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INTRODUCTION
Seismic discontinuities in the Earth’s mantle have been interpreted as phase
transformations (1). Little attention has been paid to the three dimensional nature of
seismic properties of regions undergoing phase transformation or the anisotropy of the
petrophysical properties of such regions. Recent progress in anisotropic seismic

tomography (2) reveals the need for a better understanding of the anisotropic rock
properties. Potentially the knowledge of anisotropic properties will add a futher
constraint for the development of more realistic large scale geodynamic models.

PHASE TR.ANSFORMATIONS
The mechanisms phase transformation can be complex, we can to a first
approximation classify the mechanisms into two classes.
1. Nucleation & Growth, a mechanism which depends on .a nucleation event and
diffusion controlled growth process.The nucleation is usually hetereogeneous on
imperfections. Depending on the anisotropy of crystal structure and the thermodynamic
conditions this mechanism may or may not result in an orientation relationship between
"old" and "new" phases.
2. Martensitic mechanism is a diffusionaless transformation. The crystal
structure of the "old" phase is sheared in systematic coordinated manner such that any
atom is moved by less than one atomic spacing. Martensitic transformation results in
changes of crystal structure, but not composition. Such transformation always produce a
fixed orientation relationship between the "old" and "new" phase.

DESCRON OF ORIENTATION RELATIONSHIPS
It is traditional in quantative texture analysis to describe the orientations of an
ensemble of grains by the Orientation Distribution Function (ODF) (3). The orientation
of an individual grain (crystal) may be defined by three Euler angles (tpl, tp2) which

,
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describe the rotation between the crystal and specimen reference frames. In a similar
manner one can deC’me the orientation (Ag) of the "old" phase reference with respect to
"new" phase (fig.l). Using such a description of the orientation relationships it is easy
to show that the orientation of the new phase is given by

(nneW) =Ag.S
g

S

old
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old

old

where n is the n symmetry operations of the old phase and gold is the "old" phase
orientation. Using such an approach we have calculated the ODF of the "new" phase
using the ODF of the "old" phase, the symmetry operations and the know orientation
relationships (Ag).

CALCULATION OF PETROPHYSICAL PROPERTIES
Given the appropriate tensor transformation law (4) we can rotate the
petrophysical constants into their orientation in sample coordinates. For the case of
triclinic crystal and specimen symmetry the average polycrystal tensor () can be
determined by integration as
T(g). fig). dg
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where T(g) is the tensor in sample coordinates and f(g) the ODF. The familiar Voigt,
Reuss or Voigt-Reuss-Hill averages may be calculated in this manner.

ALPHA-BETA QUARTZ TRANSITION
The alpha-beta quartz transition is a good test case for the method presented here
because all the petrophysical constants have been determined. We have used the ODF of
an alpha-quartz polycrystal (fig.2) quartzite GRAN133 (5) which is known to have
experienced 13-quartz stability conditions (granulite metamorphic facies).
For the extraction of hydrothermal energy, thermal cracking of the source region
is an important process for producing permeability in granites and quartzites. The
anisotropy of thermal expansion, elastic properties and the temperature change are the
important parameters which determine the degree and orientation of thermal cracks. The
thermal expansion of a quartz single crystal and polycrystal GRAN133 (fig.3) have been
calculated using the data of Skinner (6). The minimum thermal expansion occurs parallel
to the c-axes. The smoothness of the distribution of thermal expansion is due to the
second order nature of this tensor property.
We have undertaken a simimar calculation for the compressional seismic
velocity (Vp) as a function of temperature for GRAN133 (fig. 4) using the single crystal
elastic constants of McSkimin et al. (7), Zubor and Firsova (8), Kammer et al. (9) to
cover the temperature range. The calculated Vp can be compared with experimental
determination by Kern (10) on a quartzite with a weak texture. The calculations agree
well with the experimental results except that the minimum velocity, associated with the
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transition is displaced by 80C. The shift in the experimental minimum is due to
internal stresses generated by the anisotropic thermal expansion. The differential stresses
cause a shift of the transition temperature (11).

OLIVINE-SPINEL TRANSITION
Various models have been proposed for the olivine->13-spinel transition in recent
years. The transition is thought to be responsible for the major seismic discontinuity in
compressional (Vp) and shear wave (Vs) velocities at 400 km depth in the Earth’s
Mantle. As an illustration of the potential of the method described here we will model
the transition using the crystallographic relationships for Ag proposed by Madon and
Poirier (12) from which

(1 0 0) olivine//(1 0)I]-spinel
[0 0 1] olivine//[0 0 1] I-spinel
For the ODF of the "old" or olivine phase we have used an ODF calculated from a
kimberlite nodule (Bulfontein, South Africa) extracted from a depth of 140 km in the
Upper mantle (13). The calculated pole figures for the -spinel (fig. 5) show the
alignement of [001] olivine and [001] spinel. The calculated Vp for olivine show a"
maximum which corresponds to maximum of [100] axes (the fast Vp direction),
similarly the calculated Vp for -spinel shows a maximum which corresponds to a
maximum of [010] axes. Note that the maximum velocities in the olivine and spinel
polycrystals are not parallel but rotated by 90 indicating a fundamental change in the

,

orientation of the seismic anisotropy at the transition.
The composition of the Mantle is currently the subject of much speculation. At
the 400 km depth the composition has been estimated to be either 70% olivine (1) or
40% olivine (14). Seismic observations suggest that velocity jump (AVp) at 400 km for
Vp is
3.5

<

(V-lobs< 6

according to Montagner and Anderson (2). If the transition occurs over a small depth
interval ( less than 10 km) (15) we can assume that only phase transformation
contributing to AVp is the olivine->l-spinel. It is reasonable to estimate the volume
fraction of olivine (Xol) in the transition zone by
(AVp/Vp) obs
Xol- (AVp/Vp)
t-I
where (AVp/Vp) obs is given by Montagner and Anderson (2) and (AVp/Vp) -13 is the
velocity change for a pure olivine aggregate transforming to -spinel. Using such an
approach will give values of between 56% < Xol < 96% for propagation directions along
X in fig. 5 or 19% < Xol < 33% for propagation along Z. We suggest that it is
important to take into account the propagation direction when undertaking such
evaluations.

342

D. MAINPRICE

CONCLUSIONS
1. A quantative calculation of the petrophysical properties of a transformed polycrystal is
possible.
2. The seismic properties "above" and "below" the phase transformation (e.g. 400 km,
olivine-spine!) can be used to characterize an interface or reflector.
3. Further constaints on the Earth’s Mantle composition may be possible with
a) control of the propagation direction in seismic data
b) crystallographic characterization of the transformation under Mantle conditions (low
stress, high temperature and pressure).
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FIGURE 1. Euler angle description of misorientation between phases
POLE FIGURES OFGRAN 133
c

L

a

rn

L

FIGURE 2. Polefigures of quartzite GRAN 133 recalculated from ODF
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THERMAL EXPANSION OF" QUARTZ AND GRAN 133
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FIGURE 4. Compressional wave velocities for GRAN 133
calculated from ODF
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Olivine Pole Figures
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FIGURE 5. Olivine and Beta-Spinel pole
figures recalculated from ODF
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FIGURE 6. Compressional wave velocities
for single crystal and polycrystalline olivine
and beta-spinel

