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aBstraCt

We have used electron backscatter diffraction (EBSD) to characterize the internal deformation and 
orientation of olivine grains within an experimentally deformed Mg2GeO4 olivine aggregate. We observe 
that a significant fraction of the grains contain kink bands. Our observations of kink band geometry, 
combined with the work of earlier authors, indicate that [001] slip is the dominant slip system oper-
ating in Mg2GeO4 olivine at 1000–1473 K at 0.6–1.3 GPa. Since Mg2GeO4 is a high-pressure analog 
for natural compositions of olivine, this is consistent with the observations made by others that the 
dominant slip system for olivine in the mantle switches from [100] to [001] as pressure increases. We 
also observed that kink bands formed in all measured olivine grains with [001] axes oriented within 
35° of the compression direction. We thus conclude that in a randomly oriented polycrystal undergoing 
uniaxial deformation at low to moderate temperatures, 18% of all grains will deform by kinking and 
that kink band formation is an important accommodation mechanism for olivine at these conditions.

Keywords: Olivine, deformation, kink band, electron backscatter diffraction

introduCtion

The rheological properties of olivine are widely believed to 
control flow in the upper mantle and have therefore been the 
subject of extensive research for the last 50 years. An interesting 
facet of plastic deformation of olivine is that its slip systems do 
not satisfy the von Mises criterion for arbitrary shape change. 
There are eight slip systems commonly observed to operate in 
olivine [for review see Cordier et al. (2002)]. However, many 
of them are linear combinations of others yielding only three 
truly independent slip systems [for discussion see Durham and 
Goetze (1977); Castelnau et al. (2010)]. Olivine polycrystals 
overcome this failure to meet the von Mises criteria, in part, by 
kinking. Kinking is interpreted to result from a buckling insta-
bility that occurs when planes of weakness (in this case easy 
glide directions) are oriented parallel to compression (Raleigh 
1968). Kinking is commonly observed in olivine deformed at 
low to moderate temperatures both experimentally and naturally 
(e.g., Raleigh 1968; Mercier and Nicolas 1975; Durham and 
Goetze 1977; Zeuch and Green 1984a, 1984b; Ave Lallemant 
1985; Kopylova et al. 1999; Bjerg et al. 2005; Chernyshov 
2005; Low et al. 2011). Kinking received substantial attention 
in early deformation studies (e.g., Raleigh 1968) in part because 
measurements of the kink band geometry allow the slip direction 
and slip plane to be determined. More recent rheological studies 
have focused on characterizing the behavior of grains oriented for 
slip and avoided the strain heterogeneity associated with kinking. 

However, to model the deformation of polycrystalline olivine, 
for example using viscoplastic or elastic plastic self-consistent 
models, a full description of the deformation and accommodation 
mechanisms is required.

To understand the role of kinking in olivine deformation we 
characterized individual kinked grains using electron backscatter 
diffraction (EBSD). To our knowledge, this has not been done for 
olivine. We choose to study kinking in experimentally deformed 
Mg2GeO4 because we had samples with a fairly coarse grain size 
on hand (Burnley 1990).

methods
This study was conducted on experimentally deformed polycrystalline 

Mg2GeO4. Details of the sample synthesis, preparation, and deformation exper-
iments can be found in (Burnley et al. 1991; Burnley 1990). Conditions for the 
deformation experiments are listed in Table 1. It should be noted that at these 
pressure temperature conditions, the olivine phase of Mg2GeO4 is metastable with 
respect to the cubic spinel structured polymorph (Ross and Navrotsky 1987). Thin 
sections of the samples, prepared in the plane of the thermocouple, were polished to 
a 1 mm finish and then polished with a 0.05 mm colloidal silica slurry on a vibratory 
polisher for 4 h. The samples were examined using an Oxford Nordlys II EBSD 
detector on a JEOL JSM-5610 scanning electron microscope. Orientation image 
maps were collected at accelerating voltages of 15 and 20 keV, with a Hough res-
olution between 55 and 100, and using between 5 and 8 bands for phase detection. 
The highest indexing rates (60%) were observed at 20 keV, with a Hough resolution 
of 80 and using 6–7 bands for phase detection.

Kinked grains were identified using an optical microscope and then mapped 
using the EBSD with a 2 mm step size. A match unit file for Mg2GeO4 was built 
using Pnma as the space group with a = 10.304, b = 6.032, c = 4.913 (National 
Bureau of Standards Circular 539, 10, p. 38, 1960) and using the atomic positions 
for forsterite (Birle et al. 1968) reset into Pnma. After data analysis, the unit cell was 
recast as Pbnm so that the unit-cell setting is consistent with that traditionally used 
for olivine. Throughout this paper we use the Pbnm setting (a = 4.913, b = 10.304, 
c = 6.032). Data from EBSD maps was analyzed using Channel 5 software. Noise 
reduction was performed using the routines in Channel 5’s Tango program. For 
pole figures “wild spikes” (pixels that differ in orientation from their neighbors by 
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more than 10°) were removed but no additional noise reduction was made. For the 
maps presented in the figures orientations were assigned to un-indexed pixels based 
on the surrounding 8 then 7 and 6 neighboring pixels. We have found this process 
to be the most effective at eliminating most un-indexed points without adding 
significant information to the original data. The trace of the kink band boundary 
on the surface of the thin section was measured with an optical microscope rather 
than from the EBSD orientation maps to avoid including uncertainty introduced via 
the image tilt correction. The orientation of kink band boundaries was determined 
by assuming that the kink band boundary is planar and contains both the rotation 
axis and the trace of the kink band boundary across the sample surface.

results

We made detailed maps of 55 grains for this study. Twenty 
grains were identified as having kink bands because they con-
tained multiple high-aspect ratio subgrains with alternating 
orientations. Figure 1 shows an optical micrograph, orientation 
image map, and pole figures for each of three of these grains. 
For all grains measured, the crystallographic direction that is 
least dispersed is the [010] direction, which we interpret to in-
dicate that the kinks form by rotation about the [010] direction. 
To test this hypothesis, we constructed plots of rotation axes, 
in crystal coordinates for each grain containing kink bands. 
The plots are produced by the Channel 5 software, which cal-
culates a misorientation angle and rotation axis that will bring 
each pair of measured orientation in the map into coincidence. 
Figure 2 shows a cumulative plot of the rotation axes, in crystal 
coordinates, for all the data points within the kinked grains for 
which the misorientation was between 10–70°. The plot shows a 
prominent maximum around the [010] direction. Plots of rotation 
axes for misorientations between 0–10° for kinked grains show 
a less well-developed maximum around [010] but are otherwise 
similar to misorientation plots for grains that do not contain kind 
bands. The amount of rotation around the [010] axis varies widely 
from one kinked grain to another and can vary substantially (up 
to 75°) within a single kinked grain. This variation in the degree 
of rotation around [010] within grains causes alternating domains 
with similar orientations to become progressively misoriented 
with respect to each other from one end of the grain to the 
other. This creates the dispersion of [100] and [001] directions 
in small circles around [010]. In misorientation transects taken 
perpendicular to kink band boundaries it can be seen that the 
misorientation between successive kink domains appears to be 
concentrated entirely at the kink band boundary. This is true 
for all kink bands, even those for which the degree of rotation 
between kink band domains is <10°. In misorientation transects 
taken parallel to the kink band boundary in the center of kink 
band domains, we see misorientations ranging up to 15°. Thus 
the degree of rotation between two kink band domains can vary 
significantly along the length of their mutual boundary. Kink 
band boundaries across which the misorientation exceedes 10° 
generally have some degree of cracking along the boundaries 
such that the kink band boundaries can be seen in plane-polarized 
light. Since the samples experienced pervasive microcracking 

Table 1. Conditions for the deformation experiments 
Sample Temperature (K) Pressure Strain Total Maximum
  no.  (GPa) rate (per s) strain stress (MPa)
GL312 1190(10) 1.1 2 × 10–4 15% 1279(157)
GL265 990(5) 1.4 2 × 10–4 24% 2481(118)
GL330 1047(5) 1.2 2 × 10–5 38% 1904(197)
 Ramp to 1179 1.3   

Figure 1. Orientation image maps, optical micrographs, and 
pole figures for three kinked olivine grains. The pole figures show the 
color associated with each Euler angle on the map. X is parallel to the 
compression direction. The group of un-indexed pixels on the right 
side of the kinked grain in part a reflects a divot in the polished surface. 
Un-indexed points on the right side of the kinked grain in part b and 
through the center of the kinked grain in part c are due to inclusions of 
other phases. 

a

b

c
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during decompression, we cannot interpret the presence of the 
cracks in an unambiguous way. The formation of the kink bands 
allows the grains to shorten significantly in the direction normal 
to the kink band boundaries. From the misorientation angles and 
width of the kink bands we calculate the shortening for the grains 
shown in Figure 1 to be 7–8%, for some grains the shortening 
is as high as 15%. We reconstructed the original orientation of 
each kinked grain by choosing a [001] and [100] orientation that 
bisected the orientations observed in the kinked domains. In some 
cases (e.g., Fig. 1b), this orientation is preserved as a domain in 
the grain, usually located at the extremity of the grain. We then 
compared the orientation of the grains containing kink bands 
with the grains that did not contain kink bands (Fig. 3). We find 
that kinking occurs in all grains for which the angle between 
[001] and the compression direction is <35°. Thus we estimate 
that, if grains in the polycrystal are randomly oriented, 18% of 
all grains in these samples deformed by kinking. As mentioned 
above, the orientation of kink band boundaries were determined 
by assuming that they contain both the trace of the boundary on 
the sample surface and the rotation axis as determined from the 
misorientation plot for each grain. Since the rotation axes for 
all grains are parallel to the [010] direction, all the kink band 
boundaries lie in the [010] zone. Three quarters of the poles to 
kink band boundaries are within 10° of [001]; the pole with the 
largest deviation from the [001] direction is 22° away. From this 
geometry we conclude that the kink bands formed on the [001]
(100) slip system.

disCussion

One of the challenges in creating numerical models of 
olivine deformation is that the slip systems do not satisfy the 
von Mises criterion for arbitrary shape change. For example, in 
viscoplastic self-consistent models an accommodation mecha-
nism—or “fake” slip system must be included to close the sin-

gle-crystal yield surface (Castelnau et al. 2010). The inclusion 
of the accommodation mechanism can have substantial impacts 
on the deformation models (Castelnau et al. 2010). Although 
it is commonly understood that kinking is an accommodation 
mechanism in olivine, no one has attempted to estimate its 
importance. Our observation that in uniaxial deformation, a 
significant fraction of grains not oriented for slip will kink 
implies that this accommodation mechanism is important and 
should be included in deformation models.

Kink bands were historically of interest because the geom-
etry of kink bands can be used to unambiguously determine 
both the slip plane and slip direction of the slip system that 
forms the kinks (Raleigh 1968). The kink bands in Mg2GeO4 
are visually very similar to those observed in (Mg,Fe)2SiO4 and 
they form in comparable conditions; those where glide domi-
nates over recrystallization. However, the kink bands that we 
have characterized are of the [001] type rather than the [100] 
type that are most prevalent in (Mg,Fe)2SiO4. [001] type kink 
bands have been observed in meteorites (Carter et al. 1968) 
and in some experimentally deformed samples but are much 
less common (Raleigh 1968; Ave Lallemant 1985). In early 
studies, this observation was used to conclude that [100] slip 
is the dominant slip system operating in olivine at moderate 
temperature and low pressure.

Our results also appear to be in direct contradiction with 
the results of Vaughan and Coe (1978) who made extensive 
optical measurements of kink bands in experimentally deformed 
Mg2GeO4. For the kink bands that they measured, Vaughan 
and Coe (1978) found that 70% of kink bands had kink band 
boundaries normal to [100], 20% normal to [001], and 10% with 
other orientations. Their measurements were made on an optical 
microscope with a u-stage. This contradiction is resolved by 
noting that Vaughan and Coe (1978) incorrectly assigned the 
crystallographic axes to the optical indicatrix. Citing unpub-
lished work by R. Erd (1977), they assigned a, b, and g of the 
optical indicatrix to [010], [100], and [001], respectively. Both 

Figure 3. Pole figures showing measured orientations of grains that 
do not contain kink bands and reconstructed orientations (see text for 
explanation) of grains with kink bands. X is parallel to the compression 
direction. All grains that contain kinks had an original orientation that 
placed its [001] direction within or close to 35° of the compression 
direction.

Figure 2. Inverse pole figure showing rotation axes for all 
orientation measurements from all kinked grains. The small cluster of 
rotation axes at [100] is associated with a 60° rotation about that direction 
is caused by systematic miss indexing.
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previous (Roy and Roy 1954) as well as subsequent workers 
(Reichlin 1978; Weidner and Hamaya 1983) observe that b 
is parallel to [001] and g is parallel to [100]. If one corrects 
Vaughan and Coe’s work (by swapping a and c) their results 
and our results are consistent. Vaughan and Coe’s experiments 
were conducted over a larger range of temperature, pressure, 
and differential stresses. Kinks of the [100] type were only 
observed at the highest temperature (1573 K) in Vaughan and 
Coe’s study, which implies that slip in Mg2GeO4 is dominated 
at low to moderate temperature by [001] slip rather than [100].

Mg2GeO4 as an olivine analog
There is an extensive literature in which various A2BO4 

silicate and germanate compounds have been used as analogs 
for magnesium silicate olivine because these other compounds 
transform to the denser polymorphs at lower more experimen-
tally accessible pressures. The assertion that we can assume that 
these analog phases are good analogs for mantle compositions 
of olivine is supported by many workers including Navrotsky 
(1989) who points out that the phase diagrams for many A2BO4 
silicate and germanates share the same topology. The differ-
ences in phase equilibria can be explained by shifting the PT 
phase diagram for each material in topological space. Mg2GeO4 
olivine and its spinel structure polymorph have been extensively 
used as an analog system for (Mg,Fe)2SiO4 in studies of man-
tle structure, phase transformation kinetics and mechanisms 
(Goldschmidt 1931; Bernal 1936; Jeffreys 1936; Dachille and 
Roy 1960; Guyot et al. 1986; Rubie and Champness 1987; Will 
and Lauterjung 1987; Burnley and Green 1989; Rubie and Ross 
1994; Burnley et al. 1995; Burnley 1995, 2005) as well as in 
studies of the effect of phase transformation on the rheology of 
the transitions zone (Vaughan and Coe 1978, 1981; Vaughan et 
al. 1982, 1984; Green and Burnley 1990; Burnley et al. 1991; 
Tingle et al. 1993; Dupas-Bruzek et al. 1998; Riggs and Green 
2001, 2005; Mecklenburgh et al. 2006). The observation that 
the dominant slip system is different in Mg2GeO4 could be used 
to call into question its fidelity as an analog system for olivine. 
However, it is important to keep in mind that Mg2GeO4 is a 
“high-pressure” analog for silicate olivine. In fact, the exper-
iments discussed here as well as many of those conducted by 
Vaughan and Coe were conducted and P-T conditions where 
the olivine structure is not the thermodynamically stable phase, 
which is analogous to >13–14 GPa for mantle compositions of 
olivine. In other words, we should expect the Mg germanate 
lattice at low pressure to behave like the silicate lattice does at 
high pressure. Recently, several workers have seen evidence 
that the dominant slip system for mantle olivine changes from 
[100] to [001] at high pressure. Couvy et al. (2004) sees evi-
dence that this shift occurs below 11 GPa and Raterron et al. 
(2007) sees a shift between 3 and 7.2 GPa. Using a numerical, 
atomistic model of dislocation core structure, Durinck et al. 
(2005) also finds evidence that [001] slip should become 
dominant at higher pressure. Their models show that slip in 
the [100] direction compresses the silica tetrahedra and that 
slip along [001] stretched the tetrahedra; thus [100] slip hard-
ens with pressure. It makes sense then that the size difference 
between the Si4+ and Ge4+ cation should have a similar effect 
on the relative ease of slip as a function of pressure.

ConCluding remarks

Despite the fact that kink bands are not uncommon in nat-
urally and experimentally deformed olivine, relatively little 
attention has been paid to the role of kink band formation in 
the deformation of olivine polycrystals over the last 30 years. 
Our observation that kinking occurred in all measured olivine 
grains oriented such that their [001] axes were within 35° of the 
compression direction indicates that in a randomly oriented poly-
crystal undergoing uniaxial deformation, 18% of all grains will 
deform by kinking. Thus kinking is an important accommodation 
mechanism in the plastic deformation of polycrystalline olivine 
that must be considered in models of olivine deforming by slip.

Based on the results presented here combined with the 
re-interpretation of the results of Vaughan and Coe (1978), 
which covered a wider range of conditions, we find that [001] 
slip is the dominant slip system operating in Mg2GeO4 olivine 
at 1000–1473 K at 0.6–1.3 GPa. This result is consistent with 
the observations made by others (Couvy et al. 2004; Durinck 
et al. 2005; Raterron et al. 2007) that the dominant slip sys-
tem for olivine in the mantle switches from [100] to [001] as 
pressure increases.
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