
Misorientations across etched boundaries in deformed rocksalt: a
study using electron backscatter di�raction

Patrick W. Trimby*, Martyn R. Drury, Christopher J. Spiers

Geodynamics Research Institute, Faculty of Earth Sciences, Utrecht University, PO Box 80.021, 3508 TA Utrecht, The Netherlands

Received 10 March 1999; accepted 25 June 1999

Abstract

Automated electron backscatter di�raction (EBSD) in the scanning electron microscope has been used to collect

crystallographic orientation and misorientation data from etched surfaces of deformed synthetic rocksalt. By comparing the
misorientation across individual boundaries to the intensity of etching, we have assessed the e�ectiveness of the etching
procedure. High angle (>108) grain boundaries are typically etched signi®cantly more than low angle subgrain boundaries, and

thus they can be easily identi®ed using re¯ected light microscopy. However, there exists considerable variation in the intensity of
etching of subgrain boundaries, independent of their misorientation. The intensity of intragranular boundary etching is
controlled by the crystallographic orientation of the etched surface: surfaces close to {100} faces are only lightly etched, while

surfaces close to {111} faces are heavily etched. Therefore, whilst re¯ected light microscopy of etched surfaces of deformed
rocksalt remains extremely useful for general microstructural characterisation, fully quantitative techniques such as EBSD are
ideal for more detailed microstructural analyses. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Rocksalt is a material of great geological import-
ance. This is due to its role in a variety of tectonic pro-
cesses, in hydrocarbon trapping phenomena and its
use as a disposal and storage medium (e.g. Janssen et
al., 1984; Spiers et al., 1989; Duval et al., 1992; Carter
et al., 1993; Weijermans et al., 1993). Such economic
and scienti®c interest has resulted in many detailed stu-
dies of its properties, especially its long-term rheologi-
cal and transport properties (e.g. Heard, 1972;
Sutherland and Cave, 1980; Carter and Hansen, 1983;
Urai et al., 1986; Wawersik and Zeuch, 1986; Spiers et
al., 1990; Carter et al., 1993; Peach and Spiers, 1996).
The similarities between the microstructural processes
observed in deformed rocksalt and those operating in
silicate rocks at high pressures and temperatures have
also made rocksalt a useful analogue material for
understanding microstructural processes (e.g. GuillopeÂ

and Poirier, 1979; Drury and Urai, 1990) and the
development of lattice preferred orientations in rocks
in general (Wenk et al., 1989, 1997). However, halite is
a cubic mineral, and hence optically isotropic. This lar-
gely rules out investigation of halite microstructures
and crystallographic orientations using polarised light
microscopy, although limited information can be
gained from studies of deformation-induced birefri-
gence (Carter and Hansen, 1983). Instead, grain and
subgrain boundaries are usually revealed by polishing
and/or etching procedures coupled with re¯ected light
examination (e.g. Mendelson, 1961; GuillopeÂ and
Poirier, 1979; Carter and Hansen, 1983; Urai et al.,
1987). More recently, gamma-irradiation techniques
have been used to decorate subgrain boundaries and
other dislocation substructures with metallic sodium,
thereby rendering them visible in transmitted light
(Urai et al., 1987; Spiers and Carter, 1998). While
both etching and irradiation have proved to be valu-
able techniques, the assessment of misorientations
across boundaries based on the intensity of etching or
of decoration is qualitative and uncalibrated. There
exist a number of techniques which have been used to
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calculate the crystallographic orientations of grains
and the misorientations across boundaries in deformed
rocksalt. These include the use of cubic surface tex-
tures (Friedman et al., 1984), measuring the orien-
tation of {100} cleavage planes bounding intra-
granular ¯uid inclusions (Friedman et al., 1984), pro-
ducing epitaxial overgrowths of ®ne NaCl crystallites
on etched surfaces (Urai et al., 1987) and a variety of
Laue and Kossel X-ray techniques (e.g. GuillopeÂ and
Poirier, 1979). However, such techniques are either
limited by microstructural considerations (such as
grain size), or by practical di�culties which exacerbate
the collection of accurate and representative data.

Electron backscatter di�raction (EBSD) in the scan-
ning electron microscope (SEM) allows the orien-
tations of crystal lattices from sub-micron areas to be
determined (e.g. Venables and Harland, 1972; Dingley,
1984). It has been widely applied in materials science
(e.g. Dingley and Randle, 1992; Field, 1995; Goyal et
al., 1997) but only recently to the earth sciences (e.g.
Trimby et al., 1998; Faul and Fitz Gerald, 1999;
Fliervoet et al., 1999; Trimby and Prior, 1999). Until
now, EBSD has not been successfully applied to rock-
salt, as far as we are aware. This is because rocksalt
undergoes rapid radiation damage when subjected to a
high energy electron beam, resulting in very poor qual-
ity electron backscatter patterns (EBSPs). However,
recent advances in computing software and hardware
capabilities, coupled with the use of a ®eld emission
gun (FEG) SEM, allow good quality EBSPs to be col-
lected and indexed before signi®cant sample damage is
incurred. Thus we can now use EBSD to analyse the
crystallographic nature of inter- and intra-granular
boundaries in deformed rocksalt. In this paper we use
EBSD data to evaluate the misorientations across
etched boundaries, and to assess objectively the e�ec-
tiveness of the etching procedure in revealing the
microstructure of rocksalt.

2. Techniques

Two contrasting samples were used to investigate
the misorientations across etched boundaries. Synthetic
rocksalt with a starting grain size of 200±450 mm was
experimentally deformed in a triaxial deformation ap-
paratus (Peach, 1991; Peach and Spiers, 1996) at strain
rates of 05.5 � 10ÿ7 sÿ1 and at a con®ning pressure of
50 MPa. One sample, p40t92, contained su�cient
water (68 ppm) to support ¯uid assisted dynamic
recrystallisation via grain boundary migration (Urai et
al., 1986; Spiers and Carter, 1998); this `wet' salt was
deformed to 18.2% strain at a temperature of 1258C.
A second sample, p40t98, was e�ectively dry (05 ppm
water); this was deformed to 28.2% strain at
T � 1758C. No grain boundary migration occurs under

these conditions. Instead, microstructural development
is dominated by intense subgrain formation, but the
extent of subgrain rotation and boundary misorienta-
tion development is unknown.

The deformed samples were cut into small blocks
(015 � 15 mm) and were polished and etched follow-
ing the method described by Spiers et al. (1986) and
Urai et al. (1987). This involved dry sawing, initial
grinding and polishing and then a ®nal period of sim-
ultaneous chemical polishing and etching. This last
stage was done in a slightly undersaturated NaCl sol-
ution containing about 0.8 wt% FeCl3�6H2O; the
samples were immersed and gently agitated for about
10 s before the etchant was removed by alternating
blasts of n-hexane and diethyl ether. Finally the
samples were dried in a stream of hot air, mounted for
SEM work and their edges coated with conductive sil-
ver paint.

Prior to SEM study, the etched surfaces were
imaged in re¯ected light using a Leica DMRX micro-
scope. The images were captured electronically and
processed using Leica's Qwin Pro v2.2 software. The
microstructure of the starting material for the wet salt
experiment is shown in Fig. 1. This is characterised by
polygonal grains, 1208 triple junction grain boundaries
and an almost complete absence of intra-grain micro-
structure. The starting material for the dry salt exper-
iments is very similar. In each of the deformed
samples, an area of interest was chosen for detailed
EBSD analysis in the SEM.

The SEM analysis was carried out in a Philips XL30
FEG SEM using a 10 kV accelerating voltage and a
system spot size 5 (equating to a beam current
06.7 nA). The areas identi®ed using re¯ected light mi-
croscopy were located in the SEM using a forescatter

Fig. 1. Re¯ected light photomicrograph of the starting material for

the wet salt experiments. The starting material for the dry salt exper-

iments is very similar.
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detector to provide an orientation contrast (OC) image
(Prior et al., 1996).

For each area, EBSPs were collected from a grid of
regularly spaced points by automatically moving the
electron beam. This technique, sometimes referred to
as `orientation imaging microscopy', is commonly used
in the materials sciences (e.g. Adams et al., 1993;
Field, 1997). The EBSPs were indexed using the soft-
ware CHANNEL+, with a halite structure ®le consist-
ing of 46 lattice planes. On average, each EBSP took
00.17 s to collect and index; this rapid processing time
prevented signi®cant surface radiation damage from
occurring. EBSPs were collected from a 250 � 250 or-
thogonal grid (2.5 mm spacing) for sample p40t92, and
from a 300 � 300 orthogonal grid (2 mm spacing) for
sample p40t98. The misorientations between adjacent
data points were calculated, and this information was
used to display boundary misorientation mapsÐmaps
where di�erent boundary misorientations are rep-
resented by di�erent line thicknesses. For each misor-
ientation, the cubic symmetry of halite results in 24
symmetrically equivalent solutions; following conven-
tion, we always took the minimum misorientation
angle (e.g. Randle, 1992, 1993). The indexing error in
each EBSD solution is accepted to be <18 (e.g.
Dingley and Randle, 1992); it is possible, using double
exposure of di�raction patterns from adjacent areas
separated by a low angle boundary, to measure accu-
rately very small (<<18) misorientations (Hutchinson,
Hall and Lloyd, unpublished work, 1979). This tech-
nique is ideal for the study of individual boundaries
but it has not been utilised here. Therefore, in this
study, the error in the calculated misorientation angle
between two grains in the same sample will be in the
range 0±28 and for this reason boundaries with misor-
ientations <28 have not been displayed on the bound-
ary misorientation maps. The manipulation of the raw
data was carried out using the software
CHANNEL+ICE, and maps with boundary misorien-
tation intervals of 2±58, 5±108 and >108 have been
generated. These maps were then compared with the
re¯ected light photomicrographs in order to evaluate
the etching procedure and to assess the relative merits
of both techniques.

3. Results

3.1. Sample p40t92

The re¯ected light photomicrograph of the wet
sample (p40t92) is shown in Fig. 2(a). The microstruc-
ture here is characterised by several relatively small
grains in the centre, with considerable substructure,
surrounded by three large grains with little or no sub-
structure. In comparison with the starting material

Fig. 2. (a) Re¯ected light photomicrograph of the wet salt sample,

p40t92. (b) Orientation contrast image of the same area collected in

the SEM using a forescatter detector. (c) Boundary misorientation

map of the same area constructed from a 250 � 250 grid of EBSD

data points taken at a 2.5 mm spacing. Line A±B marks the location

of a detailed transect (see Fig. 3).
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microstructure (Fig. 1), it is apparent that there has
been a signi®cant increase in grain size of the larger
grains, and the development of considerable substruc-
ture in some of the smaller grains. With grain bound-
ary migration clearly the dominant recrystallisation
process in this sample, the small grains are interpreted
as older grains that have been partially consumed by
the large, new, substructure-poor grains. The sub-par-
allel wavy lines apparent in the upper and lower left
parts of the image are inferred to indicate combined
slip and cross-slip of screw dislocations (Senseny et al.,
1992; Carter et al., 1993; Spiers and Carter, 1998). The
more irregular etched lines inside the older grains are
interpreted as being low angle subgrain boundaries
(e.g. Urai et al., 1987); in places these form cellular
features, whereas elsewhere they appear `blind ending'
(i.e. the boundaries terminate inside grains). The more
deeply etched lines, with occasional ¯uid inclusions,
are the high angle grain boundaries. The OC image of
the same area is shown in Fig. 2(b); the etched bound-
aries are readily apparent, and a weak orientation con-
trast between di�erent grains and subgrains is visible.

The boundary misorientation map of the same area
is shown in Fig. 2(c). It is immediately apparent that
the most heavily etched boundaries in the light photo-
micrograph do indeed correspond to high angle
(>108) grain boundaries. The interiors of the old
grains, despite having many etched boundaries, have
very few boundaries with misorientations >28.

In order to investigate further the nature of this low
angle intra-granular microstructure, a transect A±B
(see Fig. 2c) was analysed in greater detail. Using the

EBSD data, the misorientation of each data point
along the transect relative to the orientation of the
®rst data point (at A) was calculated. This gives the
cumulative misorientation across the grain, indicating
the nature and the extent of any crystal lattice orien-
tation variations. In order to show the misorientations
across individual boundaries along the transect, the
misorientations between adjacent data points have also
been calculated. These data are plotted against the dis-
tance along the transect in Fig. 3. This graph helps to
explain the di�erences between Figs. 2(a) and (c). In
places, such as 0375 mm from A (marked on Fig. 2c),
there are relatively rapid changes in the cumulative
misorientation of up to 38. However, even these occur
over a distance of050 mm and we also observe (Fig. 3)
that the misorientations between adjacent grid points
do not exceed 1.38. These results show us two things.
Firstly, the majority of the visible intra-granular
boundaries in the re¯ected light photomicrograph (Fig.
2a) have very low misorientations, below the 28 angu-
lar resolution of the boundary misorientation map.
Secondly, in two examples along this transect (and in
many other grains in this sample), these very low angle
boundaries add up to create more signi®cant crystallo-
graphic orientation changes across whole grains.

3.2. Sample p40t98

The re¯ected light photomicrograph of the dry
sample (p40t98) is shown in Fig. 4(a). In the ®eld of
view, which is approximately the same size as in Fig.
2(a), there are about 15 identi®able grains, all with
varying degrees of substructure. The grain size is still
similar to that of the starting material (Fig. 1),
although many of the boundaries have become ser-
rated on the scale of the cellular substructure. There is
no evidence for large scale grain boundary migration.
Some of the grains, such as one near the top left cor-
ner (`C'), show a heavily etched substructure while
other grains, such as the one in the lower right corner
(`D'), exhibit a lightly etched substructure or appear
relatively substructure free. Although most of the sub-
structure forms cellular features, some boundaries, as
in Fig. 2(a), appear to be `blind ending'. Locally (e.g.
in the lower left corner), numerous heavily etched
boundaries make the distinction between high angle
and low angle boundaries problematical. The OC
image of the same area is shown in Fig. 4(b).
Although many of the etched boundaries are clearly
visible, the magnitude of any orientation contrast is
small. The polishing and etching procedure does not
remove all of the surface topography; the high tilt
angle and the position of the forescatter detector
below the specimen accentuates this topography,
resulting in a reduction or even the removal of any
orientation contrast signal. The OC image is thus only

Fig. 3. Graph showing the misorientation variations along the trans-

ect A±B (see Fig. 2c). The upper line (black diamonds) represents

the cumulative misorientation with respect to the ®rst data point at

A. The open circles represent the misorientations between adjacent

points.
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useful (for these samples) for identifying the area of
interest prior to EBSD analysis.

The boundary misorientation map for the same area
is shown in Fig. 4(c). As observed in the wet sample,
most of the heavily etched boundaries do correspond
to high angle grain boundaries. However the heavily
etched substructures observed in many of the grains
(see Fig. 4a) do not correspond to signi®cant misorien-
tations (>28). For example, the misorientation map

Fig. 5. (a) Inverse pole ®gure of the surface normals for the dry salt

sample, showing only those data points with the surface normals

within 158 of the h001i direction. Equal area projection. (b)

Boundary misorientation map showing the spatial distribution of

those data points featured in (a).

Fig. 4. (a) Re¯ected light photomicrograph of the dry salt sample,

p40t98. Grains C, D and E are referred to in the text. (b)

Orientation contrast image of the same area collected in the SEM

using a forescatter detector. (c) Boundary misorientation map of the

same area constructed from a 300 � 300 grid of EBSD data points

taken at a 2 mm spacing.
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shows that the aforementioned grain C, although from
the depth of etching it appears to have considerable

substructure, does in fact contain few subgrain bound-
aries >28, and virtually none >58. In comparison,
some other grains which display lighter etching (e.g.

grain `E'), actually contain subgrain boundaries with
misorientations >58, and even >108 (i.e. some have
become high angle boundaries). It is clear that there
exists a range of subgrain boundary misorientations in

this sample, the extent of which is not immediately
apparent from the intensity of the etching.

The variations in the intensity of etching between
grains with substructures of similar misorientations
can be related to the grains' crystallographic orien-
tations. In order to check whether particular crystallo-

graphic orientations result in preferential etching, we
have plotted the surface normal directions on inverse
pole ®gures. Grains with the surface normal close to
the h001i direction must have a {100} face almost par-
allel to the surface of the sample. Likewise, those with
the h111i direction close to the surface normal will
have a {111} face almost parallel to the sample sur-
face. In Fig. 5(a) all the data points where the surface
normal is within 158 of the h001i direction have been
plotted on an inverse pole ®gure, and the correspond-
ing grains shaded on a boundary misorientation map
(Fig. 5b). Comparison with the re¯ected light photo-
micrograph (Fig. 4a) shows that the three grains which
have been shaded also display the least etching of any
grains in the whole area. Data points where the surface
normal is within 258 of the h111i direction have also
been plotted on an inverse pole ®gure (Fig. 6a), and
shaded on an accompanying boundary misorientation
map (Fig. 6b). This time, comparison with the re¯ected
light photomicrograph (Fig. 4a) shows that all the
shaded grains display relatively intense etching. In par-
ticular, the heavily etched grain discussed earlier (grain
C) has a {111} face almost parallel to the surface of
the sample. It is also worth noting, from Fig. 4(c), that
the subgrain boundary misorientations in grain C are
certainly no greater than those in grains D and E,
despite being much more heavily etched.

4. Discussion and conclusions

The purpose of this paper is two-fold: ®rstly to
introduce the application of EBSD to studies of
deformed rocksalt, and secondly to attempt to relate
the width and intensity of etched boundaries in rock-
salt samples to their crystallographic misorientations.

We have shown that the analysis of rocksalt samples
in the SEM using EBSD is a relatively simple process.
The samples were prepared in the same manner as for
re¯ected light microscopy analysis (with the addition
of some conductive paint to the edges), and images
which show the same information as re¯ected light
photomicrographs are easily obtained. An automated
EBSD analysis of a 300 � 300 grid, as used here to
study the dry rocksalt sample (Fig. 4c), can take as lit-
tle as 4 h (depending on the number of phases and
their respective crystal systems). Not only does this
provide misorientation maps as we have shown, but all
the crystallographic orientation data for that area are
readily accessible and can be used in whatever manner
is desired. For example, pole ®gures, inverse pole
®gures, rotation axes and misorientation frequency dis-
tributions can easily be calculated and plotted. Such
information on internal lattice orientation variations
(as shown in Fig. 3) may even be useful in characteris-
ing the relative timing of recrystallisation of di�erent

Fig. 6. (a) Inverse pole ®gure of the surface normals for the dry salt

sample, showing only those data points with the surface normals

within 258 of the h111i direction. Equal area projection. (b)

Boundary misorientation map showing the spatial distribution of

those data points featured in (a).
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grains in a polycrystalline sample. For example, in a
microstructure dominated by grain boundary mi-
gration, newly recrystallised grains would generally
contain less internal lattice orientation variation than
older grains, and it should be possible to identify the
presence of separate grains sharing a common orien-
tationÐ`orientation families' (see Urai et al., 1986).
This powerful technique allows us to quantify fully
any microstructure and lattice preferred orientation in
deformed rocksalt. Recent studies on other minerals
using EBSD have demonstrated the possibilities of
analysing and interpreting microstructures in this man-
ner (e.g. Trimby, 1998; Trimby et al., 1998; Faul and
Fitz Gerald, 1999; Fliervoet et al., 1999). Other poten-
tial applications of EBSD to rocksalt include measur-
ing the extent of subgrain rotation with increasing
strain, estimating the rate of new grain nucleation, and
evaluating the importance of individual slip systems in
forming lattice preferred orientations. A full review of
the application of EBSD to geological samples is given
in Prior et al. (1999).

Despite such developments, the technique still has
drawbacks. For example, a super®cial look at the cen-
tral grain in the boundary misorientation map of the
wet salt sample (Fig. 2c) would indicate an absence of
signi®cant substructure. Further processing of the
EBSD data is clearly necessary to identify the presence
of any considerable orientation changes across the
grain (Fig. 3). Yet it would take a single glance at the
etched surface using re¯ected light microscopy (Fig.
2a) to show that the grain interior contains numerous
low angle subgrain boundaries. Another drawback is
in the analysis of larger areas (>1 � 1 mm), when it
becomes necessary to move the SEM stage instead of
the electron beam. With our current set-up, this takes
00.75 s for each measurement in a rocksalt sample,
resulting in an analysis time of 019 h for a 300 � 300
grid. It is important, therefore, to use this powerful
technique wisely, as a complement to light microscopy,
not as a replacement: why take 1 day to collect 90 000
orientation measurements when a single optical image
of an etched surface will su�ce? For this reason it
becomes important to understand the nature of etched
boundaries, and the type of boundary that they rep-
resent.

It is clear from both the dry and the wet salt
samples that the re¯ected light images of the etched
surfaces show many more boundaries than the bound-
ary misorientation maps, i.e. boundaries with misorien-
tations <28 (Figs. 2 and 4). Although it is possible to
display more boundaries in a misorientation map by
setting the minimum misorientation to 18, this also
introduces a number of `boundaries' which are arte-
facts resulting from the angular errors involved in
EBSP indexing. We know from the present results that
most of the boundaries which are not heavily etched

have misorientations <28, and many of these have
misorientations <18 (see Fig. 3). What is more surpris-
ing, however, is that many of the intra-granular
boundaries which are more heavily etched (see Fig. 4)
also have misorientations <28. Interpretations of the
dry salt microstructure based solely on the intensity of
boundary etching would therefore indicate that sub-
grain rotation may have progressed to a considerable
extent, with many intra-granular boundaries acquiring
relatively large misorientations. In general, however,
the EBSD data show that this is not true, so caution is
needed in interpreting the re¯ected light images.

In addition, the orientation of the crystal lattice
with respect to the sample surface clearly has a sub-
stantial e�ect on the etching (Figs. 5 and 6). Where
grains have a {100} face sub-parallel to the sample sur-
face the intensity of etching is low. In contrast grains
with a {111} face sub-parallel to the sample surface
are strongly etched.

The {100} faces are F-faces (¯at faces) which make
up the cube form of halite (Fig. 7) (e.g. Hartman,
1953); theoretically such faces are characterised by a
shortage of sites for the attachment or detachment of
ions. Conversely, the {111} faces are K-faces (kink
faces) which are characterised by an abundance of
ionic attachment/detachment sites. If an abundance of
ionic attachment/detachment sites results in high dis-
solution rates during etching, then the surface crystal-
lographic orientation has a strong control on the

Fig. 7. A schematic diagram showing a hypothetical halite crystal,

with the three di�erent types of face: the F-( ¯at-)faces ({100}), the

S-(stepped-)faces, ({101}) and the K-(kink-)faces ({111}). Modi®ed

from Hartman (1953).
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surface etching rate. The depth of etching at subgrain
boundaries is, however, not only controlled by dissol-
ution of the surface but also by the di�erence in dissol-
ution rate between the boundary itself and the
adjacent surface. Dissolution along the boundary will
be in¯uenced by its misorientation and, possibly, by
the orientation of dislocations within the boundary.

Our results imply that there is a small di�erence in
etching rate between subgrain boundaries and {100}
surfaces, but a large relative etching rate between sub-
grain boundaries and {111} surfaces. The errors
involved in calculating the misorientation rotation axes
across low angle boundaries preclude an in-depth
analysis of potential dislocation types and orientations.
With these uncertainties, and without further infor-
mation about the spatial orientation of the etched low
angle boundaries, we cannot be certain as to the exact
cause of the variations in etching intensity with di�er-
ent crystallographic orientation. Clearly, though, these
variations in the etching intensity should be taken into
account when interpreting re¯ected light photomicro-
graphs.

Geologists can learn a lot about the e�ect of recrys-
tallisation mechanisms on the rheology and micro-
structures of deformed rocks by looking at simpler
monominerallic systems, such as deformed rocksalt.
Imaging the etched surfaces of deformed rocksalt
samples can tell us many things about its microstruc-
tural characteristics, and it does seem that the depth of
etching can be used to distinguish high angle grain
boundaries from low angle subgrain boundaries.
However, the intensity of etching of subgrain bound-
aries is in¯uenced more by the host grain's crystallo-
graphic orientation than by the boundaries'
misorientations. This means that when a more in-
depth microstructural investigation is required, the ad-
ditional data obtained from an EBSD analysis in the
SEM are invaluable. We envisage future advances in
SEM technology making such fully quantitative studies
more common. Nevertheless, etching of rocksalt
samples will remain an essential and highly useful part
of the initial microstructural analysis.
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