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Abstract

The influence of water and stress on the lattice-preferred orientation (LPO) of olivine aggregates was investigated through large
strain, shear deformation experiments at high pressures and temperatures (P=0.5-2.1 GPa, 7=1470-1570 K) under both water-
poor and water-rich conditions. The specimens are hot-pressed synthetic olivine aggregates or single crystals of olivine. Water was
supplied to the sample by decomposition of a mixture of talc and brucite. Deformation experiments were conducted up to y (shear
strain) ~ 6 using the Griggs apparatus where water fugacity was up to ~ 13 GPa at the pressure of 2 GPa. The water content in
olivine saturated with water increases with increasing pressure and the solubility of water in olivine at P=0.5-2 GPa was ~ 400—
1200 ppm H/Si. Several new types of LPO in olivine are found depending on water content and stress. Samples deformed in water-
poor conditions show a conventional LPO of olivine where the olivine [100] axis is subparallel to the shear direction, the (010)
plane subparallel to the shear plane (type-A). However, we identified three new types (type-B, C, and E) of LPO of olivine
depending on the water content and stress. The type-B LPO of olivine which was found at relatively high stress and/or under
moderate to high water content conditions is characterized by the olivine [001] axis subparallel to the shear direction, the (010)
plane subparallel to the shear plane. The type-C LPO which was found at low stress and under water-rich conditions is
characterized by the olivine [001] axis subparallel to the shear direction, the (100) plane subparallel to the shear plane. The type-E
LPO which was found under low stress and moderate water content is characterized by the olivine [100] axis subparallel to the
shear direction, the (001) plane subparallel to the shear plane. Observations by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) show that the dislocations in water-poor samples (type-A) are curved and both b= [100] and
b=[001] dislocations have a similar population. Numerous subgrains are seen in water-poor samples in backscattered electron
images. In contrast, water-rich samples (both type-B and type-C) contain mostly b=[001] dislocations and dislocations are straight
and sub-grain boundaries are rare compared to those in water-poor samples. These observations suggest that (1) dominant slip
systems in olivine change with water fugacity (and stress) and (2) grain boundary migration is enhanced in the presence of water.
Seismic anisotropy corresponding to the fabrics under water-rich condition is significantly different from that under water-poor
condition. Consequently, the relationship between seismic anisotropy and flow geometry in water-rich regions is expected to be
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different from that in water-poor regions in which type-A fabric dominates (i.e., the lithosphere). A few cases are discussed
including anisotropy in the subduction zone and in the deep upper mantle.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The plastic deformation of olivine, the most abundant
mineral in the Earth’s upper mantle, plays an important
role in controlling the dynamics and deformation micro-
structures in this region. The flow of mantle materials
often results in anisotropic elastic properties mainly due
to the development of lattice-preferred orientation (LPO)
of olivine that can be determined from the naturally
deformed peridotites (Ben Ismail and Mainprice, 1998;
Mainprice et al., 2000) and can also be detected by
seismological observations (Nicolas and Christensen,
1987). If a relationship between the LPO of olivine and
the deformation geometry is known from the laboratory
study, then one can infer deformation geometry and/or
deformation conditions (such as water content) from
observed deformation microstructures. Similarly using
mineral physics data, one can calculate seismic anisot-
ropy for the given deformation geometry and this can be
used to interpret seismic anisotropy in nature. In most
previous studies, the relationship between the LPO and
deformation geometry obtained (or inferred) from sam-
ples deformed at relatively water-poor conditions have
been used (Nicolas and Christensen, 1987; Mainprice
etal., 2000). However, it is known that a large amount of
water can be dissolved in olivine (Miller et al., 1987; Bell
and Rossman, 1992; Kohlstedt et al., 1996; Wallace,
1998; Jung and Karato, 2001a,b) and water is known
to have significant effect on the plastic deformation of
olivine (Carter and Avé Lallemant, 1970; Chopra and
Paterson, 1981, 1984; Mackwell et al., 1985; Karato
et al., 1986; Mei and Kohlstedt, 2000a,b; Jung, 2002;
Karato and Jung, 2003). And more importantly, water is
known to change the relative strength of slip system of
olivine even at the low pressure of 0.3 GPa with a small
amount of water (Mackwell et al., 1985). Based on this
observation, Karato (1995) proposed that olivine LPO
might change with water content. The LPO of olivine can
also be modified by grain boundary migration (Karato,
1987a). It is also known that water enhances grain
boundary migration of olivine (Karato, 1989; Jung and
Karato, 2001a). For these reasons, it is expected that water
may have important influence on the LPO in olivine.

However, the details of how water affects the LPO of
olivine have not been understood because previous ex-

perimental studies had following limitations. First of all,
previous experimental studies were conducted in sam-
ples with relatively small water content (Nicolas et al.,
1973; Zhang and Karato, 1995; Zhang et al., 2000;
Bystricky et al., 2000; Lee et al., 2002). Secondly, the
deformation geometry of the most previous studies
was limited to triaxial compression with a small strain
(Carter and Avé Lallemant, 1970; Avé Lallemant and
Carter, 1970; Nicolas et al., 1973), although the de-
formation of the real Earth is most likely with a large
strain with significant component of non-coaxial defor-
mation geometry (Nicolas et al., 1971; Nicolas, 1976).
The maximum strain achieved in triaxial compression
experiments is ~ 0.6 due to the limitations of deforma-
tion geometry. Shear deformation experiments with large
strain are essential to our understanding of the develop-
ment of LPO of the real Earth. Thirdly, the triaxial
compression deformation experiment is of limited rel-
evance because both stress and strain orientations are
same due to the coaxial deformation. In addition, high
pressure is necessary to observe significant effects of
water on the plastic deformation of olivine because a
large amount of water can be dissolved in olivine only
under high pressure (Kohlstedt et al., 1996). For
example, water fugacity at the pressure of 2 GPa at
1473 K is ~ 13 GPa in contrast to the water fugacity of
~ 0.3 GPa at the pressure of 0.3 GPa. To extend our
knowledge of the effect of water on the olivine LPO, we
have conducted experiments in simple shear geometry at
higher pressures (~ 2 GPa) than previous studies. A brief
account of our study was reported in Jung and Karato
(2001b) and Katayama et al. (2004). In this paper, we
report the details of experimental results on the LPO of
olivine and the change in deformation microstructures
with water content and stress, and we discuss their
implications for seismic anisotropy.

2. Experimental procedures

2.1. Starting materials and sample preparation
Starting materials are either hot-pressed synthetic

olivine aggregates or single crystals of olivine from

San Carlos, Arizona. The sample assembly is shown in
Fig. 1. For single crystal as a starting material, a gem-
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Fig. 1. A sample assembly with a simple shear design. Water is added to a sample by the decomposition of a mixture of talc and brucite during the

experiment. A thin Ni foil is used as a strain marker.

quality olivine was oriented using a X-ray Laue dif-
fraction pattern, core-drilled with a diameter of 3.2 mm,
and sectioned to have various orientations as shown in
Table 1. For the hot-pressed olivine aggregates, inclu-
sion-free small single crystals of San Carlos olivine were
hand-picked and crushed in an agate mortar. Powder was
dried for 20 h at 1473 K in a CO/CO, gas-controlled
furnace to give f02=1075 Pa. Argon gas was flushed
through the furnace to prevent carbon precipitation
below 973 K. The dried specimens were kept in an oven
at 423 K until they were used. For the water-poor sam-
ples, no water was added during the cold-press. Olivine
grains of ~ 20 um size were cold-pressed at the pressure
of ~ 100 MPa. For the water-rich samples, we added
~ 20 pl of water during the cold press to enhance grain
growth while sample was hot-pressed. After a cold press,
samples were hot pressed at P=300 MPa and 7=1573 K
using a gas-medium Paterson apparatus. We dried the
water-poor sample after hot-pressing in a CO/CO, gas-
controlled furnace at 7=1473 K for ~ 20 h. Samples
were kept in an oven at 7=423 K until used.

2.2. Deformation experiments

Deformation experiments were conducted using the
Griggs apparatus in approximately simple shear geom-
etry (Fig. 1) under both water-rich and water-poor
conditions at the pressures of P=0.5-2.1 GPa and the

temperatures of 7=1470—1570 K. In water-poor experi-
ments, water contents are typically less than ~ 200 ppm
H/Si (for water content measurements see later part of
this section). Pressure was raised first to a desired value
in ~ 5 h and kept constant. The uncertainty in pressure
estimation is due mainly to the friction (Mirwald et al.,
1975) and the application of a deviatoric stress and is less
than ~ 10%. Temperature was raised over ~ 1 h. Two
thermocouples (Pt—Pt13% Rh) were placed close to the
sample (Fig. 1): one close to the center of the sample, and
the other close to the top of the sample. The temperature
differences recorded by the two thermocouples imply
uncertainties of 10-20 K. We used the temperature
reading from the thermocouple close to the center as an
estimated sample temperature. Temperature was report-
ed without correction of the pressure effect on thermo-
couple emf. The pressure effect on thermocouple emf is
less than ~ 10 K at 2 GPa (Getting and Kennedy, 1970).
After the stabilization of temperature, a piston was
advanced at a constant rate using a stepping motor for a
constant strain-rate deformation. Deformation experi-
ments were carried out to shear strains up to y ~ 6. Ex-
perimental conditions are given in Table 1. Water was
supplied to the sample by the mixture of talc and brucite
surrounding a Ni capsule (Fig. 1). This mixture decom-
poses to water, olivine, and enstatite at ~ 1073 K and
2 GPa and the hydrogen penetrates to the sample through
the Ni-capsule. The oxygen fugacity was buffered by the
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Table 1
Experimental conditions and results
Run P T* Fabric ~ Water content®  Compressional strain ~ Shear strain®  Shear strain rate®  Differential stress® M-
e - f
Py ® Y gpms) %) ™ ) (MPa) ndex
JK8® 1.9 1470 B 1200 22 1.0 (+0.1) 9.5 (£1.3)x10°* 340\ 0.03
JK11 2.1 1470 C 1300 25 1.1 (£0.1) 9.2 (£1.3)x107° 230 0.27
K181 1.9 1470 C 1310 27 1.2 (£0.1) 9.5 (*13)x10* 300 0.08
JK21' 2.0 1570 B 200 26 4.0 (£0.6) 79 (£1.5)x107° 410" 0.21
JK23 2.0 1470 C 10001 33 4.0 (£0.5) 1.8 (£0.3)x10°* 180 0.10
JK24 2.0 1470 C 1100 10 0.8 (£0.1) 1.4 (£0.2)x10° 160 0.26
JK25 20 1470 C 450 20 0.8 (+0.1) 5.6 (£0.8)x10°° 290 0.20
JK26 1.0 1470 C 700 13 1.0 (£0.1) 2.1 (£0.3)x10°* 250 0.23
JK40¢ 1.9 1470 C 1200 26 0.9 (+0.1) 3.9 (£0.6)x10°* 230 0.05
JK41¢ 2.0 1460 C 1300 5 0.6 (£0.1) 1.3 (£0.3)x10°* 160 0.06
JK43¢ 05 1570 A 100 7 1.2 (£0.2) 3.7 (£0.7)x1075 260 0.06
JK47 0.5 1570 E 400 5 0.7 (£0.1) 1.1 (0.1)x10* 110 0.40
GA12 2.0 1470 E 560" 10 1.2 (£0.1) 8.5 (£0.4)x10°° 230 0.28
GA23 2.0 1470 E 630" 8 0.8 (£0.1) 8.7 (£0.3)x107° 190 0.26
GA25 2.0 1470 E 280" 11 6.3 (£0.6) 1.6 (£0.2)x10°* 320 0.44
GA38% 0.5 1470 E 210! 7 0.6 (£0.1) 3.1 (0.2)x107° 190 0.07
GA 98 2.0 1470 B 640 12 2.5 (£0.3) 1.9 ®0.2)x107* 350" 0.07

? We measured temperature from the thermocouple which was close to the center of the sample. The uncertainty is within £10 K during the

experiments.

® Water content of olivine crystals was measured by FTIR using a calibration of Paterson (1982). If a new calibration by Bell et al. (2003) is used,
the results should be multiplied by a factor of ~ 3.5. The uncertainty of water content measurement (~ =100 ppm H/Si) is mainly from the
determination of the baseline of the IR spectrum. Water content is in atomic ppm H/Si.

¢ Shear strain was measured from the rotation of strain marker. The uncertainty of the strain comes from the heterogeneous shape of strain marker of
each sample. When strain marker was not straight, we averaged the strain from the maximum and the minimum strain of the sample.

9 The uncertainty of strain rate was calculated from the uncertainties of shear strain and hit points of the experiments.

¢ Differential stress (6,—03) was measured from the dislocation density of the samples at the end of the run (except for the type-B samples).

Uncertainty of the stress estimation was ~ +10—15%.

f M-index is the misorientation index recently proposed which shows fabric strength of sample (see text for details).

¢ Starting materials are hot-pressed olivine aggregates.

" Results from the flow law by Karato and Jung (2003). Since the dislocation distribution was so heterogeneous, we estimated the stress using the
flow law of olivine. The error bars of stress estimation from flow law are ~ +20% (Karato and Jung, 2003).

! Starting material is single crystal olivine that was oriented in a sample assembly to activate (010)[100] slip system for JK18 and (001)[010] for
JK21. Other samples (single crystal) as a starting material in the Table 1 were oriented to activate (001)[100] slip system (the third orientation).

J Water content of this sample was moderate (water content~ 800 ppm H/Si) because of the melting of the mixture of talc+brucite.

X This is the minimum water content of the sample because of the water loss after long deformation experiment.

! Water content of this sample was small because of the melting of pressure medium.

Ni/NiO reaction (NiO was detected next to the Ni cap-
sule after most of runs). A thin Ni foil (6 um thick), inside
the sample (Fig. 1) acted as a strain marker. Shear strain
was calculated after each experiment by measuring a
rotation angle of the strain marker (initially vertical to the
shear plane). Compressional strain was also calculated
by measuring the thickness of sample before and after
each experiment. Compressional strain was ~ 5-30%
depending on the shear strain of a sample (Table 1).
The compressional strain was relatively small less than
~ 25% of the shear strain so that the LPO due to the
compressional strain is considered to be small. In addi-
tion, a single crystal olivine (a water sensor, ~ 500 pm
thick) with the orientation [010] axis parallel to the
compression axis was inserted close to the sample to
check the water content after each experiment (Fig. 1).

2.3. FTIR study

We used FTIR (Fourier transformation infrared spec-
troscopy) to determine the water content of the sample
both before and after the experiments. Deformed oliv-
ine samples were polished on both sides down to 50—
200 pm thick and were kept in an oven at 7=423 K for
more than 2 days prior to measurement by FTIR. In most
cases, we measured water content in a single crystal (a
water sensor). In this study, the quoted water contents
exclude grain boundary water. We focused an infrared
beam on a single crystal area using unpolarized trans-
mitted light. A typical FTIR spectrum after deformation
experiment in water-rich condition is shown in Fig. 2.
The calibration by Paterson (1982) was used to calculate
the amount of water from the infrared beam absorption in
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Fig. 2. A typical FTIR spectrum of the sample (JK23) after a
deformation experiment in water-rich condition at the pressure of
2 GPa and the temperature of 1470 K. Spectrum was taken from the
single crystal water sensor (130 pum thick) without including grain-
boundaries with an unpolarized IR beam incident along the [010]
direction.

the range of wave number 3000—3750 cm™ !, the region
dominated by the stretching vibrations due to O—H
bonds. The newer calibration by Bell et al. (2003) results
in higher estimates by a factor of ~ 3.5. However, the
physical basis for this new calibration is unclear, and we
decided to report the results based on the Paterson cali-
bration (if needed a correction can be made based on the
new calibration). The water contents of the sample be-
fore experiments was ~ 20 ppm H/Si. The water con-
tents of sample after experiments are shown in Table 1.
The uncertainty of the FTIR measurement is within
~ £100 ppm H/Si mostly due to the uncertainty in
defining the baseline of infrared absorption spectrum.

2.4. Stress estimation

An accurate stress measurement of the sample is not
simple for the solid-medium apparatus because of the
friction involved in the external load cell (Gleason and
Tullis, 1993). Although the use of a molten salt cell (or
similar soft sample assembly, e.g., Green and Borch,
1989) reduces the problem of friction, it is not clear if the
effects of friction can be removed entirely. Also, the use
of talc and brucite as a pressure medium to add water
makes it difficult to use a molten salt assembly. There-
fore in this study, we used the dislocation density of
deformed olivine to infer the stress magnitude using an
SEM technique (Karato and Lee, 1999; Jung and Kararo,
2001a; Karato and Jung, 2003). The relationship be-
tween applied stress and dislocation density can be des-
cribed empirically as follows (Kohlstedt et al., 1976a):

p=ab?(a/p)" (1)

where o is a non-dimensional constant, b is the length of
the Burgers vector of dislocations, o is stress, u is the
shear modulus, and m is a constant. This relation is nearly
universal and is insensitive to the pressure at least in the
pressure range of this study. We calibrated the relation-
ship between free dislocation density (p) and applied
stress (o) of the olivine samples that were deformed at
known stress levels using a gas-medium apparatus. Dis-
locations of olivine can be observed using a scanning
electron microscope (SEM) (Karato, 1987b; Jung and
Karato, 2001a). We determined non-dimensional param-
eters in Eq. (1) for polycrystalline olivine: a=—2.96+
0.27 and m=1.42+0.12, and stress (o) is in MPa and
dislocation density (p) is in 10'%/m*(Jung, 2002; Karato
and Jung, 2003). The uncertainties of the stress
estimation are ~ +10-15% from the calibrations and
the heterogeneity of the dislocations in a single sample
(i.e. Fig. 3). We measured dislocation densities from
~ 20 to 30 grains and averaged them to get a stress of a
sample. The estimated stress of samples is summarized
in Table 1. This technique works for the samples of type-
A, type-C, and type-E where dislocation distribution is
more or less homogeneous, but not well for some of the
type-B samples where dislocation distribution is highly
heterogeneous. For the type-B samples, we estimated the
stress magnitude using the flow law of olivine (Karato
and Jung, 2003) from the known temperature, pressure,
strain rate, and water fugacity.

n=24

=
I
|

Frequency

=
[
|

1.5 2 2.5 3 35 4 4.5 5
Dislocation density (x 10'2/m?)

Fig. 3. A histogram showing the distribution of dislocation density
(sample JK18). Dislocation density was measured from the back-
scattered electron images (BEI) of the individual grains (n=24) after
the sample was decorated by oxidation in the air. Mean dislocation
density of the sample is 3.2x 10'%/m?.



6 H. Jung et al. / Tectonophysics 421 (2006) 1-22

Shear direction

Fig. 4. A transmitted polarized-light micrograph of a deformed sample
(JK18) showing the stain marker (Ni foil). The black line represents the
strain marker with a rotation angle of ~ 51° (y=1.2) from the vertical
(initial) orientation. The sense of shear is top to the left. This figure
also shows an example of a total recrystallization from a single crystal
in water-rich condition at the shear strain of y~1.

2.5. Measurement of olivine LPO

To determine the lattice-preferred orientation (LPO)
of olivine, we used electron backscattered diffraction
(EBSD) (Dingley, 1984, 1992; Lloyd, 1987; Prior et al.,
1999). A JOEL 840 SEM at the University of Minnesota
and a FEG ESEM XL30 at Yale University equipped
with HKL’s EBSD system were used in this study. The
spatial resolution of this system is about 1 pm. Samples
were polished using the diamond paste of 1 pm grain
size. To remove all the surface damages, specimens were
then polished using the SYTON (a colloidal silica) fluid
for chemical-mechanical polishing (Lloyd, 1987). The
specimens were coated with ~ 3 nm thick carbon to
prevent charging in SEM. The specimen surface was
inclined at 70° to the incident beam. EBSD patterns were
collected on a phosphor screen imaged by a low light SIT
camera. We used an accelerating voltage of 30 kV and
working distance of 25 mm and beam current of 10 nA
at University of Minnesota while 20 kV and 15 mm
were used at Yale University. All EBSD patterns of
olivine were manually indexed using HKL’s Channel
software.

2.6. TEM study
To understand dislocation microstructure of olivine

in deformed samples, weak-beam dark-field (WBDF)
images were taken under 300 kV using the transmission

8um

Fig. 5. Backscattered electron images showing dislocation micro-
structures of olivine samples deformed in type-B regime. Bright lines
show grain-boundaries or dislocations. Note that dislocation distribu-
tion (density) changes markedly with water content (Cop). (A)
Con ~200 ppm H/Si (JK21), (B) Con~ 630 ppm H/Si (JK45 from
Jung and Karato, 2001b), (C) Cop ~ 1200 ppm H/Si (JKS8).
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(B)

500 nm = 500 nm

— Ium

Fig. 6. Weak-beam dark-field (WBDF) TEM images of three different samples (type-A, B, and C). All images were taken under the reflections shown
in every image. All dislocations have strong contrast in the left (column) images, while most of the dislocations at the same area lose their contrasts in
the right image. (A) WBDF images of dry and low stress sample (MIT 21 from Zhang et al. (2000), type-A) under g=200 reflection (left) and g=021
(right), respectively. The dislocations are edge dislocations since they are parallel to a-axis. (B) WBDF images of water-rich and high stress sample
(JK8, Type-B) under g=12 2 (left) and g=110 (right) reflections, respectively. (C) WBDF images of water-rich and low stress sample (JK11, Type-
C) under g=002 and g=110 reflections, respectively. Most of the observed dislocations in both (B) and (C) are c-screw which are majority in wet
samples.
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electron microscope (TEM) of Philips CM30 at Univer-
sity of Minnesota. WBDF gives clear images of dislo-
cation lines such as white narrow lines on a dark gray
background. However, if the Burgers vector b satisfies
invisible criteria, which are g-b=0 for screw dislocation
and g-b=0 and g:(b xu)=0 for edge dislocation (g is the
diffraction vector and u is a unit vector parallel to the

[100]

(A) type-A

JK43
¥=12
M =0.06

MIT23
v=14
M =0.07

(B) type-B

JK 8
v=1.0
M =0.03

JK21a
v=4.0
M=0.31

JK21b
v=4.0
M=0.21

dislocation line), the dislocation lines lose their contrast
(McLaren, 1991). From these criteria, the direction of
Burgers vector b was determined. Thin specimens for
TEM observations were prepared from thin sections par-
allel to XZ plane of the samples (parallel to shear direction
and perpendicular to shear plane), and finally ion-milled
with an accelerating voltage of 3 kVand at an angle of 10—

Fig. 7. Pole figures showing the lattice-preferred orientation (LPO) of olivine (type A, B, C, and E) with increasing shear strain. Pole figures are
presented in the lower hemisphere using an equal area projection. The sense of shear is represented by the arrows. The north (south) poles correspond
to the shear plane normal. We used a half scatter width of 30°. The color coding refers to the density of data points (contours in the pole figures
correspond to the multiples of uniform distribution). Crystallographic orientations of ~ 200—500 grains of each sample were measured manually by
the EBSD technique. y and M represent the shear strain and the M-index (fabric strength), respectively. One of the dry samples in type-A (MIT23) is
from Zhang et al. (2000). In the type-B pole figures, JK21a shows the LPO of partially recrystallized area and JK21b shows the LPO of totally

recrystallized area of the specimen JK21.
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(C) type-C [010]

JK41
¥=0.6
M =0.06

JK26
y=1.0
M=0.23

JK11
¥=1.1
M=0.27

JK18
¥=12
M=0.08

JK23
v=4.0
M=0.10

(D) type-E

GAl2
y=12
M=0.28

GA25
¥=63
M=0.44

Fig. 7 (continued ).

15°. The grains were easily separated during the milling possibly because of water. Therefore, to prevent the
for the water-rich samples that may be due to the plucking of grains during the milling, washers with grids
presence of microcracks along the weak grain boundaries were used or samples were embedded into epoxy first
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and then milling only from one-side were performed for
the water-rich samples such as JK8, 11 and 18. Finally,
the specimens were carbon coated to prevent a charging
in TEM.

2.7. Fabric strength

Fabric strength is often calculated using the so-called J-
index (e.g., Bunge, 1982; Mainprice and Silver, 1993), but
recently Wenk (2002) and Skemer et al. (2005) demon-
strated that the J-index is sensitive to a number of
parameters used in the calculation (e.g., a number of grains
used in the measurements). Therefore, we used the
misorientation index (M-index; Skemer et al., 2005) to
calculate the fabric strength. A misorientation angle is

Shear Shear plane
direction normal
001 010
(A) type-A
y=12
(B) type-B
y=4.0
(C) type-C

defined as the minimum angle required to rotate two
grains into concordance around a common axis. The M-
index is defined as:

m=3 [ & @-R©)a0) @)

where R7(0) is the theoretical distribution of mis-
orientation angles for a random fabric, R°(0) is the
observed distribution of uncorrelated misorientation
angles. Individual misorientations were calculated from
the EBSD data. The theoretical distribution for a
random fabric depends on crystal symmetry. We used
the distribution for orthorhombic crystals (Girimmer,
1979). The results of M-index are shown in Table 1.

Minimum
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Maximum
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0.21

4.75

EO. 13
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Fig. 8. Inverse pole figures of type-A, B, C, and E. (A) type-A (JK43), (B) type-B (JK21), (C) type-C (JK11), and (D) type-E (GA25). Inverse pole
figures are shown in terms of the shear direction, the shear plane normal, the maximum elongation direction of strain ellipsoid, and the minimum
elongation of strain ellipsoid that is 90° away from the maximum elongation direction of the strain ellipsoid. We used a half scatter width of 20°. The
color coding refers to the density of data points (the numbers in the legend correspond to the multiples of uniform distribution).
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3. Results
3.1. Water content

The experimental conditions and results are summa-
rized in Table 1. FTIR data showed that solubility of
water in olivine increased with increasing pressure at
0.5-2 GPa. Solubility of water in olivine at P=0.5, 1,
and 2 GPa was ~ 400, ~ 700, and ~ 1200 ppm H/Si,
respectively (Table 1). These results are consistent with
the results by Kohlstedt et al. (1996), and therefore we
conclude that most of our samples were under nearly
water-saturated conditions.

3.2. Deformation geometry and deformation
microstructures

Shear strain maker (Ni foil) after a typical simple shear
experiment (JK18) under water-rich condition is shown in
Fig. 4. The measurements of tilt of a strain marker and the
thickness of samples indicate that the deformation geom-
etry in these experiments was nearly simple shear with a
small contribution from compression (~ 5-30%). Defor-
mation is in most cases nearly homogeneous, but defor-
mation in the both ends of a sample close to the capsule
is always heterogeneous. Dislocation densities in these
regions are lower than in the central regions indicating that
microstructures in these regions reflect annealing. Con-
sequently, all of our microstructural studies including
LPO measurements and SEM and TEM studies of dis-
location structures are on the central regions.

Optical microscope observations of deformed sam-
ples showed that grains are elongated slightly depending
on the amount of strain (Fig. 4). Dynamic recrystalliza-
tion is observed in all of the samples. Evidence of both
subgrain rotation and grain-boundary migration is found.
Grain-boundary migration modifies the grain-boundary
morphology. However, the way in which grain-boundary
migration modifies the grain-boundary morphology
depends on the physical and chemical conditions.

In type-A sample (water-poor conditions), a large
number of subgrain boundaries are observed in backscat-
tered electron images after a sample was decorated with
oxygen (Kohlstedt et al., 1976b; Karato, 1987b; Jung and
Karato, 2001a), and grain-boundaries are curved (Jung
and Karato, 2001b). In type-C samples (water-rich con-
ditions), subgrain boundaries are rare and grain-bound-
aries are less wavy (Jung and Karato, 2001a,b). In type-E
samples, dislocations show mostly linear structure with
the [001] direction, and some dislocations are organized
into tilt boundaries on the (100) plane, although subgrain-
boundaries are rare. The dislocation microstructures of the

type-B samples are remarkably different from that of type-
A, type-C or type-E samples: dislocation densities of
grains in type-B samples are generally highly heteroge-
neous (Fig. 5). In type-B samples, there is a trend that the
number of the grains with low dislocation density in-
creases with increasing water content (Fig. 5). The sample
with water content ~ 630 ppm H/Si showed ~ 60% of
grains dislocation-free (Fig. 5B). The sample with water
content ~ 1200 ppm H/Si showed much more heteroge-
neous dislocation density distribution with ~ 90% grains
dislocation-free (Fig. 5C). Grain boundary migration
under water-rich condition is much faster than that under
water-poor condition and may have affected dislocation
microstructures. But, it is not clear yet for the formation of
such a heterogeneous dislocation microstructures in the
type-B samples.

Fig. 6 shows weak-beam dark-field TEM images of
the three types of the samples (type-A, B, and C). The
images in the left and right side were taken from the
same area of a sample under different reflections. In the
left images (left column), dislocations are observed as
clear white lines, however, most of the dislocations in
the right images (right column) lose their contrasts. This
indicates that the observed dislocations satisfy the invi-
sibility criterion for using the reflection of g in the right-
side images. In addition, we took several images under
different reflections to characterize the dislocations.
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Fig. 9. A fabric diagram of olivine at 7~ 1470-1570 K (7/T,,,~0.7—
0.75) showing the dominant fabric as a function of stress and water
content (Cop). Data for the type-A are from both this study (solid
circle) and Zhang et al. (2000). Data for the type-B, C, and E are from
Jung and Karato (2001b), Katayama et al. (2004), and this study. Data
for the type-D are from Zhang et al. (2000) and Bystricky et al. (2000).
Typical pole figures of each type of LPOs are shown in Fig. 10.
Uncertainties of stress and water content measurements were given in
Table 1 (refer to the captions of 2 and 5 in Table 1).
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The TEM observations show that many dislocations in
water-poor sample (type-A) are curved and tangled each
other. Both b=[100] and b=[001] dislocations were
observed in similar proportion. In type-B sample (JKS8),
few grains contain dislocations, however, grains with
high dislocation density are occasionally found. The
dislocations are mostly straight and distributed homo-
geneously in the grains. We found that most of them are
b=[001] screw dislocations (Fig. 6B). Dislocations in
type-B samples are not tangled and not interacting each
other. We could not observe any sub-grain boundaries
under TEM. In type-C samples (JK11 and JK18), dis-
locations are similar to those of type-B samples. They
are straight and many are b=[001] screw dislocations
(Fig. 6C). However, more b=[001] and b=[100] edge
dislocations, and other dislocations with curved fea-
tures are observed in type-C samples compared to those
in Type-B samples. Furthermore, many straight disloca-
tions are observed in type-C samples.

(A) type-A
¥=14

(B) type-B
v=4.0

[010]

3.3. Lattice-preferred orientation

3.3.1. Olivine fabrics and a fabric diagram

Three new types (type-B, C, and E) of olivine LPO as
well as a well-known type-A LPO have been identified in
this study depending on the water content and stress.
Pole figures of olivine [100], [010], and [001] axes after
simple shear experiments are shown in Fig. 7. The sam-
ple which was deformed under low stress and water-poor
conditions showed the LPO of olivine where [100] axis
of olivine is subparallel to the shear direction, (010)
plane subparallel to the shear plane (type-A, Fig. 7A).
Samples deformed at relatively high stress under various
water contents show an LPO in which olivine [001] axis
subparallel to the shear direction, (010) plane subparallel
to the shear plane. We call this LPO as type-B LPO.
Samples deformed at high water contents at low stress
conditions show an LPO in which olivine [001] axis
subparallel to the shear direction, (100) plane subparallel

[001]

Fig. 10. Typical pole figures of type A, B, C, and E. (A) type A (MIT23), (B) type B (JK21), (C) type C (JK11), and (D) type E (GA25). Pole figures
are presented in the lower hemisphere using an equal area projection. The sense of shear is represented by the arrows. The north (south) poles
correspond to the shear plane normal. We used a half scatter width of 30°. The color coding refers to the density of data points (contours in the pole
figures correspond to the multiples of uniform distribution). Other legends are the same as in Fig. 7.
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Fig. 11. (a) An optical microphotograph of JK21 showing the microstructure of a partially recrystallizaed olivine with a single crystal starting
material. (b) EBSD mapping of a selected region shown in (a). (c) The misorientation angles of olivine relative to the orientation of olivine at point A
along the A—B line. The misorientation angle abruptly changes at the boundary from the initial grain to the recrystallized grains. (d) Pole figure from
the EBSD mapping (total 8505 points) showing the orientation of each grains (the color as same as that of (b)). Pole figures are presented in a lower-
hemisphere and an equal area projection. Sense of shear is represented by the arrows (top to the right). The north (south) poles correspond to the shear
plane normal.



14 H. Jung et al. / Tectonophysics 421 (2006) 1-22

to the shear plane. This LPO is called type-C LPO. At
intermediate water content and low stress conditions, we
found an olivine LPO that is characterized by olivine
[100] axis subparallel to the shear direction, (001) plane
subparallel to the shear plane (see also Fig. 8 for inverse
pole figures in terms of shear direction and strain
ellipsoid). This LPO is called type-E LPO. At water-poor
conditions and high stress, olivine [100] axis subparallel
to the shear direction, but its shear plane is not well
defined showing that olivine [010] and [001] axes are in
a girdle. We call this as type-D LPO (refer to Fig. 9).
Typical pole figures for the type-A, B, C, and E samples
are shown in Fig. 10.

The observed fabrics that depend on the stress and
water content are summarized in a fabric diagram (Fig. 9).
Boundaries between type-B and type-E (and type-C) are
nearly a constant stress-line. In other words, the boundary
between these types is stress sensitive but less sensitive to
water content. In contrast, boundaries between type-A and
type-E, and type-E and type-C are sensitive to water
content but less sensitive to stress. Note also that this
diagram is constructed from the data of a narrow tem-
perature range (1200—1300 °C). The influence of temper-
ature can be large and was investigated by Katayama and
Karato (submitted for publication).

The role of dynamic recrystallization on olivine LPO
was investigated in some detail using a sample that has
been partially recrystallized (JK21). Fig. 11a shows an
optical micrograph of a portion of the sample JK21 that
includes both remaining single crystal and dynamically
recrystallized grains. The orientations of grains in this
region was determined by automatic EBSD mapping
(Fig. 11b). The single crystal region has roughly the same
orientation that is deviated somewhat from the starting
orientation (due to strain-induced lattice rotation). This
region, however, contains a large number of subgrains
whose misorientation angles are less than ~ 3° (Fig. 11c).
Within the “recrystallized” region, the misorientation
angle increases abruptly (Fig. 11c), suggesting that the
orientation of initial single crystal has little influence on
the LPO of dynamically recrystallized regions.

Although some of our experiments were for poly-
crystalline starting materials, we also used single crystals
as starting materials in some experiments. However, we
found only small influence of initial orientation on the
resultant deformation fabrics. This is due to the fast
rotation of crystallographic orientation as documented
by orientation mapping (see Fig. 11).

3.3.2. Inverse pole figures
Inverse pole figures of the type-A, B, C, and E
samples are plotted in Fig. 8. The inverse pole figures are

generated by plotting the direction of interest into the
sample space. We present four types of inverse pole
figures: shear direction, shear plane normal, maximum
elongation direction of strain ellipsoid, and minimum
elongation direction of strain ellipsoid that is 90° away
from the maximum elongation of the strain ellipsoid. The
orientation of finite strain ellipsoid was calculated from
the rotation of the strain marker, assuming predominant-
ly simple shear deformation. In the type-A sample, the
[010] axis is subparallel to the shear plane normal and
close to the minimum elongation direction, and there is a
trend that [100] axis is subparallel to the maximum
elongation direction. In the type-B sample, however, the
olivine [001] axis is subparallel to the shear direction and
close to the maximum elongation, while the [010] axis is
close to the minimum elongation direction, indicating
that the [001] axis is the glide direction and the (010)
plane is oriented closed to the shear plane. In the type-
C sample, the olivine [001] axis is subparallel to the

Table 2

Elastic constants C;; (GPa) of olivine aggregates at 5 GPa, 1573 K

i Jj=1 Jj=2 Jj=3 j=4 Jj=5 Jj=6

A-type fabric

1 236.3 84.5 81.5 0.4 34 0.3
2 218.5 82.9 -1.8 1.2 0.3
3 208.0 -13 6.1 0.2
4 64.9 -0.1 -1.9
5 68.7 0.3
6 66.6
B-type fabric

1 221.3 84.3 83.3 -0.3 0.8 1.6
2 223.5 81.7 -1.4 1.0 1.6
3 215.5 -13 1.1 -0.4
4 68.9 0.7 -0.4
5 67.4 -0.4
6 69.4
C-type fabric

1 2232 83.6 83.3 0.3 -3.7 0.3
2 209.8 81.9 0.8 1.5 0.3
3 228.5 0.4 =59 0.2
4 67.9 0.2 -1.9
5 71.1 0.3
6 66.6
E-type fabric

1 236.8 823 84.1 —-0.6 0.4 0.1
2 207.7 82.7 -2.6 -0.3 -1.0
3 217.4 -2.1 -1.9 -0.7
4 65.0 0.1 0.4
5 71.1 -14
6 68.5

Reference axes defined as 1: shear direction, 3: shear plane normal,
and 2: perpendicular to both 1 and 3 directions.



H. Jung et al. / Tectonophysics 421 (2006) 1-22

dVs contours (%)

Vp Contours (km/s)

= Max. velocity = 8.60
o Min. velocity = 8.27

= Max. velocity = 9.00
o Min. velocity = 8.03

= Max. anisotropy = 7.

Type-C

\

= Max. velocity = 8.93
o Min. velocity = 8.03

= Max. anisotropy = 6.
o Min. anisotropy = 0.

Max.

= Max. velocity = 9.02
o Min. velocity = 7.60

VsH/Vsv for
horizontal shear

Vsl Polarization

= Max. anisotropy = 3.62
o Min. anisotropy = 0.06

o Min, anisotropy = 0.06

1.03
1.05
63
0.96
78
16
1.01

anisotropy = 12.04
o Min. anisotropy = 0.54

Fig. 12. Seismic anisotropy calculated from the elastic constants shown in Table 2. Anisotropy is shown on a stereographic projection in which the
center of a plot is the direction normal to the shear plane, and the E-W direction corresponds to the shear direction. P-wave anisotropy, the amplitude
of shear wave splitting (dVs) and the direction of polarization of the faster shear wave (Vsl) are shown.

shear direction, and the minimum elongation is close
to the [100] axis. In the type-E sample, the olivine [100]
axis is subparallel to the shear direction, and [001] axis
is close to the shear plane normal. It is also observed that
the deviation of the peak orientations from the shear
direction appears to be large for the type-C sample.

In all cases except for the type-A fabric, the cor-
relation between the inverse pole figures and the direc-

tion of strain ellipsoid (maximum elongation) is stronger
than that between the inverse pole figures and the shear
direction or shear plane normal (Fig. 8).

3.4. Seismic anisotropy

Given the distribution of crystallographic axes in a
deformed polycrystal sample, one can easily calculate
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Table 3
Seismic anisotropy due to different lattice preferred orientations of
olivine

A-type B-type C-type E-type
Horizontal shear Vsu>Vev  Veu>Vsv  Veu<Vsv  Vsu>Vsv
Vertical shear Vsu<Vsv  Veu>Vsv  Vsu>Vsy  Vsu<Vsv
Polarization of fast Parallel to Normal to Parallel to Parallel to
S-wave flow flow flow flow

Vsu (sv) correspond to the velocity of horizontally (vertically)
polarized S-wave.

the anisotropic elastic constants of the polycrystal and
one can evaluate the nature of seismic anisotropy corre-
sponding to a given LPO for a given flow geometry
(Mainprice, 1990). From geological point of view, oliv-
ine fabrics with the type-A, B, C and E are most impor-
tant in the upper mantle, and therefore we focus on these
fabrics here. Table 2 lists the elastic constant matrix
corresponding to these fabrics corresponding to simple
shear flow on the x3=0 plane along the x; direction.
The elastic constants of olivine at 5 GPa and 1573 K
(Abramson et al., 1997) were used in this calculation.

From the elastic constant matrix, one can calculate
seismic wave velocities and resultant anisotropy. Fig. 12
and Table 3 summarize the results. Different olivine
fabrics result in different types of seismic anisotropy. A
few points are worth noting:

(1) Ifthe flow plane is a horizontal plane, then olivine
type-A, type-C and type-E LPO will show that the
direction of polarization of the fast shear wave is
subparallel to the flow direction, whereas for oliv-
ine type-B LPO, it is normal to the flow direction
(Fig. 12).

(i1) Ifthe flow is horizontal shear, then olivine type-A,
type-B and type-E fabric will result in Vgy/Vgy>1
(in a transverse isotropy), whereas olivine type-C
fabrics will result in Vsy/Vsy<1. The amplitude
of this type of polarization anisotropy is mostly
weak for the olivine type-C fabric.

Shear wave splitting and the Vsy/Vsy polarization
anisotropy are most frequently observed types of seismic
anisotropy. Consequently, the present results have im-
portant implications for interpreting seismic anisotropy
in the Earth’s upper mantle.

4. Discussions
4.1. Mechanisms of fabric transitions

For a given deformation geometry, the nature of lattice-
preferred orientation is primarily controlled by the relative

contribution of each slip system to the total strain (e.g.,
van Houte and Wagner, 1985). A change in the contri-
bution from other processes such as grain-boundary mi-
gration may also influence LPO (e.g., Karato, 1987a). A
large number of slip systems have been identified in
olivine including (010)[100], (001)[100], {0kl}[100],
{k10}[001] (Carter and Avé Lallemant, 1970; Nicolas and
Christensen, 1987). The relative contribution of different
slip systems depends on the relative easiness of each slip
system. In general, easy slip systems make a large contri-
bution to the total strain and control the LPO develop-
ment. The relative easiness of slip systems in turn depends
on the physical and chemical conditions of deformation
which will cause a fabric transition.

In this study, we have shown that the water content
and stress magnitude have important effects on olivine
LPO. Here we discuss the microscopic mechanisms by
which the observed changes in LPO may have occurred.
Our TEM observations clearly indicate that the defor-
mation by b=[001] slip systems becomes easier with the
addition of water (see also Sharp et al., 2003). This is
consistent with the low-pressure results by Mackwell et
al. (1985) (see also Karato, 1995). There are also changes
in dominant glide planes. For example, previous study
(Mackwell et al., 1985) suggests that the (001)[100] slip
system becomes easier than the (010)[100] slip system
by the addition of a small amount of water. With a larger
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Fig. 13. A deformation mechanism map of olivine at P=2 GPa and
T=1473 K under water-saturated condition using the recent
experimental data (Mei and Kohlstedt, 2000a,b; Karato and Jung,
2003). The black line shows the boundary between dislocation creep
and diffusion creep regime. This figure shows that recrystallized grain
size under water-rich condition (water content=1000 ppm H/Si) is
large and the sample was deformed in dislocation creep regime.
Uncertainty of stress estimation was ~ =10-15%. Grain size was
measured by the linear intercept method using a scaling factor of 1.5
(Gifkins, 1970).
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amount of water the (100)[001] slip system (and other
b=[001] slip systems) are expected to become easier
than the (010)[100] slip system (Karato, 1995). This is
precisely what we found: the addition of water first
changes the fabric from type-A ((010)[100] slip system)
to type-E ((001)[100] slip system), and then at higher
water content, type-C fabric ((100) [001] slip system)
becomes important (Fig. 9). Therefore, a part of our
observations can be attributed to the change in the dom-
inant slip systems by the addition of water (and the
change in the stress magnitude).

Various microscopic mechanisms may be responsible
for the change in the strength of various slip systems.
First is the selective reduction of the Peierls stress due to
the addition of water. Katayama and Karato (in prepara-
tion) showed that the Peierls stress in olivine is reduced
by water. Similar observation was made for quartz (Heg-
gie and Jones, 1986). Second, alternatively, the number
of jogs may change with water content differently for the
different slip systems. In both cases, since the Burgers
vector is longer for the b=[001] slip systems than the b=
[100] slip systems, the influence of water is expected to
be larger for the b=[001] slip systems than the b=[100]
slip systems.

Given the relative importance of various slip systems,
actual LPO is controlled also by the nature of strain
accommodation. This is an important issue in olivine
where there are only three independent slip systems. In
such a case, even in cases where majority of strain is
accommodated by dislocation creep, strain accommo-
dation due to diffusion creep plays an important role.
Note that the relative contribution from dislocation and
diffusion creep in olivine under most of experimental
conditions (and also in natural conditions) is rather sim-
ilar (Karato et al., 1986).

The geometry of LPO determined by this study has
rather large scatter due presumably to the less than ideal
deformation geometry. However, we do have some ro-
bust observations on the geometry of LPO. As can be
seen from Fig. 7, the orientation of dominant slip direc-
tion under water-rich conditions (i.e., b=[001]) never
become parallel to the shear direction even at large
strains. This is in marked contrast to the evolution of
LPO under water-poor conditions (type-A fabric). This
can be understood in terms of deformation mechanism
map. Under water-poor conditions, the size of recrys-
tallized grains is much smaller than the critical size for
the transition between diffusional and dislocation creep,
and consequently, the recrystallized regions deform
more- or less by diffusional creep (Lee et al., 2002).
This relaxes the constraint on deformation leading to a
“single slip LPO”. However, under water-rich condi-

tions, the size of dynamically recrystallized grains
become larger (Jung and Karato, 2001a) and recrystal-
lized regions may deform largely by dislocation creep
(Fig. 13). Under these circumstances, constraints on
deformation would not be relaxed and hence LPO would
follow the finite strain ellipsoid.

4.2. Scaling of a fabric diagram

Because some of the conditions in our experiments
(particularly the strain-rates) are different from those in
the Earth, we need to understand the scaling law for
fabric transitions if our results were to be applied to the
Earth. Without going to any details, we can make a
simple analysis. Recall that any fabric transition occurs
when the rates of two processes (e.g., strain-rates of two
slip systems) become similar. Therefore a generic equa-
tion to define a fabric boundary is

Al(TaP7COHaO-):AZ(T7P7COH7O-) (3)

where 4, and A4, are the rates of processes responsible for
a fabric development (e.g. strain-rate), 7 is the tem-
perature, P is the pressure, Cop is the water content, and
o is the stress. Therefore, the transition conditions be-
tween two types of fabric are given by a hyper-surface
defined as,

f(T,P, COH7O') :0 (4)

In most cases, the rates of these processes can be
given by a set of non-dimensional variables as

(7 o)

— ! o
*AZ Tm(P)7COH7/J(P, T)) (5)
and consequently
T o
! —
ey Conipz) =© ©

Therefore, the boundaries between different types of
LPO can be given by a hyper-surface in a multi-dimen-
sional space that does not include strain-rate explicitly.
The immediate consequence of this is that the fabric
boundaries do not explicitly depend on strain-rates so
that the fabric boundaries determined by laboratory ex-
periments can be applied to the Earth’s interior where
deformation occurs at much slower strain-rates. The only
difference between the laboratory and the Earth is that
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because the laboratory experiments are conducted at
much faster strain-rates than those in the Earth, labora-
tory studies can explore only a limited range of param-
eter space (e.g., relatively high stress regions). It also
follows from Eq. (6) that in most cases, the fabric can be
represented in a three-dimensional space, and our results
shown in Fig. 9 must be considered to be a part of a more
complete fabric diagram for a limited range of tem-
perature. This scaling also allows us to compare our
results with the results at different temperature and pres-
sure conditions as we will show in the later section.

4.3. Some notes on related studies

We should also comment on two recent papers in
which similar fabric transitions were reported but dif-
ferent causes were suggested. First, Holtzman et al.
(2003) reported that olivine c-axis is subparallel to the
maximum elongation and olivine b-axis is normal to the
shear plane (B-type fabric) when olivine is deformed
with a small amount of melt that contains a large amount
of chromite or FeS. They noted that olivine fabric in their
sample has strong b-axes normal to the shear plane, but
both olivine a- and c-axes form a girdle when strong
shear bands are not formed (their results are different
from those by Zimmerman et al. (1999) who observed a
typical A-type fabric in which olivine a-axis direction
has a peak subparallel to the shear direction). After shear
bands are clearly formed (at larger strains), olivine a-
axes peak starts to strengthen normal to the shear direc-
tion. Holtzman et al. (2003) interpreted this evolution of
olivine fabric in terms of deformation geometry. In their
deformation set-up, a significant compression compo-
nent exists and therefore extrusion of sample occurs. The
“B-type fabric” that they observed is likely related to
unusual deformation geometry caused by the geometry
of sample assembly. Because of the constraints by the top
and bottom pistons, the flow of material due to uniaxi-
al compression will be normal to the shear direction.
Otherwise there is no obvious reason for the selective
extrusion normal to the shear direction. However, if this
is the cause for this unusual observation of the olivine
fabric, then the relevance of their observation to seismic
anisotropy in the Earth is highly questionable. In fact, if
such an olivine fabric develops beneath a mid-ocean
ridge, one would expect anisotropic structure in the
oceanic lithosphere that is totally inconsistent with ob-
servations. Therefore we conclude that the results of
Holtzman et al. (2003) are of interest in a small-scale
shear zone where deformation could deviate from ideal
simple shear, but are unlikely to be relevant to the un-
derstanding of mantle flow in a global scale.

It must be emphasized that we assumed that the main
role of confining pressure is to modify the relative easi-
ness of dislocation slip systems through the change in
water fugacity. This is reasonable because the water
fugacity changes dramatically in this pressure range:
from ~ 0.3 to ~ 13 GPa when pressure changes from 0.3
to 2 GPa (at ~ 1500 K). However, it is also possible that
pressure has its intrinsic effects in changing the relative
strength of different slip systems while keeping the water
fugacity constant. Indeed, Couvy et al. (2004) recently
suggested that the pressure may have an intrinsic effect
to enhance the activity of the b=[001] slip systems rel-
ative to the b=[100] slip systems. Although this is an
interesting possibility, we consider that this notion is
speculative at this stage for the following reasons. First-
ly, all samples that showed type-C fabric in Couvy et al.
(2004) contain a high concentration of water. When their
experimental conditions are compared with ours after
normalization using the non-dimensional variables, 7/T;,
(P) and o/u(P,T), their experimental conditions are
exactly in the domain in which one expects type-C fabric
(stress is ~ 100—500 MPa (o/u=1.2-6x10""), temper-
ature is 1673 K and pressure is 11 GPa (7/7,,~0.70), and
water content is ~ 1500-2500 ppm H/Si). It is still
possible that pressure may have an intrinsic effect to
modify the mobility of different types of dislocation in a
different degree to cause a pressure-induced fabric tran-
sitions, but in order to test this hypothesis, one needs to
conduct a systematic experimental study in which LPO
of olivine is determined as a function of pressure keeping
other parameters nearly identical. Such a study has not
been performed to our knowledge.

4.4. Some applications to deformation in the Earth

Numerous studies have shown that olivine LPO in
naturally deformed peridotites is dominated by the type-A
fabric (Mercier, 1985; Ben Ismail and Mainprice, 1998;
Mainprice et al., 2000). However, majority of these pre-
vious studies have focused on geochemically depleted
peridotites from the lithosphere which contain small water
contents (e.g., Bell and Rossman, 1992), and our sam-
pling is likely biased. The experimental studies in our
laboratory suggest that other types of fabrics might be
found in less depleted regions of the Earth’s upper mantle,
such as the upper mantle in convergent boundaries. In
fact, new types of fabrics such as type-B, C, and E have
been reported in rocks from convergent boundaries. The
examples are the peridotites from Alpe Arami, Switzer-
land (Mockel, 1969; Buiskool Toxopeus, 1976, 1977,
Frese et al., 2001, 2003), the peridotites from the Cima di
Gagnone, Central Alps, Switzerland (Frese et al., 2001,
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2003; Skemer et al., submitted for publication), the garnet
peridotite from the Higashi-akaishi-yama, Shikoku, Japan
(Yoshino, 1961; Mizukami et al., 2004), the mylonite
peridotite from Sopcha, northern Russia (Kazakov, 1965),
the Castle rock from a lherzolite nodule in basalts from
British Columbia, Canada (Littlejohn and Greenwood,
1974), a majorite-bearing peridotite from Western Gneiss
Region, Norway (Katayama et al., 2005), Zhimafang
garnet peridotite from the southern Sulu, China (Xu et al.,
2005), some deep sheared lherzolite xenoliths from kim-
berlite magmas (Lori Kennedy, private communication
2001), and other peridotites studied by the following au-
thors (e.g., Mercier, 1977; Krull and Voll, 1978; Cordel-
lier et al., 1981; Shuguang and Li, 1998; Tommasi et al.,
2000; Pennock et al., 2003; Mehl et al., 2003). Our ex-
perimental data provide the first data set to interpret these
fabrics in terms of physical and chemical (water content)
conditions. In doing so, the scaling issues need to be
considered. The current results (summarized in Fig. 9) can
be applied directly to deformation at high temperatures (77
T:w~0.7, i.e., asthenospheric conditions), whereas these
results need to be modified if they are applied to lower
temperatures. Katayama and Karato (submitted for publi-
cation) investigated the temperature effects on olivine
fabrics and showed that the boundary between type-B and
type-C fabric is sensitive to temperature as well as stress.

One important conclusion from these studies (see also
Katayama et al., 2004; Skemer et al., submitted for
publication) is that the olivine fabrics other than type-A
are found mostly from convergent boundaries or from
deep continental upper mantle. However, even in deep
continental upper mantle (e.g., sheared lherzolites that
are likely deformed at ~ 150—200 km depth) show type-
A fabric in most cases (Jin, 1995; Skemer et al., sub-
mitted for publication). Therefore, we conclude that a
majority of the continental lithosphere is water-poor,
whereas some very deep continental lithosphere and
some regions of the subduction zone upper mantle con-
tain a large amount of water.

Seismic anisotropy in the upper mantle has been
usually interpreted using the type-A fabric (Nicolas and
Christensen, 1987; Silver, 1996; Smith et al., 2001).
However, observed anisotropy in collision zones and in
regions including hot-spots are difficult to interpret by
the type-A fabrics (Jung and Karato, 2001b; Karato,
2003). Our results suggest that the seismic signatures of
type-B or type-C or type-E fabric are distinct from those
of type-A fabric.

According to petrological studies, the water content in
the source region of mid-ocean ridge basalt (MORB) (i.e.,
the oceanic asthenosphere) contains ~ 500—1000 ppm H/
Si (e.g., Hirth and Kohlstedt, 1996). According to the fabric

diagram appropriate for asthenospheric temperatures (i.e.,
Fig. 9), the dominant olivine fabric there will be either
type-E or type-C dependent on the water content. Similarly,
water contents in basalts from hotspots are systematically
larger than those in MORB (e.g., Wallace, 1998; Jamtveit
et al., 2001). Therefore anomalous seismic anisotropy be-
neath hotspots reported by Montagner and Guillot (2000)
and Gaherty (2001) may partly be due to high water
contents (see also Jung and Karato, 2001b; Karato, 2003).

The pattern of shear wave splitting is complicated in
the subduction zone. In many subduction zones, the
polarization of the fast shear wave near a trench is often
parallel to the trench (Ando et al., 1983; Shih etal., 1991,
lidaka and Obara, 1995; Yang and Fischer, 1995; Fouch
and Fischer, 1996, Margheriti et al., 1996; Smith et al.,
2001; Christensen et al., 2003; Shimizu et al., 2003;
Nakajima and Hasegawa, 2004; Long and van der Hilst,
2005). This phenomenon can be explained by the water-
rich fabrics such as the type-B LPO (Jung and Karato,
2001b). It is also observed that the polarization of
fast shear wave becomes normal to the trench far way
from the trench (e.g., Smith et al., 2001; Nakajima and
Hasegawa, 2004; Long and van der Hilst, 2005). A
plausible model to explain such an observation is to
invoke a change in olivine fabric from type-B near the
trench to type-A (or type-E or type-C) away from trench
due to the variation in temperature and/or water content
(Karato, 2003; Kneller et al., 2005).

5. Summary and concluding remarks

We have found that water has a dramatic effect on the
LPO of olivine. Three new types of LPO (called type-B,
C, and E) of olivine have been found (Figs. 7, 9, and 10)).
Our laboratory results have reproduced most of the LPOs
of olivine found in naturally deformed peridotites. We
note that some of the LPOs of olivine in naturally de-
formed peridotites and some seismological observations
could well be attributed to these new types of LPOs.

However, some fundamental issues remain unre-
solved including the precise scaling laws that are needed
when the present results are to be applied to different
conditions. Particularly important is the influence of
temperature. A simple scaling analysis suggests that some
of the fabric transitions are sensitive to temperature
(Karato (in press). Katayama and Karato (submitted for
publication) investigated that the transition between
type-B and type-C fabric is sensitive to temperature and
stress. Therefore, it is essential to extend the present
work including the temperature effect explicitly to obtain
a fabric diagram into three-dimensional space. The exact
atomistic mechanisms for the observed fabric transitions
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are not well constrained. A TEM study is underway to
obtain better constraints on the cause for the change
in the dominant slip systems (e.g., Sharp et al., 2003).
Katayama and Karato (in preparation) also explore the
influence of water on Peierls stress in olivine that may
have a clue as to the cause for fabric transitions.

Finally, we have focused on “steady-state” fabrics in
this study. Obviously non-steady-state fabric could occur
in nature, and the time scale to modify the pre-existing
fabrics is an important issue particularly in regions where
dominant fabric types are expected to change spatially
(e.g., subduction zones; Kaminski and Ribe, 2002). We
have relatively limited experimental data to provide any
detailed comment on this topic. However, we may
mention that the kinetics of development of LPO de-
pends highly on the water content, temperature and stress
and a more extensive study will be needed to address this
issue.

Our experimental studies have shown that the rela-
tionship between deformation geometry and seismic an-
isotropy in the upper mantle can be changed with the
physical and chemical conditions of deformation. This
implies that even for a simple geometry of flow, one
might expect to see a complicated variation in seismic
anisotropy. Consequently, sophisticated seismological
techniques will be required to map the detailed pattern of
seismic anisotropy in the Earth to obtain geodynamically
important information from seismic anisotropy (e.g.,
Long et al., 2005).
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