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ABSTRACT To understand the deformation mechanism and seismic anisotropy in the uppermost mantle beneath
Spitsbergen, Svalbard, in the Arctic, the deformation microstructures of olivine in the peridotite of
Spitsbergen were studied. Seismic anisotropy in the upper mantle can be explained mainly by the lattice-
preferred orientation (LPO) of olivine. The LPOs of the olivine in the peridotites were determined using
electron backscattered diffraction patterns. Eight specimens out of 10 showed that the [100] axis of the
olivine was aligned subparallel to the lineation and that the (010) plane was subparallel to the foliation,
showing a type A LPO. In the other two specimens the [100] axis of olivine was aligned subparallel to the
lineation and both the [010] and [001] axes were distributed in a girdle nearly perpendicular to the
lineation, showing a type D LPO. The dislocation density of the olivine in the samples showing a type D
LPO was higher than that in the samples showing a type A LPO. The result of an Fourier
transformation infrared study showed that both the types A and D samples were dry. These
observations were in good agreement with a previous experimental study (Tectonophysics, 421, 2006, 1):
samples showing a type D LPO for olivine were observed at a high stress condition and samples showing
both types A and D LPO were deformed under dry condition. Observations of both strong LPOs and
dislocations of olivine indicate that the peridotites studied were deformed by dislocation creep. The
seismic anisotropy calculated from the LPOs of the olivine could be used to explain the seismic
anisotropy of P- and S-waves in the lithospheric mantle beneath Spitsbergen, Svalbard.
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INTRODUCTION

The study of the deformation microstructures of
mantle rocks is important to understand the defor-
mation mechanism and seismic anisotropy of the upper
mantle (Nicolas & Christensen, 1987; Mainprice et al.,
2000; Karato et al., 2008). Seismic anisotropy in the
upper mantle around the world has been reported by
many researchers (Fischer & Wiens, 1996; Smith et al.,
2001; Park & Levin, 2002; Nakajima & Hasegawa,
2004; Long & van der Hilst, 2005; Fouch & Rondenay,
2006) and used to constrain deformation and mantle
flow within the Earth (Silver, 1996; Savage, 1999;
Smith et al., 2001; Park & Levin, 2002; Long & Silver,
2008). Seismic anisotropy in the upper mantle can be
mainly explained by the lattice-preferred orientation
(LPO) of olivine, which is a dominant mineral in the
upper mantle (Hess, 1964; Nicolas & Christensen,
1987; Mainprice & Silver, 1993; Zhang & Karato,
1995; Mainprice et al., 2000; Jung & Karato, 2001a;
Kaminski & Ribe, 2001; Blackman et al., 2002; Wenk,
2002; Jung et al., 2006, 2009; Karato et al., 2008).

Previous experimental studies of the deformation of
olivine at high pressure and high temperature have

shown that the deformation microstructures, such as
the LPO of olivine, are largely affected by many
physical and chemical parameters, such as stress and
water content (Jung & Karato, 2001a; Katayama
et al., 2004; Green & Jung, 2005; Jung et al., 2006),
temperature (Katayama & Karato, 2006), pressure
(Jung et al., 2009) and by chemical interactions among
phases (Sundberg & Cooper, 2008). Several types of
LPOs of olivine have been identified, including types
A, B, C, D and E (Jung & Karato, 2001a; Katayama
et al., 2004; Jung et al., 2006). Fabric studies of natural
rocks have shown that each type of olivine LPO can be
found in various places in the Earth. Type A LPO of
olivine was commonly observed in rocks from the
oceanic upper mantle (i.e. ophiolites) (Nicolas et al.,
1971; Mercier & Nicolas, 1975; Nicolas & Poirier,
1976; Mercier, 1985; Nicolas & Christensen, 1987; Ben
Ismail & Mainprice, 1998; Mainprice et al., 2000; Fa-
lus et al., 2008; Skemer & Karato, 2008). Type D LPO
of olivine was observed in the peridotites from the Bay
of Island Ophiolite complex, Newfoundland (Mercier,
1985) and from the Baja California (San Quintin)
(Mercier & Nicolas, 1975). Types B, C and E LPOs of
olivine have been reported in rocks from convergent
boundaries (Möckel, 1969; Tommasi et al., 2000; Frese
et al., 2003; Mehl et al., 2003; Mizukami et al., 2004;
Katayama et al., 2005; Skemer et al., 2006; Xu et al.,
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2006; Michibayashi et al., 2007; Warren et al., 2008;
Jung, 2009).

The seismic anisotropy under Spitsbergen dramati-
cally changes with depth (Pilidou et al., 2004, 2005). At
a depth of 100 km below the study area, the fast
directions of S-wave polarizations are nearly parallel
to the presumed mantle flow (Nansen Ridge to the
Yermak Plateau). At a depth of 150 km, the fast
directions deviate significantly from the flow direction.
At a depth of 200 km and below, the fast directions are
nearly normal to the flow direction. It is still not fully
understood what causes the seismic anisotropy.

The purpose of this study was to analyse the
deformation microstructures of olivine, such as the
LPO, along with the dislocation microstructures of
olivine in the peridotite of Spitsbergen, Svalbard, and
then compare the deformation microstructures of the
natural samples with previous experimental studies, to
understand the deformation mechanism and seismic
anisotropy observed in the upper mantle beneath the
study area.

GEOLOGICAL SETTING

Samples were collected from Sverrefjell in North-wes-
tern Spitsbergen in Svalbard. Sverrefjell is one of the
Quaternary volcanic centres and it contains abundant
mantle xenoliths. The Svalbard is an archipelago in the
Arctic Ocean, located midway between Norway and
the North Pole (Fig. 1a). Spitsbergen is the largest
island (�40,000 km2) of the Svalbard archipelago. The
basement rocks are the Proterozoic to Palaeozoic
Hecla Hoek succession, which was metamorphosed
and strongly deformed during the Caledonian orogeny
(c. 450–400 Ma) (Amundsen et al., 1987). In the study
area, the Hecla Hoek succession consists of felsic
gneisses, amphibolites and metasedimentary rocks. On
northern Spitsbergen, a large complex graben, boun-
ded by N–S faults, is filled with several kilometres of
Devonian clastic redbeds (Fig. 1b).

Quaternary volcanic activity is found in the Bock-
fjord area (Fig. 1b) which exhibits significant evidence
of Cenozoic uplift associated with mantle lithosphere
thinning (Vågnes & Amundsen, 1993). An example of
this activity is Sverrefjell, an eroded composite basaltic
volcano 500 m high and 2 km in diameter. It contains
abundant xenoliths of uppermost mantle and deep
crustal rocks. Volcanological and geomorphological
observations suggest that Sverrefjell grew prior to,
and during, the last major glaciations of the area
(c. 100,000 years ago) (Amundsen et al., 1987). This
young age is consistent with the presence of active hot
springs north and south of Sverrefjell along the fault
line and with K–Ar ages of the basalts (<1 Ma)
(Burov & Zagruzina, 1976).

Tectonically, Svalbard is located on the north-
westernmost edge of the Eurasian plate and near the
Knipovich Ridge and Nansen Ridge, which are in the
northern part of the Atlantic Ridge (Fig. 1a). The two

ridges have been linked by so-called �Spitsbergen
Transform Zone�, representing short ridge segments
connected by transform faults, and a fold zone caused by
the Svalbard and Greenland collision at c. 65-60 Ma.
Two distinct phases of volcanism in Neogene and
Quaternary are known in Spitsbergen. The volcanic
centres are bound to N–S trending faults which project
towards the Yermak Plateau and parallel the Spitsber-
gen Transform Zone (Fig. 1) (Crane et al., 1982;
Tuchschmid & Spillmann, 1992). The faults are deep
fractures at least Devonian in age, and were reactivated
during continental fragmentation (Amundsen et al.,
1987). Quarternary volcanism in Spitsbergen is thus
considered to be related to the activity of the spreading
centre and transform fault zone �150 km away.

METHODS

Sample collection

Samples were collected at Sverrefjell, Spitsbergen,
during a field excursion in the summer of 2007. The
study area was composed of reworked volcanic mate-
rials and mantle xenoliths. Large xenolith samples with
diameters of >10 cm were collected over the area of
�50 · 3 m from marine terraces that developed on the
flank of the volcano. Figure 2a shows an example of
the mantle xenoliths found in the study area. Details
of the occurrence of these mantle xenoliths were
described in Skjelkvale et al. (1989).

Determination of foliation and lineation of specimen

Ten samples showing well-developed foliation were
studied. The foliation was determined by the layering
defined by aligned clinopyroxene or spinel. Samples
were cut parallel to the foliation plane (X–Y plane) and
a thin section was taken from the plane. The lineation
was then determined using the method of Panozzo
(1984) (Fig. 2b), which showed the most dominant
direction of the grain boundaries in the X–Y plane. A
thin section was cut parallel to the lineation (X)
and perpendicular to the foliation (Z) to observe the
microstructures of the specimen.

Analysis of mineral chemistry

The mineral compositions of Spitsbergen peridotites
were analysed using a JXA-8900R wave-length-disper-
sive electronmicroprobe usingZAFmatrix correction at
Seoul National University. The machine was operated
with an accelerating voltage of 15 kV, a beam current of
10 nA, beam diameter of 1 lm and 20 s counting time.
Natural minerals were used as standards. Analytical
results reported inTable S1 generally represent averages
of five or more analyses of each grain and several grains
from different parts of each sample. The minerals in all
of the Spitsbergen peridotites do not show chemical
zoning and are nearly homogeneous with no grain-
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to-grain chemical variation, except at pyroxene and
spinel contacts with the host basalt which display a
reaction with the basalt within 400 lm from the contact
boundary. All of the reported values are far from the

reaction boundary. As there was no meaningful chemi-
cal variation in the rock specimen studied, it suggests
that the layering by aligned clinopyroxene or spinel
formed by dynamic processes.

(a)

(b)

Study area

Study area

Fig. 1. A sketch map of the North Atlantic and Svalbard Archipelago (a) and the study area of northern Spitsbergen, (b) showing
major geological and tectonic features. Sv, Sverrefjell; Si, Sigurdfjell; J & T, Jotun & Troll springs. White areas in (b) represent glacial
region. (a) After (Amundsen et al., 1987; Ionov et al., 2002). (b) After (Banks et al., 1998).

D E F O R M A T I O N M I C R O S TR U C T U R E S O F O L I V I N E 70 9

� 2009 Blackwell Publishing Ltd



Determination of LPO

To determine the LPO of the olivine, electron back-
scattered diffraction (EBSD) patterns (Dingley, 1984;
Lloyd, 1987; Prior et al., 1999) were used. The HKL
EBSD system attached to the JEOL JSM-6380 SEM at
SEES in the Seoul National University was used in this
study. Samples were polished using a 1 lm diamond
paste and then, to remove all of the surface damage,
the specimens were polished using SYTON (0.06 lm
colloidal silica) fluid for chemical–mechanical polish-
ing (Lloyd, 1987). The specimens were coated with
�3 nm thick carbon layer to prevent charging in the
SEM. The specimen surface was inclined at 70� to the
incident beam. EBSD patterns were collected on a
phosphor screen, where the experimental conditions
were an accelerating voltage of 20 kV, a working
distance of 15 mm and a spot size of 60. All of the
EBSD patterns were manually indexed using the
HKL�s Channel 5 software at the Tectonophysics
Laboratory at SEES in SNU.

Observation of dislocation microstructures

To observe the dislocation microstructures of the
olivine, samples were coated with oxygen (Kohlstedt
et al., 1976) and observed in the JEOL JSM-6380 SEM
using the backscattered electron mode (Karato, 1987;
Jung & Karato, 2001b). The oxygen coating of the
samples took place in an oven at 800 �C for 1 h.
Samples were coated with oxygen as a result of the
precipitation of either magnetite or hematite on the

dislocation lines. Each sample surface was then gently
polished to remove a thin layer of oxides. The SEM
was operated at 15 kV acceleration voltage, 10 mm
working distance and a spot size of 60.

Determination of water content of specimen

Fourier transformation infrared (FTIR) spectroscopy
was used to determine the hydroxyl concentration in
a sample. All of the samples were polished on both
sides to a 110–260 lm thickness and were kept in an
oven at 120 �C for more than 1 day before an FTIR
measurement was made. A Nicolet 6700 instrument
with a Continuum IR Microscope was used at the
Tectonophysics Laboratory at SEES in Seoul
National University. The water content within a
single crystal was measured using an IR beam size of
50 · 50 lm. Nitrogen gas was flushed during the
FTIR measurement to avoid measuring the moisture
in the atmosphere. The measurements were carried
out using an unpolarized light source, a KBr beam-
splitter and an MCT detector. A series of 128 scans
was averaged for each spectrum with a resolution of
4 cm)1.

RESULTS

Ten spinel peridotite xenoliths were studied from
Spitsbergen, Svalbard and the results are summarized
in Table 1. The xenoliths show microstructures of
equigranular texture (Fig. 3a,c) to porphyroclastic
texture (Fig. 3e,g) according to Mercier & Nicolas,

(b)(a)

Fig. 2. (a) An example of mantle xenoliths in the study area. (b) Optical photomicrograph and a drawing of grain boundaries of the
specimen SVF-66. Lineation was determined on the foliation (X–Y plane) using the method (Panozzo, 1984).
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(1975). Kink bands are commonly observed in olivine
in all specimens.

Mineral chemistry

The mineral compositions of Spitsbergen peridotites
studied are typical of mantle phases: forsterite-rich
olivine, enstatite-rich orthopyroxene, diposide-rich
clinopyroxene and Cr-rich spinel (Table S1). Olivine
shows a very narrow range of Mg-numbers
[Mg# = 100Mg ⁄ (Mg + SFe)] of 89.9–91.9, and have
0.03–0.20 wt%CaO, 0.34–0.70 wt%NiO and 0.09–0.15
wt%MnOconcentrations (Table S1).Orthopyroxene is
enstatite with a composition ofWo0.9-1.4En89.4–91.1Fs7.8–9.5.
The Al2O3 and Cr2O3 concentrations are in the range
1.9–4.1 wt% and 0.2–0.5 wt% respectively. Ortho-
pyroxene has Mg# between 91.3 and 97.1 that shows a
good positive correlation with, but slightly higher than,
that of coexisting olivine. Clinopyroxene is diopside
with a composition of Wo45.5–47.5En48.2–50.0Fs3.6–4.7. It
has Mg# between 91.7 and 98.6 that shows a positive
correlation with that of coexisting orthopyroxene. The
Na2O, TiO2, Al2O3 and Cr2O3 concentrations have a
range of 1.0–1.7, 0.1–0.6, 3.5–6.4 and 0.6–1.1 wt%
respectively. Al2O3 contents are positively correlated
withNa2OandTiO2, but negativelywithCr2O3 contents
respectively. Spinel is a chromian spinel with highly
variable Cr-numbers [Cr# = 100Cr ⁄ (Cr + Al)] of 8.5–
50.3 andMg# of 61.7–80.1. TheMg# of the spinel shows
a good negative correlation with their Cr#. Further-
more, Cr# of spinel is positively correlated with Mg# of
coexisting olivine and pyroxene (Table S1), indicating
that they are equilibrated in the spinel peridotite field.

Estimation of temperature and pressure

Equilibration temperatures are estimated from the
electron microprobe data using two-pyroxene ther-
mometers of Wells (1977) and Bertrand & Mercier
(1985) modified by Brey & Köhler (1990). The equili-
bration temperatures range from 850 to 1000 �C

(Table S1), which are within the range 840–1170 �C
reported for Spitsbergen peridotites by Amundsen et al.
(1987) and Ionov et al. (2002). The two-pyroxene ther-
mometers yield consistent results (within 30 �C) for the
xenoliths. Projection of the temperature estimates onto
the geotherm for north-western Spitsbergen after
Amundsen et al. (1987) yields pressures of 7–11 kbar.

LPO of olivine

The LPOs of olivine were measured using the HKL
EBSDsystemand the results are summarized inTable 1.
TheLPOs of the olivine in all of the sampleswere strong.
These are shown in a pole figure (Fig. 4). Eight speci-
mens out of 10 showed that the [100] axis of the olivine
was aligned subparallel to the lineation and that the [010]
axis was aligned subparallel to normal for the foliation,
showing the type A LPO (Jung et al., 2006). Two spec-
imens showed that the [100] axis of the olivine was
aligned subparallel to the lineation and that both the
[010] and [001] axes were distributed in a girdle nearly
perpendicular to the lineation, indicating a type D LPO
(Jung et al., 2006). The LPO results for the olivine
indicated that the specimenswere deformed at low stress
below �300 MPa (for the samples showing the type A
LPO) or at high stress above�300 MPa (for the samples
showing the type D LPO) under a dry condition, based
on previous experimental data (Jung & Karato, 2001a;
Jung et al., 2006). The strength of the LPO of the olivine
was calculated (Table 1) and is shown as a misorienta-
tion index (M-index) (Skemer et al., 2005). Sample SVF-
66 showed the highest strength for the LPO of the
olivine, with an M-index of 0.27.

Water content

Unpolarized FTIR spectra from samples are presented
in Fig. 5. A range of wave numbers 3000–3800 is
shown because the region was dominated by the
stretching vibrations of O–H bonds (Paterson, 1982).
The infrared beam is absorbed in the wavenumber

Table 1. Sample description and results.

Sample Grain

aspect

ratioa

Olivine

LPO type

Slip system

of olivine

M-index

of olivineb
FTIR sample

thickness

(lm)

Water

Content

(ppm H ⁄ Si)c

Vp

anisotropy

(%)

Max dVs

anisotropy

(%)

Mean grain

size

(lm)d

Estimated

stress

(MPa)e

SVF-04 1.06 A (010) [100] 0.15 150 70 ± 20 9.2 6.4 1000 10 ± 5

SVF-05 1.13 A (010) [100] 0.15 140 60 ± 20 8.4 5.9 880 11 ± 5

SVF-27 1.14 A (010) [100] 0.18 150 40 ± 20 11.1 6.9

SVF-30 1.17 A (010) [100] 0.15 120 70 ± 20 9.5 5.9

SVF-49 1.14 D (0k1) [100] 0.20 250 50 ± 20 11.9 7.6 310 21 ± 5

SVF-66 1.06 A (010) [100] 0.27 160 120 ± 20 13.6 8.2

SVF-67 1.11 A (010) [100] 0.12 110 160 ± 20 8.5 5.5

SVF-70 1.17 A (010) [100] 0.14 260 40 ± 20 9.0 5.8

SVF-71 1.18 A (010) [100] 0.12 260 60 ± 20 8.6 5.4

SVF-72 1.06 D (0k1) [100] 0.08 110 130 ± 20 7.8 5.5 480 16 ± 5

aGrain aspect ratio was measured in foliation (X–Y plane).
bM-index is the misorientation index which shows the fabric strength of olivine (Skemer et al., 2005).
cWater content of olivine was measured by FTIR using a calibration of Paterson (1982). If a calibration by Bell et al. (2003) is used, the result should be multiplied by a factor of �3.5.
dRecrystallized grain size was measured using the linear intercept method (Gifkins, 1970).
eStress was estimated using the relationship between stress and recrystallized grain size under dry condition (Jung & Karato, 2001b).

D E F O R M A T I O N M I C R O S TR U C T U R E S O F O L I V I N E 71 1

� 2009 Blackwell Publishing Ltd



(a) (b)

(d)(c)

(e) (f)

(g) (h)
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range 3567–3750 cm)1. A small IR peak was observed
at 3567 or 3570 cm)1 in most of the samples. This peak
shows the presence of a small amount of water in
olivine (Kohlstedt et al., 1996). A few samples showed
IR peaks at wavenumber of 3629, 3649 and 3750 cm)1.
The results of the FTIR study are summarized in
Table 1. The water content was estimated using a
calibration by Paterson (1982). The FTIR data showed
that all of the olivine samples contained a small
amount of water (40–160 ppm H ⁄ Si) and were dry. If
the Bell et al. (2003) calibration is used to calculate
water content from FTIR spectra, the result should be
multiplied by a factor of 3.5. For olivine LPO (e.g.
Jung & Karato, 2001a; Jung et al., 2006, 2009; Karato
et al., 2008), a water content of <200 ppm H ⁄ Si is
considered dry according to the Paterson calibration
(as is a water content of <700 ppm H ⁄ Si according to
the Bell et al. calibration). No correlation was found
between the type of olivine LPO (type A v. type D) or
other characteristics (e.g. water content) and the
location of the samples.

Observation of dislocation microstructures

The dislocation microstructures of the olivine after
oxygen coating (Karato, 1987; Jung & Karato, 2001b)
are shown in Fig. 6. In general, the dislocation distri-
butions for all of the samples were heterogeneous.
However, the overall dislocation density of the olivine
in the sample showing the type D LPO (SVF-49) was
higher than that in the sample showing the type A LPO
(SVF-71). Numerous subgrain boundaries are
observed in types A and D samples (dry specimen)
(Fig. 6). This is also in good agreement with the result
of a previous experimental study on the deformation of
olivine at high pressure and high temperature (Jung &
Karato, 2001b; Jung et al., 2006).

Inverse pole figures

To infer a dominant slip system for the olivine, inverse
pole figures were generated by plotting the direction of
interest into the sample space. The inverse pole figures
for the olivine in the direction of lineation and folia-
tion normal are shown in Fig. 7. The inverse pole
figures show that, for the samples showing the type A
LPO, the [100] axes of the olivine were aligned sub-
parallel to the lineation and the [010] axes were aligned
subnormal to the foliation (Fig. 7), indicating that the

[100] axis was a dominant slip direction and the (010)
plane was a dominant slip plane: the (010)[100] slip
system. For the samples showing the type D LPO
(SVF-49 & -72), the [100] axes of the olivine were
concentrated subparallel to the lineation. However, a
weak distribution of the [010] and [001] axes of the
olivine were observed in the direction of the foliation
normal, indicating that the [100] axis was a dominant
slip direction, but the slip plane was not well defined:
the (0kl)[100] slip system.

Estimation of stress

A grain-size piezometer was used for olivine under a
dry condition (Jung & Karato, 2001b) to estimate the
stress of the specimens showing both types A and D
LPOs. The recrystallized grain size was measured by
the linear intercept method, using the stereographic
correction factor of 1.5 for 3D (Gifkins, 1970). The
average grain size of the samples showing the type A
LPO was 880–1000 lm (Table 1). On the other hand,
the average grain size of the samples showing the type
D LPO was 310–480 lm. The levels of stress required
for the deformation of the recrystallized grains for the
types A and D samples were determined to be
10 ± 5 MPa and 20 ± 5 MPa (Fig. 8) respectively.
The linear relationship between differential stress and
recrystallized grain size (Fig. 8, Jung & Karato, 2001b)
was obtained using data from a study by Jung &
Karato (2001b) and from other previous studies
(Karato et al., 1980; van der Wal et al., 1993; Zhang
et al., 2000). The stress was estimated from the
dislocation densities of 30–50 grains for each sample
in the Jung & Karato (2001b) experiment. It should
also be noted that van der Wal et al. (1993) and
Zhang et al. (2000) precisely estimated the stress
from the external load cell using the Paterson appa-
ratus. The grain-size piezometer can be extrapolated
to lower stresses and higher grain sizes than those
measured by Jung & Karato (2001b) with an uncer-
tainty of �20%. This uncertainty value takes into
account the uncertainty in the estimation of stress from
the scatter in the dislocation density of a single sample
and uncertainties in temperature and pressure during
the experiment.

Stress was also estimated from the dislocation
densities of samples using the oxygen decoration
technique. The dislocation densities for SVF-71 and
SVF-49 were measured from the total length of dis-

Fig. 3. Optical photomicrographs of microstructures within the analysed peridotite samples. All images were taken under crossed
polarized light. Kink bands (white arrows) are commonly observed in olivine. (a, b) Sample SVF-04. Coarse equigranular texture.
Olivine grains show undulose extinction and have serrated grain boundaries. (c, d) Sample SVF-05. Equigranular texture. The
microstructure is homogeneous and grains are elongated up to aspect ratios of 2:1. (e, f) Sample SVF-49. Porphyroclastic texture.
Numerous kink bands are observed. Porphyroclasts are several millimetres in size and are locally elongated up to aspect ratios of 3:1.
Dynamically recrystallized grains are observed next to porphyroclasts. (g, h) Sample SVF-72. Porphyroclastic texture. The micro-
structure is relatively heterogeneous. Some grains show kink bands and contain numerous inclusions. Scale bars represent 2 mm for the
figures (a, c, e & g) and 500 lm for the figures (b, d, f & h). Ol, olivine; opx, orthopyroxene (enstatite); cpx, clinopyroxene (diopside);
sp, spinel.
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Fig. 4. Pole figures of crystallographic ori-
entation of olivine are presented in the upper
hemisphere using an equal area projection.
The colour coding refers to the density of
data points (the numbers in the legend cor-
respond to the multiples of uniform distri-
bution). A half scatter width of 30� was used.
S, foliation; L, lineation; n, number of
grains.
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location linesmeasuredbyscanningelectronmicroscopy
(Karato, 1987; Jung & Karato, 2001b). Thirty grains
(corresponding to a volume of 5300 lm3) were used for
each sample. The dislocation densities for SVF-71 and
SVF-49 were 1.9 · 1011 m)2 and 3.8 · 1011 m)2

respectively. The stress from the dislocation densities
for SVF-71 and SVF-49 were measured using the
calibration method of Jung & Karato (2001b)
and Karato & Jung (2003). The stresses for SVF-71
and SVF-49 were determined to be 21 ± 5 MPa and
34 ± 7 MPa respectively. The stress needs to be con-
sidered as an upper limit because dislocation-free grains
(�30% of the grains in a specimen) were ignored in the
estimations of the dislocation densities. In this study, the
stresses estimated from the dislocation densities are
comparable with those estimated using a grain-size
piezometer (10 ± 5 to 20 ± 5 MPa).

Seismic anisotropy

Seismic velocity and seismic anisotropy were calculated
using the orientation data (Mainprice, 1990) from the
EBSDanalysis of olivine,where the elastic constants of a
single crystal olivine (Abramson et al., 1997) were used.
As olivine is elastically anisotropic and was the domi-
nant mineral in the rock specimen, it controlled the
overall seismic velocity and seismic anisotropy of the
peridotite. Figure 9 shows the results for the seismic
velocity (Vp and Vs) and seismic anisotropy of shear
waves in a pole figure. An aggregate of 100%olivine was
assumed for the calculation of the seismic anisotropy.
Most samples contained olivine (50–85%), Opx
(10–20%), Cpx (2–25%) and a very small quantity of
spinel. The P-wave (Vp) exhibited strong seismic
anisotropy in the range of 7.8–13.6%. The maximum
anisotropy of the shear wave (dVs) was in the range of
5.4–7.6%. This is considerably stronger than the value
often inferred for upper mantle shear wave anisotropy.
Our estimation of seismic anisotropy is considered an
upper limit because other phases such as Opx, Cpx and
spinel are known to reduce the strength of seismic
anisotropy. All of the specimens showed that the polar-
ization direction of the faster shear wave (Vs1 polariza-
tion) was subparallel to the lineation (flow direction),
independent of the fabric type (type A or D) (Fig. 9).

DISCUSSION

Deformation microstructures of olivine: natural rocks v.
experimental samples

Two types of strong LPOs for olivine were observed in
the peridotites from Spitsbergen, Svalbard (Fig. 4).
The type A LPO of olivine was observed in the samples
with a large grain size. In contrast, the type D LPO of
olivine was observed in the samples with a small grain
size. The recrystallized grain size was used to estimate
the stress of the samples. Samples showing the type A
LPO had a large grain size, giving a low stress value of
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Fig. 5. Unpolarized FTIR spectra of olivine in each specimen.
The infrared beam size of 50 · 50 lm was used in the trans-
mission mode. Water content in olivine was calculated using the
calibration (Paterson, 1982) and given in Table 1.
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(c) (e)

Fig. 6. Backscattered electron (BSE) images showing dislocation
microstructures of olivine in the specimen SVF-49 (a–c) and
specimen SVF-71 (d, e). White dots and lines are dislocations
and sub-boundaries.
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10 ± 5 MPa during the deformation of the specimen.
Samples showing the type D LPO had a small recrys-
tallized grain size, giving a high stress value of
20 ± 5 MPa. The observation of high stress for the
specimens showing the type D LPO was consistent
with the observations of the dislocation microstruc-
tures of the specimens. Samples showing the type D
LPO showed higher dislocation densities (3.8 ·
1011 m)2, meaning high stress was experienced:
34 ± 7 MPa, stress estimation of an upper bound)
than those showing the type A LPO. This is in good
agreement with the previous experimental samples of
olivine deformed at high pressure and high tempera-
ture (Jung & Karato, 2001a; Jung et al., 2006).
There is a difference between the stress conditions in

Jung et al. (2006) and the differential stresses in this
study (�5–25 MPa). The differential stresses in most
experiments are much higher (�100–300 MPa) than
those inferred here. Future studies should concentrate
on developing a scaling law to compare experimental
results to natural samples. Katayama & Karato (2006)
showed that there is a temperature effect on the LPO
of olivine. Furthermore, the differential stress for the
types B and C LPO transition is predicted to occur at
1 MPa and 730 �C. This implies that the stress asso-
ciated with natural LPO development could be low at
low temperatures.
An FTIR study of all of the olivine samples

showed that the olivine contained very small amounts
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Fig. 7. Inverse pole figures of olivine. A half scatter width of 30�
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of water, and that the samples were dry, independent
of the fabric type (types A and D LPOs). This
observation was also in good agreement with previous

experimental studies (Bystricky et al., 2000; Zhang
et al., 2000; Jung et al., 2006), which showed that
both types A and D LPOs of olivine were observed in
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a dry condition. All of the data, such as the LPOs,
water contents, dislocation microstructures and grain
sizes showed that there was good agreement between
the microstructures of the natural rocks and experi-
mental samples.

LPO strength

The strength of LPO of olivine was quantified using the
M-index (Skemer et al., 2005) and summarized in
Table 1. The M-index quantifies the deviation of the
uncorrelated misorientation angle distribution from a
randommisorientationdistribution.TheM-index varies
between 0 for a random fabric and 1 for a single crystal.
The M-index in our specimen was plotted as a function
of seismic anisotropy (Fig. 10) and given in Table 1.

Vp seismic anisotropy increases with increasing
M-index where a sharp increase of Vp anisotropy was
observed at the M-index of 0.18. Polarization anisot-
ropy of S-wave (dVs) also increases with increasing
M-index, but the slope is gentle compared to the Vp
anisotropy (Fig. 10).

LPO of olivine and seismic anisotropy

The strong LPOs of the olivine (Fig. 4) and observa-
tion of the abundant dislocations and subgrain
boundaries in the olivine (Fig. 6) indicate that the
peridotites in Spitsbergen were deformed in dislocation
creep. A calculation of the seismic anisotropy from the
EBSD data for the olivine showed that the polarization

direction of the faster shear wave (Vs1 polarization)
was subparallel to the lineation (flow direction) in most
samples. The fast polarization direction for vertical
propagation in some samples (SVF-05, SVF-67 &
SVF-72) diverges up to �40� from the flow direction
(Fig. 9). Pilidou et al. (2004, 2005) showed that the fast
direction of the seismic anisotropy changes dramati-
cally with depth. Beneath the study area, the nearly
flow-parallel seismic anisotropy (Vs1 polarization
direction) of the present-day mantle flow (Pilidou
et al., 2005) at depths of �75–100 km could be
explained by the olivine type A or D LPO of (old)
samples if the rocks were deformed in conditions
similar to the present-day conditions. Our samples
were equilibrated at �10 kbar and 850–1000 �C. Fur-
thermore, the samples showed a strong S-wave polar-
ization anisotropy. As a result, we think that the
seismic anisotropy at a depth of 75 km or less may be
explained by the olivine fabrics (type A or D LPO)
observed in this study. Seismic anisotropy at depths
between 100 and 150 km becomes weak and the
polarization direction of the faster S-wave deviates
from the flow-parallel direction. The nearly flow-nor-
mal seismic anisotropy at a depth of �150 km may be
explained by the olivine type B LPO induced by high
pressure in dry conditions (Jung et al., 2009).
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