigid body rotation related to shear-
ing within the highly damaged zone during the “kick” ex-
periment. The crystallographic orientation of new grains de-
rived from EBSD maps of larger areas of deformed and an-

nealed samples shows similar maxima as the maps of the
porphyroclasts (Fig. 11), in particular for low annealing tem-
peratures (700 and 800◦C). The maxima in porphyroclasts
orientation reflect a weak CPO of olivine present in the ex-
perimentally undeformed peridotite (Druiventak et al. 2011).
With increasing annealing temperature the scatter in crystal-
lographic orientation of new grains increases (Fig. 11). A
systematic orientation relationship to the shortening direc-
tion is generally not obvious.

4.3 Microfabrics after deformation and a
subsequent low-stress, high-temperature
stage (“kick and creep”)

The main characteristics of the microfabrics found after high-
stress deformation and high-temperature creep at 1000◦C for
70 h and stresses about 3 times lower than those during the
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kinetics Eq. (5) for the indicated effective exponent and effective
activation energy. We restrict to representing results for samples de-
formed at 600◦C for presentational clarity. Similar findings hold for
samples deformed at 300◦C.

“kick” stage (i.e., 0.5 GPa) are comparable to those of sam-
ples that experienced isostatic annealing at the same temper-
ature for the same duration. Core-and-mantle-like structures
are found (Fig. 12a, b); the average diameter of new grains is
about 6 µm (see Tables 1 and 2); the observed CPO patterns
are variable with strong scatter in orientations and no sys-
tematic correlation to the shortening direction, instead, ori-
entation relations to the host (Fig. 11). Yet, an increase in the
area occupied by new grains to 26 % is observed for samples
deformed in “kick and creep” experiments (Table 2a) com-
pared to only 7 to 13 % in the isostatically annealed samples
at otherwise comparable conditions (Table 1).

4.4 Microfabrics after deformation, annealing and
renewed low-temperature deformation
(“kick-cook-kick”)

In samples that experienced a second high-stress, low-
temperature deformation stage after an initial high-stress de-
formation and isostatic annealing (“kick-cook-kick”), elon-
gate remnants of bent original grains with internal mis-
orientation are observed in direct contact to zones of new
grains (Fig. 12c, d). Strain accumulated during the second
high-stress deformation therefore appears to localize in the
porphyroclasts rather than in the fine-grained recrystallized
zones.

5 Discussion

The recrystallization features observed in our reference sam-
ples annealed without preceding experimental deformation
are interpreted to be a result of the rocks natural strain history
rather than non-hydrostatic stress states during the experi-
ments. The observed new grains supposedly develop by grain
boundary migration of small crystalline, relatively defect-
free volumes surrounded by naturally strained areas of the
peridotites, i.e., along grain boundaries or pre-existent frac-
tures. Yet, the area occupied by new grains observed after
the isostatic reference “cook” experiments in the Griggs ap-
paratus (B9026) and the piston cylinder apparatus (B9032)
differs. The difference may be a result of sample to sample
variability but may also indicate a poorer realization of iso-
static conditions in the Griggs apparatus. If the latter is true,
the microstructural observations of all experiments may be
slightly biased by a fraction of new grains of up to 3 % not
necessarily directly correlated with the imposed experimen-
tal conditions. The sites most prone to recrystallization due to
an inherited natural deformation history may, however, also
accommodate the experimental deformation. If so, the area
occupied by new grains observed during the reference exper-
iments does not constitute a bias to our observations. The ex-
tent of these recrystallization phenomena is so restricted that
their occurrence does not significantly affect our discussion.
Furthermore, the “starting material” in nature will typically
also have some strain energy stored from preceding events
when a high-stress event takes place.

In the following, we firstly discuss the recrystallization
processes for the two identified types of new grains distin-
guished from our “kick and cook” experiments, then specifi-
cally address the quantitative grain-size evolution during iso-
static annealing, the kinetics of static recrystallization and fi-
nally the implications of our study regarding extrapolation to
natural conditions and recognition of diagnostic microstruc-
tures in natural samples. We conclude with a brief note on
reloading scenarios.

5.1 Evolution of the two different types of new grains

The “kick” stage at 300 and 600◦C leads to a tran-
sient marked grain size reduction by fracturing together
with glide-controlled crystal-plastic deformation (i.e., low-
temperature plasticity) but evidence for dislocation creep
with dynamic recrystallization is lacking (see also Druiv-
entak et al., 2011, 2012). The variations in areas occupied
by new grains and their size indicate that “nucleation and
growth” processes are active to different degrees during heat-
ing and isostatic annealing with and without superposed
creep.
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Fig. 7.EBSD map of sample B9028 deformed at 300◦C and annealed at 1000◦C for 144 h.(a) Highlighted is a grain with sutured boundaries
indicating strain-induced grain boundary migration and with internal relative misorientation. The shortening direction is vertical, indicated
by white arrows.(b) The same map, here with yellow lines indicating LAGBs and red lines indicating HAGBs. Note the contrast between
the irregular shaped and the isometric new grains with smoothly curved HAGBs.(c) Grain size distribution (grains are selected manually) of
area shown in a.

Based on the microstructural observations we distin-
guished two fundamentally different types of new grains:

1. The first type referred to as “recrystallized grains”
evolved within highly damaged zones from cell struc-
tures, i.e., dislocation-free domains surrounded by dis-
location tangles, formed by dislocation glide during
high-stress deformation and possibly also some brittle
mechanisms. At an early stage of annealing at 700◦C
(Fig. 4b, d), these grains are represented by defect-
free crystallites with a diameter < 2 µm, surrounded by
crystalline material containing a high density of tan-
gled dislocation. Since annealing proceeds at isostatic
conditions recrystallized grains do not develop inter-
nal deformation features. Their crystallographic orien-
tation appears nearly random and only weakly con-
trolled by the crystallographic orientation of the host
crystal (Fig. 10a, b). Their orientation does not show a

relation to the stress orientation of the initial deforma-
tion.

Cell structures are formed during deformation and
thermally activated nucleation like in displacive phase
transformations probably does not apply to static
recrystallization. Nevertheless, some thermal effects
such as cell-wall migration may contribute to the for-
mation of the recrystallized grains. Thus, “nucleation”
does not occur in the classical sense used for phase
transformations but rather constitutes a process of “ini-
tiation”, during which small crystalline volumes of low
internal strain energy grow on the expense of deformed
material (e.g., Humphreys and Hatherly, 2004). We
still use the term “nucleation” here, given the small
size of the precursors (“seeds” or “nuclei”) embed-
ded in the highly disordered crystal lattice. The for-
mation of these recrystallized grains is different from
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Fig. 8. (a)EBSD map shows grains with diameter < 10 µm in randomly selected colours in sample B09036 after deformation at 600◦C and
annealing at 1100◦C for ca. 70 h. The shortening direction is vertical, indicated by white arrows. Original “fragments”(f) now show sutured
and concave grain boundaries. Note contrast to isometric shape of new grains with mostly convex boundaries. Yellow bar marks location
of FIB-prepared TEM sample of which micrographs are presented in(b, c). (b, c) Fragments show LAGBs and a moderate free dislocation
density. The grain boundary between host and new grain is straight.(d) Grain size distribution (grains are detected automatically) of area
shown in(a).

subgrain rotation recrystallization (i.e., polygoniza-
tion) or bulging recrystallization (e.g., Drury and Urai,
1990; Shimizu, 1998; Stipp and Kunze, 2008; Platt
and Behr, 2011), for which the larger precursors in-
herit the crystallographic orientation of the host and

which are processes that require ongoing deformation
with continuous dislocation production, i.e., dynamic
recrystallization. High misorientation between recrys-
tallized grains developed from highly disordered lat-
tice regions (Fig. 4b, d) and weak to absent orientation
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Fig. 9. TEM micrographs of sample B9028 deformed at 300◦C and annealed at 100◦C for 144 h (a to e) and of sample B9029 deformed
at 600◦C and annealed at 1000◦C for 144 h(f). TEM micrographs show defect-free new grains with smoothly curved boundaries to host
crystals containing LAGBs and dislocations. Note voids along grain boundaries (arrows). At three-grain junctions the angle between the
boundaries encloses 120◦ (b).

control by the host crystals have previously been ob-
served in aggregates composed of quartz (Trepmann
et al., 2007) and feldspar (Stünitz et al., 2003).

2. The second type of new grains, the fragments (Fig. 4c),
differs from recrystallized grains and their precursors,
the defect-free crystalline volumes (< 2 µm), mainly by
(a) the inherited defects from the initial deformation
stage, (b) their larger size (up to a few tens of µm),
and (c) the separation to other fragments by high-angle
grain boundaries. After isostatic annealing, fragments
contain low-angle grain boundaries and show sutured
grain boundaries (Figs. 4c, 7, 8). Fragments that expe-

rienced little rigid body rotation during comminution
result in an orientation pattern with a systematic rela-
tion to the host crystal.

The differentiation in types of grains is necessary for
the further discussion but in parts quite subtle, also be-
cause their characteristics change during the experi-
ments. Some fragments (in particular small ones for
which the average distance for a dislocation to the sur-
face is small) may indeed anneal early on and then
evolve exactly like recrystallized grains. In particular,
the CPO and grain size analyses resting on large EBSD
data sets comprise both, fragments and recrystallized
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Fig. 10. (a)EBSD map showing new olivine grains in an intragranular zone and between two old grains after annealing at 1000◦C and 144 h.
The shortening direction is vertical, indicated by white arrows. The white bars indicate the location of FIB-prepared TEM samples (Fig. 9a
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high misorientation angles between new grains (small dots, one point per grain) and host crystal (blue larger dot) in the intragranular zone
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representing a rotation axis.(c) Density plot of pole figures of all new grains (complete data set) in the map.

grains. The weak CPO (Fig. 11) in areas composed of
new grains is controlled by the original orientation of
the host crystals and not interpretable in terms of in-
tracrystalline glide systems requiring dynamic recrys-
tallization resulting in recrystallized grains preferen-
tially oriented with the active glide direction parallel
to the stretching lineation and the glide plane in the
foliation plane.

5.2 Grain size evolution during isostatic annealing

Given the short time of heating from 600◦C to the final an-
nealing temperature (max. 2.3 h) in comparison to the ex-
tended duration of annealing (16 to 144 h), the contribution
of growth during the heating phase can be neglected. Growth
of defect-free recrystallized grains surrounded by crystalline
material with a high defect density is initially driven by the
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Fig. 11. Density plots of the crystallographic orientation of olivine crystals in an experimentally undeformed sample and in the deformed
samples at the various experimental conditions (equal area projection, lower hemisphere, complete data set). The shortening direction is
vertical in all images.
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Fig. 12. (a)Polarized light micrograph (crossed polarizers) of sample B9038 and(b) EBSD map of sample B9037 both deformed at 300◦C
and then deformed at 1000◦C at a low residual stress for ca. 70 h (“kick and creep“ experiments).(c) Polarized light micrograph (crossed
polarizers) and(d) EBSD map for sample B9014 after deformation at 600◦C at high stress, annealing at 1000◦C for 16 h and then again
deformed at 600◦C at high stress (“kick-cook-kick” experiments). The shortening direction is vertical in all images, indicated by white
arrows.
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Table 3. (a) Parameter estimates for the quantitative analysis of the extended Avrami model. (b) Constraints on activation enthalpies of
involved processes.

(a) parameter estimate reference

grain boundary energyγ 1Jm−2 Cooper and Kohlstedt (1982);
Duyster and Stöckhert (2001)

shear modulusµ 50GPa Jackson et al. (2002)
Burgers vectorb 0.6nm Deer et al. (1992);

Durinck et al. (2007)

nucleus densityη = N/V 1018m−3

initial dislocation density of
deformed materialρ0

1015m−2

(b) process activation enthalpy (kJmol−1) reference

grain growth Hgg ∼ 160kJmol−1 wet
(Hgg ∼ 520kJmol−1 dry)

Karato (1989)

Qcreep' HSi
gbd' Hgg = 335± 75kJmol−1 Hirth & Kohlstedt (2003);

Hackl & Renner (2013)
grain boundary migration Hgbm' 210± 20kJmol−1 Toriumi (1982)

recovery kinetics Hρ = 300± 15kJmol−1 Kohlstedt et al. (1980)
Hρ = 460± 42kJmol−1 Toriumi & Karato (1978)
Hρ = 240± 43kJmol−1 sol gel
Hρ = 355± 81kJmol−1 SC ol

Farla et al. (2011)

lattice diffusion of Si HSi
ld = 529± 41kJmol−1 Dohmen et al. (2002)

14 
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Figure 14: Recrystallized volume according to equation (10) as a function of dimensionless 111 

time  ( 1p̂t Bt   for 1p   and 2 0p̂t K t   for 2p  ) in the range of “measurable” volume 112 

fractions. The ratios of kinetics constants 3
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Figure 15: a) Effective Avrami exponent and b) relative effective activation energy as a 119 

function of dimensionless time ( 1p̂t Bt   for 1p   and 2 0p̂t K t   for 2p  , see equation 120 

(10)). For b) equation (14) was divided by 
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Fig. 14. Transformed volume according to Eq. (10) as a function
of dimensionless time (t̂p=1 = Bt for p = 1 andt̂p=2 = Kρ0t for
p = 2) in the range of “measurable” volume fractions. The ratios
of kinetics constantsAρ3

0/B andA/K3 have to be on order of 1 or
less for recovery kinetics to affect the transformation progress.

reduction in strain and surface energies. Boundaries between
defect-free recrystallized grains are solely controlled by in-
terfacial free energy, whereas other grain boundaries (be-
tween deformed grains and recrystallized grains) are contin-
uously migrating driven by gradients in the defect density.

A positive correlation between the final grain size attained
during static recrystallization and annealing temperature as
observed here (Fig. 5b, c, Table1) has also previously been
reported, (e.g., Fig. 4.16 in Nicolas and Poirier, 1976) as
has a negative correlation between resulting grain size and
accumulated bulk strain during the preceding deformation
(e.g., Nicolas and Poirier, 1976; Humphreys and Hatherly,
2004). Strain affects the number of nucleation sites (e.g.,
Humphreys and Hatherly, 2004) as much as it affects the de-
gree and spacial extent of crystal damage. In addition, the
defect content of the deformed material affects the driving
force for growth and potentially also the grain boundary mo-
bility. Spacial heterogeneity in local strain is characteristic
for deformation in the regime of low-temperature plasticity
associated with fracturing dominant in the “kick” steps of the
experiments (Druiventak et al., 2011). Thus, even in a single
sample the variability of local strain and associated inelastic
deformation causes variations in the characteristics of new
grains.

The observed range in grain sizes in samples from exper-
iments after annealing at high temperatures (≥ 900◦C) and
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long annealing times (≥ 70 h) can be explained by a negative
correlation between grain size and strain and different evolu-
tions of recrystallized grains and fragments during annealing
(Fig. 8a, d, 10a, Table 1): The fine-grained (<10 µm) zones
represent sites of high nucleus density along former highly
damaged zones (i.e., zones of high strain), where many nu-
clei are created and they mutually hinder each other in their
growth due to impingement. In contrast, at some distance of
the highly damaged zones fewer and larger new grains (up to
40 µm) occur (Fig. 10a), likely due to a lower nucleus density
and/or predominant occurrence of fragments. Furthermore,
variations in the driving force for growth during isostatic an-

nealing have to be considered for the recrystallized grains
that are almost free of defects and for the fragments that in-
herit the deformed microstructure (see for example Hackl
and Renner, 2013, for an analytic expression of the depen-
dence of a grain’s size evolution on the relation between its
energy state and that of its environment).

The driving force for growth of new grains, i.e., the dif-
ference in their free energy and that of their environment,
1G, is here simply associated with two defect concentra-
tions, the density of interfaces (surface area per volume for
a single grain, here represented by the inverse of grain size,
i.e., a grain-shape dependent geometrical factor is neglected
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for simplicity but can be considered to be included in the un-
certainty of the specific interface energy) and the density of
dislocations (length of dislocations per volume),

1G = 1Gγ + 1Gρ = γ

(
1

ddef
−

1

drec

)
+ µb2 (ρdef− ρrec), (1)

where1Gγ and1Gρ denote the difference in free energy
associated with interfaces and dislocations, respectively;ddef
and drec represent the grain diameter of deformed grains
(i.e., fragments and clasts) and recrystallized grains, respec-
tively; ρdef and ρrec are dislocation densities of deformed
and recrystallized grains, respectively;γ is the specific grain
boundary energy,µ the shear modulus, andb the Burgers
vector.

In our samples, the free energy of recrystallized grains is
dominated by their interfacial energy while that of deformed
grains is dominated by strain energy represented by disloca-
tion density (Fig. 13a). We therefore approximate the driving
force by1G ' −γ /drec+ µb2ρdef yielding a condition for
the minimum size of a recrystallized grain to grow in expense
of the deformed grains,drec,min = γ /µb2ρdef. The critical
size for a recrystallization nucleus in olivine aggregates cal-
culates to 10 to 100 nm in volumes with a dislocation density
of ∼ 1015± 0.5 m−2 assumingγ ∼ 1Jm−2 (see Table 3a). The
minimum size directly scales with interfacial energy, thus the
minimum size for subgrain nuclei may be even smaller than
the value above due to the order of magnitude reduction in
their interfacial energy relative to the used interface-energy
value representative for large-angle boundaries. Once a ma-
terial volume is solely composed of defect-free recrystallized
grains, normal grain growth sets in controlled by a driving
force that is dominated by the relative relation between the
curvature of grain boundaries (e.g., Atkinson, 1988; Evans
et al., 2001). At all stages, grain boundary migration may be
affected by pinning due to voids present on the grain bound-
aries (Fig. 9) that are relics of low-temperature plasticity as-
sociated with brittle deformation preceding the annealing.
Strain-induced migration of boundaries between defect-free
recrystallized grains and fragments or porphyroclasts with
inherited defect density can further proceed due to gradients
in stored strain energy. The observation that the area occu-
pied by new grains exceeds the area of original highly dam-
aged zones after annealing at high temperature (≥ 900◦C)
and long time (≥ 70 h) may indeed be explained by ongoing
strain-induced grain boundary migration after the complete
replacement of the highly damaged zones.

Our data set is clearly affected by the lower limit in reso-
lution of the EBSD-based grain size analysis. Yet, the size of
new grains is sufficiently large for growth to be resolved for
annealing temperatures exceeding≥ 900◦C. Grain growth is
traditionally modelled by laws of the form

dm
(t) − dm

0 = kggt, (2)

wherekgg = kgg,0exp(−Hgg/RT ) (see e.g., Drolet and Gali-
bois, 1971; Simpson and Aust, 1972; Evans et al., 2001) and

Hgg is the activation enthalpy of grain boundary mobility.
At face value, the observed size evolution of new grains is
in fair agreement with predictions based on Eq. (2) using
Karato’s (1989) experimentally derived parametersm = 2,
kgg,0 = 1.6× 10−8m2/s, andHgg = 160 kJ mol−1 (Fig. 5c).

When data are available for 16 and 70 hr long annealing
stages at a given temperature, the difference in grain size
is small (Fig. 5c). In conventional grain growth experiments
such a plateau would indicate an effect of the starting grain
size. The calculation of critical nucleus size however indi-
cated much smaller values than these plateau values, sug-
gesting that starting grain size can be neglected in Eq. (2) for
recrystallized grains. This reasoning does not apply to frag-
ments, though. Two alternative explanations deserve consid-
eration. Firstly, the apparent plateau in grain size can simply
be an effect of the convolution between the resolution limit
of the EBSD analysis and the true grain-size distribution (in-
deed the majority of distributions decreases monotonically as
expected for this type of resolution issue). The peaks of the
distributions come close to or exceed the limit of resolution
only for extended annealing at high temperature. For short
durations and/or low temperature only the tail of the distri-
butions is sampled. Secondly, continuous nucleation would
also lead to an initial absence of growth since the distribution
functions would be continuously reloaded at their small-size
end. Yet, we consider a significant continuous nucleation rate
during annealing unlikely, because the “nuclei” in this type of
recrystallization phenomena are actually formed during the
deformation stage.

5.3 Kinetics of static recrystallization

Formation of new grains from the deformed microstructure
resembles a phase transformation, i.e. here the replacement
of deformed material by material with lower dislocation den-
sity, involving overlapping and concurrent processes of nu-
cleation, growth and impingement. We address the evolution
of the structure as “transformation”, where fragments either
evolve similar to recrystallized grains or behave like com-
ponents of the defect-loaded matrix otherwise constituted
by clasts. Transformation kinetics is frequently modelled re-
lying on the so-called Johnson–Mehl–Avrami–Kolmogorov
(JMAK) equation (e.g., Johnson and Mehl, 1939; Christian,
2002, Liu et al., 2004). Below we first apply previously pre-
sented versions of the JMAK equation to our data before
deriving an extended version that accounts for the time de-
pendence of the driving force for growth. The complexities
of the spacial distribution of new grains in heterogeneously
deformed materials as the peridotite samples of this study
cannot be accounted for in this modelling.

5.3.1 Conventional Avrami-analysis

For site saturation or continuous nucleation and isothermal
conditions, the formation of recrystallized grains can be
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modelled by the conventional JMAK-kinetics equation

XV (t) = XA(t) = 1− exp
[
−(ktranst)

n
]
, (3)

whereXV (t) andXA(t) denote transformed volume and area
fractions, respectively,t time, andn is typically called the
Avrami-exponent. The exponent depends on the dimension-
ality of growth and the rate-controlling process (e.g., inter-
face vs. volume diffusion). Parameterktrans is a rate constant
assumed to have an Arrhenius-type temperature dependence,
i.e.,ktrans= ktrans,0exp(−Qtrans/RT ), with an effective acti-
vation energyQtransthat is not an activation enthalpy of a sin-
gle atomistic process but reflects nucleation and growth pro-
cesses. At face value, our data suggest an Avrami-exponent
close to 1 at least for extended annealing (Fig. 6) and an ef-
fective activation energy of∼ 150 kJ mol−1 rather indepen-
dent of the temperature at which the deformation took place
preceding the annealing stage.

In the conventional approach an Avrami-exponent of 1 is
representative of one-dimensional growth, an interpretation
at odds with the microstructural observation that growth of
grains occurs rather randomly in three dimensions. Spacial
distribution of severely damaged material may reduce the di-
mensionality of growth to some extent but the very width and
volume of the highly damaged zones clearly exceeds that of
quasi-one-dimensional features. Such growth geometry is as-
sociated withn = 3 and 4 for site saturation and continuous
nucleation, respectively. Exponents also depend on the pro-
cess that controls the transfer of atoms from deformed grains
to new grains (interface kinetics vs. diffusion kinetics) but
we suppose that the growth of new grains is diffusion con-
trolled. Recent modifications of the JMAK-equation consid-
ered complex nucleation scenarios (Kempen et al., 2002; Liu
et al., 2004) and yield time dependent exponents and acti-
vation energies. We however consider nucleation kinetics an
unlikely cause for the low exponents observed here (see dis-
cussion on nucleation above) and follow a different path of
extending the JMAK-approach by accounting for the time
dependence of the driving force for growth.

5.3.2 Extension of Avrami-analysis for time dependent
growth rate

We consider the situation that all nuclei are already formed
before the heat treatment started but account for the time de-
pendence of the growth rate of nuclei,Ġ, or their boundary
velocity, v(t) = Ġ. Then, the transformed volume fraction
evolves according to

XV (t) = 1− exp

−f N

 t∫
0

v(τ)dτ

3
 , (4)

wheref denotes a shape factor andN the number of nu-
clei present (see also Luo, 2012). The exponent of 3 rep-
resents three-dimensional growth. For simplicity we con-
sider isotropic growth of spherical particles, i.e.,f = 4π/3.

The positive argument of the exponential function in (4)
represents the extended volume ratio, i.e.,XV (t) = 1−

exp
(
−Xext

)
with Xext

= V ext/V .
In the context of static recrystallization of deformed ma-

terials, the driving force for grain boundary migration is the
difference in dislocation density of the growing nuclei and
their environment, the deformed material. We may assume
that the dislocation density of the growing nuclei remains
negligible during progressing annealing since static anneal-
ing excludes further deformation. Thus, the current disloca-
tion densityρ(t) (note, for the sake of presentational sim-
plicity we drop the index “rec” for the size of recrystallized
grains and the index “def” for the dislocation density of de-
formed material used in Eq. (1) in the following) of the relics
of deformed material determines the driving force (reduction
in free energy due to consumption of dislocations by moving
grain boundaries, i.e.,F = 1G)

F(t) ' −
γ

d(t)
+ µb2ρ(t). (5)

New grains have to evolve above the minimum relation for a
positive driving force of their growth, i.e.,F(t) > −γ /dmin+

µb2ρ(t) allowing us to introduceF(t) = χµb2ρ(t) with
χ > 0. Here, we further rely on the standard linear relation
between velocity and driving force (e.g., Ballufi et al., 2005)

v(t) = mgbF(t) ' χmgbµb2ρ(t) (6)

in which the mobility mgb = �D/δRT (with molar
volume �, grain boundary diffusion coefficientD =

D0exp(−Hgg/RT ), and grain boundary widthδ) assuming
that the kinetics of boundary migration can be described by
an intrinsic boundary mobility independent of the actual driv-
ing force. Vandermeer et al. (1997) explicitly showed for
copper that the grain boundary mobility does not differ for
curvature-driven growth and strain-induced growth.

The next step in our derivation of transformation kinetics
is to specify the reduction in dislocation density with time
due to recovery. Typically, the rate of change in dislocation
density is proportional to some positive power of disloca-
tion density (e.g., annihilation requires encounters of disloca-
tions, the number of encounters is the higher the higher their
density; see for example Nes, 1995; Liu and Evans, 1997)

ρ̇ ∝ ρp. (7)

For first (p = 1) and second (p = 2) order reaction kinetics,
integration yields specifically

ρ(t) = ρ0

{
exp(−Bt) forp = 1

1
1+Kρ0t

forp = 2
, (8)

when choosingt0 = 0 for convenience. The two reaction
constants reflect the intrinsic thermal activation of the rate-
controlling recovery process, i.e.,B = B0exp(−Hρ/RT )
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andK = K0exp(−Hρ/RT ). The relative extended volume
calculates as

Xext
=

V ext
trans

V
=

4

3
π

N

V

(
χmgbµb2

)3
ρ3

0



(
t∫

0
exp(−Bτ)dτ

)3

forp = 1(
t∫

0

dτ
1+Kρ0τ

)3

forp = 2

(9)

and upon integration one finds the transformation to proceed
according to

XV (t) = 1−

exp

{
−

Aρ3
0

B3

[
1− exp(−Bt)

]3} forp = 1

exp
{
−

A

K3 [ln(1+ Kρ0t)]3
}

forp = 2

(10)

where we introducedA = 4πη(χmgbµb2)3/3 with the nu-
cleus densityη = N/V .

In contrast to the classical JMAK theory the transformed
volume may reach a limit of

lim
t→∞

XV (t) = 1− exp

{
−

Aρ3
0

B3

}
for p = 1 (11)

when the driving force is lost due to recovery before the
transformation came to completion (Fig. 14). The second-
order reaction kinetics for recovery don’t show this limit
in our simple model but such behavior would arise if the
model were extended by explicit finite dislocation densities
for the recrystallized grains and the original grains. Substan-
tial transformation occurs in a rather limited window of about
one order of magnitude in dimensionless time. The associ-
ated characteristic transformation time istrec ∼ 1/A1/3ρ0 for
first and second-order kinetics. In the range of measurable
percentages (1 to 100 %), Eqs. (10) either represent standard
JMAK time dependence with a power of 3 leading to com-
pletion of transformation or lower and time-dependent expo-
nents and stagnation of transformation before completion.

The effective Avrami parameters can be determined ac-
cording to

n′
=

d

d ln t
ln

[
ln

(
1

1− XV (t)

)]
and

Q′
= −R

d

d(1/T )
ln

[
ln

(
1

1− XV (t)

)]
.

(12)

After algebraic manipulation, we find the exponent as

n′
=

{
3Bt

exp(Bt)−1 forp = 1
3

ln(1+Kρ0t)
Kρ0t

1+Kρ0t
forp = 2

(13)

and the activation energy as

Q′
= 3Hgg+

(
n′

− 3
)
Hρ forp = 1,2 (14)

assuming that the temperature dependence of the diffusion
coefficient, i.e.,D ∝ exp(−Hgg/RT ) dominates the temper-
ature dependence of the grain boundary mobilitymgb. Ini-
tially, the change in growth rate is negligible and thus the
classic Avrami parameters, an effective exponent of 3 and
an effective activation energy of 3Hgg, are found. With in-
creasing time recovery becomes rate-relevant. The effective
exponent decreases from 3 to 0, for either order but second-
order kinetics yields a very slow decrease towards the end of
the transformation process (Fig. 15a). The effective activa-
tion energy is ultimately given by the difference 3(Hgg−Hρ)

(Fig. 15a). Thus, even for a very simple nucleation scenario
as considered here (site saturation), effective Avrami param-
eters can be significantly time dependent when the driving
force for growth exhibits a temporal evolution. Thus, small
Avrami exponents do not necessarily indicate a low dimen-
sionality of growth in the context of recrystallization. Effec-
tive activation energies are not easily interpreted either, ow-
ing to the two fundamental thermally activated processes that
contribute to the kinetics of transformation, boundary migra-
tion and recovery.

5.4 Quantitative analysis

Thanks to the large number of studies on various aspects of
the kinetics of deformation and recovery processes operative
in olivine aggregates, one can actually attempt a quantitative
analysis of the extended Avrami equation presented above.
Instead of performing a numerical parameter search by an
inversion procedure or the like, we rather investigate the ba-
sic relations among the involved model parameters and their
general capability of modelling our observations. This strat-
egy is motivated by the significant non-linearity of the multi-
parameter problem. The questions that we want to answer are
(1) which requirements are posed on the involved kinetics pa-
rameters for model predictions to be in accord with our basic
observations and (2) are these requirements compatible with
currently available constraints on the involved parameters.

Our basic observation is the combined occurrence of effec-
tive Avrami parameters,n′

∼ 1 andQ′
∼ 150± 50 kJmol−1,

at transformation volume fractions of XV ∼ 1. We do face the
issue here that volume ratios should probably be calculated
relative to a volume representing deformed material rather
than the entire sample volume but the distinction of reference
is of subordinate relevance for our order of magnitude analy-
sis. SolvingXV (t0.1) = 0.1 according to Eq. (10) for the time
t0.1 at which 10 % transformation is reached and then analyz-
ing n′(t0.1) gives the following approximate constraints on
the involved kinetics parameters:

B

A1/3ρ0
' 0.84

[
ln

(
1

0.9

)]1/3

' 1.8forp = 1 (15)

and

K

A1/3
' 2.8

[
ln

(
1

0.9

)]1/3

' 6.0forp = 2. (16)
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Furthermore, the effective activation energy provides a con-
straint on the relation between the activation enthalpies of
grain boundary migration and recovery forn′

∼ 1,

150 kJmol−1
∼ 3Hgg− 2Hρ . (17)

Finally, we require that for the investigated tempera-
ture range transformation actually occurs on laboratory
timescales, i.e., the characteristic time of transformation
ought to be

trec =
1

A1/3ρ0
∼ 105 ± 1s (18)

for first- and second-order kinetics.
The time of occurrence of transformation provides a di-

rect constraint on the order of magnitude of grain-boundary
mobility, i.e.,mgb ∼ 3.4×10−19±1m4J−1s−1/χ , when using
the numerical values for the involved parameters as quoted
in Table 3a This result seems to range at the lower end of (or
actually falls short of) previously reported values for grain-
boundary mobility (Fig. 16a). Yet, apart from uncertainties in
the estimates of nucleus density and initial dislocation den-
sity (lower than assumed values in either of the two lead to
larger values in predicted grain-boundary mobility), driving-
force parameterχ as well as grain-boundary energyγ play
crucial roles in this comparison. Experimentally determined
grain-growth constants have to be converted to mobility us-
ing a geometrical constant as well as grain-boundary energy,
i.e.,mgb = kgg/8γ . In particular the early phases of the trans-
formation process may involve subgrains with interfacial en-
ergies orders of magnitude smaller than the assumed value of
1 J m−2 valid for large-angle grain boundaries. The mobility
would be correspondingly larger.

Various constraints on grain boundary mobility in olivine
aggregates are available. We focus on the grain growth
law reported by Karato (1989), the range of mobility pre-
sented in the review by Evans et al. (2001), and a recent
quantitative estimate derived from analyzing piezometric
relations of olivine aggregates (Hackl and Renner, 2013).
For the temperature range of our experiments a spread of
10−18 to 10−11 m4 J−1 s−1 is indicated (Fig. 16a). The cor-
responding activation enthalpies are∼ 160 kJ mol−1 and 335
kJ mol−1 from Karato (1989) and Hackl and Renner (2013),
respectively. The latter is actually not a result of the anal-
ysis by Hackl and Renner (2013) but chosen relying on
the consistency between diffusion creep rates and diffusion
coefficients for Si-diffusion along grain boundaries in ol-
aggregates (see Hirth and Kohlstedt, 2003). Toriumi (1982)
reported 210± 20 kJ mol−1 for grain boundary migration at
isostatic stress conditions. The lack of quantitative consis-
tency among the various constraints on grain boundary mo-
bility likely stems from the involvement of pores that pin the
boundaries. Considering experimental uncertainties and the
uncertainties in transformation steps between the different
measured parameters, it is thus fair to conclude that using the

extended Avrami model with currently available constraints
on grain boundary mobility does not lead to a conflict with
the observed transformation kinetics.

Insertion of relation (18) into (15) and (16) yields con-
straints on the recovery kinetics

B ' 1.78× 10−5∓1s−1 forp = 1

K '
6.0×10−5∓1 s−1

ρ0
∼ 6.0× 10−20∓1m2s−1 forp = 2

. (19)

The experimental studies on the recovery kinetics of olivine
crystals unanimously find recovery to follow second-order
kinetics, (i.e.,p = 2 in Eqs. (9) to (16)). The rate constants
reported recently by Farla et al. (2011) deviate from ear-
lier studies (Kohlstedt et al., 1980; Karato and Ogawa, 1982;
Karato et al., 1993) by about two orders of magnitude at the
conditions of the actual experiments performed to investi-
gate the kinetics. Due to the difference in activation enthalpy
this difference is diminished at the conditions of our experi-
ments (Fig. 16b). The various studies yield a fairly consistent
range for activation enthalpy of about 240 to 355 kJ mol−1

that may however be extended due to experimental uncer-
tainties. These values are markedly lower than the value for
diffusion of Si in olivine of 530 kJ mol−1 (Dohmen et al.,
2002), relevant if dislocation climb was rate-controlling for
the recovery processes (Karato et al., 1993). The requirement
expressed by Eq. (19) falls right onto the experimentally de-
rived parameters (Fig. 16b).

The constraint on effective activation energy (17) can
be matched with a range of combinations of activation en-
thalpies (Fig. 17). Thus, the activation enthalpy relation does
not provide an overly diagnostic means of identifying the
likely relevant set of kinetics parameters. From an analysis
of the literature values, we chose three pairs of enthalpies
Hgg andHρ as representative for further analyses. The effect
of pressure differences among the various studies is subordi-
nate compared to the quoted experimental uncertainties. An
activation volume of 11 cm3 mol−1 as reported for recovery
(Kohlstedt et al., 1980) corresponds to a change in activation
enthalpy of 11 to 22 kJ mol−1 from ambient pressure to 1 or
2 GPa, respectively.

In summary, the constraints (15) to (18) for a match be-
tween our experimental observations and the proposed ex-
tended Avrami model can all be met in consistency with cur-
rently available quantitative estimates on the involved kinet-
ics parameters. Out of the range of possible parameters we
picked three sets and performed a forward calculation of the
characteristics of the transformation progress (Fig. 18). Ac-
cording to the extended Avrami model, transformation in our
experiments is characterized by effective parametersn′ and
Q′ that vary significantly with time.
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Fig. 17. Comparison of literature values for activation enthalpies
of grain boundary mobility and dislocation recovery with the con-
straint provided by our experimental observations and the extended
Avrami model (see Eq. (17)). Consistency is for example found
pairing for example the migration enthalpy by Toriumi (1982) [T82]
and the recovery enthalpy found by Farla et al. (2011) [Fea11]
for samples prepared from sol gel (sg). From the various possi-
bilities we pick three pairs ofHgg and Hρ values as representa-
tive: (185 kJ mol−1, 200 kJ mol−1); (230 kJ mol−1, 270 kJ mol−1);
(335 kJ mol−1, 428 kJ mol−1). [K80: Karato (1980); K89: Karato
(1989); HK02: Hirth and Kohlstedt (2003); TK78: Toriumi and
Karato (1978)]

5.5 Implications

5.5.1 Extrapolation to natural conditions

The above-introduced transformation model is now extrap-
olated to 600°C. A temperature of 600◦C likely represents
the lower base of the seismogenic zone for the oceanic litho-
sphere, as seismological studies found that the occurrence of
earthquakes in the oceanic lithosphere appear to be limited
in depth range by the 600◦C isotherm (Abercrombie and Ek-
ström, 2001, 2003; McKenzie et al., 2005). Consistently, evi-
dence from naturally and experimentally deformed peridotite
was presented that the transition from brittle to plastic defor-
mation occurs at about 600◦C (e.g., Jaroslow et al., 1996;
Warren and Hirth, 2006; Boettcher et al., 2007; Druiventak
et al., 2011).

Depending on the pair of activation enthalpies used, sig-
nificant transformation will occur after tens to hundreds of
years or it may last up to ten thousands of years until vol-
ume fractions of detectable size have undergone this spe-
cific microstructural transformation. The set of lowest en-

thalpies gives the shortest duration since an extrapolation
with them from experiments at higher temperatures causes
the least change of the characteristic transformation times
(tens of hours in the laboratory). Recovery kinetics has a
modest effect on only one of the three considered scenar-
ios of activation enthalpies (pair (1) in Figs. 17 and 19) for
which also the fastest transformation is predicted. The other
two scenarios essentially exhibit growth-limited transforma-
tion as indicated by the steep slope corresponding ton′

= 3.
For the more rapid transformations, the concept of static

recovery may become erroneous since stresses possibly do
not fully relax on such short timescales but transformation
will occur during creep with decreasing rate. The microfab-
rics found after our “kick and creep“ experiments (core-and-
mantle-like microstructure with a large range in grain sizes
and a weak to absent CPO not depending on the stress field)
qualitatively show the same characteristics as the ones found
after “kick and cook” experiments performed at the same
temperature for the same duration. Quantitatively, the aver-
age size of new grains seems unaffected by the superposed
creep, yet the area occupied by new grains is larger for dy-
namic recrystallization than for static recrystallization, prob-
ably caused by additional grain size reduction during early
stages of creep.

Apart from the uncertainties in the used kinetics param-
eters, the extrapolation of our model may suffer from un-
resolved nucleation kinetics. While we argued against ther-
mally activated nucleation we cannot exclude that early site
saturation is a simplification that does not fully hold for natu-
ral conditions. Accounting for more complex nucleation sce-
narios as well as varying temperatures requires sophisticated
numerical modelling (e.g., Kaminski and Ribe, 2001).

The presented extrapolation replaces our previous zero or-
der attempt of using the effective activation energy of recrys-
tallization of 150± 50 kJ mol−1 to estimate the time reduc-
tion of our experiments in comparison to natural conditions
(see Druiventak et al., 2012). Since two basic thermally ac-
tivated processes, growth and recovery that are linked rather
than independent, control recrystallization, the effective acti-
vation energy cannot be used for extrapolation but a detailed
model that accounts for the link between the processes has
to be employed. The extended model predicts, however, a
dominance of the thermal activation of grain boundary mi-
gration, i.e., again a single activation enthalpy, rather than a
time and temperature dependent effective activation energy,
for the control of the transformation progress at tempera-
tures of 600◦C or lower. Therefore, the previous prediction
and the current extrapolation coincide for the pair of acti-
vation enthalpies for whichHgg almost coincides withQ′.
This parameter set predicts the shortest characteristic times
for transformation (tens of years) while the other two pre-
dict timescales that are larger by about one or more orders of
magnitude.
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5.5.2 Diagnostic microstructures

The most characteristic microstructural features after our
“kick and cook“ and “kick and creep“ experiments are

1. the large range in grain size within one sample, where
former highly damaged zones are still traceable by
zones with relative finer grain sizes (<10 µm) com-
pared to areas beyond the highly damaged zones, even
after annealing at high temperature (≥ 900◦C) and
long isostatic annealing times (≥ 70 h).

2. Also the lack of a relation between crystal orientations
and strain field (almost random CPO for recrystallized
grains and host control for fragments) will remain sta-
ble in a prolonged low stress environment.

The area covered by new grains reached in samples from
“kick and creep” experiments is by about a factor of two
larger than the one reached in “kick and cook”. But the ob-
servation of similar grain sizes, grain size distributions and
orientation characteristics of new grains suggests that minor
creep during relaxing stresses does not affect the microstruc-
tural identification potential of the characteristic sequence of
high-stress deformation followed by recrystallization at de-
creasing stresses. Our experiments show that strain localiza-
tion during initial high-stress low-temperature plasticity con-
trols the recrystallization microstructure (grain size distribu-
tion and CPO) developed at isostatic or low stress conditions,
leading to a modification and preservation of the initial het-
erogeneities. Thus, the combination of a large range in grain
size and a CPO that is not related to the strain field are char-
acteristics that allow recognizing a high-stress event in nat-
ural rocks even considering minor creep during stress relax-
ation and a prolonged thermal history at low stresses.

Investigations of shear zone peridotites of the Ivrea zone
revealed microstructures with localized zones of new grains
within or surrounding deformed porphyroclasts and a weak,
unsystematic CPO (Druiventak et al., 2012; Matysiak and
Trepmann, 2012) that are strikingly similar to the microstruc-
tures identified as diagnostic for high-stress deformation with
subsequent annealing from our experiments, In peridotites
from the Balmuccia complex of the Ivrea zone, these diag-
nostic microstructures occur together with pseudotachylytes,
providing independent evidence of a nearby fault ruptured in
a major earthquake.

5.5.3 Reloading

In nature, the reloading of seismically active faults may be
relevant. The stress resolution in our “kick-cook-kick” and
“cook-kick” experiments is probably not sufficient to assess
the strength during the second deformation in great detail.
Nevertheless, the mechanical data do not suggest a signifi-
cant reduction in strength due to the presence of new grains,
consistent with the microstructures found after “kick-cook-
kick” indicating that bulk deformation continues to be ac-
commodated by deformation of the original grains (porphy-
roclasts). In fact, porphyroclasts in contact to aggregates of
new grains (i.e., former highly damaged zones) appear pref-
erentially deformed (Fig. 12c, d) suggesting that new grains
are relatively stronger possibly owing to their smaller grain
size. Brittle fracturing as well as low-temperature plasticity,
the rheologies dominating deformation during the “kick” ex-
periments (Druiventak et al., 2011), are known to result in
inverse relationships between strength and grain size (e.g.,
Hall, 1951; Hirth, 1972; Petch, 1953; Frederich et al., 1990).
Thus, repeated stress cycles (seismic events) presumably
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increase the volume of new grains that develop from de-
formed porphyroclasts during interseismic quiescence.

6 Summary and conclusions

During isostatic annealing of our “kick and cook” experi-
ments, new grains develop in highly damaged zones (1) from
cell structures (defect-free domains within crystalline mate-
rial with high density of tangled dislocations), referred to
as “recrystallized grains” and (2) from fragments of host
grains with inherited dislocation density. The local density
of new grains is controlled by the local strain accumulated
by low-temperature plasticity and microfracturing during the
“kick” experiment, leading to localized fine-grained aggre-
gates of new grains tracing former highly damaged zones.
At annealing temperatures≥ 900◦C and times≥ 70 h, the
highly damaged zones are completely replaced by defect-
poor new grains. Then, defect-free recrystallized grains are
solely controlled by interfacial energy, pinning of boundaries
by voids partially hampers further growth. Thus, recrystal-

lized grains retain a small grain size of typically less than
10 µm even after annealing at the highest explored tempera-
ture (1100◦C) and long annealing time (up to 144 h). In con-
trast, strain-induced migration of boundaries between recrys-
tallized grains and new grains originating from fragments
with inherited defect-density can further proceed due to gra-
dients in stored strain energy. Therefore, the area occupied
by new grains exceeds the area of the original highly dam-
aged zones after annealing at high temperatures for long du-
rations. Former highly damaged zones are traceable by zones
with relative finer grain sizes (<10 µm) even after anneal-
ing at high temperature (up to 1100◦C) and long anneal-
ing time (up to 144 h) without (“kick-cook”) or with (“kick-
creep”) superposed stress. Thus, a high-stress (coseismic de-
formation) event is likely detectable in shear zone peridotites
even after a prolonged thermal low-stress history with or
without creep (postseismic creep) by a large range in grain
sizes with localized fine-grained aggregates and weak to ab-
sent CPO that is not interpretable in terms of intracrystalline
glide systems. When deforming an annealed rock volume
again rapidly at high stresses (“kick-cook-kick”), strain is ap-
parently concentrated in porphyroclasts surrounded by new
grains, suggesting that repeated high-stress (seismic) events
continuously increase the volume of new grains. Extrapo-
lation of an extended Avrami-kinetics equation for which
parameters were constrained from our results and previous
kinetics studies suggests that the time-dependent transfor-
mation (i.e. replacement of deformed material by formation
of new defect-poor grains) leading to the characteristic mi-
crostructure may develop in as little as some tens of years
and not more than ten thousands of years at about 600◦C, i.e.,
approximate temperature condition at the base of the seismo-
genic zone in oceanic lithosphere. The characteristic hetero-
geneous microstructures are likely sufficiently stable to serve
as an indicator of past seismic activity after a prolonged ther-
mal low-stress history with minor creep and finally exhuma-
tion.
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