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The magnitude, symmetry and origin of upper mantle
anisotropy based on fabric analyses of ultramafic
tectonites
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Summary. Seismic anisotropy within the upper mantle originates from the
preferred orientation of highly anisotropic single crystals. The symmetry
and magnitude of anisotropy depend upon: (1) the volume percentages of
the minerals constituting the upper mantle, (2) the degree and symmetry of
preferred orientation of each mineral and (3) the alignment of the minerals'
crystallographic axes relative to one another. The nature of upper mantle
anisotropy can be examined by studying mineral orientations within ultra-
mafic rocks which were once part of the mantle. Petrofabric data for olivine
and pyroxene have been used to obtain velocity anisotropy patterns over
large regions of ultramafic rocks from the Samail ophiolite, Oman, the
Troodos ophiolite, Cyprus, the Bay of Islands ophiolife, Newfoundland, the
Twin Sisters ultramafic, Washington, USA, the Dun Mountain ophiolite, New
Zealand, the Red Hills ophiolite, New Zealand and the Red Mountain
ophiolite, New Zealand. The compressional wave anisotropy calculated for
these massifs ranges from 3 to 8 per cent, in excellent agreement with
observed seismic anisotropy in the upper continental and oceanic mantle. The
symmetry varies from orthorhombic to axial, with the axial symmetry axis
corresponding to the olivine a-axes maxima and subparallel to spreading
directions in oceanic upper mantle. Pyroxene a-, b- and coaxes maxima
generally parallel olivine b-, c- and a-axes, respectively. and anisotropy
decreases with increasing pyroxene content. Shear-wave splitting is predicted
for all propagation directions within the upper mantle. Symmetry is also
orthorhombic or axial, with the minimum difference in velocity between the
two shear-waves parallel to the maximum compressional wave velocity.

1 Introduction

In 1964 Harry Hess published evidence which suggested that the upper mantle was
anisotropic to compressional-wave propagation. Hess' observation was based on Pn velocities
obtained by Raitt (1963) and Shor & Pollard (1964) in the Mendocino and Maui areas of the
north-east Pacific. Plots of velocities versus azimuth in these regions showed that upper
mantle compressional-wave velocities were fast for propagation directions approximately
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92 lV. I Chr~tensen

parallel to fracture zones. More recent detailed refraction studies have clearly demonstrated
that seismic anisotropy is a common phenomenon in the oceanic upper mantle (Raitt et al.
1969; Morris, Raitt & Shor 1969; Raitt et al. 1971; Keen & Barrett 1971; Shor et al. 1973;
Snydsman, Lewis & McClain 1975; Malecek & Clowes 1978) and continental upper mantle
(Bamford 1977; Bamford, Jentsch & Prodehl 1979; Vetter & Minster 1981; Fuchs 1984).
Fig. 1 shows the directions of maximum velocities and the magnitudes of the anisotropies.
There is evidence that mantle anisotropy may extend to considerable depth (Leven, Jackson
& Ringwood 1981; Dziewonski & Anderson 1981).

Hess (1964) proposed that mantle anisotropy originated from preferred olivine
orientation. It was known from measurements in Dunbar laboratory at Harvard University
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Figure 3. Composite olivine equal-area luwer-hemisphere projectiuns of [100], lO10] and l001] axes
from: (a) Wadi Rajmi, Oman: (b) Wadi Jizi, Oman: (e) Wadi Bani Kharus. Oman: (d) Troodos. Cyprus:
(e) Table Mountain, Newfoundland: (f) North Arm Mountain, Ne\\'foundland: (g) Blo\\ Me Down
Mountain, Newfoundland: (h) Lewis Hills, Newfoundland: (i) Twin Sisters. CSA: U) Red Mountain. Ne\\'
Zea18nd; (k) Dun Mountain, New Zealand; and (I) Red Hills, New Zealand, The projections are contoured
in 2a intervals with the lowest contour = 4a. A density of 3a indicates a uniform distribution of points
and is equal to the number of points divided by the counting area (Kamb 1959).
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Seismic anisotropy in ultramafic tectonites 93

(Verma 1960; Birch 1960, 1961) that single crystal olivine is highly anisotropic, with
compressional-wave velocities at atmospheric pressure of 9.87, 7.73 and 8.65 km S-l in the
a, band c crystallographic directions, respectively, and that many ultramafic rocks are highly
anisotropic to compressional-wave propagation, presumably due to preferred olivine
orientation. Hess (1964) postulated that olivine [010] crystallographic planes are aligned
subparallel to major oceanic fracture zones, which explains the observed low velocities
normal to fracture zones. Later, Francis (1969), citing the deformation experiments of
Raleigh (1968) on olivine, proposed that the anisotropy originated flOm plastic flow in
which the olivine crystallographic a-axis aligned parallel to flow directions in the upper
mantle.

Detailed studies of olivine fabrics in ultramafic rocks combined with velocity measure-
ments at elevated pressures (Christensen 1966, 1971 a; Christensen & Ramananantoandro
1971; BabuSk:a 1972; Carter, Baker & George 1972; Peselnick & Nicolas 1978) have
subsequently confirmed that seismic anisotropy in ultramafic rocks is related to preferred
mineral orientation. Laboratory studies have also shown that shear-wave anisotropy is an
important property of ultramafic rocks (Christensen 1966, 1971 b: Christensen &
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Ramananantoandro 197 i) and variations of shear-wave velocity with azimuth as well as
shear-wave splitting are likely to be encountered in upper mantle seismic studies.

Since seismic refraction profiles designed to study upper mantle velocity structure are
several tens of kilometres in length and cover large areas, caution must be exercised in
correlating velocity information from a single rock sample with observed mantle anisotropy.
Clearly it is more desirable to compare mantle seismic anisotropy data with laboratory
measurements obtained from multiple samples collected over large areas. Some ultramafic
massifs, which presumably originated within the Earth's mantle, have regional olivine fabric
patterns which produce overall anisotropy comparable with mantle seismic anisotropy
(Christensen 1971 a; Peselnick & Nicolas 1978; Christensen & Salisbury 1979). Within these
massifs the degree of preferred mineral orientation and the symmetries often vary
significantly from one locality to another; however, the directions of maximum concen.
trations of some crystallographic axes are often surprisingly consistent.

In this paper detailed seismic anisotropies, based on petrofabric analyses of minerals from
multiple samples, are presented for several ultramafic massifs believed to have upper mantle
origins. It is shown that the magnitudes and symmetries of compressional- and shear-wave
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Seismic anisotropy in ultramafic tectonites 95

anisotropies of ultramafic massifs from Oman, Cyprus, Newfoundland, the United States
and New Zealand possess remarkable similarities with one another. Furthermore, when the
influences of accessory mineralogy and temperature are taken into account, there is
excellent agreement between observed upper mantle seismic anisotropy and the anisotropy
present in the ultramafic massifs.

2 Anisotropy calculations

The procedure used in this paper to obtain overall anisotropy in the ultramafics is similar
to that outlined by Christensen & Salisbury (1979). Oriented field samples of dunite and
peridotite have been collected throughout each ultramafic massif. The density and distri-
bution of samples depended on a variety of factors, including accessibility, structural infor-
mation available from previously published maps and field observations obtained during the
collecting. For all massifs the sampling objective was to obtain as representative a suite of
samples as possible, which would give valid overall seismic properties of the whole or portion
of the massif under investigation.

Horizontal rock slices were cut from the field-oriented specimens. Oriented thin sections
were made from the slices, which were photographed and mounted between hemispheres
on a 5-axis universal stage equipped with a proper upper hemisphere and slide for fabric
analyses. Usually 100 olivine grains were selected for orientation from each specimen. Each
grain was located on the photograph and rotations of the universal stage axes and positions
of the olivine axes after orientation were recorded for each grain. The orientations of the
olivine axes were plotted and contoured by computer for each specimen using the contour-
ing method described by Kamb (1959). In addition, composite fabric diagrams for each
ultramafic massif or portion of massif under investigation have been contoured using the
total olivine orientation data from each massif.

Rather than using a 1 per cent counting circle as is commonly done with the Mellis
technique, the Kamb method of contouring employs a variable size counting circle of
large enough size so that it will repeatedly obtain densities close to the expected number
for a randomly populated net. The counting circle is calculated to be large enough so that
99 per cent of the time (within :t 3 standard deviation), the circle will enclose the expected
number for a randomly distributed population. The Kamb technique eliminates spurious
points on a typical contoured net and separates the net into regions that are significantly
and not significantly overpopulated.

The composite fabric diagrams have been used to calculate the overall anisotropy of each
ultramafic body using the elastic constants of olivine and their pressure derivatives. Calcu-
lations of this type were first performed by Kumazawa (1964) for hypothetical olivine
aggregates having relatively simple fabric symmetry. More recent detailed calculations of
anisotropy from olivine petrofabric data have been shown to agree well with laboratory
measured velocities (Klima & Babuska 1968; Crosson & Lin 1971; Baker & Carter 1972;
Carter et al. 1972; Peselnick & Nicolas 1978).

The velocity anisotropy presented for each massif in this paper has been obtained using
the technique described by Crosson & Lin (1971), the elastic constants of olivine and their
pressure derivatives at ambient temperature (Kumazawa & Anderson 1969), the total olivine
orientation data for each massif, and the density of olivine. The solution of the Cristoffel
equation for any given wave normal gives three velocities which correspond, in general, to
one quasi-compressional and two quasi shear-waves (e .g. Musgrave 1970). The two quasi
shear-waves are orthogonally polarized and travel at different velocities for most directions
of propagation. Contour diagrams of the compressional-wave velocities, as well as the
difference in velocity between the two quasi shear-waves, ~ Vs, which is a measure of shear-
wave splitting (Crampin 1981), have been constructed for each ultramafic massif.

4
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96 lV. [ Chr~tensen

In the following section it is shown that the most distinctive feature of each composite
olivine fabric is a strong crystallographic a-axis maximum. For comparison purposes the
olivine field oriented fabric diagrams have been rotated so the olivine a-axis maxima are
horizontal or nearly horizontal and north-south. The velocity anisotropy diagrams have also
been rotated to correspond to fabric orientations.

3 Olivine fabrics and mantle anisotropies

3.1 SAMAIL OPHIOLITE - OMAN

The Samail ophiolite, a section of Tethyan ocean crust and upper mantle and one of the
largest and best exposed ophiolites in the world, has recently been the subject of several
detailed geological and geophysical investigations (e .g. Coleman 1981; Coleman & Hopson
1981; Smewing 1981). The massif is believed to have formed at a spreading centre of Middle

Figure 4. Anisotropy of compressional wave velocity and shear-wave splittin~ (A Vs) in km S-1 at :1kb
confining pressure shown as lower hemisphere projections. Locations arc given in caption for Fig. 3.
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Seismic anisotropy in ultramafic tectonites 97

Cretaceous age and subsequently obducted on to the Arabian continental margin during the
Late Cretaceous.

Located in the Sultanate of Oman south-west of the Gulf of Oman, the ophiolite forms a
belt 475 km long and up to 80 km wide (Fig. 2). A complete section up to 18 km in thick-
ness of marine sediments, pillow basalts, sheeted dykes, gabbro and peridotite is present in
the central and northern portions of the ophiolite. Mapping on the scale of 1: 500,000 by
Glennie et al. (1974) has shown that faulting has cut the ophiolite.into several blocks
generally ranging from a few kilometres to 25 km in width. The mafic crustal section is

6-7 km in thickness (Hopson et al. 1981; Christensen & Smewing 1981) and complete
sections of ultramafic mantle up to 10 km in thickness are well exposed within the fault
blocks.

Samples collected for the present study were obtained along three widely separated
traverses, designated Wadi Rajmi, Wadi Jizi and Wadi Bani Kharus (Fig. 2). Composite
olivine fabric diagrams are shown in Fig. 3 and the velocities and seismic anisotropies for
these sections of the ophiolite are given in Fig. 4.

( e)

Figure 4
-

continued
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98 N. I. Christensen

3.2 TROODOS OPHIOLITE - CYPRUS

The Troodos ophiolite of Cyprus has been the subject of numerous geological studies and
like the Samail ophiolite consists of a complete stratigraphic sequence ranging downward
from pillow basalts through sheeted dykes and gabbros to ultramafic tectonites (e.g. Wilson
1959; Gass & Smewing ]973; Moores & Vine 197]; Greenbaum 1972). It is Upper
Cretaceous in age and is exposed in an area roughly 90 x 30 km. The upper mantle rocks crop
out in the central portion of the massif, whereas the pillow lavas occur along the periphery
(Fig. 5).

The ultramafic rocks consist of cumulate and tectonized dunites and harzburgites
(Greenbaum 1972; George 1978). Structure within the ultramafic portion of the ophiolite
is complicated by the presence of a serpentinite diapir beneath the summit of Mount
Olympus and numerous faults. Locations of samples selected for this study (Fig. 5) show a
fairly consistent olivine fabric (Fig. 3). However, it should be noted that a relatively small
number of samples have been studied and previous petrofabric analyses by George (1978)
suggest a considerably more complicated olivine orientation pattern within the whole
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Seismic anisotropy in ultramafic tectonites 99

ultramafic portion of the ophiolite. Calculated anisotropies from the olivine composite of
Fig. 3 are shown in Fig. 4.

3.3 BAY OF ISLANDS OPHIOLITE - NEWFOUNDLAND

Like the Troodos and Samail ophiolites, the Bay of Islands ophiolite complex, located in
western Newfoundland, consists of volcanics, sheeted dykes, gabbros and peridotites. The
Bay of Islands ophiolite is believed to have originated as a segment of the 'proto-Atlantic'
oceanic crust and upper mantle (Church 1972). Obduction took place during Ordovician
as part of the closing of the proto-Atlantic Ocean (Williams & Stevens 1974).

The Bay of Islands complex consists of four separate massifs which extend in a NE-SW
trending belt approximately 100 km long and 25 km in width (Williams 1973). In the
northernmost massif, Table Mountain, the upper crustal section has been eroded leaving only
the lower gabbro and ultramafic sections, whereas the crustal sections in North Arm
Mountain and Blow Me Down Mountain are complete or nearly complete (Fig. 6). The
southernmost massif, Lewis Hills, contains abundant gabbro and ultramafics along with
some volcanics and dyke rocks (Smith 1958; Williams & Malpas 1972; Karson 1982). The
ultramafic rocks consist primarily of harzburgite with subordinate dunite and are strongly
tectonized (Smith 1958; Christensen & Salisbury 1979; Girardeau & Nicolas 1981). A crude
layering originating from a variation in the olivine-orthopyroxene ratio is sometimes
observed and a well-defined foliation produced by mineral alignment and flattening is
common.

Olivine fabrics and calculated anisotropies reported by Christensen & Salisbury (1979) for
Table Mountain and North Arm Mountain are shown in Figs 3 and 4. The locations of
samples used for the composite calculations are given in Fig. 6. New data for olivine fabrics
and seismic anisotropy in the ultramafic sections of Lewis Hills and Blow Me Down
Mountain are also presented in Figs 3 and 4.
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Figure 6. Sample locations from the Bay of Islands ophiolite, Newfoundland.

3.4 TWIN SISTERS ULTRAMAFIC
-

WASHINGTON

The Twin Sisters massif, located in the northern Cascade Range of Washington State,
consists of a relatively unserpentinized body of dunite and harzburgite approximately 17 km
long and 7 km wide. It is located along a major thrust fault (Misch 1966) and is in fault
contact with Palaeozoic limestone, volcanics and clastic sedimentary rocks. The massif has
been interpreted as a slice of continental upper mantle (Christensen 1971 a) and as part of an
ophiolite complex (Vance et at. 1980; Whetten et at. 1980).

Petrographic textural observations of the Twin Sisters ultramafic demonstrate its
tectonite nature (Ragan 1963). Olivine shows a strong preferred orientation which is
relatively consistent over the whole massif. Laboratory measurements of compressional-
wave velocities to confining pressures of 10 kbar show strong seismic anisotropy (Christensen
1971a). Composite fabric diagrams obtained from sample locations shown in Fig. 7 are given
in Fig. 3. Calculated anisotropies from this composite are illustrated in Fig. 4.

3.5 DUN MOUNTAIN OPHIOLITE BELT - NEW ZEALAND

The Dun Mountain ophiolite belt (Fig. 8), consisting of mafic and ultramafic rocks, is a
major geological feature of the South Island of New Zealand, extending for a length of over
1100km (Coombs et at. 1976). It is divided into two segments separated by the Alpine
Fault, a northern or Nelson Belt and a southern or Otago Belt. The two segments, considered
to have been once continuous, are now separated by 480 km of dextral shift on the Alpine
Fault.
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Figure 7. Sample locations from the Twin Sisters ultramafic, Washington, USA.

a 100
~

KM

Figure 8. The Dun Mountain ophiolite belt, New Zealand.
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Figure 9. Geology and sample locations from Red Mountain, New Zealand.

Red Mountain (Coombs et al. 1976; Sinton 1977) located in the Otago segment is the
best preserved ophiolite section of the Dun Mountain belt (Fig. 9). The crustal section
contains metavolcanic green schists with relic pillow structures, a dyke complex of mafic to
intermediate composition, plagiogranite, and anorthositic and hornblende-clinopyroxene
gabbros often interlayered with ultramafic rocks. The ultramafic sequence, consisting
primarily of dunite and harzburgite, is relatively unaltered in the central portion of Red
Mountain and partially serpentinized along the margins. Olivine within the ultramafic
rocks shows strong preferred orientation (Wilkens 1981) which produces a strong seismic
anisotropy. Composite olivine fabrics and calculated seismic anisotropies (Wilkens 1981)
are shown in Figs 3 and 4.

Dun Mountain, the type locality for dunite, is located within the Nelson segment of the
ophiolite belt and consists of a relatively small (4 km2) outcrop area of dunite and
harzburgite. The ultramafics are unaltered except near the margins where serpentinite is
common. Petrographic examination of the ultramafic shows a strong tectonite fabric and
field oriented samples (Fig. 10) display a uniform fabric throughout the massif (Fig. 3).
Seismic anisotropies calculated from the composite fabric diagrams are shown in Fig. 4.

Red Hills (Walcott 1969) is located approximately 40km south-west of Dun Mountain.
With over 1km of exposed vertical section and an outcrop area of approximately 110 km2,
the Red Hills massif is the largest and best exposed ultramafic of the Nelson segment. To
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Figure 10. Sample locations from Dun Mountain, New Zealand.

. SAMPLE LOCATIONS

the north and west, crustal rocks consisting of basalt and gabbro dykes and sills occur in
fault contact with the ultramafic (Davis et al. 1980). At Red Hills numerous faults bound
and crosscut the ultramafic and detailed mapping by Walcott (1969) has shown the presence
of a major fold in the south central portion of the ultramafic. This folding is also ref1ected in
the olivine fabrics. However, along the western margin of the ultramafics (Fig. 11) olivine
fabrics show consistent orientation patterns, producing the olivine composite given in Fig. 3,
Calculated anisotropies for this portion of Red Hills are shown in Fig. 4.

4 Accessory minerals

In addition to olivine, a common mineral within ultramafic rocks of probable upper mantle
origin is orthopyroxene. Comparisons of single crystal olivine velocities (Verma 1960;
Kumazawa & Anderson 1969) with single crystal orthopyroxene velocities (Frisillo &
Barsch 1972; Kumuzawa 1969) and dunite velocities (Birch 1960; Christensen 1966;
Christensen & Ramananantoandro 1971) with pyroxenite velocities (Birch 1960; Babuska
1972) show that compressional- and shear-wave velocities in pyroxene are generally lower
than in olivine of similar composition and hence velocities in peridotites decrease with
increasing pyroxene content. In addition, the amount of pyroxene in an ultramafic rock will
have a significant effect on anisotropy.
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104 N. I. Christensen

RED HILLS
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Figure 11. Sample locations from Red Hills, New Zealand.

If accessory orthopyroxene in peridotite has a random orientation its presence will dilute
the anisotropy produced by preferred olivine orientation and seismic anisotropy will
decrease with increasing pyroxene content. Since single crystal orthopyroxene like olivine is
highly anisotropic (Fig. 12) a preferred orientation of orthopyroxene will modify the
anisotropy produced by preferred olivine orientation. The resultant anisotropy will depend
upon the percentage of pyroxene in the upper mantle, the degree of preferred orientation of
olivine and orthopyroxene and the spatial relationship of the olivine axis concentrations to
the orthopyroxene axis concentrations. If the olivine a-, b- and coaxes parallel to the ortho-
pyroxene a-, b- and coaxes, respectively, the contribution of orthopyroxene to total
anisotropy will reinforce the anisotropy produced by the olivine (Fig. 12) and since
pyroxene is less anisotropic than olivine increasing the pyroxene content will only slightly
reduce the rock anisotropy. On the other hand, if the maximum concentrations of olivine

a- and b-axes parallel the orthopyroxene b- and a-axes, respectively, the presence of
pyroxene will significantly lower the resultant anisotropy (Fig. 12). Thus a rock with strong
preferred olivine orientation could have low compressional-wave anisotropy if the anisotropy
produced by the olivine is reduced by orthopyroxene with an appropriate orientation.

A study of mineral orientations in ultramafics from the Bay of Islands ophiolite,
Newfoundland (Christensen & Lundquist 1982), suggests that within the upper mantle
neither of the above relationships between olivine and pyroxene orientations exist. Instead,
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Figure 12. Compressional wave velocities in km s., along the crystallographic axes of olivine and

orthopyroxene. Three possibilities are illustrated for the orientation of olivine relative to ortho-
pyroxene in the upper mantle (see text).

the orthopyroxene c crystallographic maxima coincide with the olivine a-axes maxima and
the orthophyroxene a-axes maxima parallel the olivine b-axes maxima (Fig. 12). The
orientations of the gabbro ultramafic contact and the sheeted dykes within the ophiolite
relative to the mineral axes orientations indicate that the olivine a- and orthopyroxene
coaxes are lined within the oceanic upper mantle subparallel to the spreading direction,
whereas the olivine b-axes maxima and orthopyroxene a-axes maxima are approximately
perpendicular to the MohoroviCic discontinuity (i.e. vertical). This relationship between
olivine and pyroxene fabrics observed in the Bay of Islands ultramafic appears to be
common in many ophiolites (e .g. Nicolas et al. 1971; Christensen & Lundquist 1982) and
thus is likely to be present in the upper oceanic mantle.

The influence of pyroxene content on anisotropy for a section of peridotite from the
Bay of Islands ophiolite is shown in Fig. 13. The velocities were calculated from petrofabric
analyses of ultramafic rocks over an outcrop area of 80 km2. The velocities in Fig. 13 are for
pressures of 2 kbar and room temperature. Note that increasing pyroxene content lowers
compressional-wave velocities, decreases compressional-wave anisotropy, and decreases the
difference in shear velocities associated with shear-wave splitting. However, the symmetry
of the anisotropy remains essentially intact.

The velocities presented in Figs 3 and 13 have been calculated at approximately 25°C.
Within the upper few kilometres of the mantle it is estimated that temperatures generally
are between 200 and 500°C (e.g. Blackwell 1971). Laboratory measurements of the effect
of temperature on velocities (e.g. Birch 1943; Kern 1978; Ramananantoandro & Manghnani
1978; Christensen 1979) demonstrate that an increase in temperature of 100°C will
generally lower velocities by less than I per cent. These measurements also show that
temperature has little effect on anisotropy. Thus to extrapolate to in situ conditions the
compressional wave velocities on Figs 4 and I3 should be lowered a few per cent; however,
the shear-wave splitting and compressional-wave anisotropy are not apparently temperature
dependent.

Mantle anisotropy observed from seismic refraction studies is usually two-dimensional

Author's Personal Copy



106 N. 1. Christensen

vp
N

Vs mox

N
'Is mln

N
6.Vs

N

o

% olivine

100

90

80

70

60

50

Figure 13. Variations in direction of compressional wave velocity (Vp) and shear-wave splitting
(c. Vs) in km S-l for varying proportions of olivine and orthopyroxene. Data from North Arm Mountain,
Bay of Islands, Newfoundland (Christensen & Lundquist 1982).
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Table 1. Least-squares solutions to the Backus equation for varying pyroxene contents
(Christensen & Lundquist 1982).

Pyroxene Vo B C E F
(per cent)

a 8.54 -0.52 -2.86 0.15 0.08
10 8.47 -0.65 -2.52 0.13 0.10
20 8.39 -0.50 -2.25 0.08 0.06
30 8.31 -0.58 -2.08 0.02 0.01
40 8.24 -0.37 - 1.92 0.10 -0.03
50 8.16 -0.48 -1.65 0.03 -0.04

and within a horizontal plane immediately below the MohoroviCic discontinuity. The
equation relating compressional-wave velocity (Vp) to azimuth (<1»is given by

V; = V6 + B cos 2<1>+ C sin 2<1>+ E cos 4<1>+ F sin 4<1>

where Va is mean velocity and B, C, E and F are constants (Backus ]965). Least squares
solutions from the Bay of Islands ophiolite within a plane parallel to the gabbro ultramafic
contact (Table I) clearly show the decrease in mean velocity and anisotropy associated with
increasing pyroxene content. Furthermore, the 4<1>terms of the Backus equation appear to
be statistically insignificant (Christensen & Lundquist] 982).

In addition to orthopyroxene and olivine, other minerals which are likely constituents of
the uppermost mantle and would thus be important in anisotropy considerations include
clinopyroxene, plagioclase, hornblende and spinel (e.g. Ringwood 1974). Measurements of
velocities in single crystals of plagioclase, hornblende and clinopyroxene show high aniso-
tropy; however, these minerals are not particularly abundant in the ultramafic sections of
many ophiolites and are thus unlikely to contribute significantly to upper mantle anisotropy.
Spinel is a common accessory mineral in many ultramafic rocks; however, it is relatively low in
anisotropy as is garnet (Carter et al. 1972).

5 Conclusions

Large slabs of ultramafic mantle which have been tectonically emplaced along faults provide
valuable information on the nature of upper mantle seismic anisotropy. Based on fabric
analyses it can be demonstrated that within the ultramafic massifs olivine possesses a
consistent orientation over large areas. The common fabric consists of a strong olivine a
crystallographic maxima and partial girdles of olivine b- and coaxes (Fig. 3). In ultramafic
rocks which are clearly part of an ophiolite sequence, the olivine a-axes are usually oriented
subparallel to the spreading direction, which is inferred by the orientations of sheeted dykes
(Christensen & Salisbury] 979; Christensen & Smewing 1981). This relationship is illustrated
schematically in Fig. 14. Since olivine is fast for compressional-wave propagation parallel to
its a-axis, seismic anisotropies measured by marine refraction studies show fast
compressional-wave velocities subparallel to spreading directions.

Shear-wave splitting is common in ultramafic rocks and also originates primarily from
preferred olivine orientation. The fabric analyses and calculated shear anisotropies presented
in Fig. 4 show that the maximum shear-wave splitting does not coincide with the direction
of maximum velocity. As has been emphasized by Crampin (1981), shear-wave splitting
observations are particularly valuable for detecting the presence of anisotropy, especially
in regions which contain both anisotropic and isotropic rock (Fig. 15). Observations of the
magnitude of shear-wave splitting and comparisons of azimuthal variations of shear-wave
splitting with compressional-wave anisotropy will in the future provide much information
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Figure 14. The ideal orientations of olivine and orthopyroxene in the oceanic upper mantle.

SHEAR WAVE SPLITTING

Figure 15. Shear-wave splitting in anisotropic rock (Cramp in 1981).

on the nature of preferred mineral orientation in the Earth's mantle as well as its
composition.

In addition to preferred olivine orientation, seismic anisotropy within the upper mantle
is related to accessory minerals, the most important being orthopyroxene. It is likely that
within some regions of the upper mantle orthopyroxene constitutes over 30 per cent by
volume of the upper mantle (Christensen & Lundquist 1982). Orthopyroxene often has a
strong fabric, with crystallographic a-, b- and coaxes concentrations parallel to olivine b. c
and a concentrations, respectively. The fastest direction in orthopyroxene (crystallographic
a) is likely to be nearly vertical in the upper mantle. Within the plane of the MohoroviCic
discontinuity (that is, for Pn propagation) the maximum velocity produced from preferred
olivine orientation will parallel the maximum velocity produced by orthopyroxene
orientation and thus anisotropy decreases only slightly with increasing pyroxene content.

Considering their varying ages and wide range in geographic distribution, it is remarkable
that the anisotropies of the ultramafic massifs show such similarities in magnitude and
symmetry (Fig. 4). This suggests that seismic anisotropy has been a property of the upper
mantle throughout much of geological time and is world-wide in occurrence. The latter is
supported by current seismic refraction data (Fig. 1) although only a two-dimensional
picture of compressional-wave anisotropy is provided by such investigations. The data
presented here are useful in that the complete three-dimensional anisotropy is obtained,
which includes shear-wave velocities as well as compressional-wave velocities. With new
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seismic anisotropy field experiments designed specifically to investigated three-dimensional
upper mantle anisotropy, a more detailed comparison will hopefully be possible in the
future.
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