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Structural and fabric analysis of the well-exposed Hilti mantle
section, Oman ophiolite, suggests that shear zone development,
which may have resulted from oceanic plate fragmentation, was
nfluenced by pre-existing mantle fabric present at the paleo-
ridge. Detailed structural mapping in the mantle section revealed
a gently undulating structure with an east—west flow direction.
A NW=SE strike-slip shear zone culs across this horizontal
structure. The crystal preferred orientation (CPO) of olivine
within the foliation is dominated by (010) axial patterns rather
than more commonly observed (010)[100] patterns, suggesting
that the horizontal flow close to the Moho involved non-coaxial
Slow. Olivine CPO within the shear zone formed at low tem-
perature is characterized by (001)[100 ] patterns and a sinistral
sense of shear. The olivine CPO becomes weaker with progress-
we mylonitization and accompanying grain size reduction, and
ultimately develops into an ultra-mylonite with a random CPO
pattern. The olivine [ 010 J-axis is consistently sub-vertical, even
where the horizontal foliation has been rotated lo a sub-vertical
orientation within the shear zone. These observations suggest
that the primary mechanical anisotropy (mantle fabric) has been
readily transformed into a secondary structure (shear zone) with

minimum modification. This occurred as a result of a change of

the olivine slip systems during oceanic detachment and related
tectonics during cooling. We propose that primary olivine CPO
Jabrics may play a significant role in the subsequent structural

development of the mantle. Thus, the structural behavior of

oceanic mantle lithosphere during subduction and obduction
may be strongly influenced by initial mechanical anisotropy
developed at an oceanic spreading center.
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INTRODUCTION

It is well known from experimental studies that the
olivine slip systems have significantly different yield
strengths (e.g. Durham & Goetze, 1977; Bai et al.,
1991). For polycrystalline natural samples, Wendt
et al. (1998) showed clearly that the orientation of the
compressive stress relative to the fabric of the rock
strongly influences its strength, at least at low strains.
Therefore, this suggests that the establishment of the
olivine fabric could influence subsequent deformation:
i.e. the effect of pre-existing mechanical anisotropy. In
this study, we demonstrate that such an effect of
mechanical anisotropy occurred in mantle rocks from
the Oman ophiolite.

The mantle section of the Oman ophiolite is the
largest section of upper oceanic lithosphere exposed at
the Earth’s surface. Extensive structural mapping of
these rocks has been conducted throughout the Oman
mountain range to unravel mantle processes associated
with the generation of the oceanic lithosphere (e.g.
Boudier & Nicolas, 1988; Nicolas et al., 2000). It has
been shown that the formation of oceanic mantle litho-
sphere at a fast-spreading ridge involves active mantle
flow and intense olivine crystal preferred orientation
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Fig. 1. Locality map and generalized geology of the northern part of the Oman ophiolite. Lineation trajectories are shown for high-

temperature samples from each of the four ophiolite massifs.

(CPO) develops (e.g. Ceuleneer et al., 1988; Nicolas
et al., 1994).

The Hilti mantle section of the northern Oman
ophiolite has one of the simplest structures, where a
low-temperature (low-7 ) sub-vertical shear zone occurs
in a high-temperature (high-7") sub-horizontal mantle
structure (e.g. Ildefonse et al., 1995; Michibayashi et al.,
2000). The shear zone is thought to represent the initial
stages of oceanic detachment and thrusting (Boudier
et al., 1988). This simple structural setting allows us to
examine the role of pre-existing mechanical anisotropy
on the development of a younger shear zone in the
oceanic lithosphere. In this paper, we are primarily
concerned with the process of strain localization as
asthenosphere becomes lithosphere; thus, it is the
superposition of increasing stress in the shear zone

during falling temperature. As a result, olivine micro-
structures record a transition from coarse-grained,
porphyroclastic, mylonite to ultra-mylonite textures.

GEOLOGICAL SETTINGS AND
SAMPLE DESCRIPTION

The samples analyzed in this study were collected from
the mantle section of the Hilti massif in the Oman
ophiolite (Fig. 1). The Hilti massif records a complete
ophiolite sequence consisting of (from upper to lower
sections): sediments, basalt, sub-vertical
sheeted dike complex, gabbro with a folded layering
above a planar Moho surface, which itself overlies a
thin Moho Transition Zone (MTZ) of approximately

oceanic
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10—100 m thickness, and finally, a vast domain of fresh
peridotite (e.g. Ceuleneer et al., 1988; Ildefonse et al.,
1995; Michibayashi et al., 2000; Dijkstra et al., 2002).
The peridotite massif covers an area of about 25 km X
15 km between Wadi Fizh to the north and Wadi Ain
to the south, whereas the western margin of the massif
is cut by an east-dipping thrust.

Foliations and lineations within the peridotites are
generally defined by the alignment of spinel grains. We
measured these structures in the field and checked field
measurements on bleached and saw-cut samples in the
laboratory. We then analyzed microstructures in thin
section of the xz-plane (i.e. perpendicular to the foli-
ation and parallel to the lineation) of all samples to
constrain the temperature of deformation. Coarse-
grained (~2—4 mm) olivine with a strongly developed
recovery texture is generally indicative of high-7
deformation (1200—1250°C; Nicolas & Poirier, 1976)
at solidus or hyper-solidus temperatures related to
asthenospheric flow beneath a spreading center. Litho-
spheric flow at low temperature (1000—1100°C) and
higher stress results in a porphyroclastic texture with
varying degrees of recrystallization into fine-grained
(<1 mm) neoblasts.

The orientations of lineations and foliations in the
Hilti mantle section are shown in Figs 2 and 3. High- 7T
deformation is characterized by shallow east-dipping
foliation planes with an east—west flow direction
(Fig. 3; Michibayashi et al., 2000). However, this
study has revealed that the high-7 deformation struc-
tures have been overprinted by low-7 deformation. In
Fig. 2, the lineation trend of high-7 deformation has
been rotated in a sinistral sense of shear along a low-7
shear zone. This rotation is strongly developed in the
NE of the study area, where the high-7 lineations are
progressively rotated into alignment with low-7 struc-
tures within the shear zone.

For the purpose of analyzing olivine fabrics, the peri-
dotites were sampled from zones of high-7 deforma-
tion near the paleo-Moho and from deeper sections
of the mantle (A—L in Fig. 2). Peridotites were also
sampled from areas of low-T deformation within the
shear zone (a—e in Fig. 2). The high-7 samples are
characterized by coarse olivine grains (e.g. Fig. 4a—j),
whereas the low-7T samples have variable microstruc-
tures (Fig. 4a—e). Most low-7 samples contain por-
phyroclasts, with varying degrees of recrystallization
as fine-grained neoblasts (Fig. 4b—d). However, where
foliations of both high-7 and low-7 deformation are
observed at the same outcrop within the shear zone,
fine-grained neoblasts are not observed. Instead, por-
phyroclasts are elongate sub-parallel to the low-T
lineation (Fig. 4a). This sample represents the transi-
tion between the coarse, relatively equigranular
texture (high-7) and the finer-grained (low-T)

SHEAR ZONE DEVELOPMENT

recrystallized microstructures. This type of microstruc-
ture has been found only in a few outcrops near
the margin of the shear zone. Peridotites from the
center of the shear zone have ultra-mylonitic micro-
structures consisting of rounded asymmetric porphyro-
clasts within a fine-grained olivine matrix of neoblasts

(Fig. 4e).

FABRIC ANALYSIS

We collected two series of samples from the Hilti
mantle section to examine CPO development within the
high-7 and low-T deformation series. To characterize
the CPO, we determined the fabric strength and the
distribution density of the principal crystallographic
axes. To obtain a representative CPO of a rock, at
least 100—150 grains for each phase should be mea-
sured (e.g. Ben Ismail & Mainprice, 1998). The rota-
tion matrix between crystal and sample co-ordinates is
used to describe the orientation g of a grain or crystal
in sample co-ordinates. In practice, it is convenient to
describe the rotation by a triplet of Euler angles, for
example g = (@1, ¢, @) used by Bunge (1982). The
orientation distribution function (ODF), f(g), is
defined as the volume fraction of orientations with an
orientation in the interval between g and g + dgin a
space containing all possible orientations given by

AV = / f(g)dg

where AV/V is the volume fraction of crystals with
orientation g, f(g) is the texture function and dg =
1/8n%sindd@,ddpde, is the volume of the region of
integration in orientation space. Several factors will
affect the degree of preferred orientation. It is well
established that the strength of CPO is a function of
finite plastic strain and hence the mechanical aniso-
tropy should evolve with deformation history. To
quantify the degree of CPO Mainprice & Silver
(1993) used the 7 index, which is defined as

J = / f(g)’dg.

The 7 index has a value of unity for a random
distribution and a value of infinity for a single crystal.
However, the 7 index has a maximum of about 250 for
olivine in our calculations because of the truncation of
the spherical harmonic series at an expansion of 22.
Mainprice & Silver (1993) showed that 7 index and
selsmic anisotropy increase with increasing axial strain
of the olivine aggregates. A more extensive study using
various methods to simulate the CPO development of
olivine (Tommasi et al., 1999) confirms that the ¥
index increases with finite plastic strain.
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Fig. 2. Lincation trajectories within the Hilti mantle section. Although the high-7 lineations are dominantly east—west, they have been
progressively rotated in a sinistral sense of shear along the NW—SE-oriented low-7 shear zone. Sample points for EBSD analyses are shown;
high- 7 samples are labeled in upper case letters, and low- 7 samples in lower case letters. Each label is used in Figs 4—7. HT, high-7; L'T, low- 7.

In a similar manner the sharpness of a pole figure can ~ where o and  are the spherical co-ordinates of the

be analytically defined by the pf7 index as considered direction in the pole figure, Pp(o, B) is
B 9 the density in that direction for a given crystallo-
Wi = / Pra (0, B)doo graphic pole defined by hkl and do = 1/2nsinadodB
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Fig. 3. Structural data from the Hilti mantle section. Shallow east-
dipping foliation planes with an east—west flow direction characterize
high-7 deformation. Low-7 deformation resulted from a sub-vertical
NNW-SSE shear zone with a sub-horizontal movement.

is the volume of the region of integration. The pff
index has a value of unity for a random distribution
and a maximum value for olivine of about 60 in the
present case (which depends on the crystal symmetry
and the symmetry of the crystal direction) for a single
crystal of olivine. In the present case of olivine, [100]-,
[010]- and [001]-axes are all two-fold rotation axes,
hence the pf7 values can be directly compared.

RESULTS
Olivine CPO patterns

Olivine CPO was measured in highly polished xz thin
sections using a JEOL 5600 SEM system equipped
with electron back-scattered diffraction (EBSD).
Between 177 and 373 olivine crystal orientations per
sample were determined and the computerized indexa-
tion of the diffraction pattern was visually checked for
cach orientation. The measured olivine CPO is pre-
sented on equal area, lower hemisphere projections in
the structural (xz) reference frame (Figs 5 and 6).
Foliation is vertical east—west and the lineation is hori-
zontal in this plane.

Olivine CPO in high-7 samples is characterized by a
strong concentration of (010)-poles normal to the foli-
ation and [100]-axes slightly oblique to the lineation
(Fig. 5). The CPO occurs as one of two types: single
crystal-like point maxima with [100] near the lineation
and [010] near the pole to the foliation, which we will
call a (010)[100] pattern (e.g. F in Fig. 5), and (010)
point maxima with girdles of [100] and [001] in the

SHEAR ZONE DEVELOPMENT

foliation, which we call an axial (010) pattern (e.g.
A'in Fig. 3).

Olivine CPO in low-7 samples is characterized by a
concentration of [100]-axes parallel to the lineation, a
concentration of [010]-axes sub-parallel to the y-axis,
and a weak concentration of (001)-poles normal to the
foliation (Fig. 6) that we will call a [100](001) pattern.
The ultra-mylonite sample (e in Fig. 6) contains a
random CPO of olivine grains (Fig. 6).

Intensity of olivine CPO

The degree of fabric intensity for all samples is shown
in Fig. 7. For high-7 samples, the 7 index ranges from
4-6 t0 9-9. The spatial variation of J index of the ODF
shows that high values (7 > 7-9) are associated with
the strong flexuring of the high-7 (e.g. A, B and D in
Fig. 2) and low-7T (e.g. a and b in Fig. 2) lineations.
The trends of the pole figure index pf/ have more
scatter, but in general follow the trends of the 7
index. However, it shows clearly that the [010]-pole
figure has the highest intensity of the three axes for the
high-7 samples.

For low-T samples, the 7 index decreases from 10-0
to 2:6 with increasing mylonitization and accompany-
ing grain size reduction (compare Figs 4 and 7). The
pfF indicates that the [100]-axes become more strongly
oriented than the [010]-axes.

Orientation of olivine CPO

High-7 samples contain a sub-horizontal foliation.
Thus, the olivine CPO in Fig. 5 indicates that both
[100]- and [001]-axes lie sub-horizontally with [010]-
axes vertical. For low-7 samples, the foliation is sub-
vertical and the lineation is sub-horizontal. Accordingly,
the olivine CPO in Fig. 6 indicates that both [100]- and
[001]-axes are sub-horizontal, whereas the [010]-axes
are sub-vertical. This means that although the olivine
CPO varies from a (010)[100] pattern in high-7 sam-
ples to a (001)[100] pattern in low-7 samples, the
orientation has only slightly been distorted within geo-
graphic coordinates. Instead, olivine CPO has been
rotated on the [010]-axis within the shear zone.

INTERPRETATION AND

DISCUSSION

Olivine slip systems in high-T peridotite
The high-7 olivine CPO patterns indicate slip on the
(010)[100] system (Fig. 5), which is the most com-
monly activated slip system in naturally deformed peri-
dotite (e.g. Nicolas & Poirier, 1976). Experimental
studies have demonstrated that the (010)[100] slip
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Fig. 4. Photomicrographs of peridotite samples from the Hilti mantle section. The labels are as in Fig. 2. The high-7 samples are
characterized by coarse olivine grains (A, C, F, I, J). The low-7 samples have variable microstructures (a—e).

system 1s the most active at the highest temperature
conditions among {0k1}[100] slip systems (e.g. Nicolas
et al., 1973; Avé-Lallemant, 1975; Zhang & Karato,
1995; Zhang et al., 2000).

CPO variations were also observed from sample to
sample, and some CPO patterns display axial [010]
patterns. These CPO patterns can be explained in
terms of the effect of finite strain in two ways. First,
mantle flow may develop immediately below the

Moho in response to a topographic effect in the
uppermost mantle (e.g. Ildefonse et al., 1995). In
this case, (010)[100] remains the olivine slip system,
but the flow direction is not constant in orientation
within the flow plane. This may be observed in the
lineation data (Fig. 2), where the lineation orienta-
tion varies between samples. This could result in a
diffuse concentration of [100]-axis that resembles an
axial [010] pattern.
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(m.u.d.). Foliation is vertical (xy-plane; continuous line) and lineation (x) is horizontal within the plane of the foliation. The labels are

as in Fig. 2.

The second mechanism for producing variable CPO
patterns is the effect of strain path. Tommasi el al.
(1999) showed that even though the slip system is
(010)[100] active, for non-coaxial strain paths simula-
tions produce the axial [010] pattern. The samples
measured in this paper were taken from the upper
oceanic mantle where sub-horizontal flow is considered
to result from overturning of vertical mantle flow. In
such an environment, it is possible that the subsequent
horizontal flow was non-coaxial.

Alternatively, variable CPO patterns may be also
influenced by variation in the amount of dynamic
recrystallization. Recently, Dijkstra et al. (2002)
showed along a section in Wadi Hilti that the recrys-
tallized grain fraction is greatest beneath the Moho
and decreases with depth into the mantle section.
Dynamic recrystallization has been considered to sta-
bilize the CPO as strain increases (e.g. Tommasi ef al.,
2000). This may induce a progressive diffusion of CPO

that will counterbalance the CPO intensification as a
result of dislocation glide (Tommasi et al., 2000).

Olivine slip system for low-T peridotite on
pre-existing CPO pattern

The low-T olivine CPO patterns indicate (001)[100]
slip in all samples except for the ultra-mylonite (Fig. 6).
This CPO pattern may also result from dislocation
glide on the {Okl}[100] system, although the
(001)[100] system is generally regarded to be a sub-
sidiary slip system (e.g. Tommasi et al., 2000). So why
did a normally subsidiary system became dominant in
this shear zone?

In the shear zone described in this study, the sub-
horizontal lineation, which is sub-parallel to [100]-axis
concentration, strikes NW—SE (Fig. 2). It is important
to note that activation of the (001)[100] slip system
required only a simple rotation on the (010)-axis from
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Fig. 6. Olivine CPO of low-7 samples. Equal area projection, lower
hemisphere. Contours in m.u.d. Foliation is vertical (xy-plane; con-
tinuous line) and lineation (x) is horizontal within the plane of the
foliation. The labels are as in Fig. 2.

the pre-existing CPO patterns. Indeed, the [100]-axis
would have been rotated more than 120° anticlockwise
(Fig. 8). This rotation would enable the (001)[100] slip
system to be dominant in olivine during deformation in
the shear zone.

Experimental studies show that the (001)[100] slip
system is the intermediate strength orientation at high
temperature (>1150°C)) and becomes active when the
compression direction is parallel to [101] (e.g. Durham &
Goetze, 1977; Durham et al., 1977; Bai et al., 1991; Bai &
Kohlstedt, 1992). On the other hand, Phakey et al.
(1972) showed that the compression direction parallel
to [101] 1s weaker than that parallel to [110] or to
[011] at low temperature (<1000°C).

Yanai et al. (1990) argued that the shear zone has
been developed under east—west compression during
the early stage of oceanic fragmentation. Accordingly,
the direction of principal compressive stress may be
statistically sub-parallel to the olivine [101]-axis dur-
ing activation of the shear zone. This could activate the
(001)[100] slip system in the shear zone. Even if the
tectonic stress was oblique to a suitable direction for the
development of this shear zone, the pre-existing aniso-
tropy may act to modify the tectonic stress fields.

VOLUME 45 NUMBER 2 FEBRUARY 2004

However, it needs further study to better determine
the direction of principal compressive stress, as this
ophiolite has a complex structural history at the large
scale (e.g. Nicolas et al., 2000).

The role of pre-existing mechanical
anisotropy on shear zone development
within oceanic mantle lithosphere

Although the dominant slip system active during peri-
dotite deformation varies from (010)[100] in high-7
samples to (001)[100] in low-7 samples, the [010]-axis
remains vertical in both cases. This occurs because sub-
horizontal flow in the high- 7 rocks was overprinted by
sub-vertical flow in the low-7 rocks, without disrup-
tion of the existing CPO patterns. The (010)-pole plots
for low-T peridotite may record relics of high-7 CPO
patterns (Fig. 5). These relics suggest that the pre-
existing fabric influenced development of the shear
zone, and that the primary fabric was readily trans-
formed into the secondary fabric with minimum modi-
fication following a change in the olivine slip system.

The shear zone studied in this paper is thought to
represent the initial stage of oceanic detachment and
thrusting (e.g. Boudier e/ al., 1988). It means that
the weakest direction within the oceanic mantle litho-
sphere at that stage was a sub-vertical (001) plane with
a horizontal [100] direction. Thus, rotation about the
[010]-axis appears to lead to (001)[100] slip, and sinis-
tral slip of the shear zone has developed sub-vertically
without changing the CPO orientation (Fig. 8). In
other words, it is unlikely that any other slip systems
would be dominant under these conditions. It is impor-
tant to note that such a weak direction may be changed
if tectonic stress acts on a cooling lithospheric mantle,
as the ‘easy’ slip system may also change depending on
the lower temperature regime. We suggest that subse-
quent deformation could occur where pre-existing
mechanical anisotropy has a suitable direction for
such ‘easy’ slip at a lower temperature. It should be
emphasized that the weakening occurs during disloca-
tion creep deformation as a result of the anisotropy of
dislocation glide, before the onset of any additional
mechanical weakening caused by the onset of any sig-
nificant grain boundary sliding related to the grain size
reduction caused by recrystallization.

The uppermost 200km of the mantle is thought
to develop the well-defined olivine CPO through
the commonly documented (010)[100] slip (e.g.
Nicolas & Christensen, 1987; Mainprice e al., 2000).
Seismic anisotropy data, such as SKS shear-wave split-
ting (Silver, 1996) and Pn azimuthal anisotropy
(Smith & Ekstrom, 1999), suggest that these CPO are
coherent over large distances (>100km). Therefore,
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Fig. 7. Intensity of olivine CPO within high-7 (HT) and low-7 (LT) samples. The labels are as in Fig. 2.
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crystallographic [100] of olivine.

Fig. 8. Schematic diagram showing the orientation of olivine CPO between high-7 and low-7 deformations. Although the olivine CPO
varies from a (010)[100] pattern in high-7 samples to a (001)[100] pattern in low-7 samples, the orientation has been only slightly distorted
within geographic coordinates. Instead, the [100]-axis has been rotated more than 120° anticlockwise on the [010]-axis in a sinistral sense of

shear, resulting in the activation of the (001)[100] slip system.

strain localization is likely to occur along the weakest
direction within the frozen mechanical anisotropy.
For instance, the role of pre-existing mechanical aniso-
tropy on subsequent structural development has been
proposed to explain structural inheritance of con-
tinental break-up: if the preservation of well-developed
olivine CPO within the lithospheric mantle generates a
mechanical anisotropy at larger scales (>100km), this
may result in a directional softening that will control
strain localization in the uppermost mantle (Tommasi &
Vauchez, 2001). As a consequence, it suggests that
the initiation of oceanic detachment as the first-step
process during obduction may be dependent on the
interrelations among the direction of a tectonic stress,

the degree and attitude of olivine CPO, and potential
‘easy’ slip system as a function of temperature. The
structural behavior of oceanic mantle lithosphere dur-
ing subduction and obduction may be controlled by
the initial mechanical anisotropy developed at an
oceanic spreading center.
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