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ABSTRACT
A new type of olivine fabric was found by high-strain simple-shear deformation exper-

iments in the presence of trace amounts of water at ;0.5–2.2 GPa and ;1470–1570 K.
In this fabric, called E-type fabric, the olivine [100] axis is subparallel to the shear direc-
tion, and the (001) plane is parallel to the shear plane; this geometry suggests that the
[100](001) slip system makes the dominant contribution to total strain. This fabric is
dominant at a modest water content, 200 , COH , 1000 H/106Si at low stresses and high
temperatures. Some mylonites from peridotite massifs show this type of olivine fabric,
which suggests the presence of water during the shear localization. The seismic anisotropy
caused by this fabric is qualitatively similar to that by dry fabric (A type), but the mag-
nitudes of anisotropy are different between the two types: for horizontal flow, the ampli-
tude of VSH/VSV anisotropy is weaker, but the amplitude of shear-wave splitting is stronger
for the E-type fabric than for the A-type dry fabric. Seismic anisotropy in the oceanic
upper mantle may be due to the olivine E-type fabric.
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Figure 1. Experimental cell assembly for
simple-shear deformation. Water was sup-
plied by breakdown of talc and brucite mix-
ture at high temperatures. Thin platinum-
coated layer was inserted in olivine sample,
and strain was measured by rotation of this
layer.

INTRODUCTION
The relationship between lattice-preferred

orientation (LPO) and flow geometry has im-
portant applications for the interpretation of
seismic anisotropy and the mechanisms of
shear localization. The classic study by Carter
and Avé Lallemant (1970) showed that olivine
deformation fabrics, which are controlled by
dominant slip systems, depend on the physical
condition of deformation, particularly the
strain rate (stress magnitude) and temperature.
Jung and Karato (2001a) extended this work
and found that in addition to these physical
variables, water has important effects on ol-
ivine fabric; they reported two new types of
fabrics called B- and C-type fabrics. In these
fabrics, the olivine [001] axis is subparallel to
the shear direction, the (010) plane is subpar-
allel to the shear plane (B type), and the (100)
plane is subparallel to the shear plane (C
type). We have conducted new deformation
experiments to define the boundaries between
the different fabrics and discovered a new type
of olivine fabric developed under conditions
of modest water content, which we call E-type
fabric. In this fabric, the olivine [100] axis is
subparallel to the shear direction, and the
(001) plane is parallel to the shear plane; this
geometry suggests that the [100](001) is the
dominant slip system. Here we report char-
acteristics of this new olivine fabric and dis-

cuss its implications for seismic anisotropy
and the shear localization in naturally de-
formed peridotites.

EXPERIMENTAL TECHNIQUE
We conducted deformation experiments in

simple-shear geometry at temperatures of
1470–1570 K and pressures of 0.5–2.2 GPa
by using a solid-medium apparatus (Griggs
type). We used San Carlos olivine single crys-
tals oriented [100] parallel to the shear direc-
tion and [001] normal to the shear plane, or
hot-pressed olivine aggregates as starting ma-
terials. An olivine sample was sandwiched be-
tween alumina pistons, cut at 458 from the
maximum compression direction, and was sur-
rounded by a mixture of talc and brucite that
acted as a water source (Fig. 1). Pressure was
first raised to a desired value, and then tem-
perature was increased at a rate of ;30 K/min,
which was monitored by using Pt/Rh ther-
mocouples inserted into the cell assembly. Af-
ter the temperature was stabilized, a piston
was advanced at a constant rate. To produce
modest water content, two alternative methods
were used: (1) by adding silica to the talc and
brucite mixture to decrease the mixture’s melt-
ing temperature, the water released is mostly
partitioned to the melt layer, or (2) by doing
experiments at lower pressure (;0.5 GPa) at
which the water solubility in olivine is signif-
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TABLE 1. EXPERIMENTAL CONDITIONS AND RESULTS

Run
no.

Pressure
(GPa)

Temperature
(K)

Shear
strain

(g)

Strain rate
(s21)

Stress*
(MPa)

Water content†

(H/106Si)
Final grain

size
(mm)

Fabric
type

GA10 2.0 1470 0.6 8.3 3 1025 270 540 15 E#

GA12 2.0 1470 1.2 5.7 3 1025 230 560 19 E
GA23 2.0 1470 0.8 5.0 3 1025 190 630 37 E
GA25 2.0 1470 6.3 1.6 3 1024 320 280 10 E
GA38§ 0.5 1470 0.6 3.1 3 1025 190 210 16 E
GA45§ 0.5 1470 2.6 1.5 3 1024 300 330 8 E
JK12 2.2 1570 1.0 1.0 3 1024 250 800 23 E#

JK30 1.0 1470 1.1 5.5 3 1024 250 650 10 E#

JK47 0.5 1570 0.7 1.1 3 1024 110 400 14 E

*Differential stress was calculated from dislocation density of deformed olivine samples; see detail in Karato
and Jung (2003).

†Water content of olivine crystals was measured by Fourier transform infrared (FTIR) spectroscopy using a
calibration of Paterson (1982).

§Starting material was hot-pressed olivine aggregates. Single-crystal olivine was used for the other
experiments.

#[100] maximum in these samples is significantly deviated from the shear direction (refer to open symbols in
Fig. 4).

Figure 2. A: Backscattered-electron image
of deformed sample (GA12) after oxidation
at 1073 K for 1 h. Bright lines or dots within
olivine grains represent dislocations. Grain
structures are characterized by mostly
equal axis lengths in this sample (g 5 ~1.2),
and dislocations are mostly straight. Thin
arrows show sense of shear. B: Enlarged
image of dislocation microstructures in de-
formed olivine crystals, showing tilt bound-
aries (thick arrows) on (100) plane where
dislocation lines are along [010] directions.

icantly lower (Kohlstedt et al., 1996). After
the experiments, the olivine samples were an-
alyzed by Fourier transform infrared spectros-
copy to quantify the water content. Water con-
tents presented here were determined by the
Paterson (1982) calibration. If the Bell et al.
(2003) calibration is used, the results should
be multiplied by a factor of ;3.5. Shear strain
was measured by the rotation of a platinum
strain marker, which was initially oriented per-
pendicular to the shear direction. Solid-
medium apparatus has a large friction com-
ponent in the external load cell; therefore we
used the dislocation density of deformed sam-
ples to infer the stress magnitude (Jung and
Karato, 2001b; Karato and Jung, 2003). The
microstructure and fabric of olivine samples
were investigated by a scanning electron mi-
croscope equipped with an electron-backscatter
diffraction system.

RESULTS AND DISCUSSION
The results of experiments are summarized

in Table 1. The samples were deformed, in
approximately simple-shear geometry, to
strains as high as g 5 ;6. Even in cases
where the starting material was a single crys-
tal olivine, the recovered samples were totally
recrystallized (Fig. 2A). The grains are char-
acterized by mostly equal axes at relatively
low strain, but show a slightly elongated grain
shape at higher strain. The grain size varies
from 10 to 37 mm, which shows a good cor-
relation with the differential stress of de-
formed samples. We measured the water con-
tents of the deformed samples and found that
they contain 210–800 H/106Si. The disloca-
tions in the deformed olivine grains mostly
have linear morphology (Figs. 2A, 2B); sub-
boundaries are rare. However, in some grains
we observe well-defined tilt boundaries (Fig.
2B) on the (100) plane where dislocation lines
are along the [010] directions, suggesting that
the [100](001) slip system makes a dominant

contribution. In addition, nearly straight dis-
locations are also observed in the [001] ori-
entation, which are likely the screw disloca-
tions with b 5 [001] (where b is the Burgers
vector).

Figure 3 shows the lattice-preferred orien-
tation of the deformed olivine aggregates. In
all cases the fabric is characterized by the
[100] axis subparallel to the shear direction
and the (001) plane subparallel to the shear
plane, although the intensity of the fabric is
substantially stronger when a single crystal
was used as a starting material. We used single
crystals of the same orientation in other ex-
periments and obtained completely different
fabrics (B type, C type) under different water
content and stress conditions. Consequently,
we conclude that although the orientation of
the starting single crystal has some effects on
fabric strength, the initial orientation does not
change the geometry of the fabrics. This result
is distinct from previously reported olivine
fabrics from experimental studies. In the ear-
lier-reported fabrics under dry conditions, the
[100] axis is subparallel to the shear direction,
and the (010) plane (A type) or the {0kl}
plane (D type) is subparallel to the shear plane
(Zhang and Karato, 1995; Bystricky et al.,
2000). In the earlier-reported fabrics under
water-rich conditions, the [001] axis is sub-
parallel to the shear direction, and the (010)
plane (B type) or the (100) plane (C type) is
subparallel to the shear plane (Jung and Kar-
ato, 2001a). This new olivine fabric we call E
type.

In the E-type fabric, the [100] peak is nearly
parallel to the shear direction, but, in samples
with higher water content close to the transi-
tion between E and C types, the orientation
maximum is significantly deviated from the
shear direction. This deviation is probably due
to the concurrent operation of the [001](100)
slip system (C-type fabric), which is also sug-
gested by the dislocation microstructures of

the deformed olivine crystals (Fig. 2). In the
dry fabric (A type), the [100] maximum is
nearly parallel to the strain ellipsoids at lower
strain and rotates toward the shear direction at
large strains (Zhang and Karato, 1995). How-
ever, in the E-type fabric, the [100] peak is
not parallel to the strain ellipsoids, which ap-
pears on the opposite side of the trace of the
shear plane (Fig. 3). When a finite-strain el-
lipsoid is used as a reference frame for pole
figures, then the relationship between the
sense of shear and the position of peaks is
similar between the A and E types. However,
when the shear plane or shear direction is used
as a reference frame (as in Fig. 3), then the
relationship between the sense of shear and
the position of poles is different between the
two types of fabrics. Consequently, care must
be used in inferring the sense of shear from
the olivine fabrics.

The observed transition from A-type to E-
type fabric is consistent with the results of an
earlier study by Mackwell et al. (1985) in
which the strength of olivine with the [101]c

orientation becomes comparable to that of the
[110]c when olivine is saturated with water at
300 MPa (Karato, 1995). This change indi-
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Figure 3. A: Pole figures of lattice-preferred orientation of deformed olivine aggregates
(GA25). East-west direction corresponds to shear direction, and north (south) poles corre-
spond to shear-plane normal. Dashed line represents trace of finite strain ellipsoid (S is
maximum elongation direction and C is shear direction). Equal-area lower-hemisphere pro-
jection was used with half-width of 308 and contours at 2–8 multiples of random distribution.
Orientations of total of 378 grains were measured. B: Seismic anisotropy for E-type olivine
fabric calculated by using software of Mainprice (1990) from olivine aggregates plotted in
A; these were calculated at 5 GPa and 1573 K. East-west direction corresponds to shear
direction, and center of plot corresponds to shear-plane normal. Direction of maximum P-
wave velocity and polarization of faster S-wave are subparallel to shear directions; this
result is similar to result for A-type fabric, although amplitude of polarization anisotropy of
S-wave on shear plane is much larger than that of A-type samples.

Figure 4. Olivine fabric diagram as function
of stress (MPa) and water content (H/106Si)
at high temperatures (T 5 1470–1570 K).
Filled diamonds—E-type fabric; open dia-
monds—samples in which [100] maximum is
significantly deviated from shear direction
(~408). Data for A, B, C, and D types (gray
symbols and ruled area) are from Jung and
Karato (2001a). Arrow indicates sample in
which substantial amount of water has been
lost during long deformation experiment. E
type is dominant fabric at relatively lower
stress and modest water content (at high
temperatures).

TABLE 2. ELASTIC CONSTANTS (Cij) OF OLIVINE
E-TYPE FABRIC

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

1 258.1 79.0 87.3 20.8 213.8 25.5
2 194.4 82.9 21.7 2.1 23.1
3 216.6 21.9 25.4 21.3
4 60.9 21.8 22.9
5 76.2 0.4
6 67.8

Note: The Cij (in GPa) was calculated from olivine
aggregates (GA25) at 5 GPa and 1573 K. Pressure
and temperature derivatives of the olivine Cij values
were taken from Abramson et al. (1997) and Isaak
(1992), respectively. Reference axes defined as
follows: 1—shear direction, 3—shear-plane normal,
and 2—perpendicular to both 1 and 3 directions.

cates that deformation due to the [100](001)
slip system is enhanced by water more than
deformation by the [100](010) slip system and
that the strength of these slip systems is com-
parable at the water content corresponding to
the confining pressure of 300 MPa (;200 H/
106Si). Consequently, at higher water con-
tents, the [100](001) slip system is likely to
be easier than the [100](010) slip system, and
hence the E-type fabric would dominate. This
prediction is exactly what was found in this
study. At higher water contents, yet another
slip system, the [001](100) slip system, be-
comes easier and controls the fabric (C-type
fabric). E-type fabric is therefore a dominant
fabric at water contents of 200 , COH , 1000
H/106Si (Fig. 4). At higher stress, the
[001](010) slip system becomes the dominant
slip system (B type) at variable water contents
(Jung and Karato, 2001a). Hence the E-type
fabric is dominant at relatively lower stress,
modest water contents, and high temperatures.

Most olivines from naturally deformed pe-
ridotites, including mantle xenoliths, show A-
type dry fabric (e.g., Ben Ismail and Main-
price, 1998). However, B- and C-type wet
fabrics have also been reported from some pe-

ridotites, particularly in plate-convergent re-
gions where high water content is expected
(e.g., Möckel, 1969; Frese et al., 2003; Mi-
zukami et al., 2004). In addition, E-type fabric
has also been documented in mylonites from
the Bay of Islands ophiolite complex, New-
foundland (Mercier, 1985), and the Horoman
peridotite complex, Japan (Sawaguchi, 2004).
These mylonites are considered to have been
formed during the emplacement of the peri-
dotite massif into the crustal depths. The E-
type fabric in such deformed peridotites sug-
gests that aqueous fluids infiltrated and
modified the olivine fabric during the shear
localization. Similarly, Mehl et al. (2003) also
reported E-type fabric from the Talkeetna arc
complex in central Alaska and inferred a rel-
atively high H2O activity in the arc-subduc-
tion setting.

Elastic constants corresponding to E-type
fabric (Table 2) were calculated from olivine
polycrystal aggregates by using a Voigt-
Reuss-Hill average. Seismological signatures
of E-type fabric were computed by using the
olivine elastic constants and are qualitatively
similar to the characteristics of those of A-
type fabric. The fast-propagation direction

(azimuthal anisotropy) and polarization of the
faster S-wave are subparallel to the shear di-
rection, and the horizontal shear causes VSH .
VSV (vertical: VSH , VSV) polarization an-
isotropy. However, the magnitudes of azi-
muthal anisotropy and shear-wave splitting for
E-type fabric are apparently larger than those
due to A-type fabric, and the VSH/VSV ratio
(horizontal shear) is somewhat smaller. Seis-
mic anisotropy in the oceanic mantle shows
that the fast-propagation direction is nearly
parallel to plate motion (e.g., Tanimoto and
Anderson, 1984). This observation has been
interpreted as indicating the presence of the
olivine dry fabric (A type), in which the ol-
ivine [100] axis is subparallel to the flow di-
rection and the olivine (010) plane is subpar-
allel to the horizontal plane (e.g., Nicolas and
Christensen, 1987). However, oceanic upper
mantle is expected to contain a trace amount
of water (;800 H/106Si; Hirth and Kohlstedt,
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1996); hence the olivine deformation may be
dominated by E-type fabric, rather than A-
type dry fabric. Similar interpretation has also
been proposed by natural E-type fabric in the
Talkeetna arc complex (Mehl et al., 2003). Al-
though the orientation of the fast-propagation
direction alone cannot distinguish A- and E-
type fabrics, the magnitudes of azimuthal and
polarization anisotropies could help to infer
the fabric in the oceanic upper mantle.
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CORRECTION

Codependent histories of the San Andreas and San Jacinto fault zones from inversion of fault displacement rates: Correction

R.A. Bennett et al.

Geology, v. 32, p. 961–964 (November 2004)

An error appeared in the footnote to Table 1, part C, which should have read carbon 14 (14C), instead of 14 degrees Celsius (14 8C) as
printed.


