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Abstract

Seismic properties of six upper mantle xenoliths from South Africa were determined both by laboratory
measurements at elevated pressure and numerical calculations from petrofabric analyses, in order to provide constraints
on the structural interpretation of the field seismic data obtained in recent years. The samples studied include
harzburgite, garnet harzburgite, mica harzburgite, lherzolite and garnet lherzolite. Average anisotropies calculated from
petrofabrics are 5.4% for Vp and 4.4% for V,. Ultrasonic measured anisotropies from xenolith rock cores are
approximately 1% lower than calculated values. This difference is likely due to simplifications in modal mineralogy used
in the calculations and small amounts of alteration in the samples used in the velocity measurements. Comparison of
laboratory data with the SKS and Pn data yields possible structural orientations in the upper mantle beneath the South
Africa continent. Our results suggest that foliation in the upper mantle is likely horizontal, and the stretching lineation
(olivine a-axis) is oriented N30oE, which coincides with the absolute plate motion (APM) of the South African
continent. It is apparent from our data that the fast S-wave polarization depends on the propagation direction with
respect to petrofabric orientations and does not always indicate the stretching lineation. @ 2000 Elsevier Science RV.
All rights reserved.
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1. Introduction

Since Hess [1] first reported evidence of P-wave
velocity anisotropy of oceanic upper mantle and
proposed that it originated from olivine preferred
orientation, both field seismic observations and
laboratory studies of upper mantle rock anisotro-
py have shown that seismic anisotropy is a com-
mon feature of the upper mantle. In addition to
the observation of azimuthal variations of Pn ve-
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locity, several methods have been developed to
extract information on upper mantle anisotropy,
including P-wave residuals (e.g., [2,3]), SKS split-
ting (e.g., [4-6]) and Love/Rayleigh-wave incom-
patibility (e.g., [7,8]). Due to the limitation of the
ray path geometry, however, in situ seismic obser-
vations cannot provide complete information on
the nature of upper mantle anisotropy. For exam-
ple, the azimuthal variations of Pn velocity yield
only P-wave anisotropy in a horizontal plane be-
neath the Moho, and SKS measurements provide
only S-wave splitting parameters in a single direc-
tion (usually vertical). However, a combination of
seismic observations and laboratory studies of
mantle xenoliths provides an important way to
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understand in situ structural orientations of upper
mantle minerals.

In recent years, laboratory studies of mantle
rock anisotropy have focused on the (1) magni-
tude and symmetry of velocity anisotropy, (2) rel-
ative orientation between seismic properties and
the structural framework, and (3) in situ structur-
al orientation with constraints from experimental
petrology and seismic observations. In this con-
text, the oceanic upper mantle is much better
understood than the continental upper mantle.
Detailed investigations on the major ophiolite
massifs over the world (e.g., [9,10]) demonstrated
that the Vp anisotropy of the oceanic upper man-
tle varies from 3 to 8%, and the symmetry of
olivine fabrics varies from orthorhombic to axial
with the axial symmetry axis corresponding to
olivine a-axes maxima and parallel to spreading
direction. It was also found that pyroxene a-, b-,
and c-axes maxima are usually parallel to olivine
b-, c- and a-axes, respectively, and anisotropy de-
creases with increasing pyroxene content [10]. It
was shown that the symmetry and magnitude of
anisotropy depend upon: (1) the volume percent-
age of the minerals constituting the upper mantle;
mainly olivine and pyroxene, (2) the degree and
symmetry of preferred orientation of each miner-
al, and (3) the alignment of the minerals' crystal-
lographic axes relative to one another. Unlike the
oceanic upper mantle, surface exposures of con-
tinental upper mantle are rare and laboratory
studies, therefore, have been essentially based on
the mantle xenoliths. Published data show that
seismic properties of xenoliths of continental
upper mantle origins are surprisingly consistent
from place to place, and the magnitude and sym-
metry of anisotropy are comparable to those ob-
tained from oceanic upper mantle (e.g., [11-13]).

It is evident, however, that the upper mantle is
somewhat heterogeneous (e.g., [14]). Therefore,
the degree to which the xenolith samples represent
the upper mantle is still of major concern. To
obtain a reliable average anisotropy or a range
of anisotropies for the upper mantle, it is neces-
sary, therefore, to study a large number of sam-
ples. Because the xenoliths are often too small and
friable to core for direct laboratory measure-
ments, previous values of anisotropy were often

obtained from numerical calculations. It is cer-
tainly desirable to have laboratory measurements
as long as the suitable samples are available, be-
cause they provide not only reliable results, but
also constraints on the calculated anisotropy data.

South Africa is one of the most productive
areas of mantle xenoliths on the Earth's surface,
and provides good opportunities for direct assess-
ments of upper mantle rocks. Extensive petrologic
studies have been performed on kimberlite nod-
ules from South Africa (e.g., [15]). Mainprice and
Silver [11] calculated anisotropies for six kimber-
lite nodules from petrofabric studies. However, no
laboratory measurements have previously been re-
ported for mantle xenoliths from the South Afri-
can continent. In recent years, many significant
seismic investigations have been carried out on
the South African continent, including the SKS
measurements [16] and the velocity modeling of
the upper mantle using regional seismic data
[17]. To provide constraints on the interpretation
of the SKS and Pn data, we present detailed prop-
erties of six xenolith samples collected from Bul-
fontein, South Africa. Both laboratory measure-
ments and numerical calculations are used in this
study, in order to obtain more convincing data.
The discrepancies between measured and calcu-
lated data and their possible causes are discussed.
The laboratory data are compared with the ob-
served SKS delay times and Pn velocities, and
possible interpretations are suggested.

2. Xenolith samples

Peridotite xenoliths collected from the Bulfon-
tein Mine, Kimberly, South Africa (Fig. 1) were
sampled by Barry Dawson. The inland plateau of
South Africa is the region of most concentrated
kimberlite intrusions in the world [15], and the
intrusions in the Kimberly area have been well
described by Hawthorne [18] and Dawson and
Hawthorne [19]. Kimberlites at Bulfontein occur
in diatremes which intrude Carboniferous-Juras-
sic sediments. They are lined up along deep-seated
fractures which cut across the trend of the base-
ment gneisses [15]. Radiometric ages of the kim-
berlite pipes are between 80 and 140 Myr. [20,21].
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Fig. 1. Location map showing sample site and the results of
SKS measurements of Vinnik et al. [16]. The circles are seis-
mic stations used for the SKS measurements. The direction
of the fast shear wave polarization at each station is shown
by a straight line; the length of the line is proportional to
the delay time.

The protracted period of intrusion coincides with
a period of strong continental uplift in the Creta-
ceous [22].

The samples vary from mica peridotite to gar-

net harzburgite. The modal composition and the
general characteristics of these samples are given
in Table 1. Samples BD1675, BD3024, BD3659,
and BD3661 are unfoliated and display granular
textures (Fig. 2). Samples BD1999 and BD3108
exhibit porphyroclastic textures and are foliated.
Equant granublastic textures are considered to be
common for the peridotite in the upper mantle,
especially for the harzburgites [23]. The P-T con-
ditions determined from a lherzolite (BDI999) are
980°C and 4.5 GPa, corresponding to approxi-
mately 150 km. The temperature of equilibration
is estimated using the partition relations for Mg
and Fe [24] among olivine, orthopyroxene, clino-
pyroxene, and garnet, and the pressure is deter-
mined from the aluminum content of orthopyrox-
ene in equilibrium with garnet [25]. The peridotite
suite from Bulfontein Mine has equilibrated over
a very narrow P-T interval [15].

Two thin sections were made from each sample
for petro fabric measurements using a 5-axis uni-
versal stage. Olivine fabrics were measured for all
samples, and orthopyroxene fabrics for two sam-
ples (BD1675 and BD3108). Measured lattice pre-
ferred orientation (LPO) data are presented in
Fig. 3 as contoured lower hemisphere, equal-

(a) (b)

Fig. 2. Thin section photos showing typical textures of the xenolith samples. The mineral grains marked with 'OP', 'OL' and 'G'
are orthopyroxene, olivine and garnet, respectively. The Photo width is 20 mm. (a) Sample BD1675; (b) sample BD 3661.
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Table 1

Characteristics of xenolith samples

Sample Rock type Modal composition

BDl675 Harzburgite olivine 60%
serpentine 16%

orthopyroxene 24%

BDl999 Garnet ~harzburgite olivine 40010

serpentine 28%

orthopyroxene 24%

garnet 8%

BD3024 Garnet-lherzolite olivine 33%

serpentine 35%

orthopyroxene 15%

clinopyroxene 4%

garnet 12%

mica 1%

BD3108 Mica-peridotite olivine 40%

serpentine 39%

orthopyroxene 10%

hornblende 8%

mica 3%

minor phlogopite and

richterite

BD3659 Harzburgite olivine 53%

serpentine 30%
orthopyroxene 17%

BD3661 Garnet-harzburgite olivine 44%

serpentine 16%

orthopyroxene 32

garnet 7%

mica 1%
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Texture Grain size

granular-tabular ~3mm

porphyroclastic

foliation

2-10 mm (porphyrocrystals)

< 0.05 mm (matrix)

granular-tabular
some garnet

~5mm
~ 10 mm for some
garnet crystals

granuIar-porphyroclastic 0.5-6.0 mm

foliation

tabular-porphyroclastic ~ 2 mm (matrix)
~ 10 mm (porphyroclastic)

granular-porphyroclastic

0.1-6.0 mm

area projections. Each diagram consists of mea-
surements of at least 100 grains for olivine and
50-60 grains for orthopyroxene. The olivine fab-
ric pattern for sample BDl675 is characterized by
hexagonal symmetry, with strong a-axes concen-
tration and b- and c-axes randomly scattered or
weakly oriented in the plane perpendicular to oli-
vine a-axes maxima. The olivine fabrics of all oth-
er samples are characterized by orthorhombic
symmetries.

3. Measured anisotropy

To prepare the samples for velocity measure-
ments, mini-cores of approximately 2.0 cm in di-
ameter and 3.0-3.8 cm in length were made from
the rock samples. Due to the limitation of sample
size, only two cores were cut for each sample

along the maximum preferred orientation of oli-
vine a- and b-axes, respectively. These two direc-
tions are expected to be the fastest (a-axis) and
slowest (b-axis) Vp directions. Compressional and
two shear wave velocities polarized at the pre-
ferred directions of olivine crystallographic axes
were measured on each core at hydrostatic con-
fining pressures up to 1000 MPa, using the pulse
transmission technique [26,27] and I MHz trans-
ducers. The bulk density of each core was calcu-
lated from its mass and dimensions.

Measured Vp and Vs at different confining pres-
sures are summarized in Tables 2 and 3, respec-
tively. A typical velocity-pressure curve of this
data set is shown in Fig. 4. The results show a
considerable range of Vp between the samples. Vp
of A-cores (parallel to olivine a-axis maxima) at
1000 MPa varies from 6.91 km/s (BD3108) to 7.75
km/s (BDI999), and Vp of B-cores (parallel to
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(kg/m3) 20 40 60 80 100 200 400 600 800 1000

BDl675 a 3.168 6.802 7.066 7.228 7.331 7.400 7.539 7.617 7.659 7.689 7.712

b 3.134 6.222 6.585 6.817 6.971 7.073 7.270 7.348 7.383 7.409 7.428

BDl999 a 3.116 5.880 6.293 6.599 6.832 7.010 7.457 7.652 7.700 7.728 7.750

b 3.103 5.497 5.901 6.186 6.395 6.552 6.930 7.110 7.177 7.222 7.257

BD3024 a 3.016 4.124 5.000 5.601 6.024 6.325 6.959 7.192 7.274 7.332 7.378

b 3.014 3.174 4.110 4.775 5.257 5.611 6.410 6.721 6.822 6.891 6.946

BD3108 a 2.976 5.596 5.869 6.067 6.217 6.334 6.638 6.796 6.849 6.883 6.909

b 2.997 5.902 6.203 6.379 6.486 6.553 6.678 6.748 6.787 6.814 6.836

BD3659 a 3.049 5.268 5.768 6.110 6.351 6.523 6.896 7.046 7.103 7.143 7.174

b 3.103 5.209 5.720 6.058 6.290 6.450 6.777 6.908 6.963 7.002 7.033

BD3661 a 3.121 6.396 6.862 7.131 7.289 7.385 7.535 7.591 7.620 7.641 7.657

b 3.126 6.626 6.989 7.174 7.273 7.328 7.415 7.466 7.495 7.516 7.532
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Table 2
Measured compressional wave velocities (Vp, krnIs) at different pressures

Sample Density Pressures (MPa)

olivine b-axis maxima) varies from 6.84 ktn/s
(BD3108) to 7.53 (BD3661) kmls. The Vp varia-
tion from sample to sample is well correlated with
the combination of (I) model composition, espe-
cially the serpentine and olivine contents, (2) de-
gree of LPO of olivine and pyroxene, (3) develop-
ment of foliation/lineation defined by grain shapes
and/or compositional zoning. The Vs variation
between samples is also apparent and can be
understood in the same terms. As expected, Vp
along the A-cores is faster than along the B-cores
for all samples. For most samples, the fastest Vs is
measured along A-cores with a polarization par-
allel to the olivine c-axis maxima, and the slowest
Vs is measured along B-cores with a polarization
parallel to the olivine c-axis maxima.

Due to low temperature mineral alteration of
the rock samples (e.g., serpentinization) measured
properties do not represent the upper mantle
properties unless the proper corrections for the
alteration are made. In fact, similar corrections
are also necessary in velocity calculations, because
some alteration products of South African xeno-
liths have formed in the upper mantle by metaso-
matic processes [15]. An example of this is the
phlogopite and richterite in sample BD3108 (Ta-
ble I).

4. Calculated anisotropy

Seismic properties of rocks can be calculated

from single crystal elastic constants, densities,
model composition and petrofabrics of constitu-
ent minerals. The basics of the method have first
been described by Crosson and Lin [28]. This
method is particularly useful in studies of ultra-
mafic xenoliths, because they are usually too small
and too friable to core for laboratory measure-
ments. In this study, compressional and shear
wave velocities, shear wave splitting and fast
shear wave polarization directions are calculated
from the model composition and the petrofabric
data given in previous sections, but serpentine is
replaced by olivine and orthopyroxene with re-
spect to the ratio of their contents. The minerals
with no fabric data, such as gamet, clinopyrox-
ene, are assumed to be randomly oriented. Shear
wave splitting is defined as 0 Vs =2( Vs1 - Vs2)/

(Vsl + Vs2), where Vsl and Vs2 are fast and slow
shear wave velocities, respectively, for a particular
propagation direction. The Hill averaging method
has been used for our calculations [29]. Single
crystal elastic constants of olivine and their pres-
sure and temperature derivatives are taken from
Kumazawa and Anderson [30]. The single crystal
data of orthopyroxene and garnet are taken from
Frisillo and Barsch [31] and Bonczar et al. [32],
respectively. The pressure derivatives for ortho-
pyroxene appear unreasonably high compared to
those obtained from laboratory measurements on
pyroxenite to 3 GPa [33,34], therefore, a correc-
tion was applied accordingly in our calculations.
The single crystal data at room temperature and
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[100]

801675
CI: 3.0

Max: 10.2

801999
CI:4.0

Max: 14.0

Max: 5.5

Max: 7.8

Olivine
[010]

Max:4.8

Max: 18.9

Max:4.8

Max:6.7

[001]

Max:5.3

Max: 14.1

Max: 5.8

Max: 7.7

Fig. 3. Equal-area, lower hemisphere projection diagrams showing LPG of olivine and orthopyroxene. Each diagram consists of
at least 100 measurements for olivine, and 50-60 for orthopyroxene. Dashed lines are minimum contours. CI denotes contour in-
tervaL

pressure of clinopyroxene, hornblende and mica
are taken from Levien et al. [35], and Aleksan-
drov and Ryzhova [36], respectively. Average val-
ues at 4 GPa and 950°C, obtained with references
to previously published P-T data [11] for the peri-
dotite xenoliths from the same kimberlite pipe,
were used for pressure and temperature correc-
tions in the velocity calculations.

The calculated results are presented in Fig. 5,

and the contoured diagrams are in the same ori-
entation as the fabric diagrams in Fig. 3. The
average values of Vp, Vs, Vp anisotropy and max-
imum Vs splitting for these samples are 8.33 km/s,
4.75 km/s 5.4% and 4.4%, respectively. The Vp
distribution generally shows similar patterns to
the olivine fabrics, and for all samples, the max-
imum and minimum vP coincide with the pre-
ferred orientation of olivine a- and b-axes, respec-
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Max: 10.4

Max: 5.3

Max: 4.8

Max: 8.4

tively. The Vs distribution is also directly related
to the olivine fabric patterns. The distribution of
Vs splitting, however, displays a different and
more complicated pattern than that of the olivine
fabrics. This seems to be a common phenomena
and is physically understandable, simply because
the Vs splitting coefficient, unlike velocities, is not
a direct product of the elastic constants. The max-
imum Vs splitting generally occurs at the direc-
tions oblique to the olivine crystallographic axes,

Max: 9.3

Max: 9.0

Orthopyroxene

Max: 3.8

Max:12.8

Fig. 3 (continued).

Max: 11.0

Max: 8.1

Max: 5.0

Max: 7.0

although it tends to be parallel to olivine c-axis
maxima. The polarization diagrams in Fig. 5
show clearly that the fast Vs polarization direc-
tions vary with propagation directions.

5. Comparison of measured and calculated data

Differences between measured and calculated
velocities are often observed for polymineralic ag-
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Table 3
Measured shear wave velocities (V" bnls) at different pressures

Sample Density Pressures (MPa)

(kglm3) 20 40 60 80 100 200 400 600 800 1000

BDl675 aba 3.168 3.910 4.021 4.083 4.119 4.142 4.189 4.224 4.244 4.258 4.269
ab 3.694 3.818 3.889 3.932 3.959 4.012 4.047 4.066 4.080 4.091
ba 3.134 3.802 3.945 4.027 4.076 4.107 4.161 4.188 4.203 4.214 4.222
bc 3.569 3.707 3.793 3.847 3.882 3.945 3.970 3.982 3.991 3.998

BDl999 ab 3.116 3.405 3.627 3.772 3.871 3.939 4.075 4.131 4.155 4.172 4.186
ac 3.505 3.700 3.833 3.926 3.991 4.123 4.168 4.183 4.193 4.201
ba 3.103 3.243 3.423 3.549 3.640 3.706 3.855 3.915 3.935 3.949 3.960
bc 3.138 3.369 3.527 3.639 3.719 3.894 3.963 3.989 4.007 4.020

BD3024 ab 3.016 3.089 3.265 3.374 3.452 3.511 3.661 3.767 3.823 3.863 3.894
ac 2.876 3.177 3.355 3.465 3.535 3.669 3.748 3.792 3.823 3.848
ba 3.014 2.639 2.959 3.182 3.343 3.461 3.730 3.845 3.887 3.916 3.939
bc 2.575 2.946 3.193 3.362 3.479 3.709 3.787 3.815 3.835 3.851

BD3108 ab 2.976 3.158 3.287 3.373 3.435 3.479 3.583 3.636 3.659 3.676 3.689
ac 3.195 3.292 3.356 3.400 3.432 3.503 3.538 3.554 3.565 3.574
ba 2.997 3.492 3.596 3.660 3.702 3.730 3.787 3.818 3.835 3.847 3.856
bc 3.463 3.520 3.560 3.591 3.614 3.675 3.708 3.719 3.727 3.733

BD3659 ab 3.049 2.801 3.150 3.366 3.503 3.592 3.754 3.822 3.856 3.881 3.900
ac 3.039 3.295 3.470 3.592 3.678 3.858 3.920 3.941 3.956 3.967
ba 3.103 2.953 3.237 3.422 3.545 3.627 3.780 3.827 3.845 3.858 3.867
bc 2.939 3.204 3.388 3.519 3.614 3.826 3.914 3.946 3.968 3.986

BD3661 ab 3.121 3.707 3.823 3.890 3.933 3.963 4.039 4.104 4.142 4.170 4.190
ac 3.920 4.020 4.078 4.113 4.135 4.181 4.212 4.230 4.243 4.252
ba 3.126 3.899 3.946 3.975 3.996 4.011 4.054 4.089 4.110 4.124 4.135
bc 3.849 3.913 3.955 3.988 4.016 4.109 4.201 4.247 4.274 4.292

aThe first letter denotes propagation direction, and the second vibration direction
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gregates. Previous studies show that differences
between calculated and laboratory measured ve-
locities and anisotropies vary from sample to sam-
ple (e.g., [28,37]). A comparison of our two data
sets allows an assessment of the possible causes of
these differences. All velocities were reduced to
room temperature and pressure. Laboratory ve-
locities at atmospheric pressure were obtained
by extrapolations from pressures above 600
MPa (see Fig. 4) where the effects of microfrac-
tures and porosity are largely eliminated. The cal-
culated velocities are corrected for serpentine con-
tent by:

1/ V = Cserp/ Vserp + (I-Cserp)/Vsf

8.0

"""""''''''''''''''''''''''''''o''''''(J
o o o e &.......

7.5 00

J.
o.

(j)

E
-=-

7.0

BD1675 (A-core)

a.
> o.

6.5 . increasing pressure

a decreasing pressure

where Cserp is the volume percent of serpentine,
Vserpis velocity of serpentine, and Vsf is the ve-
locity of the serpentine free rock [28,38]. Since
single crystal elastic constant data for serpentine
have not been measured, velocities of serpentinite

6.0
o 200 400 600 800 1000

Pressure (MPa)

Fig. 4. An example of laboratory measured velocity-pressure
curve. Dashed line is linear fit to velocities measured at pres-
sures over 6 kilo bars and extrapolation to low pressures.
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Vp
CI: 0.1 km/s

BD1675

Max: 8.78 km/s

Max: 8.69 km/s

Max: 8.50 km/s

Max: 8.34 km/s

Max: 8.82 km/s

Max: 8.42 km/s

(jVs

CI: 1%

Max: 5.3%

Max: 6.4%

Max: 2.2%

Max: 3.2%

Max: 5.7%

Max: 3.2%

(jt (200 km)

CI: 0.5 sec.

Max: 2.3 sec.

Max: 2.8 sec.

Max: 0.9 sec.

Max: 1.4 sec.

Max: 2.4 sec.

Max: 1.3 sec.

Fig. 5. P-wave velocities (Vp), S-wave splitting coefficients (oVs, ot), and fast S-wave polarization directions (1/1)calculated from

petrofabric data of olivine and orthopyroxene. The diagrams are in the same orientation as the fabric diagrams in Fig. 3. Dashed

lines are minimum contours. CI denotes contour interval.
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Table 4
Comparison of measured and calculated velocities

Sample Vp Vs

calculated measured Vcal- Vmea calculated measured Vcal- Vmea

BD1675 -aa 7.76 7.57 0.19

-b 7.41 7.33 0.08
-ab 4.23 4.23 0.00
-ac 4.24 4.03 0.21
-bc 4.15 3.96 0.19

BD1999 -a 7.24 7.64 -0.40

-b 6.95 7.03 -0.08
-ab 3.83 4.00 -0.17
-ac 3.89 4.16 -0.27
-bc 3.79 3.92 -0.13

BD3024 -a 7.10 7.08 0.02
-b 6.96 6.60 0.36
-ab 3.81 3.78 0.03
-ac 3.82 3.75 0.07

-bc 3.78 3.77 0.01
BD3108 -a 6.67 6.75 -0.08

-b 6.56 6.70 -0.14
-ab 3.51 3.70 -0.19
-ac 3.52 3.53 -0.01
-bc 3.49 3.70 -0.21

BD3659 -a 7.23 7.00 0.23
-b 6.87 6.87 0.00
-ab 3.80 3.80 0.00

-ac 3.82 3.88 -0.06
-bc 3.72 3.88 -0.16

BD3661 -a 7.66 7.54 0.12

-b 7.42 7.42 0.00
-ab 4.21 4.07 0.14
-ac 4.26 4.19 0.07
-bc 4.19 4.18 0.01

"The first letter denotes propagation direction, and the second viberation direction

(Vp =5.0 krn/s, Vs =2.5 kmls) are used in the cor-

rection [39]. Comparisons of the measured and
calculated velocities (Table 4) illustrate the follow-
ing: (1) many of the calculated velocities agree
well with the measured velocities, (2) the differ-
ences between measured and calculated velocities
vary from sample to sample with an average of
1.7% for Vp and 2.1% for Vs, (3) calculated veloc-
ities are higher than measured velocities for un-
foliated samples (BD1675, BD3024, BD366l, and
BD3659) and lower for foliated samples (BD1999
and BD3108).

The accuracy of laboratory velocity measure-
ments using the pulse transmission technique has
been rigorously evaluated by Christensen and

Shaw [40], and the error is generally regarded to
be less than 0.5% for Vp and 1% for V,. There-
fore, the error associated with this technique can-
not explain some of the observed velocity differ-
ences. Although the accuracies of the fabric
measurements and modal analysis are difficult to
evaluate, it is expected that with a large number
of grains, the measured fabric strength tends to be
stabilized. Similarly, modal analysis becomes
more reliable by increasing the number of grains
and the area counted.

Another possible source of the velocity differ-
ences is the presence of structures larger than lat-
tice scales in the rocks, such as foliation and lin-
eation defined by compositional banding and/or
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Fig. 6. Comparison of measured and calculated P-wave ve-

locities at room temperature and pressure. Triangles repre-
sent foliated samples (BD1999 and BD3108), and diamonds
are of unfoliated samples. The straight line is plotted for

measured Vp=calculated Vp.

grain shape, because the calculations assume that
rocks are uniform in composition and the individ-
ual mineral grains are equigranular. A close cor-
relation of the velocity differences with the struc-
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tures displayed in the rock samples suggests that
'structure-induced error' in the calculations may
be significant. Calculated velocities of foliated
samples (BD1999 and BD3108) are lower than
measured velocities, but calculated velocities of
unfoliated samples (BDI675, BD3024, BD3661,
and BD3659) are systematically higher than meas-
ured velocities (Fig. 6). The good correlation be-
tween measured and calculated velocities for a
majority of the samples suggests that the Hill
average is reasonable for our samples. Other aver-
age techniques such as the shear-lag model [41]
would improve the agreement for selected sam-
ples.

6. Discussion

6.1. Previous studies of xenolith anisotropies

In order to obtain the overall averages of the
upper mantle anisotropies, we compiled all the
published xenolith data reported over the past
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Table 5
V, splitting along anisotropic symmetry axes and calculated anisotropic layer thickness with ot = I s

Sample a-axis b-axis c-axis Maximum splitting

V,I V,2 oV, h V,I V,2 oV, h Vsl Vs2 oVs h oVs h
(%) (km) (%) (km) (%) (km) (%) (km)

BD1675 4.77 4.76 0.2 2271 4.76 4.65 2.3 201 4.77 4.65 2.5 185 5.1 93
BD3569 4.85 4.79 1.2 387 4.79 4.59 4.3 110 4.85 4.59 5.5 86 5.9 81
BD3108 4.70 4.62 1.7 271 4.62 4.57 1.1 422 4.70 4.57 2.8 165 3.2 148
BD3024 4.81 4.80 0.2 2309 4.80 4.70 2.1 226 4.81 4.70 2.3 206 2.5 190
BD366 I 4.83 4.72 2.3 207 4.72 4.67 1.1 441 4.83 4.67 3.4 141 3.4 140
BD1999 4.87 4.74 2.7 178 4.74 4.62 2.6 182 4.87 4.62 5.3 90 6.3 75
Average 4.81 4.74 1.5 326 4.74 4.63 2.3 200 4.81 4.63 3.8 124 4.4 108

Vs 1 =fast V" Vs2 =slow Vs, 0 V, = V, splitting, h = anisotropic layer thickness.
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30 years including data from this study. These
results are presented in Fig. 7. This data set in-
cludes calculated Vp and Vs anisotropies for 30
xenoliths [11,29,37,42], 27 measured Vp anisotro-
pies [29,37,39,43-45], and 22 measured Vs aniso-
tropies [29,37,39,44]. Compilations of average ani-
sotropies [12,13], where individual sample
anisotropies have not been reported, are not in-
cluded in our figures. The measured anisotropies
presented in Fig. 7a,c are at 1.0 GPa and room
temperature. The calculated data have been re-
ported for a variety of P-T conditions. However,
calculated anisotropies do not vary significantly
with pressure and temperature (e.g., [37]).

The measured average anisotropies (5.5% for
Vp, 3.5% for Vs) and calculated values (6.3% for
Vp, 4.5% for Vs) agree quite well. The calculated
anisotropies are slightly higher (-1%) than meas-
ured anisotropies for both Vp and Vs. There are
several possible explanations for these differences.
Many calculations assume a random orientation
for pyroxene in peridotite. Previous studies (e.g.,
[10]) show that orthopyroxene a-, b- and c-axes
maxima parallel the olivine b-, c- and a-maxima,
respectively. This relationship produces a lower
anisotropy than random pyroxene orientation.
On the other hand, laboratory measured anisotro-
pies of peridotite xenoliths are lowered by small
amounts of glass (quenched melt [37]), low tem-
perature alteration (e.g., serpentinization with a
random crystallographic orientation) and high
porosity [44] probably also originating from de-
compreSSIOn.

NE

/

Fig. 8. Olivine preferred orientation in the upper mantle be-
neath South Africa.

6.2. Comparison of xenolith anisotropy with SKS
and Pn anisotropies

Vinnik, et al. [16] measured the SKS delay
times and fast Vs polarization directions at seven
stations spread over the Kaapvaal Craton (Fig.
1). Their results showed an average delay time
(ot) of 1 s and fast S-wave polarization directions
(q,) at approximately N30oE, which is close to the
APM of South Africa plate. They predicted that
the Vsanisotropy of the upper mantle is 2%, given
an anisotropic layer thickness of 250 km. To pro-
vide constraints on the interpretation of observed
SKS data, we have calculated possible layer thick-
nesses for various propagation directions based
on our mantle xenolith anisotropies and the ob-
served SKS delay time (Table 5). Our results show
that the predicted layer thicknesses vary greatly
with propagation direction. Although the thinnest
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layer predicted for the maximum splitting direc-
tion may be considered as a lower bound, a more
specific range of slab thickness cannot be deter-
mined without additional constraints. From stud-
ies of experimental petrology (see [12] for a re-
view) and observation seismology (e.g., [46]), it
is generally accepted that an anisotropic layer of
about 200 km thick within the upper mantle is
reasonable and observed SKS delay time mainly
originates in this layer. If this is the case, our
results indicate that the SKS ray path is possibly
parallel or subparallel to olivine b-axes maxima,
and the fast S-wave polarization parallel to oli-
vine a-axes maxima (Fig. 8). This model gives
rise to a subhorizontal foliation, which is consis-
tent with the 3-D tomographic model of shear-
wave velocity anisotropy in Precambrian cratons
of Ekstrom and Dziewonski [47].

The recent study of upper mantle velocity struc-
ture of South Africa by Zhao et al. [17] obtains a
P-wave velocity of 8.38 km/s at 150 km depth.
This velocity is an average value for approxi-
mately horizontal propagations, and it is in excel-
lent agreement with the average laboratory Vp
(8.40 km/s) in the foliation plane (a-c plane) of
our samples supporting a horizontal foliation
model for the region.

7. Conclusions

Seismic properties of six kimberlite nodules col-
lected from the Bulfontein Mine, South Africa,
were determined by laboratory measurements
and numerical calculations from the LPO data
of olivine and orthopyroxene. By interpolating
to in situ P-T conditions (4 GPa, 950°C; approx-
imately 150 km in depth), we obtain average
properties of Vp (8.31 km/s), Vs (4.75 km/s), Vp
anisotropy (5.4%), and maximum Vs splitting
(4.4%). Our data show that effective elastic sym-
metries of individual samples are mainly con-
trolled by their olivine fabric patterns and that
axial symmetry is common with a symmetry axis
parallel to olivine a-axis maximum concentra-
tions. While the velocities are directly related to
the effective elastic constants, the Vs splitting usu-
ally shows a different more complicated pattern.

The maximum Vs splitting generally occurs at di-
rections close to olivine c-axes maxima.

Differences between calculated velocities and
measured velocities may originate from several
sources. Structures larger than lattice scales in
the rocks, such as foliation and lineation defined
by compositional banding and/or grain shape in-
fluence anisotropies [48,49]. Velocity calculations
assume uniform distributions of mineral grains
and equigranular textures. Therefore, the higher
anisotropies are expected from laboratory mea-
surements on relatively large volume rock cores,
which sample layering and grain shape as well
as LPO. On the other hand, the calculated veloc-
ities and anisotropies may be higher than the
measured velocities and anisotropies due to sim-
plifications in modal mineralogy used in the
calculations and small amounts of alteration
and porosity in the samples used in the velocity
measurements.

Measured SKS delay times show much varia-
tion on the global scale, usually ranging between
o and 2 s. This variability likely results from var-
ious sources including variations in anisotropic
layer thicknesses, magnitude of rock anisotropy,
and in situ orientations of anisotropy symmetry.
Because the anisotropy of most xenoliths falls in a
narrow range (Fig. 7), delay time variations likely
reveal lateral variations of structural orientation
in the upper mantle. The fast Vs polarization is
not necessarily in the direction of stretching line-
ation (Figs. 3 and 5). Based on the SKS and Pn
data measured in the Kaavaal Craton and the
properties of upper mantle xenoliths obtained
in this study, a likely in situ structural orienta-
tion of upper mantle foliation is horizontal/sub-
horizontal, i.e. the preferred orientation of olivine
b-axes is vertical or subvertical, and the fast Vs
polarization parallels the stretching lineation (oli-
vine a-axes maxima).
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