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Abstract

We present in-situ observations, performed using electron backscatter diffraction, of static recovery and recrystallization processes
occurring in a plastically deformed geological material, namely rocksalt. Static heating experiments, carried out in a scanning electron
microscope at temperatures of up to 450 °C, allowed direct detailed observations of grain boundary migration between substructured grains
in deformed polycrystalline samples. Contrary to expectations, crystallographic orientation maps reveal that behind slowly migrating grain
boundaries new subgrain boundaries form while pre-existing subgrain boundaries are sometimes inherited. Moreover, the crystallographic
character, especially the preferred orientation of misorientation axes of the new substructures reflects the character of the previous
deformation history. These results imply that substructural features, such as subgrain misorientation distributions, may be relatively robust
indicators of deformation mechanisms and conditions, even in tectonites that have undergone late, static recrystallization. In addition, our
observations suggest that the process of static grain boundary migration does not necessarily reset earlier deformation microstructures as
commonly assumed. The kinematic observations of boundary migrations are inconsistent with simple models in which migration is achieved

by single atoms jumping across the boundary.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The study and interpretation of microstructures devel-
oped in naturally deformed rocks, on the grain and subgrain
scale, plays an important role in unravelling the history and
dynamics of tectonic processes recorded in the Earth’s crust
(Means and Xia, 1981; Schmid, 1982; Hobbs, 1985).
Recovery and recrystallization are two important processes
that occur during or after tectonic deformation (White,
1977). Dynamic (syn-tectonic) recrystallization is indicated
by the presence of deformed old and new grains showing
irregular, i.e. sinusoidal boundaries and/or intracrystalline
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optical strain features, such as undulose extinction and
subgrain boundaries. Static (post-tectonic) recovery and
recrystallization, by comparison, is commonly assumed to
be characterised by the presence of strain-free grains with
straight or smoothly curved boundaries and a polygonal
foam fabric. Interpreting natural tectonite microstructures,
in terms of deformation processes and conditions, is largely
based on comparisons with the final, frozen-in (post-
mortem) microstructures observed in experimentally
deformed rocks. Serial experiments in which the material
is analysed before and after heating can provide a statistical
analysis of microstructural changes during annealing,
although direct correlation of individual grain boundaries
or grains before and after heating is not possible
(Heilbronner and Tullis, 2002; Barnhoorn, 2003). These
analyses yield only limited information on dynamics of
inter- and intracrystalline grain processes during
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microstructural evolution. More useful data would come
from real-time in-situ observations of microstructural
evolution, under both static and dynamic conditions.

Until recently, only a few in-situ observations of grain
boundary migration processes and substructural evolution
have been carried out on polycrystalline minerals, i.e.
nitratite (sodium nitrate), carnallite and bischofite, using
optical microscopy (Tungatt and Humphreys, 1981; Urai,
1985, 1987; Drury and Urai, 1990; Urai and Jessell, 2001,
and references therein). To obtain additional information on
crystallographic orientation during microstructural evol-
ution, in-situ experiments on rock analogue materials (e.g.
octachloropropane, norcamphor, ice) were carried out using
optical microscopy (e.g. Beck, 1949; Urai et al., 1980; Urai
and Humphreys, 1981; Means, 1983; Wilson, 1985; Burg et
al., 1986; Jessell, 1986; Means and Ree, 1988; Ree, 1990;
Bons and Urai, 1992; Herwegh and Handy, 1996; Ree and
Park, 1997; Zhang and Wilson, 1997; Nam et al., 1999; Park
et al., 2001). During these experiments, analysis of the
crystallographic orientations is limited to c-axis measure-
ments. However, to characterise misorientation relation-
ships across grains and subgrains, and the distribution of
misorientation axes, the full crystallographic orientation
needs to be known. The distribution of misorientation axes
is a powerful tool to quantify microstructural features and to
constrain deformation processes (e.g. Bestmann and Prior,
2003, and references therein). In-situ analyses in the
transmission electron microscope (TEM) and in the
scanning electron microscope (SEM), especially in combi-
nation with the electron backscatter diffraction (EBSD)
technique, are able to provide the full crystallographic
information needed and have already been applied for
metals (e.g. Humphreys, 1979; Humphreys et al., 1996; Le
Gall et al., 1999; Gemperlova et al., 2002; Seward et al.,
2002, 2004). In addition, in-situ heating experiments,
accompanied by automated crystallographic orientation
mapping in the SEM (Humphreys, 2001; Seward et al.,
2004), can be used to observe directly how microstructures
change with time during static annealing or deformation.
These data provide a sophisticated basis for interpreting the
dynamics of inter- and intracrystalline processes of
microstructural change (Piazolo et al., 2005b).

In the present study, we apply in-situ heating exper-
iments, accompanied by automated crystallographic orien-
tation mapping in the SEM to a geological material for the
first time. At present it is not possible to perform in-situ
heating experiments on major rock-forming minerals such
as quartz and/or calcite. For example, in-situ heating
experiments in the SEM have shown that calcite marble
decomposes at ~ 500 °C in the high vacuum chamber. Since
no microstructural change occurred at <500 °C, no
observations of such changes could be made (Bestmann,
unpubl. data). Accordingly, we chose rocksalt for the
following two reasons: (1) rocksalt is a useful silicate
analogue material, since the grain and subgrain scale
microstructures developed in deformed rocksalt at near

ambient conditions are similar to those developed in silicate
rocks at high pressures and temperatures (Guillopé and
Poirier, 1979a; Drury and Urai, 1990); (2) the deformation
behaviour of rocksalt plays an important role in controlling
a variety of tectonic processes and hydrocarbon trapping
phenomena (e.g. Duval et al., 1992; Jackson, 1995).

2. Materials and methods
2.1. Material and sample preparation

We conducted our study using samples of experimentally
deformed, dry synthetic rocksalt. The rocksalt starting
material was prepared by cold pressing and annealing
analytical grade NaCl (Peach and Spiers, 1996). The
resulting foam-microstructure was characterised by an
average grain size of ~350 um and ~60 ppm water
content. Cylindrical samples of this material were dried in
air for ~24 h at 550 °C, reducing the water content to 2—
5 ppm with negligible microstructural change (Trimby et
al., 2000; Watanabe and Peach, 2002). These were then
deformed in axi-symmetric compression in a triaxial
deformation apparatus to 30% strain, at a strain rate of
~6X10"7s~ " at 175°C and a confining pressure of
50 MPa (Peach and Spiers, 1996). Samples of the deformed
material were prepared for EBSD analysis from a cube of
the deformed sample cut normal to the compression
direction using a diamond wafering saw. This cube was
further cut and ground, first into wafers and then into ‘tiles’
nominally measuring 9 X9 X1 mm. Each tile was polished
mechanically on both sides, etched in methanol for 10 s, to
remove surface damage, and then immediately and
vigorously rinsed in a jet of diethyl ether. Individual
EBSD samples were then produced by cutting each tile into
4X4 X1 mm fragments.

2.2. In-situ SEM experiments

2.2.1. Heating and SE imaging

Samples were statically heated under vacuum (~ 10~ torr)
to temperatures of 400-450 °C in a field-emission gun
(FEG) CamScan X500 SEM, fitted with an Oxford
Instruments heating stage. The new design of the SEM
satisfies the EBSD geometrical requirement of a high angle
between incoming electron beam and specimen surface and
maintaining the heating stage in a horizontal orientation
(Seward et al., 2002). The samples were located into the
heating stage by cementing them to the graphite sample
holder, embedded in the graphite furnace block, using two
spots of graphite paste (Fig. 1a). Calibration runs showed a
temperature difference between graphite sample holder
(carbon block surface) and sample upper surface of ~60 °C
(Fig. 1b).

In addition, test experiments were conducted (Piazolo et
al., 2005b), during which a trial sample was heated to
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Fig. 1. (a) Sketch of experimental set-up showing the sample positioned on a carbon block that is itself sitting on top of the furnace surface. (b) Data from
thermocouple measurements at sample surface, heating surface (carbon block surface) and inside the furnace.

successively higher temperatures in 20 °C steps for time
intervals of 15 min duration. After each heating step, both
the observation and heating surface (Fig. 1a) were mapped
using EBSD. From the timing of the onset of microstructural
change, the difference in temperature between the heating
and observation surfaces could be shown to be <20 °C.
Temperatures quoted henceforth in the text refer to the
estimated temperatures at the sample observation surface. In
addition to experiments with the pre-deformed rocksalt
(PK98-5) we also conducted control experiments with
undeformed, substructure-free NaCl samples to investigate
the possible influence of radiation damage induced during
EBSD analysis and strains induced by thermal expansion.
Microstructural changes were observed on the polished
and etched sample surface using both secondary electron
(SE) imaging and electron backscatter diffraction (EBSD)
mapping technique. We found SE imaging to be more useful
than orientation contrast (OC) imaging to observe micro-
structural development during in-situ heating of salt. Due to
the sample surface preparation, it was not possible to obtain
high quality OC images. In SE mode, however, grain
boundaries in our samples started to ‘glow’ from a
temperature of 200-250 °C upwards (Fig. 2), which may

1 mm

Fig. 2. Secondary electron image (SEI) at ~450°C, using 20kV
acceleration voltage and a beam current of 7 nA. ‘sfg’ marks a large
strain-free grain, which already has consumed part of the old microstruc-
ture. Dashed rectangular marks ESBD map area.

be the result of boundary-related trace elements and/or of an
increased activation of boundary electrons.

Our in-situ annealing experiments were carried out in a
stepwise manner. The samples were first heated from 25 to
400 °C in ~30 min and then allowed to reach ~450°C
over a further 15 min. This temperature was maintained for
a specific time between 1 and 2h. To stop any further
microstructural development during orientation measure-
ment after this elapsed time, the temperature was then
dropped rapidly to 100 °C. This slightly elevated tempera-
ture ensures that no charging builds up on the sample
surface to influence the orientation measurements (Seward
et al., 2002). In this way, after each heating period and
subsequent drop to 100 °C, the microstructure was mapped
by automated EBSD analysis (e.g. Trimby et al., 2000;
Humphreys, 2001). The sample documented in this paper
was heated four times to ~450°C and kept at that
temperature for 2.5, 3.5, 4.5 and 6 h before cooling to
100 °C for EBSD analysis.

2.2.2. EBSD data acquisition and indexing

Full crystallographic orientation data were obtained from
EBSD patterns using a 20 kV acceleration voltage and a
beam current of 7 nA. EBSD patterns were auto-indexed
using the CHANNEL 5.03 software of HKL Technology.
The centre of 5-6 Kikuchi bands was detected automati-
cally, whereby the solid angles calculated from the patterns
were compared with the calculated halite patterns originat-
ing from 47 reflectors.

After each heating step the microstructure was mapped
by multiple beam maps (6 horizontal X 5 vertical). In each
beam map an area of 500X400 um was analysed with a
fixed step size of 2 pym at a magnification of 240X. This
step size ensured that (sub)grains <10 pm still contain
several measurement points. The multiple maps are then
stitched together to represent a continuous map of the whole
analysed area. The average percentage of EBSD patterns
that could not be indexed ranged between 10 and 15%. The
maps were processed to remove erroneous data in order to
provide a more complete reconstruction of the
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microstructure (Prior et al., 2002). The accuracy of
individual EBSD orientation measurements is better than
1°. In each individual beam map (area 500 X400 um), an
orientation error <1.5° exists between points at the
extremes of the scan. This is less than 2°, the smallest
angle assigned to subgrain boundaries in this study (Prior,
1999; Humphreys et al., 2001). The misorientation angle
was calculated by selecting the minimum misorientation
angle and its corresponding axis from all possible
symmetric variants (Wheeler et al., 2001). Boundaries
related to different misorientation intervals are presented as
coloured lines on the orientation maps.

In the orientation maps, each pixel represents an
orientation, colour-coded with respect to its three Euler
angles. Because of the way that Euler angles are defined,
sudden changes in orientation can occur that do not
correspond to large changes in orientation (see Bestmann
and Prior, 2003). The orientation colours are transparently
superposed onto the EBSD pattern quality parameter (Prior
et al., 2002). This parameter is strongly related to surface
damage and thus reproduces surface topography e.g. etched
grain boundaries. The surface topography did not change
significantly during heating; thus the initial grain boundary
network before heating (Fig. 3, maps I) is still recognisable
as a surface relict in the altered (heated) microstructure
(Fig. 3, maps II-1V).

3. Results

Two different types of grain boundary migration (GBM)
were observed during our static heating experiments in the
SEM (Fig. 3a):

1. Slow grain boundary migration (grain boundary velocity
107°-10'""m/s) between initially present substruc-
tured grains.

2. Fast GBM (grain boundary velocity 10~ '=10~° m/s), in
which new grains that are substructure-free grow at the
expense of the old substructured grains. These new
grains always originate from the interior (below the
surface) of the specimen and can grow to large size (up to
1 mm diameter; Fig. 3a).

GBM between deformed grains is commonly observed in
post-mortem microstructural studies of deformed rocks
(Urai et al., 1986), but detailed knowledge about ongoing
processes are lacking (see above). In this article, we will
restrict attention to the slow GBM processes between
substructured grains, focusing on the results obtained from a
single sample of deformed salt (sample no. PK98-5). The
microstructural evolution related to fast GBM is presented
in the companion paper of Piazolo et al. (2005b).

Before heating, the microstructure of the deformed
rocksalt sample (PK98-5; grain size range 20-400 um)
showed a high density of internal subgrain boundaries, with

a misorientation angle of <15° (Fig. 3a—c). Upon static
heating in the SEM, subgrain boundaries within individual
grains rearranged (Figs. 3b and c and 4a), and moved (Fig.
3c). In this process, the misorientation angle of pre-existing
subgrain boundaries often increased (Fig. 3b), some
subgrain boundaries vanished and some new ones devel-
oped (Fig. 3b). Where slow GBM occurred, the following
qualitative observations were made: (a) the growing grain
developed new subgrain boundaries in the swept area (Figs.
3c and 4a); (b) the existing substructure of the growing grain
propagated into the swept area (Fig. 3d); (c) individual pre-
existing subgrain boundaries in the consumed grain were
inherited by the growing grain (Fig. 3c); (d) at the exact
location of the pre-existing high-angle grain boundary
(misorientation angle >15°), a subgrain boundary (mis-
orientation angle <15°) developed in the growing grain
(Fig. 3c); and (e) substructured grains grew from the third
dimension into the plane of observation (Fig. 3b).

In addition, the following observations were made
regarding subgrain misorientations and subgrain density
distributions. During slow GBM, the misorientation axes of
rearranged subgrain boundaries, and of new subgrain
boundaries are similar to the misorientation axes of subgrain
boundaries prior to heat treatment (Fig. 4). The misorienta-
tion axes continue to show a girdle distribution perpendicu-
lar to the pre-heating compression direction (o).
Statistically, there is also little change in the density of
subgrain boundaries behind migrating grain boundaries,
compared with annealed material (Fig. 5). Moreover, no
specific high-angle grain boundaries (misorientation angle
>15° could be identified to have significantly higher
mobility than other grain boundaries. From the initial
microstructure (characterised by grain size, internal sub-
grain structure and misorientation), preferred growth of
specific grains at the expense of neighbouring grains is not
expected. Note that in the control heating experiments of
previously undeformed, substructure-free NaCl samples,
slow grain boundary migration took place but no intracrys-
talline substructure development occurred behind the
migrating boundaries (Fig. 6).

4. Discussion

Before attempting to interpret our detailed observations
on slow grain boundary migration in the deformed samples,
we first consider the crucial question of whether or not our
results might be artefacts introduced by the experimental
approach adopted. The ability of fast GBM, in particular, to
sweep through the sample suggests that there is no
significant dilatancy on existing boundaries and that neither
this nor grain boundary grooving significantly impedes
boundary migration. In addition, the control experiments
demonstrate that the substructural features that developed
behind (slowly) migrating grain boundaries during the
experiments on the deformed material are unlikely to be due



M. Bestmann et al. / Journal of Structural Geology 27 (2005) 447-457 451

Boundary levels
(misorientation angle)

Low-angle subgrain boundaries
2-5°

5-10°
10-15°

High-angle boundaries
>156°

Fig. 3. Orientation maps constrained from automated EBSD analyses (sample no. PK98-5). Orientation mapping was carried out after specific static heating
intervals; before heating (map I), after 2.5 h (map II), 4.5 h (map III) and 6 h heating at ~450 °C (map IV). (a) Orientation maps of total scan area. Large grey and
brown areas in maps II and III represent grain growth of substructure-free grains. (b)—(d) Examples of specific microstructural features related to slow GBM during
static heating (location is given in (a)). (b) Increase of misorientation angle at subgrain boundary (white arrow), development of new subgrain boundary (grey arrow)
and grain growth of substructured ‘old” grain from the third dimension (dark grey arrows). (c) Inheritance of pre-existing boundary structure of swept area. Grey
arrow indicates the inheritance of a pre-existing low-angle boundary (green line in maps I and II), white arrow the inheritance of a pre-existing high-angle boundary
during grain growth. Flat arrow in map III indicates the movement of low-angle boundary. The previous location of the moving boundary is marked by round grey
arrow. Note also the rearrangement of subgrain structure. (d) Propagation of subgrain boundary (arrowed) along with migrating boundary. Arrow spots on focussed
subgrain boundary. Data are on a grid of 2 um spacing. Each pixel represents an orientation, colour coded with respect to its Euler angles.
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Fig. 4. Evolution of misorientation axis distribution of subgrain boundaries

during static heating. (a) Rearrangement and development of subgrain boundaries

during grain growth within highlighted grain. (I) Substructure of grain before and (II) after 6 h heating. (Ila) Same area as in (I), marked by white dashed line;
(IIb) new substructured area of the grown grain. Substructure is colour coded according to angular misorientation from a given reference point (red square).
Subgrain boundaries are colour coded as in Fig. 3. (b) and (c) Distribution of misorientation axes of subgrain boundaries for the specific areas given in (a).
Misorientation axis distribution related to the sample reference frame (shown in (b) as pole figures) and with respect to the crystal system (shown in (c) as
inverse pole figures; crystallographic indices are given). Data are separated into different misorientation angle intervals and are presented as equal area upper
hemisphere plots. (d) Bulk distribution of misorientation axes of intracrystalline subgrain boundaries from the deformed rocksalt sample before static heating

(Fig. 3a-I). (e) Orientation of the pole figures with respect to the kinematic
compression axis ¢, is given as a symbol in the respective pole figures in

to defects induced by electron beam damage (Urai et al.,
1987; Donker and Garcia Celma, 1996), thermal expansion
(Donker and Garcia Celma, 1996), or growth accidents
during GBM (Gleiter et al., 1980; Donker and Garcia
Celma, 1996). These findings are supported by calculations
that show that the force due to thermal expansion is not
significant in comparison with the driving forces due to
defect-stored energy differences. In addition, if there were
any microstructural changes due to experimental artefacts,
these then would not be expected to produce substructures
with a similar orientation distribution of misorientation axes
as observed in the original, non-heated, deformed sample
(see below).

We now focus on the differences between the slow and

setting of axial compression during the previous deformation of the sample. Main
(b) and (d).

fast GBM behaviours seen in our deformed samples.
Migration of grain boundaries between grains in plastically
deformed materials is generally regarded as being driven
mainly by spatial (grain-to-grain) differences in the stored
strain energy carried by dislocation (Bell and Etheridge,
1976; White, 1976). Since the difference in free dislocation
density across boundaries between substructured old grains
and substructure-free new grains is much bigger than
between substructured old grains, the driving force and
hence the GBM velocity is expected to be significantly
higher. Depending on the time—temperature path, the
microstructure may end up with the near-complete con-
sumption of substructured grains by the fast growth of new
strain-free grains (see also Ree and Park, 1997; Nam et al.,
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Fig. 5. Evolution of subgrain boundary (<15°) density during heating
experiments. The total length of subgrain boundaries with different
misorientation angle intervals (see key) was related to the total length of
high angle boundaries (> 15°). The area covered by large strain-free grains
was excluded for the analysis.

1999). However in most experiments, even after long static
heating, relicts of substructured grains were still evident (for
detailed description see Piazolo et al. (2005b)).

The conventional model of strain-induced GBM (Hillert,
1965; Drury et al., 1985; Urai et al., 1986) predicts that the
less strained grain grows at the expense of the more strained
grain and that dislocations are absorbed by the moving
boundary. In the static case, the strain induced grain
boundary bulging into grain 2 (Fig. 7b) leaves a strain-
free region (low dislocation density) behind the migrating
boundary and is substructure-free or substructure poor
(Bailey and Hirsch, 1962; Bell and Etheridge, 1976; White,
1976; Urai, 1987; Humphreys and Hatherly, 1995).

In our static annealing experiments on deformed salt, the
propagation of subgrain boundaries from old to new grain
portions during GBM can be argued to be consistent with
this conventional model, with excess dislocations in the
consumed material being removed by and driving GBM
(Fig. 7c). This propagation process, referred to as edgewise
propagation of subgrain boundaries by Means and Dong

(1982), is consistent with numerical models of strain
induced GBM (Humphreys and Hatherly, 1995), TEM
analysis of deformed copper (Bailey and Hirsch, 1962) and
rock analogue experiments (Means, 1983; Means and Ree,
1988; Park et al., 2001).

In contrast, the development of entirely new subgrain
boundaries behind migrating grain boundaries appears
inconsistent with the conventional model for strain-induced
GBM. It is possible that these new subgrain boundaries have
propagated from the third dimension and it is impossible to
rule out that the effect of the free surface has been to drive a
shift in the balance of substructures between the sample
interior and the free surface. Perhaps the best argument that
this has not occurred is that there is no systematic change in
subgrain density in areas that were not swept by new
boundaries; free surface effects would be expected to affect
all grains. The distribution of misorientation axes of the new
subgrain boundaries is similar to that of the old subgrain
boundaries (Fig. 4). This suggests that the character of the
new subgrain boundaries must be linked to the dislocation
structures developed during the pre-heating deformation
history. During deformation, specific line defects (dislo-
cation) were produced with a specific glide plane and glide
direction related to the external stress field (e.g. Hull and
Bacon, 1984). During recovery dislocations progressively
move through the lattice and pile up in subgrain boundaries,
which can be characterised by their misorientation axes.
Such dislocation structures and thus the distribution of
misorientation axes are related to the magnitude and
symmetry of the externally applied differential stress field
and the resultant accommodated strain (Kocks, 1976;
Bestmann and Prior, 2003). Since no new dislocation
structures were induced during static heating (Fig. 6) pre-
existing free and wall-bound dislocations present in the old
material behind a migrating grain boundary might therefore
move into the newly swept areas and rearrange themselves
to form new substructures. Thus the processes active during
resumption of recovery (recovery also occurred during
deformation) are still controlled by the previous

Fig. 6. Processed EBSD orientation maps of exemplary control experiments using an undeformed rocksalt sample (sample no. PK84). (a) Microstructure before
heating and (b) after 1 h heating at 450-500 °C. Dashed lined rectangles show areas where grain boundary migration has occurred. Note that no new
substructures are developed. Data are on a grid of 2 um spacing. For boundary levels see Fig. 3.
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Fig. 7. Diagrams show schematically the microstructural development of an initial microstructure (a) during grain boundary migration (GBM). During GBM
grain 1 sweeps over an area formerly occupied by grain 2. (b) Traditionally, the swept area is thought to be dislocation and therefore subgrain boundary free
(Hillert, 1965; Urai et al., 1986). (c) According to our experimental results subgrain boundaries develop in the swept area. These new subgrain boundaries are
either completely new (dashed), or continue subgrain boundaries of the sweeping grain (dash—dotted), or show similar locations and angular relationships as the

swept grain (dotted).

deformation event and results in the same character of
substructures reflected by the characteristic distribution of
misorientation axes. Nevertheless, although these new
subgrain structures develop, the total length of low-angle
boundaries decreases during the heating experiments (Fig.
5). This points to an overall, slight but significant drop in
stored energy of the system which is, on thermodynamic
considerations, expected.

Finally, the observed inheritance of relict substructures
from the consumed grain suggests that lattice dislocations
were incorporated from the crystal ahead of the migrating
boundary. This could possibly be explained by a collective
jump of atoms across a migrating grain boundary (Merkle et
al., 2002), provided that the inherited dislocation structure
has a lower energy than that of the consumed material. This
contrasts sharply, however, with the conventional model in
which atoms diffuse one by one across a boundary, driven
by differences in subgrain stored energy (e.g. Derby, 1990).

5. Geological implications

The frozen-in microstructure after static heating closely
resembles that before heating and both are very similar to
the results of other salt deformation experiments (Guillopé
and Poirier, 1979b; Franssen, 1994) and to the microstruc-
tures of naturally deformed rocks (e.g. Urai et al., 1987). A
number of important implications can be inferred for
tectonites that have undergone late, static recrystallization
dominated by the slow strain energy induced GBM process.

Firstly, misorientation axis distributions may provide a
relatively robust indicator of deformation mechanisms and
conditions, and subgrain sizes may increase slightly but
generally show the same order of magnitude as the
deformation-induced pre-anneal microstructure. Secondly,
models for the effect of GBM in both static and dynamic
recrystallization may need to be modified, because the
driving force for GBM is often assumed to be due primarily
to complete dissipation of subgrain stored energy (Guillopé

and Poirier, 1979a; Shimizu, 1998). Thirdly, when inter-
preting microstructures in nature the geologist needs to be
cautious when assuming that the presence of subgrain
structure in a deformed material rules out static recrystalli-
zation by GBM. Some apparently dynamically recrystal-
lized microstructures may actually have undergone
significant static recrystallization, with substructures like
those observed in our experiments.

However, many examples exist in nature and exper-
iments (e.g. Heilbronner and Tullis, 2002; Park et al., 2001;
Barnhoorn, 2003), where after annealing no substructures
are preserved. If we consider substructure migration and
reorganisation of free dislocations into subgrain boundaries
during annealing as an important process, the lack or
occurrence of intracrystalline deformation structures in
experimental or natural samples seems also to depend on
absolute temperatures and timing of the temperature
evolution during annealing after deformation has stopped.
Especially the preservation potential of substructures in
deformed-then-annealed rocks depends on the occurrence
and significance of fast GBM. For dominant fast GBM the
level of initial internal strain energy must be high enough to
allow the nucleation of new strain-free grains (e.g. Doherty
et al.,, 1997). A recent study of Piazolo et al. (2005), for
example, showed that similar features to those observed in
our experiments, are also seen in naturally heated quartz
grains from a thermal aureole. They can show a continuation
of substructures and twin boundaries as well as the
development of new low-angle substructures and twin
boundaries during grain boundary migration.

It is important to recall that the salt samples investigated
in this study were extremely dry (<5 ppm water), as a result
of both pre-deformation drying and in-situ heating in the
high vacuum environment of the SEM. However, a few tens
of ppm’s of water are known to have a strong influence on
microstructural change in salt (and other) rocks, dramati-
cally accelerating grain boundary migration via fluid-
assisted interfacial transfer (see Urai, 1985, 1987; Urai et
al., 1986; Spiers et al., 1988; Drury and Urai, 1990; Peach et
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al., 2001; Watanabe and Peach, 2002; Ter Heege et al.,
2004, 2005). Since natural rocksalt is invariably wet (i.e.
contains > >50-100 ppm water: Roedder, 1984; Carter et
al., 1993; Spiers and Carter, 1998), the results of our ‘dry’
rocksalt experiments should be applied only with caution to
natural rocksalt, or indeed to other rocks showing fluid-
assisted grain boundary migration. Rather, we view our
present data as indicative of previously unreported phenom-
ena that can occur during static recrystallization of rocks
and minerals and which have a potentially important
bearing on interpreting natural and experimental micro-
structures. Clearly, further detailed work is needed to assess
the importance of the presented microstructural features in a
variety of tectothermal settings.

6. Conclusions

In-situ heating experiments investigating static recrys-
tallization and recovery phenomena in rocksalt using EBSD
analysis yield the following main findings:

(1) Static heating of a previously deformed crystalline
material can result in a microstructure that is similar to a
frozen-in deformed microstructure.

(2) Subgrain characteristics such as rotation axes are robust
indicators of the type of deformation even if significant
grain boundary migration took place during static
heating.

(3) Simple, single-atom jump models of grain boundary
migration do not explain all observed features.

(4) Interpretations of microstructure should take into
account these findings, especially when used to
place constraints on the deformation/recrystallization
history.
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