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ABSTRACT

Olivine is a relatively loose structure. At low pressure
it is stable because unshared octahedral edges may extend far
enough to reduce the repulsion force between cations in edge-
sharing octahedra and tetrahedra. At high pressure the large
volume in olivine makes it unfavorable, so the more compact
spinel structure becomes stable. Because the octahedral site
in spinel is smaller than in oliyine, the crystal field
stabilization free energy for Fe% ions in spinel is larger
than in olivine. Consequently, the pressure for the olivine+
spinel transition in Fe3Si04 may be lowered by the crystal
field stabilization. ,

vinerspinel transition in the MgpSitg-
Fe;Si04 system with Mg/ (Mg+Fe)<0.4 has been measured by using

a modified diamond anvil press with external heating. The
experiments were performed at pressures well above equilibrium
under isothermal and isobaric conditions. The kinetics of the
olivire+spinel transition are consistent with a model of
nucleation and growth. For powdered samples nucleation on

grain surfaces is very fast so that grain surfaces are exhausted
at an ~arly stage of transition. Most of the transition is then
duc to the growth of existing nuclei. The rate of the olivine~
spinel transition is therefore controlled by the growth rate

of the spinel, which was found to increase exponentially with
increasing temperature. The growth rate is insensitive to
pressure change beyond a certain overpressure. This may imply
that the activation energy of growth (Q5) for spinel is nearly
constant and the activation volume for the olivine+spinel
transition is negligible. Measured Qs increases almost linearly
with the Mg/ (Mg+Fe) ratio. For olivine of the possible mantle
composition, the extrapolated value of Qa is approximately

80 Kcal/mole. Because high shear stress peculiar to the diamond
anvil press used in this study might reduce Qg by changing the
growth mechanism of spinel, the above value of Qz may be a
lower bound for the olivine+spinel transition in the mantle.
Based on this value of Q5 and a reasonable estimate of grain-
sizes of olivine in the mantle, it is concluded that the
olivine+spinel transition in downgoing slabs may not occur
below a temperature of 500 to 600°cC.
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Since the temperature within a downgoing slab varies
greatly according to different models of calculation, it
is not clear at this stage whether the temperature is low
enough to suppress the olivine+spinel transition. If the
olvine»+spinel transition can not be suppressed, it may not
be responsible for the genesis of deep-focus earthquakes.
However, the rise of the olivine-spinel boundary across
the cold interior of downgoing slabs provides an additional
driving force for the plunging of these slabs. The distortion
of the olivine-spinel boundary may also control the stress
distribution in downgoing slabs and may be responsible for
the observed alignment of principal stress axes of deep-
focus earthquakes.

THESIS ADVISOR: ROGER G. BURNS
PROFESSOR OF MINERALOGY AND GEOCHEMISTRY
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Chapter 1
INTRODUCTION

1-1: The 400 km Discontinuity:

Olivine of composition approximately Fo has been widely

90
accepted as the dominant mineral in the upper mantle (O'Hara,
1970; Ringwood, 1970). The abundance of olivine in the
upper mantle has been estimated to be about 60-70 wt.%. Major
phase transformations in olivine will then have drastic effects
on the properties of the mantle.

Gol%gchmidt (1931). demonstrated that MngeO4 olivine
could transform into a denser phase of the spinel structure.
By analogy, Bernal (1936) predicted that olivine in the mantle
might also transform into the spinel structure at high pressure.
He further suggested that this olivine?spinel transition might
result in the rapid rise of density in the mantle. Jeffreys
(1937) suspected that the olivine-»spinel transition might be
responsible for a rapid increase of the compressional wave
velocity in the upper transition zone. This rapid increase
of P-wave velocity could explain the observed curvature in the
travel—-time curve associated with the so-called "20° discontin-
uity". Birch (1939, 1952) demonstrated that the density and
seismic discontinuities in the transition zone could be due to
major phase transformations of silicate minerals instead of
compositional changes. Later studies (Anderson, 1967; Johnson,

1967; Kanamori, 1967; Archambeau et al., 1969; Whitcomb and

Anderson, 1970; Helmberger and Wiggins, 1971) revealed that



-15-

there are two major seismic discontinuities located at depths
of 400 km and 650 km (Figure 1-1). These two discontinuities
could extend universally under normal tectonic provinces
(oceanic and continental). The large rise of seismic veloci-
ties (about 1 km/sec for Vp) for the two discontinuities
indicated that major minerals in the transition zone were
involved in intensive transformations. As olivine is the most
abundant mineral in the upper mantle, its transformations into
denser modifications could be responsible for the two discontin-
uities in the transition zone, provided the transformations
are intengive (large inérease of densiﬁy) and £he P-T condi-
tions at which they occur can be correlated with the depths

of the discontinuities.

1-2: Phase Diagram in the MgZSiO,,—FeZSiO,1 System:

The first olivine’spinel transition was demonstrated by
Ringwood (1958) in Fe25i04. The same transition has been
repeated by other investigators, using different high pressure
equipment (Wentorf, 1959; Dachille and Roy, 1960; Boyd and
England, 1960; Bradley et al., 1963). Detailed experimental
studies of the olivine-spinel phase boundary in Fezsio4 using
tetrahedral anvil press were carried out By Akimoto et al.
(1965, 1967). The phase boundary determined was later revised
by Mao et al. (1969), using a more precise pressure calibra-
tion scale. The olivine®¥spinel transition for the whole range

of compositions in the system MgZSio4—FeZSiO4 was reported by

Ringwood and Major (1966). They found that both olivine (the
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Fig. (1-1)

Seismic velocity profiles across the mantle (After
Akimoto et al, 1976). Curves designated by K, AFL and
HW represent the models proposed by Kanamori(1967) for
the Japanese Islands, by Archambeau, Flinn and Lambert
(1966) for the Western continental United States, and
by Helmgerger and Wiggins(1971) for the Midwestern United
States, respectively. Note the sharp increase of P wave

velicity at 400 and 650 Km depth.
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a—phase) and spinel (the y-phase) form continuous solid solu-
tions showing close to ideal behavior,. as evidenced by almost
linear relationship between their lattice parameters and
composition. However, they noticed that extra x-ray diffraction
lines existed in the patﬁern of synthesized 'spinels' with

Mg/ (Mg+Fe) ratios greater than 0.85. They attributed this to
the distortion of spinel during quenching from high pressure
and temperature. Akimoto and Ida (1966) claimed the success

in synthesizing Mgzsio4 'spinel', using the revised Drickamer's
high pressure cell. They also noticed the presence of extra
lines in their 'spinel'. Detailed studies of the olivine~
spinel transition for Mg/ (Mg+Fe) ratios less than 0.8 using

the tetrahedral anvil press, have been reported by Akimoto and
Fujisawa (1966, 1968). They confirmed that the spinel solid
solution was continuous and behaved like an ideal solution.
Ringwood and Major (1970) first presented a complete isothermal
section of the system Mgzsio4-Fezsi04 at 1000°C. They used

the Bridgman anvil press as the high pressure apparatus. The
phase diagram is characterized by the emergence of an orthor-
hombic solid solution (the B-phase) at high pressure for the
Mg/ (Mg+Fe) ratio greater than 0.8. They demonstrated that all
the previously claimed Mgzsio4 'spinels' were actually the B-
phase. The existence of the stability of the B-phase in Mg-
rich compositions was also reported by Kawai et al. (1970)

and Ito et al. (1971) in their studies, using an octahedral
anvil split-sphere press, of the high pressure transformation

of a natural olivine of composition F093. The dependence of
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isothermal sections of the system MgZSiO4--FezsiO4 on temperature
was studied by Akimoto (1972), using a revised Bridgman anvil
press. He observed a remarkable expansion of the stability
field of the B-phase with temperature. The high pressure part
of the isothermal section at 1000°C was completed by Suito
(1972) who finally succeeded in synthesizing a true MgZSiO4
spinel by using a double-stage split-sphere press. The
syntheses of Mgzsio4 spinels were also reported by Ito et al.
(1974) and Mizukami et al. (1975), using the same type of press.
Typical isothermal sections of the sy§tep MgZSiO4—FeZSiO4 at
different temperatures are shown in Figure (1-2)

Although the phase boundary of the olivine#spinel transi-
tion in Fezsio4 can be accurately determined, the phase bcund-
aries among the three phases, o, B, and Yy, in Mg28i04 are not
well known. This is because the transitions in MgZSiO4 occur
at higher pressure where the accuracy of the pressure measure-
ment is low. In addition, the transitions in Mgzsio4 are much
more sluggish than in Fe,SiO,. The hysteresis of transition

2 4

in Mgzsio4 is very large even when fine powders, and mineral-
izers such as water or Mg(OH)Z, are used to facilitate the
reaction. As a consequence, wide discrepancies exist among
determinations of the relative stabilifies of the three phases,
o, B, and y, in MgZSiO4. However, all experimental data
indicated that all the three phase boundaries have positive
P-T slopes. Table (1-1) summarizes the available experimental

results on phase boundaries among the three phases in

Fe,Si0O

2 4 and MgZSiO4.
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Fig. (1-2)

Typical isothermal sections of the system Mg28i04—
Fe28i04(after Akimoto et al, 1976). Note the emergence
of the B -phase stability field at the high magnesium
composition, and the expansion of this stability field
with increasing temperature. Dotted lines are compositions
of olivine and its high pressure derivatives. The incre-
ase of iron content in the high pressure phases is due
to the preferential partitioning of iron between them

and garnet.
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Table (1-1)

DEGENERATED UNIVARIANT PHASE BOUNDARIES AND THE THREE
PHASE(a ,8 , Y) UNIVARIANT LINE IN THE Mg28104-Fe28i04
SYSTEM.

Mg,Si0, Fe,Si0

2510,
a=B B-Y a=y a=y
P=2+0.13T'2 P=390-0.227T'P P=87+0.048T'2 P=21+0.0287'®
b p=138+0.0477'P d £

P=77+0.048T" P=78+0.062T'¢ P=25.5+0.026T"
P=78+0.040T'C P=31+0.144T'¢ pP=95+0.030T'"

P=72+0.053T'°

Three phase(q ,8 , y) univariant line: P=8140.033T'C

Unit: P(Kb), T'(°C)

References: a) Suito, 1972
b) Ming, 1974
c) Sung, this work, based on the selected data
of Table(l1-2), also shown in Fig. (1-3)
d) Akimoto and Fujisawa, 1968
e) Ringwood and Major, 1970
f) Mao et al, 1969
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At even higher pressures and temperatures, olivine and
spinel phases in the Mgzsi04—Fe28iO4 system have been shown to
decompose into magnesiowilistite solid solution and stishovite
(Kumazawa et al., 1974; Ming and Bassett, 1975). The phase
boundaries for this decomposition were shown to have negative
P-T slopes. However, Jackson et al. (1974) have proposed
that the entropy of spinel will substantially increase at
high temperature due to the disordering of Mg, Fe, and Si
atoms. If this effect is taken into account, the slopes of
decomposition of spinel may be less negative or even positive.

Carefully selected'data for high‘pressure transformations
-Fe,.Si0O, system are listed in Table

4 2 4
(1-2). These data were selected in such a way that, for each

available in the Mgzsio

particular temperature, the transformation pressure is the
minimum value for the reaction going in the forward direction,
léw pressure phase+high pressure phase. Conversely, the maxi-
mum pressure value is chosen for the reaction going in the
reverse direction. These data usually correspond to experi-
mental runs with the longest duration and the least degree of
transformation at each temperature. The purpose of selecting
data in this way is to minimize the effect of the hysteresis

of the transformation. The equilibrium phase boundary should
lie between the data points of forward and reverse reactions.
In the case of transformations that occur at higher pressure in
Sio

Mg the experimental data for the reverse reaction are not

2 4’
available. The phase boundary should lie on the low pressure

side of the data points for the forward reaction. The
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Table (1-2)

SELECTED DATA TO CONSTRUCT THE PHASE DIAGRAM OF THE SYSTEM

MgZSiO4-FeZSiO4 SHOWN IN FIG. (1-3)

P (Kb) 7' (°C) t(min.)Composition Reaction Method Ref.

42.740.5 755410 120 Fe,Si0 o+>a+v(small Exp. a

2 4 amount)

47.24#0.5 870+10 45 " a~aty (80%) " "
44.340.5 885+10 26 " v~ "

49.340.5 1025+15 30 " a+y " a
49.34+0.5 1145+10 15 " Yo " "
54.240.5 1170+10 10 " a+a+y (60%) " "
5741 «1300+5 10 " asa+y (30%) " "
55.8+0.5 1320+5 10 " Yo " "
58.3+0.5 1340%5 10 " a+o+y (80%) " "
54.2+40.5 135545 10 "o ) " "
57.5+0.5 1485+5 5 " a+a+y (80%) " "
0.001 1205+5 - n asat L n "
17.040.5 131545 5 " gt (508) " "
30.040.5 1415+10 5 " a+o+%(408%) " "
43.540.5 1455+5 5 " a+a+2(30%) " "
54.240.5 1505+10 5 " a+a+2 (80%) " "
61.2+0.5 157545 4 " a->y(small " "

amount) +%

64.040.5 1615410 4 " a+y+2 (rare) " "
69.0+0.5 1710+10 3 " a+Y+2 (60%2) " "
15845 - 1600+100 - " AWHS " c
100415 530 - MgZSiO4 o+a+y Ext. d
125413 10004200 - " a+o+Y " "
110+11 800+20 60 " oo+ B Exp. e
118+12 1000 3-5 " a+B "

175 1000 - " a->-B+y Ext. g
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Table (1-2)
(CONTINUED)

P (Kb) 7' (%) t(min.)Composition Reaction Method Ref.

0.001 189020 - Mg28104 o+a+l Exp. h
5.5 1930 1 " a+% " i
12.5 1975 1 " oL " "
18 1980 2 " a+a (33%)+2 " "
25 2030 2 " ara (50%)+2 " "
30.5 2030 1 " a+o (33%)+2 " "
39.5 2105 1 " a+g " "
330 1000 30 " a>W+S " j
114+12 1000+200 3-5 (MgO.QFeO.l)Z " f
» SiO4 o+a+B+y
134 1600 - " o+o+B+y Est. b

References:
a) Akimoto et al(1967)
b) Akimoto et al(1965)
c) Ming and Bassett(1975)
d) Ringwood and Major (1966)
e) Suito(1972)
f) Ringwood and Major (1970)
g) Akimoto(1972)
h) Bowen and Anderson(1914)
i) Davis and England(1964)
j) Kumazawa et al(1974)
Note:
(1) The pressure calibration for Akimoto et al (1965, 1967)
was based on II-III transition in Tl at 36.7 Kn, and
ITI-IV transition in Ba at 59 Kb. The pressure for
the latter transition has been revised to 55 Kb(see
Mao et al(1969). Pressure between 36.7 to 55 Kb in
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Table (1-2)
(CONTINUED)

their works have been recalculated by P'=36.7+

(P-36.7)x((55-36.7)/(59-36.7)), where P' and P

are pressures listed in this table and reported
in Akimoto et al (1965, 1967), respectively.

(2) Slopes of the phase boundary y-+w+s shown in Fig.
(1-3) are tentatively assumed to be: -0.022 Kb/OC
for Fe28i04(Ming and Bassett, 1975); and -0.013
Kb/OC for Mg28i04(Ahrens and Syono, 1967). These
slopes may be less negative or even positive
due to the possible increase of entropy in spinel
at high temperafure(Jackson et al, 1974).

(3) Symbols in this table are:
o=olivine
B=modified spinel
Y=spinel
s=stishivite
w=wlistite or magnesiowlistite
2=liquid
Exp.=Experimental
Ext.=Extrapolated from the iron rich compositions in

a pressure-composition phase diagram
Est.=Estimated
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sé;ected data in Table (1-2) are self-consistent. Extrapolation
of phase boundaries based on these data to the P-T conditions
corresponding to depths of 400 km (130 kb and 1600°C) and

650 km (240 kb and 1800°C) has revealed that the two major
phase boundaries in mantle olivine of composition
(Mgo.9Fe0.l)25iO4 may coincide with the two major seismic
discontinuities in the transition zone. The eutectoid
reaction, o + a+y > o+B + B, may be responsible for the dis-
continuity at 400 km depth, and the peritectoid reaction,

Y + y+w+s » B+w+s > w+s, where w and s denote magnesiowiistite
solid solution and stishovite, respeéEiGer, may be respons-
ible for the discontinuity at 650 km depth. These two reac-
tions could be intensive enough to cause the observed seismic
discontinuities in the transition zone. Based on the data

of Table(1-2), and the above aséumptions that the two seismic
discontinuities are due to the transformations of olivine

and its high pressure modifications, the P-T phase diagram
of the system MgZSiO4-Fe28iO4 is proposed as shown in Figure
(1-3). The high P-T region of this diagram is purely specula-

tive, and is subject to revision as new data becomes available.

1-3: High Pressre Transformations of Olivine in the Mantle:

Superimposed on Figure (1-3) are a range of geotherms
(between X and Y) under normal tectonic provinces (Ahrens,
1972), and a possible geotherm for the cold interior of a down-
going slab, corresponding to constant shear stress on the slip

zone (Turcotte and Schubert, 1973). The polythermal and poly-
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Fig. (1-3)

Proposed phase diagram for the pseudo-binary system
Mg28i04—FeZSi04. Plotted data and symbols for the phases
are shown in Table (1-2). Fine and coarse lines are
univariant lines for one component systems(Mg25104 or
Fe28i04), and for two(MgZSiO4—FeZSiO4, MgO-SiOz, or
FeO-SiOz) or three (MgO-FeO-SiOz) tomponent systems,
respectively. AB(g 8 +vy ) and CD( B+y + wts ) are
univariant lines responsible for 400 Km and 650 Km
discontinuities, respectively. X and Y are the range
of geotherms under continental and oceanic plates
(Ahrens, 1972). Z is the geotherm of the coldest part

of a rapid-plunging downgoing slab (Turcotte and Schubert,

1973).
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baric sections of the phase diagram along the two distinct
types of geotherms are shown in Figure (1-4). Dashed lines in
Figure (1-4) are the possible compositions of olivine and its
high pressure modifications in the mantle. The increase of
iron content in the high pressure modifications of olivine co-
existing with garnet has been proposed by Akimoto et al. (1975).
It is interesting to note that a series of reactions may occur
under normal tectonic provinces. They are: a > o+y =+ a+f >

B + B+Yy + Y + y+w+s +» B+w+s - w+s. Whereas the first three
reactions may be responsible for the 400 km discontinuity, the
next two reactions are less intensiveraﬁd‘may be responsible
for the second order seismic discontinuity occasionally
observed at about 550 km depth (Figure 1-1). The last four
reactions may be responsible fpr the 650 km discontinuity.

On the other hand, the reactions taking place in the cold
iﬁterior of a downgoing slab could be much simpler: a -+ a+y -
Yy + y+w+s > w+s (Figure 1-3b). The first two reactions may
occur at depths shallower than 400 km depth, and the last two
reactions may occur deeper than 650 km. The reactions in the
cold interior of the downgoing slab may not involve the B-
phase, since the stability field of the B-phase may wedge out
at low temperature (Figure 1-3). It should be noted that the
major phase in the transition zone could be the B-phase under
normal tectonic provinces, but could be spinel in the cold
interior of the downgoing slab. The reactions and the miner-

alogy in the cold interior of the downgoing slab may gradually
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Fig. (1-4)

Polythermal and polybaric sections through the phase
diagrams shown in Fig. (1-3). (A) Along geotherms under
oceanic or continental plate(between X and Y in Fig. 1-3),
and (B) along the cold interior of a rapid-plunging
downgoing slab(along Z in Fig. 1-3). MN and PQ in (A) are
traces of univariant lines AB and éD'in’Fig. (1-3), respec-
tively. The composition of magnesiowlistite is projected
from the silica end member in the ﬁernary system Mg0-FeO-
Si02. Dotted lines are the proposed compositions for the
system Mg28i04—FeZSi04 in tﬁe mantle with Mg/ (Mg+Fe) atomic
ratio of 0.89 in olivine and 0.87 in B-phase or spinel
(Akimoto et al, 1976). Note that the 400 Km discontinuity
is caused by the ¢ » B transition under oceanic and conti-
nental plates. The corresponding transition in the cold
interior of a rapid-plunging downgoing slab is theg =y

transition.
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change into these two phases under normal tectonic provinces

acioss the two flanks of the slab.

1-4: Thesis Objectives and Contents:

The olivine+spinel transition in the downgoing slab has
important consequences in plate dynamics. It could be one of
the major mechanisms that generate deep earthquakes and drive
downgoing slabs (Turcotte and Schubert, 1971; Ringwood, 1972,
1973; Schubert et al., 1975). However, the exact role of the
olivine+spinel transition in the downgoing slab is mainly
dependent on the kinetics of its transformation. The kinetics
of the olI&ine+spinel transition and its importance to plate
dynamics has only recently been explored (Sung, 1974; Burns
and Sung, 1975; Sung, 1975; Sung and Burns, 1%276a, b, c). The
main objective of this thesis is to develop this new frontier
of research in the earth sciences. Both theoretical and ex-
perimental research are emphasized in this thesis to achieve
the following major break throughs in the study of the olivine-~
spinel transition: (1) development of new theories; (2) design
of new high pressure, high temperature apparatus; (3) measure-
ment of rates of the olivine+spinel transition for different
compositions at different temperatures; and {4) proposal of
new hypothesis for the role of the olivine-»spinel transition in
plate dynamics.

Solid-solid transitions are very complicated proceeses,
mainly because: (1) they involve highly anisetropic interfacial

and strain energies, and (2) solids possess many metastable
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phéges and contain a variety of crystal heterogeneities. This
susject has been studied by numerous metallurgists for decades,
yet it is still not well understood. The subject becomes even
more difficult when the material is a silicate mineral and the
transition is performed at high pressure, as well as at high
temperature. In this case, the transition process is more
complicated and the measurement becomes much more difficult.
In addition, there is a lack of both theoretical models and
the experimental data to test them. Facing these tremendous
difficulties, it is impossible for this thesis to arrive at a
complete ypderstanding of the kinetics of the olivine-spinel
transition. Within the limited time and facilities available,
we could only study the most general features of the kinetics
of the olivine+spinel transition. The main efforts of this
thesis were, therefore, focusséd on these objectives:
(i) to identify the controlling factors and their effects on
the kinetics of the olivine—+spinel transition; (2) to under-
stand the general features of the kinetics of the olivine-
spinel transition; and (3) to determine, as closely as possible,
the range of the kinetics of the olivine+spinel transition in
the mantle. To this end, it is again emphasized that this
thesis is not intended to be a complete stﬁdy, but serves to
present a new research frontier in earth science.

Following introductory material in this chapter, Chapter
2 gives a conceptual review of crystal structures and the
structural basis of the relative stabilities of olivine and

spinel. Chapter 3 re-evaluates the effect of crystal field
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stgbilization of the olivine+spinel transition, highlighting
the previously neglected contribution of electronic configura-
tional entropy. Chapter 4 discusses the possible mechanism of
the olivine+spinel transition. Chapter 5 presents a consistent
picture of thermodynamic properties of olivine and spinel at
elevated pressure and temperature. Chapter 6 derives semi-
quantitatively the rate equations for the olivine+spinel
transition and evaluates the factors controlling the kinetics
of the olivine+spinel transition. Chapter 7 describes the
equipment, calibration, and techniques used for the experiments.
Chapter 8 summarizes the experimehtal results and compares

them with the theories developed in Chapter 6. Chapter 9
aéplies both the theories and experimental data to plate

dynamics. Chapter 10 suggests directions for future work.

1-5: Conventions and Symbols:

The following terminology will be adapted throughout
this thesis:
A) "Phase transition" refers to a polymorphic transformation
with no composition change (Roy, 1973; Heuer and Nord, 1976).
B) "Nucleation mechanism" refers to the spétial distribution
of nuclei, e.g. homogeneous nucleation (volume nucleation),
nucleation on grain surfaces, nucleation on dislocations, etc.
C) "Growth mechanism" refers to the path which atoms take to
migrate across the interphase boundary (interface).

D) "Olivine+spinel transition" refers to either the a+8 or
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thé oy transition. When the discussion refers to the very
metastable olivine+spinel transition at low temperature
(<700°C), the B—pﬁase may not be stable (Figure 1-3), so the
latter transition is implied.

In addition to the above conventions, symbols used in

this thesis and their units are listed in Appendix A.

s
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Chapter 2
CRYSTAL STRUCTURAL BASIS OF THE OLIVINE-SPINEL TRANSITION

2-=1: Introduction:

In order to understand the nature of the olivine-+spinel
transition, we shall examine features of the crystal structures
of the three polymorphs, o, B, and y in the qusio4-FezsiO4
system. In this chapter, we review and present new approaches
to the understanding of the structural features of these
three polymorphs and the structural basis of their relative
stabilitieﬁ.

Crystal structures of olivine at room temperature and
one atmosphere pressure (Birle et al., 1968; Brown, 1970;
Finger, 1971; Wenk and Raymond, 1973), at alevated temperatures
(Smyth and Hazen, 1973; Smyth, 1975), and at high pressures
(Hazen, 1975) have been extensively studied. Crystal struc-
tures of the B-phase (Baur, 1971; Moore and Smith, 1970) and
the y-phase (Yagi et al., 1974; Ito et al., 1974) have also
been studied. High pressure cell parameters of the B- and
the y-phases (Mao et al., 1969; Mizukami et al., 1975) are also
available. Computer calculated structural data (DLS method)
have been reported by Baur (1972) and by Dempsey and Strens
(1975). The relative stabilities of the three polymorphs,

a, B, and y, based on their structural features, have been

discussed by Kamb (1968) and by Tokonami et al. (1972).
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2-2: Crystal Structural Features:

General structural parameters of the three polymorphs are
summarized in Table(2-1). All three structures are based on
closest packing of oxygen atoms. However, the a-structure
is hexagonal close-packed (h.c.p.) while the B- and the y-
structures are cubic close-packed (c.c.p.). In all three
structures, divalent cations M (Mg or Fe) are octahedrally
coordinated and tetravelent cations Si are tetrahedrally
coordinated. Thus, the transitions among the three phases
involve no coordination change. Because the ratios of M and
Si atoms gb oxygen atoms are 1/2 and 1/4, respectively, only
half of the octahedra and one eighth of the tetrahedra in the
oxygen close-packing are occupiea. This eliminates the
necessity of face-sharing between occupied polyhedra and also
edge-sharing between occupied tetrahedra. Thus, all three
structures can be viewed by linking edges and corners of
occupied polyhedra. The differences among the three structures
lies in their distinctive patterns of linkage of polyhedra as
shown schematically in Figure (2-1). All three structures are
composed of three common polyhedral chains. They are: a
continuous octahedral chain (A); a discontinuous octahedral
chain (B); and a discontinuous tetrahedfal chain (C), as shown
in Figure (2-2). Thus, the a-structure is composed of alterna-
ting normal aﬁd overturned layers of ABCB chains; the #-
structure is composed of repeating layers of ABABCBCB chains;

and the y-structure is composed of alternating layers of AB
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Table (2-1)

GENERAL STRUCTURAL PARAMETERS OF THE THREE POLYMORPHS.

Z System Space Oxygen Silicate Cell Parameter Av. M-0 Dist.

Group Packing Type MgzsiO4FeZSiO4Mg28i04Fe28i04

o 4 Ortho. Pbnm h.c.p. Neso. a=4.753%-4.819Pm1=2.101£2.1579
(s10,)
b=10.196-10.476M2=2.126-2.182
c=5.979-6.086 T =1.630-1.625
g 8 Ortho. Imma c.c.p. Soro. o h
(si,0,) a=8.247 M1=2.13
b=11.440 M2=2.05
5.712 M3=2.10
T =1.64
8 I 3 = d es _ i
Y som. Fd3m c.c.p. Neso. a=8.075"-8.234"B = 2.137
(Si04) :
: T = 1.652

References:

a) Average value of Akimoto and Fujisawa(1968) (a=4.753,b=
10.197,¢=5.982), Fisher and Medris(1969) (a=4.752,b=10.197,
c=5.979), and Hazen(1975) (a=4.752,b=10.193,c=5.977).

b) Average value of Akimoto and Fujisawa (1968) (a=4.821,b=
10.477,c=6.086), Fisher and Medaris(1969) (a=4.817,b=
10.480,c=6.086), and Hazen(1975) (a=4.818,b=10.470,c=6.086) .

c) Average value of Ringwood and Major (1970) (a=8.248,b=11.45,
c=5.710), Suito(1972) (a=8.242,b=11.414,c=5.731), Moor and
Smith(1970) (a=8.248,b=11.444,c=5.696), and Mizukami et al
(1975) (a=8.25,b=11.45,c=5.71).



d)

e)

£)
g)

h)

i)
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Table (2-1)
(CONTINUED)

Average value of Ringwood and Major(1970) (a=8.071),
Suito(1972) (a=8.076), Ito et al(1974) (a=8.076), and
Mizukami et al(1975) (a=8.075).

Average value of Akimoto and Fujisawa(1968) (a=8.234),
Ringwood (1958) (a=8.233), Boyd and England(1960) (a=
8.235), and Yagi et al(1974) (a=8.234).

Hazen (1975)

Average value of Smith(1975) (M1=2.157,M2=2.179,T=
1.628), and Hazen(1975) (M1=2.157,M2=2.184,T=1.621).
Moore and Smith (1970)

Yagi et al(1974)
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Fig. (2-1)

Schematic diagram showing the different linking
patterns of occupied polyhedra in the three polymorphs.
The closest packed layers of oxygen atoms are parallel
to the paper. (A) q-structure, (B) g=-structure, and
(C) y -structure. Outlined are unit cells. The unit
cell contains 2, 6, and 6 layers o% ;céupied polyhedra
in the direction perpenticular to the drawing for the

a -, 8- and y —structures, respectively. (After

Morimoto et al, 1974).
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Three basic structural units for the three polymorphs,
@ , B and vy . A=continuous octahedral chain, B=discontinuous

octahedral chanin, and C=discontinuous tetrahedral chain.
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ané'BC chains. The two dimensional representations of the
three structures, using the three types of polyhedral chains,
are shown in Figure (2-3). The three different patterns of
linking polyhedra in three dimensions resulted in the distinc-
tive 2(M1, M2), 3(M1, M2, M3), and 1(B) octahedral sites in a-,
B-, and y-structures, respectively, and one tetrahedral site
(T) in each of the three structures. The six distinct octa-
hedral sites are shown schematically in Figure (2-4), where the
shared (heavy line) and the unshared (light line) edges are
distinguished. The characteristics of these six sites, in
terms of the number of shared edges and corners, are listed in
Table (2-2).

Pauling's third rule predicts that the shared polyhedral
edges will shorten relative to the unshared ones in order to
reduce the unfavorable cation-éation repulsion. However, this
rﬁie will be obeyed only when the arrangement of these shared
edges within the crystal structure is such that the shortening
of these edges is allowed by the geometry (Kamb, 1968; Baur,
1972). In the a-structure, this condition is fulfilled
because all the shared polyvhedral edges coincide with the six
edges of unoccupied tetrahedra. Thus, the shortening of
shared polyhedral edges in the a-structure.simply leads to
contraction of the so-called "Leer" tetrahedra (L), which can
be tolerated by the geometry of the structural framework.

The contracted L site and T site in the oa-structure form
chains of corner-sharing trigonal dypyramids running parallel

to the a-axis. These LT chains are offset and separated by
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‘Fig. (2-3)

Two dimensional representation of the three dimen-
sional framework of the three polymorphs,a , B8 andy .
A, B and C are the three basic structural units(Fig. 2-2).
Subscripts are positions of these structural units as

labelled in Fig. (2-2).
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Fig. (2-4)

Schematic diagram showing projections of the six
distinct sites in the three polymorphs. Upper row,
Ml and M2 sites in the O~structure, B-site in the
Y -structure; lower row, Ml, M2 and M3 sites in the
B-structure. Heavy and light lines are shared and

unsharefl octahedral edges, respectively.
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Table (2-2)

STRUCTURAL DIFFERENCE OF CATION SITES IN THE THREE POLYMORPHS

Polymorph Site Number of shared corner Number of shared edge

per site per site
M-M M-T T-T M-M M-T A
ML 4(4M2) 2 - a2y 2 -
am1
a M2 8(ha) 4 - 20mM) 1 -
2M1 2M1
T - 6 () 0 - 3GM2) O
---_-———: ———————————————————————————— ) i S S G D I S ———— - — —
ML 0 6 - ey o0 -
M2 0 6 - 6CHH 0 -
B 4M3
M3 0 4 - 7(2M2) 0 -
M1
T - 10 1 - 0 0
B0 6 - 6 0 -
¥
T - 12 o - 0 0

Note: Symbols: M=Octahedral site (Mg,Fe)
T=Tetrahedral site(Si)
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M §ites as depicted schematically in Figure(2-51 As all the
octahedral edges connecting different LT chains are unshared
edges, which are weaker and can be stretched for the adjustment
of distances of separation among the more rigid LT chains, the
o-structure is relaxed on the b-c plane in contrast to the
more compact a-direction. This is demonstrated by comparing
the ratios of the three cell parameters between the real struc-
ture and the ideal non-distorted structure. For the latter,
azb:c = 1:2.121:1.225. Thus, if the a-direction corresponds to
the ideal length of a non-distorted structure, the b- and the
c-directiens are, respeétively, 1.1% (Fo) - 2.5%(Fa) and
2.7%(Fo) -~ 3.1%(Fa) longer than the ideal lengths calculated
from the data of Table (2-1D. The higher expansion along the c-
direction relative to the b-direction may be explained by the
stronger cation-cation repulsiﬁn of the closely spaced Ml sites
(A~chain) parallel to the c-direction (Figure 2-1). The
inequality of the distortions along the three directions
characteristic of the a-structure may also be reflected in
their different responses to changes of pressure and tempera-
ture. Thus, we may expect thermal expansions and compressibil-
ities to increase in the order c>b>a and b>c>a, respectively.
The predicted trends agree in general with the experimental
results shown in Table(2-3)

The contraction of L sites and the extension of unshared
edges greatly distort the M1l and M2 sites in the a-structure.
Because each Ml site shares six L-site edges, while each M2

site shares only three L-site edges, this makes the volume of



Fig. (2-5)

Schematic diagram showing rigid LT chains running
parallel to the a-axis in the o -structure. LT chains
are linked only by weak unshared octahedral edges
which can be stretched or compressed to fit the struc-
tural requirement in response to P-T changes. This
geometrsyy of linked poiyhedra gives the o -structure
the largest thermal expansion and compressibility
among the three polymorphs. The diagram shows LT chains
and interstitial M-sites on three projections. Heavy
lines are tetrahedral(T) edges or shared octahedral (L)
edges. Light lines are unshared octahedral edges.

Dotted lines are edges on the far side from the viewer.
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the M2 site slightly larger than the Ml site.

The above discussion indicates that in the a-structure,
the shared edges involve the L-site exclusively. This makes
the shortening of these edges required by Pauling's third rule
natural. By contrast, the shared octahedral edges in the y-
structure for isolated triangles. Each triangle shares its
three corners with the surrounding T sites in such a way that
the shared octahedral edges and edges of T-sites alternate
to form continuous lattice rows (Figure 2-6). The alterna-
tion of these two types of edges exists along all 6 directions
parallel to the 6 edges of T-sites th;oﬁgﬁout the structure.
This framework has made the y-structure the most rigid of
the three structures. As edges of T-sites are shorter and
more rigid than shared octahedral edges, the latter can be
stretched to fill up the gap in the former and make lengths
of these two edges complementary. As a result, the shared
octahedral edges become longer than unshared ones. This
contradiction of Pauling's third rule is the major destabil-
izing factor of the y-structure at low pressure, as will be
discussed later.

The distribution of the shared octahedral edges is
more complicated in the B-structure. In the local region
around M3 sites, the geometry is similar to the y-structure
and the shared octahedral edges are not shortened. However,
this is compensated by the shortening of shared octahedral
edges in other regions. ‘Thus, the B-structure is intermediate

between the o- and the y-structures.



Fig. (2-6)

Geometry of linking polyhedral edges along the
three faces of form {111} in the Yy -structure. Heavy,
light and dotted lines are tetrahedral edges, shared
octahedral edges, and unshared octahedral edges, res-
pectively. Note that the lengths of tetrahedral enges

and shared octahedral edges are compléméntary. This

makes the latter longer than unshared octahedral edges.
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Table

(2-3)

THERMAL AND PRESSURE ANISOTROPY IN OLIVINE

Direction Linear Thermal Expansion Linear Compressibility

(1069¢71) (10"’xp ™)
MgZS:LO4 Fe28104 Mgzsiﬂ4 FeZSiO4
=
g5 a 7.92 9.9P 7.9¢ 8.4
gg% b 15.3 9.6 41.7 56.9
© © C 13.4 11.9 16.7 14.5
H G
O
&
References:
a) Average value between 239 to 900°C,from Hazen's (1975)
data
b) Average value between 20°C to QOOOC, from Smyth's
(1975) data
c) Average value between 0 to 40 Kb, from Hazen's(1975)
data
d) Average value between 0 to 42 Kb, from Hazen's(1975)

data
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2-3: Structural Basis of Relative Stabilities:

We shall now discuss the structural basis of the
relative stabilities of these three structures. The relative
stabilities at a given P and T are determined by their free
energies (G). We shall express the free energy in the form:

G = E+U+PV-TS, where E is the part of internal energy excluding
the lattice energy U, and V and S are volume and entropy,
respectively. Thus, we shall evaluate relative stabilities

of the three structures by comparing their U, V, and S on a
structural basis.

As ééscribed previously, the weak unshared octahedral
edges which separate LT chains in the o-structure are extended
to allow longer cation-cation diétances and thus reduce
cation-cation repulsion. On the other hand, the unshared
octahedral edges in the y-structure are compressed by corner-
sharing T-sites. As a consequence, the octahedral volumes (M-
sites and unoccupied sites), and thus the molar volumes of the
three structures, increase in the order y<f<a. This trend
will become increasingly evident with increasing temperature.
Partly because of the increase of molar volume which contri-
butes to the volume entropy, partly because of the decrease of
the rigidity which contributes to the vibrational entropy
(Tokonami et al., 1972), and also partly because of the smaller
energy splitting in the lower d orbitals which contributes to
the electronic configurational entropy, especially at higher

temperature (Chapter 3), entropies of the three structures
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inérease in the same order, y<B<oa. Relative compressibilities,
heét capacities, and thermal expansions for these three poly-
morphs will show the same trend. The decrease of rigidity in
the series y-f-a may be explained by the rigid M-M edge-
sharing rows forming lines, planes, and a three-dimensional
framework in the three structures, a, 8, and y, respectivley
(Tokonami et al., 1972). Similar trends of increasing volume
and entropy in the three structures suggest that all three
phase boundaries have positive slopes, which is consistent
with the experimental data (Figure 1-3). In addition, if we
assume that differences in internal energies (E+U) among the
three structures are small, then the a-structure will be
destabilized at high pressure (large PV term) and low tempera-
ture (small TS term), and will be favored at low pressure and
high temperature. The stabiliﬁy relation for the y-structure
is just the opposite to that for the a-structure. The
stability fields of the three structures thus conform with
these shown in Figure (1-3) ~

We shall now evaluate structural controls on the lattice
energy U. According to Pauling's third rule, the lattice
energy of a crystal structure which contains corner- and edge-
sharing tetrahedra and octahedra may increase in the order:
C C

C Eyep<Eq_qr where C and E stand for corner-

M=M M- Ep-p Cp-p Ey-
sharing and edge-sharing, respectively. From the data of
Table (2-2), we have calculated the number of shared corners

and shared edges per formula unit, M2T04, for the three struc-

tures, which are shown in Table(2-4). The destabilizing
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.Table (2-4)

NUMBER OF SHARED POLYHEDRAL EDGES AND CORNERS PER FORMULA

M2TO4 FOR THE THREE POLYMORPHS

Shared Edge

or Corner & B Y

i

. E 0 ) 0 0
Lo
! g Ep-rp 3 0 0
| &
; : CT-T 0 1/2 0
[ | 4 .

E 3 6(1/3) 6

] e |
§ i CM-T 6 10(1/3) 12
o I C 6 0 0
& M-
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effects of C,_, and Cy, . are small compared with the others
and can be neglected. Thus, the a-structure is unfavorable

by its 3 M-T shared edges, and the BR-structure by its 1/2 T-T
shared corner and 1/3 M-M shared edge. However, the destabili-
zing factor in the a-structure is partly compensated by its
lower number of M-M shared edges. In addition, the shorten-
ing of all 6 shared edges at the L-site significantly lowers
its lattice energy. 1In fact, the lattice energy of the a-
structure is the lowest among the three structures. The de-
stabilization of the B-structure is not compensated. In
addition, charge balance in the B-structure is not maintained
for some oxygen atoms (+1/3 for 0(2) and -1/3 for 0(1)) due to
the corner-sharing of T-T sites; this violates Pauling's
second rule. As a result, the lattice energy in the 8-
structure is the highest among the three structures. Computer
célculated lattice energies in CoZSiO4 have confirmed that
lattice energies of the three structures increase in the

order a<y<B (Tokonami et al., 1972).

By taking the difference of the lattice energies into
account, the above phase relationships will be modified in such
a way that the stability field of the a-st;ucture expands at
the expense of both the R~ and the y-structures, and the stabil-
ity of the y-structure expands at the expense of the 8-
structure. The qualitative relationship among the three
phases is not changed. However, the stability field of the
B-structure is narrowed and it may be pinched out towards high

P-T region as a result of other factors, such as the crystal
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field stabilization (Chapter 3), which may favor one or both of
the other two structures.

In summary, we may envisage the crystal structural
control of the relative stabilities of the three structures as
follows: in the a-structure, the unshared octahedral edges
can be stretched to reduce cation-cation repulsion and thus
reduce the lattice energy. At low pressure and high tempera-
ture, the reduction of lattice energy is such that the a-
structure becomes the most stable phase of the three structures.
As the pressure increases and temperature decreases, the exten-
sion of unshared octahedral edges and thus the reduction of
the lattice energy in the a-structure become less prominent.

At some point, the high PV term outweighs the gain in lattice
. energy and the B- or the y-structure becomes stable.

The physical explanation of the structural control on
the relative stabilities of olivine and spinel can be
pictures as follows: Hazen has hypothesized that the melting
of olivine may be due to the increased ratio of octahedral
to tetrahedral volume with temperature to the limit that the
structure can tolerate. By analogy, the olivine-spinel
transition could be due to the decrease of this volume ratio
with pressure, to a value which the oli&ine structure can not
tolerate but the spinel structure can. This ratio can be
affected by other factors such as composition, bond type,
degree of site distortion, etc. For example, with increasing
Fe,SiO

2 4
stabilizing factor of shortening shared edges in the a-

content, the bonding becomes less ionic, and the
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st%ucture (Kamb, 1968) becomes less effective. This could
faeilitate the olivine+spinel transition by increasing the
critical volume ratio of the octahedral to the tetrahedral
sites. 1In addition, the increase of octahedral site distortion
with Fezsio4 content may further facilitate the transition.
Thus, we may expect the critical volume ratio to increase with
Fe25i04

pressures at room temperature are 80 kb and 26 kb for Mgzsio

content. The equilibrium olivine+spinel transition

4
and Fe28i04, respectively. A crude calculation by extrapola-

ting (for Mgzsio4) and intrapolating (for Fe28i04) the high
pressure crystallographic data of olivine (Hazen, 1975) to
those transition pressures gives critical volume ratios of 5.3
Sio

and 7.2 for Mgzsio4 and Fe respectively. Thus, the

2 4’
calculation is consistent with our prediction.
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Chapter 3

CRYSTAL FIELD STABILIZATION

3-1: Introduction:

In the above discussion of the crystal structural control
of the olivine-spinel transition, we have neglected the contri-
bution of crystal field stabilization. The splitting of 3d
orbitals of Fe2+ in octahedral sites imparts a crystal field

stabilization energy (CFSE) to the structure.
CFSE = 2((2/5)A + C§) ———=-=—-===mmmmmmoee (3-1)

where A (or 10Dg) is the energy difference between the bari-
centers of eg orbitals (dzz, dxg_yz) and t29 orbitals (dxy'
dyz' dzx) (Figure 3-la). C is a constant between 1/3 and 2/3,
and § is the maximum splitting of t2g energy levels. The
factor of 2 arises because there are two Fe2+ ions for each
formula Fezsio4. In general, A increases with decreasing
volume of the FeO, octahedra (M-sites), and to a first approxi-
mation, A is inversely proportional to the fifth power of the
average FeO bond distance (d). Both C and § are functions of
site distortion, and the product of 2CS§ =&, is the extra
stabilization energy gained by the site distortion.

The crystal field splitting of the 3d orbitals not only
imparts a CFSE which contributes to the lowering of the lattice
energy, but also reduces the electronic configuration entropy,
S , by removing orbital degeneracy. The latter effect has

e
often been ignored in discussions of crystal field stabiliza-
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Fig. (3-1)

Crystal field splitting of d-orbitals of Fe2+ in
M-sites. (A) symbles, (B) crystal field splitting in
the B-site of spinel, (C) crystal field splitting in
the Ml-site of olivine, and (D) crystal field splitting
in the M-2 site of olivine. Energy splittins are
proportional to thoseltabulated in Téble (341) for

Fe25i04.
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(A)

M1(Cy)
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tién (Syono et al., 1971; Mao and Bell, 1972). However, the
chénge of electronic configuration entropy tends to offset
the effect of CFSE in lowering the free energy, and this can-
celling effect can be especially significant at high tempera-
ture, as will be emphasized in the following discussion. For
a more detailed consideration of the crystal field stabiliza-
tion, we shall evaluate the two factors modifying the free

energy of the system, by writing:

Geopg = ~CFSE -TS.pg ~—~—=--———===---= (3-2)

where GCFS is the overall change of free energy due to the

crystal field splitting, and S = ASe is the change of

CFS
entropy due to the crystal field splitting. Thus, the crystal

field stabilization is very much temperature dependent.

3-2: Crystal Field Splittings:

We shall now evaluate the CFSE in the olivine and spinel
structures for Fezsio4. Point group symmetries for the M1l and
M2 sites in olivine and the B site in spinel are C,, C,, and

C respectively. Accordingly, the splitting of 3d orbitals

3v
of Fez+ in these sites can be shown qualitatively as in
Figure (3-1). The octahedral volumes of these three sites
decrease in the order M2>M1>B (Table 2-1); thus, we may
expect the crystal field splitting to increase in the same
order. It should be noted that the factor C for the site

distortion energy is 2/3 for the B site in spinel but less

than 2/3 for the Ml and M2 sites in olivine. For convenience,
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all possible electronic transitions for the sixth d electron
frAm the ground state of Fe2+ are labelled by numbers in

Figure (3-1). Transitions 3 and 4 for the Ml site and the average
of transitions 7 and 8 for the M2 site in fayalite at 1 atm.
pressure have been assigned by Burns (1970a) to be 8060,

11060, and 9290 cmfl, respectively, based on measured absorption
spectra in the near infrared region. Energy splittings of tZg
levels in fayalite have been calculated by Huggins (1974)

based on Mossbauer data. He obtained values of 630 and 1400
cm'-l for one site, and 710 and 1500 cm-'l for the other site,
but he was unable to assign them to individual sites. However,
the difference between them is small. We shall arbitrarily
assign the slightly larger energy splittings of the t2g levels
to the more distorted M2 site, so that the above four energy
splittings correspond to transitions 1, 2, and 5, 6 respective-
ly. These assignments will make the calculated Ao and CFSE
consistent with the crystallographic and crystal chemical data.
From the above energy splittings of 3d orbitals, the Ao and
CFSE for fayalite at zero pressure (1 atm.) and room tempera-
ture were calculated to be 8883 and 4230 cm"1 for the M1 site,
and 8553 and 4158 cm-1 for the M2 site, respectively. The
higher Ao for the Ml site is consistent with its smaller
volume relative to the M2 site. The average lengths of the
Fe-0 bonds (d) are 2.157 and 2.184£ (Table 2-1) for the Ml and
the M2 sites, respectively. So, A?ldgl N A§2d§2 n 4.20x1073°

cm4, in agreement with the inverse fifth power law. Despite

the difference of Ao between the two sites, CFSE values for
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thém are essentially equal (they differ by less than 2%). As
a ;onsequence, there is no site preference for Fe2+, which
agrees with the negligible cation ordering observed in the
olivine series. The nearly complete disordering of cations
in olivine is responsible for the quasi-ideal behavior of the
olivine solid solution.

We have measured the absorption spectrum of a synthetic
Fezsio4 spinel as shown in Figure (3-2. The absorption maximum
at 11430 cm T is attributed to transition 10 in Figure 3-1.
This value is only slightly larger than the value of 11100 cm'—l
measured gy Mao and Bell (1972). In order to calculate Ao
for the B site in Fe28i04 spinel, we employ the empirical

inverse fifth power law of Agdg Y 4.20x10"35 cm4. Since

a® = 2.137A (Table 2-1), we obtain 22 = 9421 em l. Using this
value and the measured transition 10, we have calculated
transition 9 and the CFSE for the B site to be 3014 and 5778
cmfl, respectively. The above assignments of crystal field
splittings and the calculated values of Ao,iio, and CFSE

for the M1 and the M2 sites in fayalite and the B site in
FeZSiO4 spinel at zero pressure and room temperature are

summarized in Table (3-1.

3-3: Pressure Effect:

In order to evaluate the pressure effect on A, we

employ the first order Birch-Murnaghan equation of state:
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Fig. (3-2)

Electronic absorption spectrum of a synthetic
Fe25104 spinel. Sample thickness is approximately

8 uym. O0.D. is optical density.
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Table (3-1)

CRYSTAL FIELD SPLITTING ENERGIES IN M-SITES OF FAYALITE

AND Fe28i04 SPINEL. (Energies in cm—l)
M1 M2 B
(1) 630 (5) 710 (9) 3014
(2) 1400 (6) 1500 (10) 11430
(4) 11060 (8) .o
A 8883 A 8553 A 9421
13 677 £ 737 E 2009

CFSE _ 4230 CFSE 4158 CFSE 5778




3 7 3

— VorT - (VayT1 e _
P =3k [((AT - 3] (3-3)

where K and V are the bulk modulus and volume of the M-site,
respectively. The subscript "o" refers to the zero pressure

value. If we neglect the shape change of the M-sites with

increasing pressure, then:

3 3
Vo = Yoy = (A,3 -
7 (Y ) (A )5 e (3-4)
o
Substituting eq. (3-2) into eq. (3-1), we obtain:
3, AL A ‘
P = fKo[(K~)5 - (K—)] ------------------- (3-5)
o o

As Ko's for M-sites of fayalite and Fe28i04 spinel are not
4-

available, we used instead walues for the whole mineral,

namely, 1201 kb for fayalite and 2063 kb for Fe,SiO, spinel

2 4
(Table 5-1). A values as functions of pressure for the two

polymorphs are calculated and shown in Figure (3-31 Note that
A in fayalite (Afa) increases with pressure more rapidly

than that in Fe,SiO, spinel (ASP), and the former becomes

2 4
larger than the latter at a pressure of approximately 190 kb.
This is due to the larger compressibility for the M-site in
2Sio4 spinel. As M-sites may be more
compressible than the whole mineral, an overestimation of K0

fayalite than in Fe

in the above calculation may give too low a value of A.
However, part of the error introduced will be cancelled out
because our ultimate interest is in the difference of the

CFSE (ACFSE) between Fe,SiO, spinel and fayalite.

2 4



-74~

Crystal field splitting parameters as functions
of pressure. Note the cross over of A for olivine
and spinel, and the decrease of ACFSE between them

with increasing pressure.
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We shall now estimate the site distortion stabilization
enérgy as a function of pressure. Huggins (1974) has estimated
from high pressure Mossbauer data that transition energies 1, 5
and 2, 6 in fayalite (Figure 3-1) will decrease with pressure
at approximate rates of 0.7 and 1.5 cm—l/kb, respectively,
due to the decreasing degree of site distortion with increasing
pressure. For a semi-quantitative calculation, we tentatively
assume the same rate of 1.5 cm—l/kb for the decrease in energy
of the transition 9 in Fe23104 spinel. The site distortion
stabilization energies 2% for the two polymorphs as functions
of pressure are calculated and shown in Figure (3-3) Based on
the above data for A and 2 & CFSE and ACFSE for the two poly-
morphs as functions of pressure are shown in Figure 3-3.

Note that ACFSE decreases from 9.1 Kcal/mole at zero pressure

to 7.1 Kcal/mole at 250 kb.

3-4: Temperature Effect:

We have not evaluated the effect of temperature on
ACFSE in the above calculations. Increasing temperature will
affect the CFSE in several ways. First, the volumes of M-
sites in fayalite will increase (Hazen, 1975; Smyth, 1975).
We may expect the same thing to occur in FeZSiO4 spinel.
Thus, A may decrease with increasing temperature. Because
the thermal expansion in fayalite is larger than that in
Fezsio4 spinel (Table 5-1), we expect that the former has a

higher rate of decreasing A with increasing temperature.

Secondly, heating tends to increase the degree of site dis-



. -77-
to;tion of M-sites in fayalite (Hazen, 1975; Smyth, 1975).
This is due to the fact that, in general, thermal expansion
is larger for the longer bonds than for the shorter ones. The
increase of site distortion with temperature for the Ml site
in fayalite is suggested by measured polarized absorption
spectra as shown in Figure (3-42 The two broad peaks of the g-
spectra and the two shoulders (the one at higher energy is
obscured by the more intense center peak) of the y-spectra
are due to the two transitions, 3 and 4, in Figﬁre(B-l)(Burns,
1970b, 1974). Although heating tends to broaden these two
peaks, thaere is also a fendency for thém to moﬁe apart with
increasing temperature, suggesting an increase of site distor-
tion. This observation is consistent with our previous argu-
ment (Chapter 2) that the larggst thermal expansion along the
>c-axis (Table 2-3) tends to stretch the already elongated M1
site. As a consequence of increasing site distortion with
temperature, the site distortion stabilization energy (2§ in
fayalite will increase. In the B-site of Fezsio4 spinel, the
longer octahedral edges are shared between two occupied octa-
hedra. Thus, they are more rigid and may not have a large
thermal expansion. As a result, site distortion stabilization
energy in FeZSiO4 spinel may not increase with temperature
as much as that in fayalite. Thus, the more rapid decrease of
A with temperature in fayalite is compensated by its larger
gain in 2§ . As a consequence, ACFSE between the two poly-

morphs may not change significantly with temperature.
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Fig. (3-4)

Polarized absorption spectra of an oriented fayalite
single crystal at high temperatures and a pressure
approximately 10 Kb. The vertical axis is the optical
density in cm—l. Numbers are temperature in %c. (a)

B -spectra, and (B) <y -spectra. Note the spreading out
of the M-2 peaks, which indecates éhé'ihcrease of

site distortion with increasing temperature.
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There is still another temperature effect on the CFSE.
The probability of the sixth d electron in Fe2+ occupying the
excited state increases with temperature. This tends to
decrease the CFSE, and the effect will be more pronounced in
fayalite than in Fe28i04 spinel because of the smaller tZg
splitting in the former structure. The increased probability
for the sixth d electron to occupy the excited state, mainly
of the other two t2g energy levels, with increasing temperature,
not only decreases the CFSE, but also increases the electronic
configuration entropy (Se). The latter factor has a

pronouncedr effect on the crystal field étabilization, as will

be discussed in the next section.

3-5: Electronic Configurational Entropy:

As pointed out previously, the CFSE is but one of two
components that determines the free energy lowering by the
crystal field splitting. The other factor is the change of

configurational entropy, S due to the crystal field

CFs’
splitting. Before applying the crystal field, the free Fe2+
ion has five degenerate 3d orbitals. The probabilities of
the sixth d electron and the "hole"” to occupying each of these

orbitals are 1/5 and 4/5, respectively. This corresponds to

an electronic configurational entropy of Se = -2x5xR(%ln% +
%ln%) or about 10 cal/2mole, where the factor 2 arises from

the two Fe atoms in each formula Fe28i04. In a distorted
octahedral site, the degeneracy of the orbitals is eliminated,

and the sixth d electron can only occupy one orbital (the
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ground state). The electronic configurational entropy in
this case is zero, so that the change of the electronic
configurational entropy is SCFS = =10 cal/mole. However,
according to Boltzmann's distribution law, there is a finite
probability of the sixth d electron occupying the higher
energy orbitals (excited state), and this probability is
proportional to exp (-hv/kT), where hv is the energy of the
transition from the ground state to the excited state. At a
temperature corresponding to kT = hv, a significant fraction
of the sixth d electrons‘will occupy the excited state. This
will make ‘a contribution to the electronic configurational
entropy comparable to that of adding a degenerate orbital of
the ground state. Thus, at each.temperature corresponding to
conditions of kT equaling the energies of transitions 1, 2, 5,
6( and 10 (Figure 3-1), the electronic configurational entropy
of the particular polymorph will suddently increase. A semi-

quantitative diagram showing the increase of S with tempera-

CFsS
ture for the two polymorphs is shown in Figure (3-5. It is

noted that above a temperature of 700°C, S in fayalite is

CFS
very high, while it is virtually zero in Fe25i04 spinel. The

magnitude of AS is so large at high temperature that it is

CFs
comparable to the whole entropy change éf the olivine+spinel
transition (Table 5-1). The rapid increase of the electronic
configurational entropy with temperature in fayalite is due to
the relatively smaller energy splitting of t2g levels. The
rapid increase of electronic configurational entropy in

fayalite at 700°C and 1600°C may greatly increase the slope
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Fig. (3-5)

Schematic diagram showing the rapid increase of
the electronic configurational entropy with temperature
in fayalite. The electronic configurational entropy

in Fe28i04 spinel is almost unchanged below 2000°C.
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(QP/dT) of the olivine-spinel phase boundary near these two
temperatures. However, it is not known whether the olivine-
spinel phase boundary in Fe2s104 has a gentle slope below 700°C,
because all the experimental data have been obtained above this
temperature (Akimoto and'Fujisawa, 1966; Akimoto et al., 1967).
It is also impossible to know whether this phase boundary has

a larger slope above 1600°C, because this temperature is above
the melting points of both fayalite and FeZSiO4 spinel.
However, Akimoto et al. (1967) observed a rapid decrease of the
slope of the phase boundary between 1200°C and the triple

point of a-y-1 (Figure 1-3). 1If fhe above argument is wvalid,
this deflection of the olivine-spinel phase boundary may not
be due to the change of electronic configurational entropy,

but may be due to some other effect. Jackson et al. (1974)
have proposed that the entropy of spinel may increase rapidly
dﬁe to disordering of Fe and Si ions at high temperature, and
this effect may be responsible for the decrease of the slope
of the olivine-spinel phase boundary above 1200°C. However,
had we assumed a smaller energy splitting of tZg levels in
Fezsio4 spinel, then the decrease of this slope might also be

due to the increase of the electronic configurational entropy

of the spinel.

3-6: Crystal Field Stabilization:

The total contribution of the crystal field splitting
to the free energy decrease of the olivine—+spinel transition

in Fe.,SiO, is expressed by eq. (3-1). The calculated AG as

2 4 CFs
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a function of temperature and pressure is shown in Figure (3-6).

It is seen that AGC increases with both temperature and

FS
pressure. The contribution of the electronic configurational

entropy to AGCF is so important that the latter may become

S
positive above a temperature of approximately 1600°C (Figure

3-6). Thus, although the crystal field splitting may facili-
tate the olivine—»spinel transition at low temperature below
1600°C, it may become an additional barrier to the transition
at high temperature above 1600°C. The crystal field splitting

may have no effect on the olivine+spinel transition at

v

temperatures around 1600°C.
Because the crystal field splitting contributes an amount,

AGCFé to the free energy chande (AG) of the olivine-spinel

transition, it can also affect the transition pressure and
thus displace the equilibrium phase boundary. Hence, AG =

AG' + AGCFS = AVAP, where AG' is the free energy change for the

olivine—+spinel transition under the hypothetical condition of
no crystal field splitting, AV is the volume change of the
transition, and AP is the overpressure or the pressure beyond
the equilibrium phase boundary. At the transition pressure

neglecting the crystal field splitting, AG' = 0, AP = APCFS’

where AP (=p'-P S) is the differencé of transition pressure

CFS CF
between conditions without and with the crystal field split-

ting. Thus, AGCFS = AVAPCFS, or APCFS = AGCFS/AV. The heavy

solid line in Figure (3-7)is the experimentally determined

phase boundary for the oiivine+spine1 transition in Fezsio4.

25.5 + 0.026T(°C)

The equation for this boundary is P (kb)



Schematic diagram showing AGCFS for the olivine-»

spinel transition in Fe28i04 as a function of P and T.

Note AG increases with temperature and may become

CFS
positive above approximately 1600°c.
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Fig. (3-7)

Schematic diageam showing the possible crystal
field stabilization on the olivine+spinel transition
in Fezsi04. Heavy solid line is the experimentally
determined phase boundary(Mao et al, 1969). Dashed
and dotted lines are hypothetical phase boundaries,
assuming no crystal field stabilization for the
transition. The former and the latter correspond to
the smaller energy splitting of t2g energy levels
in fayalite and in Fe28i04 spinel, respectively.

For reference, the olivine-spinel phase boundaries

in Mg28i04 taken from Fig. (1-3) are shown in light

Y-shaped lines.
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(Mao et al., 1969) (Table 1-1). Using the above estimated

value of AG and AV calculated by Birch-Murnagham equation

CFSs’
of state (eq. 3-3) (neglecting the small temperature effect),
the calculated hypothetical phase boundary for the olivine-~
spinel transition without crystal field splitting is shown as
the dashed line in Figure(3-72 It is interesting to observe
that although the crystal field splitting can stabilize the
transition by approximately 89 kb at low temperature, the
stabilization effect will decrease with increasing temperature.
In fact, if the above argument is correct, the crystal field
splitting may change the slope of the(oiivine—spinel phase
boundary from negative to positive. However, we emphasize
here ‘that the whole argument above is based on the assumption
of the amount of the splitting.of the t29 orbitals. Had we
assumed a smaller splitting energy for the t2g orbitals in
sﬁinel (transition 10 in Figure 3-1) compared to that in
fayalite (transitions 1 and 5), we would reach an opposite
conclusion. In this case, the change oﬁ electronic configura-

tional entropy (AS ) will also stabilize the transition as

CFS
does ACFSE, and the phase boundary without crystal field
splitting will have a higher positive slope compared to the
real one, as shown by the dotted line in Figure (3-7.

Since AG = AE + PAV - TAS, where AE is the change of
internal energy, at the equilibrium phase boundary of the

olivine+spinel transition, AG = 0, so the transition pressure

P = (TAS - AE)/AV. Syono et al. (1971) have assumed that both
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As:and AV are each approximately the same for the olivine~
spinel transitions of different compositions, so that the
transition pressure P is proportional to AE. They then
further assumed that AE is linearly proportional to the ratio
of ionic radii of the octahedrally coordinated cation to the
tetrahedrally coordinated cation (RM/RT), and predicted a
linear increase of transition pressure P with the ratio RM/RT.
They, therefore, noticed that at 1000°C, the ratio of RM/RT
in Fe25104 implies a transition pressure of about 150 kb,
which is higher than the 120 kb for the transition in MgZSiO4.
510,
50 kb. Syono et al. (1971) attributed this lowering of actual

The measured transition pressure in Fe is only about
transition pressure to the effect of crystal field stabiliza-
tion. However, Navrotsky (1973) has shown that although Av®
for the olivine+spinel transition of silicates and germanates
may be approximately the same, AS® can differ by a factor of

more than 4 (e.g. 4.6 cal/molé°C in Fe,Si0O, and 1.0 cal/mole®°C

2 4
in Nizsi04). Thus, the assumétion of Syono et al. (1971)

of a linear relationship between P and RM/RT may not be wvalid.
Our calculation above indicates that at 1000°C, the crystal
field stabilization for the olivine+spinel transition is
negligible, contrary to the prediction of Syono et al. (1971).
In this case, the lower transition pressure in Fezsio

4

compared to that in Mgzsio may be due to some other cause,

4

such as the less ionic character of bonds in the former
structures (Kamb, 1968). Mao and Bell (1972) have calculated

AP could be as high as 100 kb. However, their calcula-

CFs
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tion may not be valid because: (1) they neglected the entropy

coﬁtribution of the crystal field splitting; (2) they neglected
the Jahn-Teller energy in the spinel; (3) they used the value
of AV at the predicted transition pressure (150 kb) instead

of the observed transition pressure (50 kb); and (4) they
assumed identical pressure and temperature coefficients for
CFSE in both fayalite and Fezsio4 spinel. The first three
considerations will change the calculated value of APCFS by

a factor of ‘2 or more. Thus, the question of whether the
crystal field splitting can stabilize the olivine-»spinel
transition in Fe25104 at high temperature is unanswered.

Accurate experimental data on crystal field splitting,

especially for tzg levels, are needed to clarify this point.
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Chapter 4

MECHANISMS

4-1: Introduction:

Although the stability fields and crystal structures of
the three polymorphs, o-, 8-, and y-MZSiO4 have been studied in
detail, mechanisms for their transitions have not been discus-
sed. The mechanism is important because it determines the
kinetics of the transition. We shall here attempt to deduce

the possible mechanisms of transition from the crystal struc-

tural features of the three polymorphs.

4-2: Nucleation and Growth Model:

As described previcusly, all three structures (u, B, and
y) are based upon closest packing of oxygen atoms. The a-
structure is based on the h.c.p., and the g- and the y-
structures are based on the c.c.p. of oxygen atoms. Thus, the
a8, and the g-y transitions require a rearrangement of oxygen
atoms, but the 82y transition does not. The former two transi-
tions are similar in terms of the h.c.p.2?c.c.p. transition of
oxygen atoms and will be discussed first.

The h.c.p.?c.c.p. transition rearranges the closest
packed atomic layers from ABABAB to ABCABC, where A, B, and C
denote the three distinct positions in the closest packed
layer. Thus, the transition will displace 4 out of 6 atomic
layers according to this order: A»C, B-A, A-B, and B-C.

Therefore, two thirds of atoms need to be remobilized during
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the transition, although each atom moves only about one
interatomic distance and there is no long-range diffusion of
atoms. The h.c.p.=2c.c.p. transition requires a breaking and
later reformation of first coordination bonds, and, therefore,
it falls into the reconstructive transition category of
Burger (1951).

Elements describing the h.c.p.?c.c.p. transition include
C (hexagonal and cubic diamonds), Ca, Do, Ni, Pb, Sc, Sr, N2
molecules, and large rare earth elements such as La, Ce, and
Pr. Other minerals, besides these invqlved in the olivine-
spinel trghsitions (028, and g=y), whose large atoms undergo
h.c.p.»c.c.p. transitions include the sphalerite-wurzite
and the perovskite-ilmenite pairﬁ. If the h.c.p.?c.c.p.
transition involves only one element, such as Co, the transi-
tion may proceed rapidly by a mechanism called martensite
transition and may approach the speed of sound. The martensite
transition operates by sweeping off a glissile interface,
which is a strain-invariant phase or strain-free plane,
across the transforming phase. The transforming and the trans-
formed phases are joined together by this glissile plane,
which is called the habit plane, with a definite orientation
relationship between the two structures. The martensite
transition relates to the two structures on a two-dimensional
plane, just as the displacive transition relates them in
three-dimensional space (Roy, 1973). Buerger (1934) suggested
a simple shearing mechanism for the c.c.p.?h.c.p. transition

in Co. The transition is achieved by shearing of the c.c.p.
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structure along the habit plane of (111) in the direction of
(112). By analogy, the h.c.p.2c.c.p. transition for a pure
element can be achieved by shearing of the h.c.p. structure
along the habit plane of (0001) in the direction of (1010),
as depicted by Figure(4-1). The shearing occurs on every other
layer parallel to the habit plane. Since the shearing requires
breaking all bonds of the first coordination on the plane,
this has a large activation energy and is inconsistent with
the observed fast rate of transition. Thus, other mechanisms
must be operative to reduce the agtivation energy. One
possible mechanism will be the fast propagation of dislocations
on the shearing plane. The propagation of a dislocation will
break the bonds one by one instead of all at the same time,
thus greatly reducing the activation energy.

Although the martensite mechanism can be important for
the h.c.p.?c.c.p. transition in a pure element, it cannot
operate in the olivine spinel~transitions (a2f and oa-y). The
reason for this is the presence of cations which hinder the
simple shearing mechanism for the oxygen atoms. In addition,
the distribution of cations in olivine is such that they cannot
be moved to positions in a spinel phase (B or y) by any shear-
ing model for the h.c.p.?c.c.p. transition of oxygen atoms.

The redistribution of cations in the olivine-+spinel transition
requires the reaction to proceed by short range diffusion
corresponding to about one cation-cation distance. Although
the coordination numbers for all atoms are not changed, all

bonds of both cations (Mg, Fe, and Si) and oxygen atoms are
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Fig. (4-1)

Simple shearing mechanism for the mutual transitions

of h.c.p.-c.c.p. structures(after Buerger, 1934).
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reéuired to break and reform by diffusion during the olivine-
spinel transition. Thus, the transition does not conform
with the martensite mechanism but can best be described by
models of nucleation and growth, as proposed by Sung and Burns
(1976) . This nucleation and growth model has been confirmed
in our kinetic experiments for the olivines»spinel transition,
as will be described in Chapter 8.

The kinetics of the martensite transition are generally
characterized by the following features: (1) non-quenchable,
(2) athermal, i.e. the transition is not facilitated by in-
creasing temperature, (3) reversible with negligible hystere-
sis, (4) the degree of transition is not time dependent at
constant temperature and pressure, and (5) the transition is
apt to be induced by shearing deformation. None of these
characteristics of the martensite transition were observed
to exist in our experiments of the olivine-+spinel transition.
On the contrary, our observations (Chapter 8) indicate: (1)
the transition is quenchable. Both olivine and spinel can
be preserved metastably for an indefinite period of time
provided the temperature is lower than a critical wvalue, (2)
the transition is greatly facilitated by increasing tempera-
ture, (3) the degree of transition increases with time at
constant temperature and pressure, (4) the transition may have
a large hysteresis at low temperature, and (5) deformation
alone will not induce the transition, although it may promote
the transition rate at temperatures above a critical value.

Although the olivine+spinel transition in (Mg,Fe)ZSiO4 has
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been measured under quasi-hydrostatic conditions, it is
expected to occur under hydrostatic conditions as well. Thus,
the kinetics of the olivinesspinel transition excludes
martensitic mechanism and probably follbws a model of nuclea-
tion and growth. 1In the following discussion, we will develop
the model of nucleation and growth for the mechanism of the
olivinesspinel transition.

The model of nucleation and growth assumes that atoms
migrate independently across the interphase boundary during
the transition. This contrasts with the cooperative motion of
atoms in the martensite transition. Nucleation and growth are
the two stages of development of the new phase. During the
nucleation state, atoms cluster to form metastable nuclei of
the new phase. The nuclei are metastable because surface and
strain energies are created dufing their formation. These two
eﬁergies form a barrier to nucleation. However, when the
nucleus grows to reach a critical size, the lowering of the
chemical-free energy begins to outweigh the energy barrier for
nucleation. This starts the growth stage of the transition,
and the stable super-critical sized nucleus begins to grow
steadily thereafter. Based on the model of nucleation and
growth, the semi-quantitative calculation for the kinetics of

the olivine+spinel transition will be treated in Chapter 6.

4-3: Nucleation and Growth Mechanisms:

For the transition in an infinite perfect crystal, nuclei

will form randomly within the crystal, so that homogeneous
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nuéleation (volume nucleation) prevails. For the transition in
a ;eal material, nuclei will form prefgrentially on crystal
heterogeneities which have higher energies than in the perfect
crystals, and heterogeneous nucleations will dominate. All
nucleation mechanisms are competing processes. The relative
importance of each nucleation mechanism.depends on the nature
and the abundance of the crystal heterogeneities, as well as
the P-T conditions. Semi-quantitative calculations of the
nucleation rate for the major nucleation mechanisms of the
olivine+spinel transition are described in Chapter 6.

The nature of the olivine-spinel interphase boundaries
(interfaces) is not known. However, the interface will be
incoherent except at the very beginning of the formation of
the spinel nucleus (Chapter 6). The incoherent interface is
a region of closely spaced dislocations and vacancies. The
growth of the nucleus is then a complicated process of
advancing this interface by a combination of dislocation
climb, glide, and vacancy diffusion. The activation energy of
growth (Qa), i.e. the activation energy of migrating atoms
across the interface, may have a magnitude comparable to the
activation energy of grain boundary diffusion. The latter
usually falls within 1/2 to 2/3 of the activation energy for
lattice diffusion. The activation energy of lattice diffusion
for the slowest species in forsterite has been determined by
Goetze and Kohlstedt (1973) to be approximately 135 Kcal/mole.
Thus, Qa may fall within the range of 68-90 Kcal/mole for the

olivine»spinel transition of Mg-rich composition. The activa-
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tign energy for lattice diffusion may increase with pressure
because the activation volume (AV% for the activated state.
However, the migration of atoms across the olivine-spinel inter-
phase may be favored by dislocations and vacancies on the inter-
face and need not pass through a stage of increased volume.
This could imply that the activation volume for the growth of
spinel is small, and thus the activation energy of growth is
less pressure dependent than that for lattice diffusion.

We shall noW discuss the possible mechanism of the B-y
transition. Because the oxygen packings for the two structures
are identical, they may remain unchanéed during the transition.
Thus, the B+>Yy transition may proceed by cation diffusion only.
This ‘implies that the B+Yy transition could be an intra-
crystalline process. .In this respect, it resembles an order-
disorder transition. In addition, as will be shown later that
tﬁe B+y transition may also result in domain structure, which
is characteristic of an order-disorder transition. However,
the B+>Y transition differs from the order-disorder transition
in two major ways. First, the diffusion of cations during the
g+y transition changes the patterns of cation distribution in
the two structures, but the diffusion of cations during the
order-disorder transition involves only interchange of cations
of different species and leaves the pattern of the cation
distribution unchanged. Second, the B-+y transition changes
the cation distribution from one pattern to the other without
intermediate stages, whereas on order-disorder transition is

gradational and can extend over a range of intermediate stages.
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As .a consequence, the B>y transition is a first order transi-
tion, while the order-disorder transition is a higher order
transition.

The B+y transition can be achieved by many paths of cation
diffusion. The path with the least activatior energy will be
followed in a real transition. Although the patterns of
cation distribution are different between the two structures,
locally there are similar regions. A close examination of the
two structures has revealed that they can be overlapped three-
dimensionally in such a way that only one quarter of the
divalent eations (Mg, Fé) and one—half‘of the tetravalent
cations (Si) need to be redistributed for their mutual transi-
tion, as shown in Figure (4-2). According to this mechanism,
the redistribution of this minor portion of cations can be
accomplished by diffusion in sparsely isolated bands parallel
t6 (010) in the B-structure or to (110) in the Y-structure
(Figure 4-2). The diffusion paths for the divalent cation
follows either Vy M through one shared edge, or M-VT—VM
through two shared faces; and the diffusion path for the tetra-
valent cation follows either T-V, through one shared edge, or

T

T--VM—VT through two shared faces (Figure 4-2), where M, T, VM’

and VT denote occupied octahedra and tetrahedra, and unoccupied
octahedra and tetrahedra, respectively. As the activation
energy for the diffusion through a shared face will be much
less than through a shared edge, we favor the paths of cation

diffusion through shared faces. This mechanism leaves the

maximum part of the structure unchanged and zequires the mini-
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Fig. (4-2)

Schematic diageam showing the possible growth
mechanism for the B+ y transition. Parallelograms
and triangles represent occupied octahedra and
tetrahedra, respectively. Cross-hatched, open, and
dotted polyhedra represent the three positions
perpendicular to the diagram as shéwn.bf the legend
at the bottom. Upper and lower diagrams show the
B - and the Y- structures, respectively. Arrows
in the B -structure indicate paths of cation diffusion
which can transform the B -structure into the «y-
structure. Note that the major part of the B -structure

remains unchanged and the diffusion bands are restricted

to certain planes during the 8 » Y +transition.
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mum amount of diffusion. Thus, it is likely to be operative
in(the g~y transition. The nucleation and growth of the y-
structure are accomplished by initiating local cation diffus-
ion and by spreading out the transformed bands. If two y-
structures developed in this way meet in phase, i.e. the
repetition of the two cation patterns matchs, they merge into
a single continuous phase. On the other hand, if they meet
out of phase, then the two substructures will be separated by
an anti-domain boundary. The verification of the presence of
the domain structure in the y-structure transformed from the
g- structure awaits future studies of transmission electron
microscopy (TEM).

According to our model, the activation energy of growth
for the g+y transition corresponds to that for cation diffusion
in the g-structure. The activétion energy of cation diffusion
in the g-structure is not known; however, it may have a magni-
tude similar to that in the g-structure because of the similar-
ity of oxygen closest packing between the two structures. The
activation energy of cation diffusion in the R-structure may be
slightly higher than that in the g-structure because of the
more compact packing of the B-structure. The activation energy
for divalent cation diffusion in the g-structure under pressure
has been studied by Misener (1975). For the possible olivine
composition in the mantle, Foo,g' it can be expressed by Q
(Kcal/mole) = 58 + 0.13P(kb). As Qa for a silicon ion will be
higher than that for a divalent cation, the above expression

of Qa as a function of pressure could be the lower limit for
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the activation energy of growth of the B+y transition. It is
surprising to note that the activation’ energy of growth for
the B+»y transition could be comparable to that for the a-+8 or
the o~y transitions at low pressure estimated previously,
because the former transition involves no change in the oxygen
framework while the later transitions do. However, one might
envisage that the breaking down of the oxygen framework would
have the effect of facilitating atomic transport. Thus, the
similarity of activation energies between these two types of

transition may be reasonable.
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Chapter 5

THERMODYNAMICS

5-1: Introduction:

The decrease in Gibbs free energy forms the fundamental
driving force of phase transformations. In order to have a
thorough understanding of the olivine-#spinel transition under
different physical conditions in the mantle, a knowledge of
thermidynamic quantities, especially Gibbs free energies, of
the two phases at high pressure and high temperature is essential.
Although some scattered thermodynamic data for the olivine-spinel
transition in the Mgzsio4—FezsiO4 system, wﬁich are summarizeq
in Table (5-1), have been reported in literatures, a systematic
synthesis of such data has not been attempted. In this chapter,

a complete, quantitative derivation of basic thermidynamic
quqntities as functions c¢f P and T for olivine and spinel in the

Mg2810 -Fe SiO4 system is presented. The derivation of these

4 2

thermidynamic quantities is self-consistant and values agree

well with the existing experimental data. Based on the derivation,
a more complete picture of the variations of the Gibbs free
energies of olivine and spinel, as well as the fundamental
driving forces for their mutual transitions, as functions P, T
and composition has emerged. This enables one to predict thermo-
dynamic properties of the olivine+spinel transition at physical
conditions pertaining to the mantle, but beyond the current

capability of laboratory equipment. To start, we shall evaluate

volumes of olivine and spiﬁel as functions of P and T.



-108-

Table (5-1)

THERMODYNAMIC PARAMETERS OF OLIVINE AND SPINEL.

Mg,5i0, Fe,510,
o B Y o Y

v 43.67%  40.59°  39.60°  46.209  42.03°
0,298 L ] - L] - 3
(cm3/mole)

f g h i j
Ko,29g 1293 1660 2090 1201 2063
(Kb)
(aK/aP)Tk5.09k 4.1t 4.4™ 5.97™ 5.51
(3K/3T) p, -0.152" -0.138™
(Kb/°C) .
1 (Kb) 808° 1090™ 536™ gao™
(3u/9P) 1.82P ' 0.62"
(du/31), -0.1299 o -0.10"
(Rb/°c)

r by r r
Vo, 205 0-241 0.278 0.306 0.311

s t t S u
Sg 208 22-75 19.80 17.6 34.7 32.4
(cal/mole)

f s \'4 v S u
MGy 59g -15.117° -10.029 -8.995 -7.28 4.70
(Kcal/mole)

w w w w
Eg 205 2006 2786 - 1400 2334
(Kb)
References:

a) Average value of Matsui and Syono(1968) (43.68), Ringwood
and Major(1970) (43.79), Fisher and Medaris(1969) (43.62),
and Hazen (1975) (43.59).



b)

c)

d)

e)

f)

g)
h)

i)

3)

k)

1)
m)
n)
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Table (5-1)
(CONTINUED)

Average value of Ringwood and Major (1970) (40.65), Suito
(1972) (40.63), and Moore and Smith (1970) (40.48).

Average value of Akimoto(1972) (39.62), and Ringwood and
Major (1970) (39.58).

Average value of Akimoto(1972) (46.28), Ringwood and Major
(1970) (46.39), Fisher and Medaris(1969) (46.26), and Hazen
(1975) (46.23) .

Average value of Nishizawa and Akimoto(1973) (42.03), and
Ringwood and Major (1970) (42.03).

Average value of Kumazawa and Anderson(1969) (1286), Mizu-
tani et al(1970) (1291), Chung(1971) (1281), Graham and
Barsch (1969) (1296), and calculated from Hazen's(1975)
data(1313).

Mizutani et al(1975).

Average value of Nishizawa and Akimoto(1973) (2050),
Mizutani et al(1975) (2130).

Average value of Nishizawa and Akimoto(1973) (1320), Chung
(1971) (1220), Clark(1966) (1100), and calculated from
Hazen's (1975)data(1162).

Average value of Nishizawa and Akimoto(1973) (2050), Mao
et al(1969) (2120), Chung(1973) (1960), and Mizutani et al
(1970) (2120).

Average value of Kumazawa and Anderson(1969) (5.33),
Mizutani et al(1970) (4.97), Chung(1971) (5.07), Graham
and Barsch(1969) (4.97).

Chung(1971)

Chung(1973)

Average value of Kumazawa and Anderson(1969) (-0.150),
Graham and Barsch(1969) (-0.176), and Chung(1971) (-0.131).
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Table (5-1)
(CONTINUED)

Average value of Kumazawa and Anderson(1969) (811),
Graham and Barsch(1969) (816), and Chung(1971) (797).
Average value of Kumazawa and Anderson(1969) (1.80),
Graham and Barsch(1969) (1.82), and Chung(1971) (1.85).
Average value of Kumazawa and Anderson(1969) (-0.130),
Graham and Barsch(1969) (-0.136), and Chung(1971) (-0.12).
Calculated from v=(3K-2u)/(6K+2u).

Clark(1966).

Calculated by SB(Y) =2 +Ava*8(Y%dP/dT)a+8(7)slopes

0,298 0,298 0,298
of transitions are taken from ref. (c) of Table (1-1).

Mao et al(1969).

£8(y) _,~fo _ a+B(y)
Calculated by AG0,298 —AG0,298 P298AV0,298' n 298
is the equilibrium transition pressure at 298 K. P298

where P

is taken from ref. (c) of Table (1-1).
Calculated from E=(18Ku)/(6K+2u).
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5-2: Volume:
Volume as a function of pressure at constant temperature
is usually calculated by the Birch-Murnaghan equation of state

Birch (1947).

V)2 %T
-2 ko (B (ST

where (KO)T is the isothermal bulk modulus at zero pressure, (VO)T

and (V are isothermal volumes at zero pressure and at pressure P,
)(Kal (%

3¢ (vp)!
very small for the olivine and spinel of interest, and can be

P)T

n
\ wl

respectively, and ?

s

-A) The first order correction factorg{

neglected in most calculations. Althoudh Eq. (5-1) is commonly used
in the literature, it is not convenient to use it in the following
calculations, because it does not include the volume dependence
on temperature and because the volume is not explicitly expressed
as a function of pressure. For our purpose, we shall adapt an
approximate equation of state which allows the volume dependence on
both pressure and temperature to be evaluated with fair accuracy,
and which gives a convenient mathematic form to manipulate.

Since |

V,,..,:-(v(T)P(VT)P ({T—-(ﬁP)T(VP)TCtP ---------- (5-2)
where(p(T)P and(ﬁP)T are the isobaric thermal expansion and the iso-

thermal compressibility, respectively. Dividing Eg. (5-2) by Vo
14

we have:
d In VP,T:(O(T)pdT "(/39)74? ____________ (5-3)
which upon integration gives:
-_————(5-4)

Vr:r = VPc,To ex?{ f;(o(;‘)pd‘r— J?z ((sF)Td?}
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Let Qp and FZ-T be mean values of (dr);, and (ﬁp)fat the P-T
conditions of interest(up to 200 kb and lGOOOC), and put P0=O kb

and To=298°K. Then

Vo1 = Voogy €%P { Lp (T-297) =B PS --------- (5-5)
Substituting appropriate values of Eif and zir into Eq. (5-5),
molar volumes(cm3/mole) of olivine and spinel forms of Fe25i04 and

MgZSiO4 as functions of P(kb) and T(OK) can be expressed by:

VP.. £ 46.29 CXP{S Ixt1c (a- &) — €. 8xzo'aP} ''''' (5-6)
Vr—_4203 exp{e 4x15°(T-298) 4,3 %10 P} ----- (5-7)
\/,?f"‘-— 43, GTC’)\F{33%ICS(|—Z9&) -6.4X(0 P} —————— (5-8)
V,,,T = 39. goemf’{z 5155 (T-298) —4.2X10 P} —————— (5-9)
where superscripts dFe, YFe, o/Mg and ¥YMg denote Fe28i04 olivine,

Fe28i04 spinel, MgZSiO4 olivine, and Mg28i04 spinel, respectively.
Although Egs. (5-6) to (5-9) are approximations, their
predictions not differ from the high temperature crystallographic
data of fayalite(Smyth, 1975) and forsterite(Hazen, 1975) by more
- than 0.6% at all temperatures up to lOOOoC, and they also agree
within 0.6% with the high pressure volumes up to 200 kb calculated
by Eq. (5-1), using the data of Table (5-1). Thus, they are fairly
accurate equations of state and will be used to derive other
thermodynamic quantities fov olivine and spinel at high pressure

and temperature.

5-3: Entropy:

We shall now derive entropy functions for olivines and spinels,
based on the above volume functions.

C
d SP.T (.;)P dT - <°(T)P \/BT C’( Poeerrereree e = = (5-10)

where (CT)P is the heat capacity at constant pressure. Again
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putting P_=0 kb and T0=298°K, and adopting mean values of dp ,
B&N, and Ef, integration gives molar egtropy(cal/mole OK) as
a function of P(kb) and T(°K):
Sf,T = Sc‘_\zh‘,s -570 Ep + -CPT,)‘!T
— 239 Vo, QW{QP('T—Z?F:)}(;—cxp(-ﬁrpﬂ (5-11)

T
where VO 298 is expressed in cm3/mole and the factor 23.9 converts
’

the unit kb-cm3/mole %K into cal/mole k. Substituting S0 298 and
V0 298(Table 5-1) into Eqg. (5-11), molar entropies for olivines
and spinels are found to be:
4
SI =347 -570 T35 + TR T T-s04dExp30 (G2 {-rp ik 5-12)
5% _32.4-570C *+ G T LT-56. 5T exrlz. 4MC(T~215)§ 2apl43uBE)(5-19)
§M =208 670 G4 G T 53 Bzexe 33 (T2iEfiex tequc) 371
SE= 17,6570 T + T T 0aT-46.34€ npf2sHO T2 (1 CAPH L) (5-15)

Values of heat capacities for olivines and spinels will be
evaluated in the next section.

5-4: Gibbs free energy:

Based on the above volume and entropy functions, Gibbs free
energies for olivines and spinels can now be calculated. Since
dG=-SdT+VdP-====—=— = —m e e e — (5-16)
Substituting Egs. (5-5) and (5-11) into Eq. (5-16) and integrating,
we express molar Gibbs free energy(cal/mole) as a function of P (kb)
and T(°K) as: ,
GF»T = Gc, g 298 (50,1‘18__5;’) +(67C _C.P“ Sc;r;s)T— (TPT-E/;«T

+ 3%.511_—-\4:293 exp{dp(T-298)}(1-exP(-B; P)J- -~ (5-17)

Substituting appropriate values of 3(‘, and ET into Eq. (5-17),
molar Gibbs functions for olivines and spinels are found to be:
Gry = GaF +298 (53R —T%) (670 TR -SyR) T-CPR T 0T
+he2Tx 0 exp] 315" (2780 [ 1-€xp (68116 ) .- (518



’ -114-~
- ~VE Yfe =t ¥ XF L.
QP,‘T + Qo 1§a+2‘ 8( )f;a CPEE) +(C\TO Q’ Fe 01;8 T= CP ¥ jfh

+ 2336 x(0 exP{aAmo“S'(T—-z 78] }fl—exp(-q- 31 4P)]-~(5-19)

dAly = —=d o(M =oifa
m’ Gczag‘f278 (s ﬁqé-—CPMﬁ)‘f‘(G.‘fD CPM9 a,a?%) ] ’CP 3TLT

-H.cancu, exP{BBMO““"'('T-z?a)}(i—GXP(-éAME“LP)]-—-(S-ZO)

TSGR +278 (S~ G 4(6T0 G Sﬂ?a)T‘EgﬁhTLT
+zz§3uo€exp{asxao (T—2‘78)}U-CXP(-4ZXIO P)]---(5-21)

Since Egs. (5-18) to (5-21) involve approximations, their validity
should be tested by experimental data. Two independent groups of
data are available for this test. The first group of data are
olivine-spinel phase boundaries (Table 1-1) and the second group

of data are standard free energies of formation(AG‘F ) and

0,298

standard entropies(S ) (Table 5-1). We shall calculate the latter

0,298
data from the former ones through Egs. (5-18) to (5-21) and then

test the consistancy of the calculated data and the measured ones.

First we shall test Gibbs functipns for Fe28i04. At the olivine-

dFe__YFe

spinel phase boundary, G =G Thus from Egs. (5-18) and (5-19),

P, T P,T
the olivine-spinel phase boundary can be expressed by:

'a -~ —— . -~ (Y-
AGY +218 (a SR - ATF9R) + (670 AT VR ASGIMT

TAGTTYR T 40T 2336 x (06K {24 055 (T-298)} [1~€xp(-43xi0P)]
—h62Tx10° exp{3.1810%(T-298)] (| - exp-E8x 0P ]

—-——-~5-23)
(V" _ff _ AR (C-4) %y Y Fa o Fe =04 Fe

where AG,"550=G ©987Cq 5987 ASy,298750,298 90,2087 and AT
E*ﬁ--a‘& Each of these three constants is unknoen and needs to be

P P
determined. Eg. (5-23) defines a curved phase boundary which
approximates a straight line. The olivine-spinel phase boundary in
Fe28104
and later revised by Mao et al(l969). It can be approximated by a

has been accurately determined by Akimoto et al(1965,1967)

straight line of equation P(kb)=18.4+0.026(°K)(Table 1-1). Selecting



arbitrarily the following thrgéliaints on this phase boundary:
(p,T)=(26.2,298), (38.5,773), (51.5,1273), and substituting them
into Eq. (5-23), we then obtain solutions to the three unknown

constants by solving the simultaneous equations:

(v-d)R _ % oAEs B
AG0,298 = Gy %98~ 90’298—2464 cal/mole (5-24)
(¥-)® _ (B _ oXFe o )
ASg Jog = Sg 95 Sg 9gg="2-23 cal/mole °K (5-25)
Aaér_‘i)‘:e = E;Fe - 6;&’ =-0.33 Cal/mole OK ________ (5—26)
- Yfoa _AdFE Yfa _
From Table (5-1), measured values of G0,298 GO,§98 and 50,298
ol
SOT§98 are 2580 cal/mole and -2.3 cal/mole OK, respectively. Both
4

calculated values agree with experimental data within 5%, which is
less than the uncertainty of the measurements. Eqg. (5-26) has a
correct sign and a resonable magnitute, there are no experimental
data for comparison. Substituting Egs. (5-24) to (5-26) into Eq.
(5-23), a calculated phase boundary is obtained, which, when plotted
out, is almost identical to the experimentally determined phase
boundary, P=18.4+0.026T. Thus, despite the approximations used

in deriving the Gibbs functions for Fe28i04, the surprisingly

good agreement between them and the measured data strongly supports
the validity of Egs. (5-18) and (5-19).

A similar calculations are now employed to test the validity
of the Gibbs functions for Mgzsi04. At the olivine-spinel phase
boundary, G;?%=Ggﬁ%. Thus from Egs. (5-20) and (5-21), this phase
boundary can be expressed by: '

AGEAES 4 298 (2 S5 _ ATH M) 4 (6,70 ATE MI_AS LT

~AG MY T +2.253% |0exp{ 26 #1075 (T-258)} (1 -exp(-4.2x:5%P)]

- 63l x (osexp{s.a x;o‘s(r-z‘?g)}(l-ex p(-64 xl54P)] ....... (5-27)

(-dMg_ . ymq _ oM (=d)My_ YMg  _ _dMg —(YdlMy VAl
where AGy 5q4=Gy 957Gy Jogr BS¢ 298-50,298 Sp, 2987 ACp= Cp ~Cp ¥,

Again, Eqg. (5-27) defines a curved phase boundary which approximates

a straight line. There is a wide discrepency for the olivine-spinel
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phase boundary in Mg28i0 determined from experimental data(Table

4
1-1) . Here we adopt the equation P(kb)=57.5+0.053T(°K) based on

screened experimental data(Sung and Burns, 1976). Again we constrain
Eq. (5-27) by the following three points on this experimental phase

boundary: (P,T)=(73.3,298), (98.5,773), (125,1273). Solving the

appropriate simultaneous equations, we get the following values for

the constants:

(X‘O\)Mg _ \’M3 _ OQM}] e _
AGO,298 -—GO'298 GO,298 =6442 cal/mole (5-28)
(-39 _ Y9 _ 4y o / O _
ASO,298 80,298 80,298 =-5.16 cal/mole K (5-29)
AE?“”MS =c[My  —cgM§  =-0.28 cal/mole--------=--- (5-30)

- ¥Mq .~ dMg ¥Mg
From Table (5-1), the measured values for G0,298 GO,298 and SO,298

d oL :
Soﬂggg are 6122 cal/mole and -5.15 cal/mole OK, respectively. Again
’
Eg. (5-30) has a correct sign and resonable magnitute, although

there is no experimental data for comparison. The agreement between
calculated and measured values is again within 5%, which is less
than the uncertainty of the meaéured data. Thus the derived Gibbs
functions for Mgzsi04(Eqs. 5-20 and 5-21) are again quantitatively

consistant with the experimental data.

In order to make use of Egs.
estimates of Ef. According to the
atoms at temperatures higher than
approach a value of approximately

atures for Mg, Fe and Si are 133,

(5-18) to (5-21), we need to have
approximation of Debye, Cy for
the Debye temperature will

6 cal/ mole °K(3R). Debye temper-

180 and 385°C, respectively. The

Debye temperature for oxygen ions is not known, but may also be
several hundred degrees centigrade. As our interest is in the
olivine-spinel transition in the transition zone where the temper-

ature is much higher than these Debye temperatures, these C for

L
v S
-Fe,Si0, system are approximately

olivine and spinel in the MgZSiO4 2

4
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6x7=42 cal/mole oK, since there are 7 atoms per formula unit. From
this value we can calculate CP by:

CP=CV+(TVd )49 -------------------------------------- (5-31)
Thus, at 1000°C E;E%ucga =44 cal/mole oK. According to Egq. (5-31),
EP for olivines and spinels may increase in the order Y—Fe28i04ﬂJ

¥ -Mg,Si0

e K—Fe28i04ﬂl&-Mg28i0 The difference of Eé between

4 4°
spinels and olivines, calculated from Egq. (5-31), is approximately
0.3 cal/mole ©K. This agrees well with our early calculations(Egs.
5-26 and 5-30) from the derived Gibbs functions. Thus, in the
following calculations, we shall assume Egu%rv E;M3:# 44 cal/mole %x.
These data glso agree with an early estimate of l.25x107 erg/gm °k
(~ 44 cal/mole 0K) for olivine in the mantle(Jacobs, 1956).

Based on the above estimated values of the heat capacities,
values of GJ??QS -Ggf§98 =2580 cal/mole, G&??%S *Ggiggs
cal/mole, and entropies from Table (5-1), Gibbs free energies for

=6122

olivines and spinels as functions of pressure and temperature were
calculated based on Egs. (5-18) to (5-21) and are shown in Fig.
(5-1). The notable features of these Gibbs functions are: (1) for
the same composition, the free energy of olivine increases with
pressure and decreases with temperature more rapidly than does
free energy of spinel. Thus, wherever the two free energy curves
cross, phase transition may occur; and (2) for the same phase, the
free energy of Fe28i04 increases with pressure but decreases with
temperature more rapidly than that of Mg28i04.

5-5: Regular solution model:

Having evaluated the Gibbs functions for Mgzsi04 and FeZSiO4

endmember olivines and spinels, we shall next calculate the Gibbs



-118-

Fig. (5-1)

Gibbs free energies of olivines and spinels as
functions of (A) pressure, and (B) temperature. Solid
and dashed lines are for olivines and spinels,
respectively. Vertical dashed lines mark the equili-

brium transition pressures(A), or temperatures(B).

L
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funétion for intermediate compositions. In order to make this
calculation possible, we shall adopt a simple solution model,
such as the regular solution model, for both olivine and spinel.
First, we shall calculate Gibbs functions based on the model of

symmetrical regular solution (Thompson, 1967). According to this

model,
2
MFe=GgeT+2RTlnXFe+WGXMg -------------------------- (5-32)
14
2
e I G (5-33)
r

where M , R, X, and W, are the chemical potential, the gas constant,

G
mole fraction, and interaction energy, respectively. Superscripts
Fe and Mg again are abbreviations for FeZSiO4 and MgZSiO4, respec-

tively. When olivine is in equilibrium with spinel, we have

F F
11«e=klre ___________________________________________ (5-34)
Mg_ Mg _ e -
Me{ M\’ (5-35)

Thus, using Egs. (5-18) through‘(S—Zl) and (5-32) through (5-35),

the interaction energies, which measure the degree of non-ideality

for olivine and spinel at a given pressure and temperature can be

calculated from their equilibrium compositions. Using this method,
o

we have calculated WG and Wé', based on isothermal sections of

the MgZSiO ~Fe SiO4 system determined by Akimoto et al(l1976) (Fig.

4 2

1-2). The results indicate that both interaction energies are
positive over the whole P-T range of two-phase coexistence. However,
their values are so scattered, ranging from less than 1lKcal/mole to
more than 10 Kcal/mole, that they fail to show any systematic
variation with pressure and temperature. Similar results have also

been reported by Nishizawa and Akimoto(1973). The scattering of

calculated interaction energies may originate from the inaccurate
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compositions of coexisting olivine and spinel. If the two-phase
region in Fig. (1-2) could be pushed further apart, especially
for the low temperature isothermal section, the calculated
interaction energies would show a considerably smaller degree of

scattering. In this case, W. would increase with pressure but

G
decrease slightly with temperature. The difference of equili-
brium compositions between olivine and spinel could be larger

than that shown in Fig. (1-2), because of the possible kinetic
problem encountered in experiments. This could be especially

true for the low temperature(SOOOC) runs.

For a more realistic model one should adopt the asymmetric
regular solution model (Thompson, 1967) for both olivine and spinel.
According to this model, we have: 5

MR = G 12RT LuX T+ (Wl +2 (W& -WS)x® XM -~ (5-36)

Mo G 2 RTI XM (We k2 (\/VE‘W@?)XMJ xR - 45-37)
Because accurate equilibrium compositions of olivine and spinel
at high P-T conditions are not available for cur caaculation
of interaction energies, the following calculations are semi-
quantitative and are used to demonstrate the possible composition
dependence of Gibbs free energies for olivine and spinel at high
pressure and high temperature. In order to evaluate the possible
magnitude for interaction energies, we choose arbitrarily the
following two pairs of coexisting compositions of olivine and
spinel at 1200°C from Fig. (1-2): (X' ¢,xF€)=(0.18,0.59) and
(0.11,0.42) at P=110 and 120 Kb, respectively. Using the above

data and Egs. (5-18) to (5-21) and (5-34) to (5-37), we obtain
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the following interaction energies at an average pressure of

115 Kb and temperature of 1200°c.

ngs=5700 cal/mole W“M&=410 cal/mole
A w ------------ (5-38)
wg =7120 cal/mole We9=3960 cal/mole

Interaction energies for olivine at 0 Kb(l atm) and 1200°¢
are less than 1000 cal/mole(Obata et al, 1974), A tentative value
of 1000 cal/mole is assumed for both interaction energies.

oM
W Wg =1000 cal/mole ----------- (5-39)

=1000 cal/mole
Interaction energies for spinel at 0 Kb and room temperature
are not known. However, they may be negligible, because both
the refractive indices and the cell parameters of spinel solid
solutions ;ere found to be linear functions of composition
(Akimoto and Fujisawa, 1968; Ringwood and Major, 1966, 1970).
Interaction energies could be lower at hgih temperatures; thus,
we tentatively assume that at 1200°C:
WO, WA 0 cal/mole —-=mmmmmmmmmmmmom oo ommmmme oo (5-40)

If we further assume linear dependence of interaction

energies on pressure, we have at 1200°C:

Wy © =1000+41P —=mmmmmmmmmm oo oo (5-41)
Wg”%=1000—5P -------------------------------------- (5-42)
WER =62P === mmmmmm oo (5-43)
I (5-44)

Activities(a) of Fe28i04 and Mg25i04 in olivine and spinel as

functions of composition and temperature can be calculated by:

¥ 2 —
o = o exp{ ZITWE +2 (WL WE) K]} - m o (5-45)
&Mﬂzx’“ﬁexp{é&gi-‘_i[ WES+ 2 (WS- Wg?) xf"‘a]} e —— ___(5-46)

Substituting Egs. (5-41) to (5-44) into Egs. ({5-45) and (5-46),
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we obtain activities of Fezsio4 and Mg28i04 in olivine and spinel
at‘lZOOOC as shown in Fig. (5-2a). According to our model,
activities in spinel at a given composition increases with
pressure more rapidly than they do in olivine.

Excess Gibbs free energies(GXS) of olivine and spinel can

be calculated by:

- Fe_ Mg, . Mg,Fe, -Fe Mg
GXS (WG X +WG X)X X

GXS so calculated are all positive, and except for Mg-rich

olivine, they tend to increase with pressure. Thus GXS will

compensate Gibbs free energy of mixing, G = 2RT(XFelnXFe +

MX
Mg Mg . . .
X"“71nX °), and the compensation increases with pressure as shown

in Fig. (5-2b). It is noted that Gy for spinel increases

S
rapidly with pressure. Thus, it seems possible that above a
certain pressure(more than 200 Kb) spinel may not form a continuous
solid solution but may unmix to form two solid solutions.
However, at that high pressure, spinel may have transformed into
the other phases begore this unmixing could occur.

It is also noted from Fig. (5-26) that at low pressures,
the deviation of GMX+GXS from the ideal solution is larger in
olivine than in spinel. This has the effect of decreasing the
FeZSiO4 content of equilibrium compositions in olivine and
spinel relative to that in ideal solutions. At high pressures,
this trend is reversed. This effect of GXS on equilibrium
compositions can decrease or increase the FeZSiO4 content

in olivine and spinel up to 10%.

Gibbs free energies of olivine and spinel as functions of
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Fig. (5-2)

(A) Activities of Fe SiO4(aFe) and Mgzsi04(aMg)

2
in olivine(solid lines) and spinel (dashed lines) as
functions of pressure at 1200°C. Note the more rapid
increase of activities with pressure in spinel than
in olivine. (B) Excess free energies(GXS) in olivine
(solid lines) and spinel (dashed lines) as functions
of pressure at 1200°C. Note the more rapid increase

of GX with pressure in spinel than in olivine.

S
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composition, pressure and temperature can now be calculated by:

_yre,Fe Mg Mg
GP,T X GP,T+X GP,

(wgeng+wgnge)xFeng —————————————————————— (5-48)

T+2RT(XFelnXFe+XMglnXMg)+

Substituting Egs. (5-18) to (5-21) and (5-41) to (5-44) into

Eq. (5-48), the calculated results are shown in Fig. (5-3). Free
energy curves for olivine and spinel are skewed towards the
Fe28i04 endmember, since the free energy of Fe28i04 decreases
with temperature more rapidly than Mg2SiO4. It is interesting

to note that although the calculation is semi-quantitative,
equilibrium compositions of coexisting olivine and spinel
obtained from these free energy curves(Fig. 5-3, ¢ and d) agree
well with the experimentally determined phase diagram(Fig. 1-2).

5-6: Equilibrium transition versus massive transition:

From Fig. (5-4) we see that the free energy decrease

is very small for the transitién of a metastable olivine into
two equilibrium phases, AGZéY =G: +G£ -G;, where subscripts
e and m denote equilibrium and metastable phases, respectively.
In contrast to this small driving force of transformation, the
activation energy is large for the equilibrium transformation,
because it involves a composition change. Thus, the equilibrium
transformation is a sluggish precess. On the other hand, the
free energy decrease for the metastable transition

of a metastable olivine into a metastable spinel in

the two phase region, ,/,\G;:\l-’r

=G£ —G;, is only slightly smaller
than AGZ—)r . However, this metastable transition, which is
formally called massive transition, does not involve a composition

change and thus may have a smaller activation energy. As a result,
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Fig. (5-3)

Gibbs free energies of olivine(solid lines) and
spinel (dashed lines) as functions of pressure and
composition at 1200°c. Light so0lid lines are common
tangent lines of Gibbs free energy curves. Verical
dashed lines mark the equilibrium compositions of

olivine and spinel at the particular pressure.
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the massive transition may take place rapidly and dominate the
transformation precesses. The massive transition will begin

to compete with the equilibrium transformation when G; is rising
above G;. The composition where the massive transition begins

in the two phase region can be calculated from Eq. (5-48) by

od _- ¥
P,T P,T"

beginning of the massive transition lies approximately in the

putting G G The composition boundary which marks the
middle of the two equilibrium composition boundaries of the two
phase region. Beyond the two phase region and in the spinel
field, the olivine»spinel transiton will occur exclusively
by massive transition. The characterization of this massive

transition precess, using the model of nucleation and growth,

is the subject of the next chapter.
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Chapter 6

KINETICS

6-1: Introduction:

The Gibbs free energy decrease, AGd, is the fundamental
driving force of the olivine-spinel transition. ‘AGd as a
function of P, T and composition can be calculated from the
Gibbs functions of olivine and spinel, derived in Chap. 5.

The rate of AGd decrease, i.e. the rate of penetration into

teh metastability field, determines the dominant mechanism

of the olivinesspinel transition, as described qualitatively
below. Fiéf (6-1) shows schematic the polythermal, polybaric
section of the Mgzsi04-FeZSiO4 system(Fig. 6-la) along a
positive P-T gradient, as well aé the Gibbs free energies of
olivine and spinel (Fig. 6-1b,c,d) at the three different
positions along the P-T gradient, as labelled byr(l), (2) and
(3) in Fig. (6-la). If olivine is moved along the P-T path of
(1)2(2)2(3) at an extremely slow rate, this allows enough time
for compositions to change by diffusion, so that the dominant
mechanism of transition will be the equilibrium transition as
depicted by: g >4+ Yo — Y, , where the subscript "e" denotes
an equilibrium phase. With the increasing rate of penetration
into the metastability field, diffusion becomes less effective
and the reaction becomes Ao — o+ Ye;—r\’m-{- Y¢'+ where subscripts
"e'" and "m" denote semi-equilibrium and massive phases, respec-

tively. In this case, there is a finite composition range for

the transformed spinel, and this composition range is reduced
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Fig. (6-1)

Schematic diagram showing the polythermal, poly-

baric section of the MgZSi04—FeZSi04

positive P-T gradient(A), and free energy diagrams at

system along a

the three points, labelled (1), (2) and (3) in (A),
aling the P-T gradient(B), (C) and (p). Arrows are
drivingrforces of the olivine-spinel transition at
the particular composition. OM and OP are driving
forces for massive transition~and equilibrium

transformation, respectively.
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as the rate of penetration into the metastability field increases.
As‘the rate of penetration into the metastability field increases
further, diffusion is further suppressed and the proportion of
the massive phase increases. The massive transition will even-
tually dominate, and the reaction becomes:C£e—’rﬁ—+ “m' At this
stage, the transition is totally isochemical. As the rate of
penetration into the metastability field increases further, the
massive transition can be suppressed and there is an increased
proportion of untransformed olivine,as depicted by: olg — oy —> Y},
where the subscript "u" denotes the untransformed phase. As the
rate of penetration into the metastability field increases even
further, olivine may stay completely untransfoemed, and the
reaction finally becomes: ol =y~ o{,- If the untransformed
olivine is held metastably for an extended period of time, it
will transform into Yﬁ ’ provided the temperature is higher than
a characteristic temperature(Tch). The untransformed olivine

will stay indefinitely at temperatures lower than Tch' TCh will
decrease with increasing transition time. If the crystallography
of olivine and spinel allowed a martensitic transition, the reac-
tion<ﬁe—9dmk->dh4, where the subscript "M" denotes the marten-
sitic phase, would occur instantaneously at a certain degree of
metastability, when the massive transition was suppressed. The
martensitic transition would not be suppressed and the propor-
tion of martensitic phase would increase with the degree of meta-
stability. However, we have concluded in Chap. 4 that a marten-
sitic transition does not occur in the olivine#spinel transi-

tion. Thus, a massive transition dominates the metastable transi-
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tions prevailing in laboratory experiments. The massive transi-
tion may also prevail in the cold interior of some rapid
plunging downgoing slabs. The semi-quantitative treatment of

the kinetics of the massive olivinesspinel transition will be
the major objective of theis chapter. Since there is no suitabel
rate equation for a first order, high pressure phase transition
in solids, we shall devel®p a kinetics theory applicable to

the massive olivine-#spinel transition. Because the massive
transition involves no composition change and thus no long

range diffusion, the rate-limiting step will be the migration

of atome across interphase boundary. The transition precess

is thus interface controlled and can best be described by the
midel of nucleation and growth. We shall, therefore, derive

the rate equation for the olivinew+spinel transition by

extending the model of nucleation and growth to be applicable

at high pressure. In doing so, we shall emphasize the dependence
of the rate equation on such variables as pressure, temperature,
grain size, and shear stress for a given composition.

6-2: The driving force and the energy barrier:

In addition to the decrease of Gibbs free energy, AGd,

there are also other energy changes associated with the olivine-
spinel transition. Spinel may preferentially mucleate on crystal
heterogeneities and thus take advantage of the high energy
assiciated with them. Typical heterogeneities which can localize
spinel nuclei are grain surfaces(solid-air contact), grain

boundaries (solid-solid contact), grain edges, dislications,



-135~

gréin corners, and point defects. During heterogeneous nucleation,
the energy of the heterogeneity, AEh, will either be completely
or partially released, and contribute to the nucleation. When
the spinel nucleus forms, it absorbs an interfacial energy (@)
by creating a new olivine-spinel interphase boundary (interface).
In addition, it may absorbs an amount of strain energy(§ ) due
to the volume change accompanying the transition. Furthermore,
there are always vacancies present in olivine. If the concentra-
tion of vacancies is not in equilibrium with olivine, the destru-
ction or creation of vacancies during the olivine-spinel transi-
tion will modify the driving force of the transition. Because
spinel is more compact than olivine, excess and undersaturated
vacancies in olivine will have effects of decreasing and increasing
the rate of the olivinesspinel transition, respectively. The
equilibrium concentration of vaéancies will not affect the
driving force of the transition (Russel, 1976). For our appro-
ximations below, we shall neglect the disequilibrium concentration
of vacancies in olivine.

The total energy change associated with the formation of a
spinel nucleus can now be expressed by:

AG+ =AG* + AEN +0+E - (6-1)

the resolutiion of the total energy change into its components
is for the convenience of evaluating their roles in driving the
olivine~-spinelt transition. It should be borne in mind that the
component energies may not be independent of one another.

The first two terms in Eg. (6-1) are negative and thus
they tend to be driving forces for the olivine#spinel transition.

The latter two terms are positive and form energy barriers to

ne
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nucleation. In the following section, we shall examine these
enérgy terms in more detail. Because the component energies
depend on the mechanism of nucleation, as well as on the nature
of the interface, we shall discuss the driving force and energy
barrier in each of these important cases in the olivine+#spinel
transition. There are three possible competing mechanisms of
nucleation for the olivine#spinel transition in the laboratory
and in the mantle: homogeneous nucleation, nucleation on grain
surfaces or grain boundaries, and nucleation on dislications.
Other heterogeneous nucleation processes are relatively
unimportant because of the low concentration of atoms on these
heterogeneities(grain edge, grain corner, and point defect),
although ﬁhey are also energetic nucleation sites. In each of
the nucleation mechanisms, we shall also discuss the effect of
the interface of the driving force and the energy barrier.
Two types of interfaces will be considered: coherent and inco-
herent. It is assumed that the characteristics of the semi-
coherent interface will lie in between the two extremes.

6-3: Homogeneous nucleation:

Homogeneous nucleation is the least favorable nucleation
mechanism, since there is no extra energy(‘AEh=0), in addition
to decrease of Gibbs free energy, available to drive the
nuvleation. However, because of the large number of nucleation
sites, homogeneous nucleation may be a competing process for
the olivine#+spinel transition in favorable physical conditions.

This is especially true when the olivine is highly metastable,
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whigh makes the contribution of the heterogenity energy to the
driving foece less prominent.

In the following discussion, we shall consider the olivine=
spinel transition at constant pressure and temperature. In

addition, all calculated parameters will be based on a possible

mantle composition, (MgO 89Fe0 ll)25i04 at 150 Kb and 7000C. The

decrease of Gibbs free energy for and isothermal, isobaric olivine-

spinel transition can be expressed by:

At = gf -Gt~ aTaPm -6.7x107 AP erg/cm’------ (6-2)
14 ’
where the superscript "-" denotes the guantity per unit volume

(cm—3

), and AP(in Kb) is the overpressﬁre or the pressure beyond
equilibrium. The fractional volume change calculated from Egs.
(5-6) to (5-9) has a value, AVN-0.067, corresponding to an
average P-T condition (150 Kb and 700°C) for the olivinesspinel
transition in a downgoing slab.‘This value of fractional volume
chénge does not vary by more than 10% in the P-T range of interest.

The interfacial energy per unit area for the coherent inter-
face, 62 is not known, but may fall in the range of 20 to 200
erg/cm2 for most materials (Russel, 1976). A tentative value of
100 erg/cm2 is assumed for the olivine-sspinel transition in the
mantle. The interfacial energy for the semicoherent or incoherent
interface, 52 , is composed of two terms, Ei + 5; . The
latter arises from the structural mismatch on the interface,
and according to van der Merwe(l1963a,b):

o~ ;‘7‘;‘1 (1+¢-—(/+¢‘)%~] ------------- (6-3)

where A\ is the shear modulus, a is the interatomic distance,

¢_,%¥¥£ZJT, ) is Poisson's ratio. Substituting appropriate
- Cl—
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values for the olivine»spinel transition into Eqg. (6-3), a
value of approximately 200 erg/cm2 is obtained for E; . Thus
ﬁﬂ:=ﬁzt+§2ev 300 erg/cmz, which is also comparable to the inter-
facial energies of incoherent interfaces for other materials.
Both ‘EL and ﬁ} are nearly independent of pressure and tempera-
ture. The uncertainty of the above estimations of interfacial
energies is believed to be within a factor of two.

The strain energy for a coherent interface, ’_?,C is
composed of two parts. One is the dilatational strain energy,

59 , which arises from the volume change of the olivinesspinel
transition®, and the other is the shear straln energy, ??s , which
comes from the lattice distortion due to the volume change.
Eshelby (1957) has calculated the strain energies based on a
simple model. Following his method, the strain energies per

unit volume for spherical nuclei of spinel in an olivine matrix

can be calculated by:

i g 2 -2
B~ Ke 3K _pnav o~ (6-4)
D Zz 3\('-\-4 A"‘
= 2M4% AVSE o e e — 6-5
Es™ 73 (SKMAA“) Ve (69)

where A and Kfare the shear modulus in olivine and the bulk
modulus in spinel, respectively. In this model ?D and gs are
located within spinel and olivine, respectively. The former is
independent of the shape of spinel nuclei but not the latter.
From Table (5-1) we estimate that at 150 Kb and 700°C,‘L€and Kr

have manitudes of 990 and 2670 Kb, respectively. This gives

values of B,~ 0.6x10%, Z, ~ 1.2x10°, and . = Z o+ B o

9

1.8x10 erg/cm3. The magnitude of strain energies so estimated
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‘ére comparable to those of other materials. The uncertainty
of this estimate may be within one order of magnitude, in
the P-T range of interest.

The strain energy will not accumulate if the interface
is incoherent, because it can be relieved on this interface
by free running vacancies(Russel, 1976). Thus 52 =0.

In the following semi-quantitative calculations, we
shall assume a spherical nucleus for spinel when it is
small. From Eqg. (6-1), and with AEh=0 for homogeneous
nucleat}on, we get:

A =-§m3(AGd+E) ALY T - - ———— - (6-6)
where r(in cm) is the radius of the spinel nucleus. Sub-
stituting the above estimated values cf Aﬁé‘, ¢ and g’;
for the olivine-spinel transition, we obtaim:

AGH (ers) £ (-2.81%10%AP+T7.54 XD NV H(26 X1 Y=~ (6-7)
for a coherent interface, and

AQ?,(Q@ = _2.eIx10%aP ¥4 377X T G (6-8)
for an incoherent interface.

The energy barrier, § +¥%, for coherent and incoherent
interfaces as a function of nucleus size, r, is shown in
Fig. (6-2). The surface energy increases with the square,
while the strain energy increases with the cube, of the
size of a nucleus, the surface energy will dominate the

energy barrier when the nucleus is small and the strain

energy will domonate when the nucleus is large. The coherent
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Fig. (6-2)

Energy barriers for coherent interface(solid line)
and incoherent interface(dashed line) as functions of
the size of spinel nucleus. Note that a coherent inter-

face will be favored only when the nucleus is smaller

than r=33 A, in this particular case.
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‘;interface has a smaller surface energy and a much larger
strain energy than the incoherent interface. This makes
the energy barrier for the coherent interface smaller than
that for the incoherent interface at the earliest stage
of the transition. This trend is reversed when the nucleus
grows beyond a certain size. As a consequence, a nucleus
will have a coherent interface at a very early stage of its
formation, but this interface will break up upon its
growth . The size of the nucleus at which the coherent inter-
face breaks is approximately r=33 A, as shown in Fig. (6-2).
The total energy changes for the olivine-spinel transi-
tion, as a function of the nucleus size, are calculated from
Egs. (6-7) and (6-8), as shown in Fig. (6-3). Each AGg
function traces out a dome-shaped curve with an energy maxi-
nmm1AG¥*, which forms the aétivation energy of nucleation.
The activation energy of nucleation exists because the
surface energy can be compensated by the decrease of Gibbs
free energy only when the nucleus is sufficiently large.
The critical-sized mucleus, r=r*, possesses the maximum
energqgy, AAGg*, which separates the transition into two
stages, nucleation and growth. At the nucleation stage the
nucleus is subcritical, and this is the size which is meta-
stable and easily decomposed. On the other hand, at the
growth stage, the nucleus is supercritical, which is stable
and can grow spontaneously.

The activation energy of nucleation and the critical
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Fig. (6-3)

Total free energy changes (A Gg) as functions of
the size of a spinel nucleus for homogeneous nucleation
with coherent interface(Hc) and with incoherent inter-
face(Hi). Heavy solid lines and dashed lines are energy
curves at overpressures of 50 and 100 Kb, respectively.
The zero energy refers to the state before transition.
Note the decreasing activation energy of nucleation
(A G?*) and critical size(r*) of the nucleus with
increasing overpressure(p P). Note also that a coherent
interface is always favored over an incoherent interface

for nucleation, when AP >50 Kb.
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'size of the nucleus can be easily calculated as follows: at

r=r¥*, AG$= AG?*, dAGg/dr=0, and from Eqg. (6-6), we obtain:

—n—

*— k. N 6-9
i e
and
=3
Hy_ 16 LT _
AGq, 30eis )t (6-10)

as AP increases. For the olivinesspinel transition, r*

will be smaller than 33 A when AP is larger than 36 Kb.
Thus the spinel nuclei will be completely coherent during
the nucleation stage for homogeneops.nupleation at an
overpressure of more than 36 Kb. It is also important to
note that for the coherent interface a minimum overpressure
ié reéuired to overcome the strain energy before any
nucleation can take place. Thus there will be no transition
when AP is smaller than approximately 27 Kb, because AAGg
is always positive(Eg. 6-7) and r* approaches infinity

(Egq. 6-10). This corresponds to a displacement of the olivine-
spinel phase boundary by 27 Kb towards high pressure. The
phase boundary will also be displaced towards lower pressure
for the reversed transition. Thus, there will be a large
hysteresis for the olivinesspinel transition of coherent
interface. On the other hand, there is no strain energy

to overcome for the incoherent interface, so that, the
olivine+spinel transition will occur immediately across

the equlibrium phase boundary, although the nucleation rate
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.could be very small due to the higher surface energy for
the incoherent interface.

Both the interfacial energy, @ , and the strain energy,
g , used above are average values. The interfacial energy
is a function of the spacial position of the interface
in the olivine lattice, the relative orientation between
olivine and spinel latteces, and even the curvature of a
spinel nucleus. The strain energy depends strongly on the
spacial position of the spinel in the olivine lattice. As
a consequence of the anisotropy of the interfacial and the
strain ®energies, the‘spinel will no£ be sphérical, but
will assume a shape so as to minimize the total energy
barrier, T + ; . Thus, r* and AGg* calculated above by
assuming a spherical nucleus could be overestimated and
may represent limiting values for the real case. However,
the interfacial energy is much less anisotropic than the
strain energy. Since the former dominates the total energy
barrier when the nucleus size is small, the assumption of
a spherical nucleus in the nucleation stage of homogeneous
nucleation may still be reasonable. The quasi-spherical
nucleus will become increasingly irregular in shape upon
growth and will eventually form a plate lying along "soft
planes" in the olivine lattice, due to the increasing
effect of the highly anisotropic strain energy.

6-4: Nucleation on grain surfaces and grain boundaries:
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Nucleation on grain surfaces or grain boundaries is
favored over homogeneous nucleation, because the energy

- - —aa
associated with grain surfaces( AEh= AE®=-T ) or grain

b=—ﬁdd ) may be completely or partially

boundaries ( AE'= AR
released to contribute to the driving force of nucleation.
Nucleation on grain surfaces and grain boundaries is impor-
tant, because the concentration of atoms located on grain
surfaces or grain boundaries is usually very high, especially
when the grain size is small. The former is the dominating
nucleation mechanism for the olivine#spinel transition in

a powdered sample, as has been verified experimentally and

- will be described in Chap. 8. The latter may be one of the
major competing nucleation mechanisms in downgoing slabs,

as will be shown in Chap. 9.

As was the case for homogeneous nucleation of an inco-
herent interface, so too the strain energy for the nucleation
on grain surfaces or grain boundaries can also be relieved
by free running vacancies. As shown in the previous section,
the coherent interface will prevail during the nucleation
stage. Thus, for the formation of a spherical nucleus of
spinel on a grain surface or grain boundary with the latter
located on the diametrical plane of the former:

G,?,(b)=g~7t FaGl + T34 a8 Py (6-11)
This gives

o WEHAEY) w0y oY (6-12)
2 AGH L34 X 108AP ‘
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.and

3
S T ATSB2 iy =5(h)
AGIw= RATEHAR ) 4 g3y /740 +ARTT) (6-13)
12 AGd AP2
The average values of the grain surface energy( K‘d& )

and the grain boundary energy ( %ﬁd ) for olivine are not
known. As a crude approximation the former can be calculated
(Gilman, 1960; Brace and Walsh, 1962) by:

T = -%‘r—:_—— _____________________ (6-14)
where E, a and do are the average value of Young's modulus,
the average ionic radius lying on the cleavage plane, and
the spacing of cleavage planes, respectively. From Table
(5-1), the following values are es%iﬁafed for olivine of
mantle composition at 150 Kb and 700°C: E=2470 Kb, a=l.0x10"8
cm(average ionic radii on oxygen atoms and divalent cations),

and <5{0=5.02x10'8

cm(half of the cell edge b, for cleavage
planes of (010)). This gives" a§m=500 erg/cmz. For most
material, the grain boundary energy is approximately 30% of
the grain surface energy. Hence © is tentatively assumed
to have a value of 150 erg/cmz. If the grain surface energy
is completely released during the nucleation, then A§S=-§A&
==500 erg/cmz. This will greatly reduce r* and AAG;* and
could even make them negative (Egs. 6-12 and 6-13). However,
in order to destroy the grain surface and release the
surface energy, the air on the original grain surface should

be driven out. Thus, there arises a new activation energy

(activation energy for vacancy diffusion) which contributes
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- to AG;*. This will make JAG;* and thus r* positive,
';although they are still less than . the corresponding
values for homogeneous nucleation. If the original grain
surface is replaced by other crystal heterogeneities,

such as a grain boundary of spinel, the contribution of
‘Ein'to the mucleation is much reduced. A rough calculation
of the grain boundary energy of spinel, @jf , by Egq. (6-14),
gives a value of approximately 400 erg/cmz. In this case,

- —aa YV -
AES=-(€ -Q) =-100 erq/cm2 which gives AG;*N 6.3x10 13

Sy
T

10% of the corresponding value for homogeneous nucleation

erg at an overpressure of 50 Kb. Thus AG is approximately

<«
of coherent interface. A semi-quantitative calculation of

[\Gg* for the nucleation on grain boundaries, assuming

AEb-—--lSO erg/cm2 and A P=50 Kb, gives AGE*=2.4X10-14
erg, which is equivalent to-AAGg* for coherent interface

at AP=100 Kb. Thus, the effect of reducing the activation
of nucleation on grain boundaries is equivalent to an
increase of overpressure of 50 Kb, in this particular
example.

Because energies on grain surfaces and grain boundaries
can contribute to the driving force of nucleatiom, nuclei
formed on these surfaces and boundaries will not be spherical

but will extend as far as possible along these interfaces.

s (b)

T * calculated from Egs. (6-12) and (6-13)

Thus r* and AG

may again be overestimated.
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6-5: Nucleation on dislocations:

Just as 9rain surfaces or grain boundaries can catalyze
nucleation, so too can dislocations which also serve as
powerful nucleation sinks. Nucleation on dislocations is
favored over homogeneous nucleation, because the strain
energy associated with the nucleation may be partially or
completely released, which contributes to the driving force.
Nucleation on dislocations can be important, if the disloca-
tion density is high. The dislocation density in Mg-rich
olivine has been shown to increase répidly with differential
stress, ¢, -G3 , and thus shear stress(Goetze, 1975; Kohlstedt
et al, 1976). Thus, we may expect that nucleation on disloca-
tions can be greatly promoted by increasing the shear stress.
In fact, as will be shown latfer, nucleation on dislocations
may become the major competing nucleation mechanism for the
olivine-spinel transition in laboratory experiments and in
downgoing slabs.

For a semi-quantitative evaluation of the effect of
depressing the activation energy of nucleation, AGg*, by a
dislocation, we consider the simple geometry of nucleating a
spherical spinel on a dislocation of olivine lying diametri-
cally within the spinel(see Fig. B-1 in Appendix B). Thus
from Eg. (6-1), noting that AEh= AED=2rAAED, where AED
is the part of strain energy of dislocation which is released
during the olivine#spinel transition, we have

2

GP=(4/3)xx> ( 862+ ) +4nr?T +2r AE -m-mmmomm oo (6-14)
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If the dislocation can be complerely eliminated during the
nucleation then all the strain energy of the dislocation will
contribute to the driving foece. In this case, it can be shown
(Appendix B) that AEP~ -2.3x10"%1n(1.6x10%r). Again, the
strain energy ?‘ in Eq. (6-14) can be relaxed on an incoherent
interface, and thus we obtain, for coherent interface:

8 AP+7.54x10%)r3+1.26x103r2

AGp (erg)=(-2.81x10
-4.59x10 " 4r1n(1.6x10%¢) ———mmmmmemmeem (6-15)
and for incoherent interface:

8 apr3+3.77x10°

AGp (erg)=-2.81x10 r?-4.59x10 " %r1n(1.6x10%r)

. [ — (6-16)
We have assumed that for the coherent interface the two strain
energies,.g and AED, do not interact. In the real case the
strain energy of dislocation can be used as the strain energy
of nucleation, and thus the effects of the two strain energies
éartly cancel out. The dislocation may also persist during the
nucleation of a coherent nucleus and thus AED in Eg. (6-15)
may be overestimated.

AGg as functions of r calculated from Egs. (6-15) and
(6-16) is shown in Fig. (6-4). Noted that the activation 4AG3*
for nucleation on dislocations of incoherent interfaces will
exist only when the overpressure is small( AP 5 Kb). This
applies also the the coherent interface, if we take into account
the displacement of the olivine-spinel phase boundary by

26.8 Kb towards high pressure due to the presence of the strain

energy g . There will be no activation energy for nucleation
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Fig. (6-4)

Total free energy change( AGT) as a function
of nucleus size(r). H and D refer to homogeneous nuclea-
tion and nucleation on dislocations, respectively.
Subscripts ¢ and i1 refer to coherent and incoherent
interfaces, respectively. Numbers in parentheses are
overpressures. Note the decreaée of AG% for nucleation

on dislocations, when compared to homogeneous nucleation

on the same type of interface at similar AP.
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on dislocations, as soon as olivine reaches a certain small
degree of metastability. Even when.‘AGg* exists at a small
value of AP, the total free energy may still decrease at the
very beginning of nucleation(Fig. 6-4). This is due to the
high strain energy densify in the vacinity of the dislocation
core, which has a predominant effect when the nucleus is small.
As the nucleus grows, the interfacial energy becomes important,
and the total free energy increases. Finally, the decrease of
Gibbs free energy gains control, and the total free energy
drops rapidly. The existence of an energy valley at small
values of r has led Cahn(1957) té propose the presence of
metastable sub-critical sized nuclei during nucleation on
dislocations.

In order to evaluate the.effect of dislocations in reducing
the activation energy of nucleation, the corresponding functions
df AGg for homogeneous nucleation are superimposed in Fig.
(6-4). Thus, at a small degree of metastability of olivine,
AGT* is reduced by 14% and 50% by nucleation on dislocations
of coherent and incoherent interfaces, respectively, in our
particular example. The ratio of AGE*/[}G?* will rapidly dimi-
nish with increasing degree of metastability and becomes zero
when the overpressure is greater than 5 Kb.

A more quantitative discussion of nucleation on dislica-
tions was given by Gomez-Ramirez and Pound(1973), who have
shown that the activation energy for nucleation on dislocations

is almost independent of the shape of the nucleus.
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6-6: Nucleation rates:

Having evaluated the activation energies of nucleation,
we shall now attempt to calculate the nucleation rates of the
major nucleation mechanisms for the olivine+spinel transition,
based on classical nucleation theory. Comprehensive reviews
for classic nucleation theory were given by Fine(1964), Chris-
tian(1965) and Russel (1970, 1976).

The total concentration of nuclei, Cn’ and the corres-
ponding nucleation rate, I, as a function of time, t, for a
particular nucleation mechanism during an isothermal and iso-
baric transition have the general fo;m; sﬁown schematically
in Fig. (6-5). At the beginning of nucleation, there is an
induction period at t €T , where <+ is the incubation time,
During this period of time, both the total concentration of
nuclei and the nucleation rate increase with t. After the
induction period, the total concentration of nuclei begins
to intrease linearly with t and the nucleation rate reaches
a steady state(becomes a constant). At some point, t=tg in
Fig. (6-5), the total concentration of nuclei becomes so
high that nuclei begin to contact one another or their
diffusion fields overlap. The increase of total concentration
of nuclei slows down, so that the nucleation rate decreases
and eventually ceases. This stage is called site saturation,
which means that all the available nucleation sites have
been exhausted. After site saturation, the total concentration

of nuclei declines, due to the growth of large nuclei at the
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Fig. (6-5)

Schematic diagram showing total concentration of
nuclei(cn) and nucleation rate(I) as functions of

transition time(t).
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expense of the smaller ones in order to reduce the total
grain boundary energy. This stage is éenerally referred to

as particle coarsening or SStwald ripening. As our interest
is in the kinetics of the olivine-spinel transition before
the process is completed, we shall ignore the last tow stages
described above.

Either the induction period or steady state nucleation
will dominate the transition precess, depending on the nature
of the material and the physical conditions of the transition.
If the transition involves a composition change and the dif-
fusion is sluggish, the whole transition process will be
covered by the induction period and steady state nucleation
may never be attained before the ccmpletion of the transition.
On the other hand, if the transition is isochemical and the
process is interface controlled, steady state nucleation will
be rapidly established and will cover the major part to the
transition process. The olivinesspinel transition belongs to
the latter category, and we shall expect that steady state
nucleation dominates the whole transition precess. We will
prove this point towards the end of this chapter.

According to classical nucleation theory, the steady

state nucleation rate, Is, for an isothermal isobaric tran-

sition, can be expressed (Turnbull and Fisher, 1949) by:

where Z is the Zeldovich non-equilibrium factor, which cor-

rects the nucleation rate by taking into account the decom-
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pdgition of super-critical sized nuclei, Ng is the equilibrium
céncentration of critical sized nuclei, and p* is the rate

of adding atoms to the critical sized nucleus. The Zeldovich
factor(h'lo-z), whose reciprocal measures the width of AGT

as a function of the number of atoms in the nucleus approxi-
mately kT below ‘AG$, can be approximated by:

L S —— (6-18)

Z %(AG$/(3WkT))
where n* is the number of atoms in the critical-sized nucleus,
and k is Boltzmann's constant. The equilibrium concentration
of the critical-sized nuclei can be calculated by:

NXANexp (-AG%/ (KT) ) == == =======—-—-==-=——————oe— oo (6-19)
where N is the concentration of available nucleation sites
for each particular nucleation mechanism. N can be approxi-
mated by the concentrations of total atoms(ﬁv), atoms on
grain surfaces(ﬁé), atoms on gfain boundaries(ﬁé), and atoms
on dislocations(ﬁb), for homogeneous nucleation, nucleation
on grain surfaces, nucleation on grain boundaries, and
nucleation on dislocations, respectively. For the isochemical
transition, the rate of adding atoms to the critical-sized
nucleus can be approximated by:

B*ms*(kT/h)exp(—Qa/(kT)) —————————————————————————— (6-20)
where s* is the number of atoms on the interface of the
critical-sized nucleus, h is Planck's constant, Qa is the

activation energy of growth or the energy barrier for the

‘'migration of atoms across the interface. If the transition

involves a composition change, Qa will be the activation
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energy of diffusion. Qa is the crucial factor in determining

the kinetics of the olivine-spinel transition, as will be

stressed at the end of this chapter and in Chap. 9.
Combining Egs. (6-17) to (6-20), we obtain

fsm ﬁ(kT/h)(s*/n*)(AG;/(3ﬂkT))1/2exp(‘(AG%+Qa)/(kT))

According to Turnbull and Fisher (1949), the quantity (s*/n*;
(AG,;,/(31rkT))1/2 falls within one or two orders of magnitude
for all problems of interest. Since the kinetics of the
transition will not depend sensitively on the pre-exponential
terms, the steady state nucleation rate can be approximated
by:

T_v N(kT/h)exp (- (AGX+Q_) / (KT) ) ===—m==m==m==m==———— (6-22)
It should be noted that the total activation energy for
npcleation is the sum of AG%+Qa. The former will dominate
at a small degree of metastability(samll AP); the latter
will control the nucleation rate at a larger degree of meta-
stability.'Qa also controls the growth rate of spinel nuclei
as will be discussed in the next section.

Because oxygen ions are considerably larger than the
cations in olivine, the rate-limiting step for the olivine-»
spinel transition is likely to be the migratiom of oxygen
atoms across the interface. We shall then assume that the
olivine-#spinel transition proceeds by nucleation and growth
of oxygen atoms and that the cations offer no additional

resistance to this process. Based on this assumption we can
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calculate semi-quantitatively the nucleation rate for each
nucleation mechanism.

The available nucleation sites for himogeneous nucleation
is approximated by the number of oxygen atoms in olivine,
which gives

Nv5. 9%10°2 e mm s m e (6-23)
For the olivine-=spinel transition in powdered or polycrystalline
samples, it is best to approximate the grain shapes by equal
sized regular tetrakaidecahedra(truncated ocathdra), which
are ideal polyhedra to f£ill up space(Christian, 1965). In
this case, the area of grain surfaces or‘tﬁe grain boundaries
per unit volume can be calculated by:

B (B) V3. 35 /D e e e e e (6-24)
where D is the mean grain diameter. If we take the effective
thickness of grain surfaces or grain boundaries to be 2b,
where b is the Burguer vector, or approximately 10 A in olivine,
this gives:

ES(B)

The grain sizes for most powdered samples used in the laboratory

v2.0x10%8 /D em P e (6-25)

are smaller than 10 }. Thus

Ng 2 2.0x10M% em 3 emmmm e (6-26)

A reasonable grain size of olivine in the downgoing slab is 0.5
cm, which gives
gy 4.0%107°% em P mmm oo e (6-27)

Assuming dislocations in olivine have effective diameters

of 2b, this gives

v 4.6x10%0 em Jmmm oo o (6-28)
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where p is the dislocation density. The logarithm of dislocation
densities in Mg-rich olivines has been shown to increase
linearly with the logarithm of differential stresses(Fig. 6-6)
and this linear relationship is almost independent of tempera-
ture (Goetze, 1975, Kohlstedt et al, 1976). For the olivine-
spinel transition performed in the laboratory, olivine usually
yields under high shear stress, characteristic of high pressure
presses. This corresponds to a differential stress of more than
10 Kb, which gives dislocation densities of more than 1010 cm'_2
(fig. 6-6). Thus
18 -3 e

N lab > 4.6x10 Cli —=mememe— e e c e e (6-29)
b =
The maximum differential stress in the cold interior of down-

going slabs is approximately 0.5 Kb(Toks&$z et al, 1973). This

corresponds to a maximum differential stress of 1 Kb and a

dislocation density in olivine.of approximately lO8 cm—z, SO
e (6-30)

It is interesting to note that the number of available nuclea-
tion sites is comparable between nucleation on grain surfaces
or grain boundaries, and nucleation on dislocations. They are

6 0 1074

approximately 10 times that for homogeneous nucleation.
The activation energy of growth, Qa’ for the olivine»

spinel transition, is approximated by the activation energy

for oxygen atoms to jump across the interface. This is an

unknown quantity, but since it is the activation energy for

the short term diffusion on the interface, it may have a

magnitude comparable to the activation energy of grain boundary

diffusion. For most materials in which, both activation energies
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Fig. (6-6)

Experimental determined correlation between free dislocation
density and applied differential stress during steady-state

deformation in forsterite(after Goetze, 1975).
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of;grain boundary diffusion and lattice diffusion have been
measured, the magnitude of the former falls within the range

1/2 to 2/3 of the latter. The reduction of the activation

energy of diffusion on grain boundaries is due to the presence
of ample vacancies and dislocations on grain boundaries. In

our semi-quantitative calculations, we shall tentatively

assume Qam(2/3)QD, where Qp is the activation energy of oxygen
lattice diffusion in olivine. The activation energy of diffusion
for the slowest species in forsterite has been measured by a
variety of methods, and falls in the range 120 to 160 Kcal/mole
(Table 6-1). The slowest diffusion spécies‘in forsterite is
likely to be oxygen atoms. Thus QD may fall within the above
range. QD will increase with pressure according to the following
relationship:

| Q=0+ P AV oo o e e (6-31)
where the superscript "o" refers to the zero pressure value.

Av* is the activation volume, which may fall into the range of
10 to 20 cm3/mole(Goetze, personal communication). We shall
adopt the wvalues of Qg =135 Kcal/mole (Goetze and Kohlstedt,

1973) and AvV*=15 cm3/mole for our following semi-quantitative

calculations. Thus

12 14

QD(erg/atom)m9.4x10- +2.5%10 T Pm—e e (6-32)

and

12 14

Q, (erg/atom)~(2/3)Qyv6.2x10  ~“+1.7x10 = P=---=—===--- (6-33)
We also choose the univariant line (0+8+Y) of P=72+0.033T(°K)
(Table 1-1) to be the olivine-spinel phase boundary and make

no distinction between the B- and the y-phases. From Eg. (6-22)
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Table (6-1)

ACTIVATION ENERGY OF DIFFUSION OF THE SLOWEST SPECIES

IN FORSTERITE

QD(Kcal/mole)

Reference

12017 (1100-1350°¢C)
154 <

130 ( 725-1325°C)
135£30(1290-1450°C)
140+30(1200-1400°)
1262 (1400-1600°C)
125+5 (1400-1600°C)

Carter and Avé Lallemant(1970)
Stocker and Ashby(l973)

Post and Griggs(1973)

Goetze and Kohlstedt(1973)
Goetze and Kohlstedt(1973)
Kohlstedt and Goetze(1974)
Kohlstedt and Goetze(1974)
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and the above estimated values, we can calculate the nucleation
rate for each nucleation mechanism. Invthe case of heterogeneous
nucleation, AG% may not exist, especially at large degree of
metastability. In this case, we put AG%=O. The calculated
results are shown in Fig. (6-7). The most notable features of
nucleation rates for different nucleation mechanisms are:

(1) The nucleation rate for each mechanism will increase
initially with increasing pressure, due to the decrease of AG;.
Because AG; is large for homogeneous nucleation, especially

for homogeneous nucleation with an incoherent interface, the
trend of increasing nucleation rate with pressure for homogeneous
nucleation can extend to very high pressure.

(2) When AG% becomes smaller than Q- the nucleation rate will
decrease monotonically with increasing pressure, due to the
effect of AV*. For heterogeneous nucleations, AG;'S are very
small, so that their nucleation rates will decrease with
increasing pressure as soon as a small degree of metastability
is attained.

(3) At each temperature, heterogeneous nucleations are far more
effective than homogeneous nucleation, at low pressures.
Homogeneous nucleation will be competing only at pressures
higher than approximately 190 Kb.

(4) Nucleation rates for the olivine-spinel transition performed
in the laboratory are more than five orders of magnitude higher
than that which could take place in the mantle at identical

pressure and temperature.
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Fig. (6-7)

Nucleation rates as functions of pressure,
temperature, nucleation mechanism, grain size, and
shear stress. H, S, B, and D refer to homogeneous
nucleation, nucleation on grain surfaces, nucleation
on grain boundaries, and nucleation on dislocations,
respectively. Subscripts c and i refer to coherent and
incoherent interfaces, respectively. Subscripts 1 and
s refer to conditions of laboratory experiments and

of the cold interior of downgoing slabs, respectively.
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(5) Nucleation on grain surfaces is more effective than nuclea-
tién on dislocations for the olivinesspinel transition performed
in the laboratory. The latter may dominate only at large grain
size and high shear stress. Both nucleation mechanisms may be
equally important for the olivine+spinel transition in the cold
interior of downgoing slabs.
(6) Nucleation rates are greatly promoted by increasing tmepera-
ture. For example, nucleation rates at 1000°¢C are 1014 times
higher than these at 500°C for the same mechanism of nucleation
at the same pressure. For the transition to be observable
within a rgasonably short period of time, the nucleation rate
should be higher than 1 cm > sec™!. This nucleation rate
is marked in Fig. (6-7). Note that this nucleation rate
can never be attained below approximately 600°C. Thus the
olivine»spinel transition may not be observed below this

temperature.

6-7: Growth rate:

For an interface controlled transition at constant pressure
and temperature, the growth rate may not vary with time, which
is in contrast to the parabolic growth rate for diffusion
controlled processes. We shall now evaluate this steady state
growth rate(Y) for the olivine-#spinel transition, as a function
of P and T.

During the growth of a supercritical sized spinel nucleus,
for each oxygen atom moving across the olivine-spinel interface

there corresponds an energy change: AG§=AG§+AE§+oa+E£, where
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the subscript "a" denoted per atomic value. In addition, the
oxygen atom has to overcome the energy barrier Q,- The relation-
ships among these energy terms is shown schematically in Fig.
(6-8). Note that the net energy barrier for an oxygen atom to
move from olivine to spiﬁel is Qa+AEg, whereas from spinel to
olivine it is, Qa-AGg-oa- Ea. For each supercritical-sized
nucleus, there are Sn oxygen atoms in olivine facing a spinel
nucleus, each with a jumping frequency of approximately, kT/h,
Thus, the net rate of adding oxygen atoms to the spinel nucleus
is:

S, (kT/h) (exp (- (Qa+AEZ)/(kT) )-exp(-(Qa-AGg-ca- £ 4)/(kT)))--(6-34)
For every increment of Sn atoms on the spinel nucleus, the
latter grows by one interatomic distance §, Thus, the growth

rate can be approximated by:

¥as (KT/h) exp (-Q,/ (KT) ) (exp (~-AEL/ (KT) ) —exp ( (AGo+o +E )/ (kT)))

During the growth stage, the nucleus is sufficiently large, so
that AEZ' Oyt and possibly & becomes negligible. Thus Eq.
(6-35) simplifies to
¥n6 (KT/h) exp (-Q_/ (KT) ) (1-exp (AGS/ (KT) ) ) === =mmmmmmmmmmmmm o (6-36)
We shall approximate §by the average oxygen-oxygen distance of
olivine and spinel, which gives

§02.54%X1078 O mm o e e e e (6-37)

In addition, we have

d.
2

15 14 15 17

G AﬁAP/ﬁhm -1.1x10 “2APv7.6x10 ~*=1.1x10" ~°P+3.5x10 ~'%

erg/atom-—=———————=- (6-38)
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Fig. (6-8)

Schematic diagram showing the variation of energies
during the migration of each atom from olivine (Left-
hand side) to spinel (right-hand side). Note that AGZ
and AGg are released while o and ga are absorbed during

the transition. For each atom moving across the interface,

<
the energy path is A to B to C.
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where ﬁh is the number of oxygen atoms per unit volume(cm3) in
the spinel nucleus. Thus the growth rate of spinel is:

Y(cm/sec)'\»SBOTexp(-(4.5x104

+120P) /T) (1-exp(0.25+(550-7.7P) /T))

Calculated growth rates of spinel as functions of P and T
are shown in Fig. (6-9). They are generally similar to the
nucleation rates(Fig. 6-7), thus, growth rates of spinel may
increase rapidly with pressure at small degrees of metastability
(AP<10 Kb) and decrease monotonically with pressure thereafter.
Trends of growth rate dependence on decreasing of temperature
are the same as these for increasing pressure.

The growth rate is primarily controlled by Qa and depends
less sensitively on the pre-exponential terms in Eq. (6-36).
With the magnitude of Q, we assumed, even under most favorable
conditions, the growth rate of spinel is extremely slow. For
example, at 130 Kb and lSOOOC, it will take one year for the
spinel nucleus to grow beyond on micron. This rate is much
slower than what one would expect for the olivine+spinel
transition in the laboratory. Thus the value we have assumed
for Q in the calculation may be overestimated as will be dis-
cussed in section (6-9).

6-8: Rate equations:

Kinetic equations which relate the degree of transition
to the nucleation and growth rates were first derived by
Johnson and Mehl(1939). A more general treatment was later

given by Cahn(1956). Their kinetic equations were derived by
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Fig. (6-9)

Growth rate of spinel nucleus as a function of

pressure and temperature.
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using the method of phantom nuclei (nuclei are formed within
the transformed region as well) and extended growth (nuclei
keep growing when they hit each other), and were applicable to
isothermal and isobaric transitions. Assumptions made in
deriving these kinetic equations include:

(1) All grains are equal sized regqular tetrakaidecahedra

(2) Grain surfaces or grain boundaries offer no resistance to
the growth of nuclei, and

(3) All nuclei are spherical.

Cahn(1956) has derived kinetic eguations for nucleation
on grain boundaries and nucleation on grain edges. The former
can also apply to nucleation on grain surfaces, and the
latter, if we replace the total length of grain edges per unit
volume by the dislocation density which is approximately equal
to the total length of dislocation per unit volume, can also
apply to nucleation on dislocations. In the latter case, the
nucleation rate no longer depends on the grain size.

For an interface controlled process like the olivine-
spinel transition, the nucleation and growth rates will soon
reach a steady state and can be treated as constants. In this
case, before site saturation occurs, i.e. before nucleation
sites are exhausted on the crystal heterogeneities, kinetic
equations for all the heterogeneous nucleation mechanisms we
have considered have the same form as that for the homogeneous
nucleation:

x=1-exp (- (/)T ¥4 oo (6-40)



-178-

whére X is the volume fraction of the transformed phase and
t is the time of transition. If more than one nucleation mecha-
nism is operative and none of them is site saturated. fé in
Eq. (6-40) will be the sum of the nucleation rates for them.
After site saturation, the kinetic equation for nucleation on
grain surfaces or grain boundaries becomes

X=1-exp (-25Yt) —=———-——m s mmm e m e m e (6-41)
and that for nucleation on dislocations becomes

X=1-exp (~TLY2£2) mmmmmmmmmmmmm o e e (6-42)
where S and T are the total area of grain surfaces or grain
boundarieéi and the total length of dislocatioms per unit volume.
It is noted that after site saturation, the transition will
proceed by the growth of existiné nuclei alone and the kinetics
of the transition do not depend on the nucleation rate.

In general, the kinetic equation can be expressed by

X=1-exp (~Kt™) == m e m e e e e e (6-43)

where n is a constant. Before site saturation, n=4 and

K=(ﬂ/3)ng3=(n/3)Gﬁ(kT/h)4exp("(AG§+4Qa)/(kT)}(l-exp(AGg/(kT))?

n may be greater than 4 if the nucleation rate is increasing
with time, such as occurs during the inductiom period(Fig. 6-6).
After site saturation, n=1 for nucleation on grain surfaces or
on grain boundaries, and
K=2§Y=2§6(kT/h)exp(-Qa/(kT))(l-exp(AGg/(kT))) ------------- (6-45)
, and n=2 for nucleation on dislocations,

2

K=Y =nfsz(kT/h)zexp(-zQa/(kT))(1—exp(AG§/(km)))2 -------- (6-46)
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Eq. (6-43) can be rewritten as

In(ln(1/(1-X)))=1ln K+n 1ln t -—=—=r--—--—-——wc=c—c———- (6-47)
Thus, a plot of 1In(ln(1/(1-X))) versus 1ln t for the experimental
data of an isothermal and isobaric transition will fall on a
curve with an initial slépe of n=4 corresponding to the stage
before site saturation. After site saturation the curve will
approach a slope of n=1 for nucleation on grain surfaces or
on grain boundaries, and a slope of n=2 for nucleation on dis-
locations. The intercepts of these slopes on the 1n(ln(1/(1-X)))
coordinate give the values of 1ln K for each transition stage.
The transition of the slope of thé curve from n=4 to n=1 or 2
during site saturation is fairly abrupt, so that the whole
observable range(X=0.01] to 0.99), which spans only a very
brief range on the 1n(ln(l/(1-X))) coordinate, will fall on
either of the straight line poftions of the overall curve.
Wé will see in the later discussion, site saturation for
the olivine#spinel transition occurs at a very early stage
(X<<1%)of the transition, so that its kinetics can be
effectively described by either Eg. (6-45) or (6-46).

Substituting the previously estimated values for the oli-
vinedspinel transition into Egs. (6-44) to (6-46), we obtain
the following rate equations for the isothermal and isobaric
olivinesspinel transition:
(1) before site saturation:

(A) himogeneous nucleation with a coherent interface

Kg(sec-4)=l.9x104lT4eXp(—(l.2x1023/(6.6x109—6.7x107P+2.2x106T)2

+l.8x105+490P)/T)(l-exp(0.25+(550-7.7P)/’I‘))3 —————————————— (6-48)
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(B) homogeneous nucleation with an incoherent interface

K} (sec™®)=1.9x10% 'rdexp (- (3.3x10%%/ (4. 8x10%-6.7x107

P+2.2xlO6T)2
+1.8x%10°+490F) /T) (L-exp (0.25+ (550-7.7P) /T) ) Smmmmmmmmmmmmmm (6-49)
(C) nucleation on grain surfaces or grain boundaries,

assuming AGiFP)*=O

kS B) (sec™)=(6.5x103% /D) Tdexp (- (1. 8x10°

+490P) /T)
(1-exp (0.25+(550=7.7P) /T) ) Smmmmmmmm (6-50)
(D) nucleation on dislocations, assuming AG3*=O

KD(sec-4)=l.5xlO27 5

pT4exp(—(l.8x10 +490P) /T)
(1-exp (0.25+(550-7.7P) /T) ) S=mmmmmm-m (6-51)
(E) all nucleation mechanisms operating simultaneously
KT =KLk B g e (6-52)
(2) after site saturation:
(A) nucleation on grain surfaces or grain boundaries

44120P) /1)

k5 (B) (sec™1)=(3.6x103/D) Texp (- (4.5x10
| (l-exp(0.25+(550-7.7P) /T) ) ===w-=mw—m (6-53)
(B) nucleation on dislocations
K® (sec™%)=8.8x10°pT2exp (- (9. 0x10%+250p) /T)
(1-exp (0.25+(550=7.7P) /T) )} 2mmmmmmmm (6-54)
For each nucleation mechanism, if we specify X and t, the
rate constant K is uniquely determined (Eq. 6-43). The P-T trace
corresponding to this particular value of K defines the isograd
(equal degree of transition)X at a transition time t. We have
calculated the isograds of each nucleation mechanism for the

olivinesspinel transition at two extreme values of t, 4.3 million

years and 60 minutes. The former corresponds to the time required
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to~descend a downgoing slab 300 Km beyond the depth for
equilibrium olivine»spinel transtion. The latter corresponds

to the average time for the olivinesspinel transition performed
in the laboratory. In addition we have assumed that the grain
size and the dislocation density of olivine in the downgoing

2 4

slab and in the laboratory are 0.5 cm, 108 cm ¢, and 5x10 ° cm,

lo10

cm_z, respectively. We also assume that site saturation for
heterogeneous nucleations occurs at the very beginning of the
transition. The results are shown in Fig. (6-10). The shaded
bands correspond to the degree of transition between 10%(X=0.1)
and 90%(X=0.9) for each nucleation meéhaﬁiém. Thus olivine
remains virtually untransformed on the low temperature side

of the isograd band, and it is almost completely transformed on
the high temperature side.

From rate equations derived (Egs. 6-48 to 6-54) and isograds
cdlculated(Fig. 6-12), the general characteristics of the kinetics
of the olivine+spinel transition may be summarized as follows:

(1) The rate of transition is greatly promoted by increasing
temperature. Thus, the isograd of the higher degree of transition
always lies on the high temperature side of the isograd of the
lower degree of transition.

(2) The rate of transition will initially increase, and then
decrease monotonically, with pressure. The increasing rate is

due to decreasing AG; and the increasing energy barrier for the

decomposition of supercritical-sized nuclei(Fig. 6-10) with

increasing AP. The decreasing rate is due to increasing of Q,
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Fig. (6-10)

Calculated kinetic diagram for the olivinesspinel
transition in a downgoing slab. Inclined straight line
is the olivine-spinel phase boundary. Black bands
represent the degree of transition between 10% and
90% for different nucleation mechanisms. H, B and D

refer to homogeneous nucleation, nucleation on grain

r

boundaries, and nucleation on dislocations, respectively.
Subscripts ¢ and i denote coherent and incoherent
interfaces, respectively. Note that all these black
bands do not extend below a temperature of approximately
700°C, suggesting that the olivine»spinel transition

in the downgoing slab may be suppressed below this

temperature.
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wiph P.

(3) As a consequence of (1) and (2), isograds are C-shaped
curves, and concave towards lower temperature. The slope of

the upper (lower pressure) portion of the isograds is determined
by ¢ and AV, and the slope of the lower (higher pressure)
portion of the isograds is determined by AV*.

(4) For each nucleation mechanism, there is a characteristic
trmperature, Tch’ below which the degree of transition is
negligible, say X<0.l. Olivine can exist metastably below Tch
no matter how high the overpressure.

(5) Heterogeneous nucleations will do&iﬁété the olivine#spinel
transition at small over pressure. Homogeneous nucleation will
compete only at very high overpressure (AP>100 Kb) and at

low temperature.

(6) If grain size is sufficiently small, nucleation on grain
sﬁrfaces or on grain boundaries will dominate the transition.
In this case the rate of transition will be promoted by dimini-
shing the grain size.

(7) If the dislocation density is sufficiently high, nucleation
on dislocations will dominate the transition. In this case, the
rate of transition can be promoted by increasing the dislocation
density, that is by increasing the shear stress.

(8) Nucleation on dislocations may dominate the olivine-»spinel
transition in a downgoing slab, while nucleation on grain
surfaces will dominate under laboratory conditions.

(9) The increase of interfacial energy, an effect more pronounced

at lower temperature, will push the isograd towards higher pres-~
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sufe, and thus, can reduce the rate of transition. Therefore,
the olivine<spinel transition with an incoherent interface is
slower than that with a coherent interface.

(10) Because of the presence of high strain energy, the olivine»
spinel phase boundary for the transition with a coherent
interface is displaced towards high pressure by an amount

E /A V ~27 Kb.

(11) Although nucleation on grain surfaces is faster than
nucleation on grain boundaries, their rates of transition are
similar (if the grain size is the same), because site saturation
will occun at the very béginning of theiolivinééspinel transi-
tion(see section 6-10).

(12) Isograds will move towards higher temperature with
decreasing transition time. Thg characteristic temperature Th
moves likewise. For example, by decreasing t from 4.3 m.y. to
66 min., isograds and Tch will move towards higher temperature
by approximately 1000°c.

(13) Isograds will move towards higher temperature with increa-
sing Qa‘ For each nucleation mechanism, the position of the
isograd at a given time is primarily determined by Qa and is
less sensitive to the pre-exponential terms in the rate
equation.

Because the position of the isograd and thus the rate of
the olivine»spinel transition is mainly controlled by Qy the
accuracy of our above semi-quantitative calculations depends on
the accuracy of our estimation of Qa. For example, if we have

overestimated Q4 by a factor of two, the positions of all the
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previously calculated isograds should be displaced towards
lower temperature by approximately 3000C. In the following sec-
tion we will calculate the value of Qa,based on some scattered
experimental data in literature , and compare it with our

previous theoretical estimate.

6-9: Activation energy of growth:

In the previous calculations, we have tentatively assumed
that Q. for the olivinesspinel transition is comparable to the
activation energy for grain boundary diffusion of oxygen atoms
in olivine. Because the latter is not known well, Qa previously
estimated may have a high uncertainty. We shall attempt here to
calculate Qa from selected experimental data in the literature
and compare it with our previous estimated value.

Although the olivine-¥spinel transition on Mg-rich composi-
tions has been extensively studied, most of the experiments
performed used "reactive forsterite" as the starting material
or mixed the charge with a mineralizer such as water and
Mg(OH)Z. None of these experimental data list the degree of
transition. Thus, they are not useful for kinetic calculations.
However, there are some experimental data on the transition of
pure forsterite(synthetic), done in the absence of mineralizer.
Among them, there are four runs from which the proportion of
transformed phase can be estimated from the description of
the experimental results. These four sources include one on
the o-+Yy transition(Ito et al, 1974) and three on the a+B transi-

tion(Akimoto and Ida, 1966) and are listed in Table (6-2). The
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Table (6-2)

SELECTED EXPERIMENTAL DATA USED TO CALCULATE Qa FOR THE

OLIVINE»SPINEL TRANSITION IN Mg28i04

Estimated Estimated Calculated
Grain Size P(RKb) AP® T'(°C) t Tran- Degree of Qa(lo—lzerg
D) (Kb) (min) sitionTransition /atom)
(X) sP pP
2q 250 125 1000 55 o>y 0.95 5.3 5.7
(Finely (Minute
Pulver- Residual
ized) Forsterite)
O.Zd 155 44 815 60 a+8e 0.01 5.6 5.2
(Microcry- (Trace
stalline) Amount)
0.2 230 122 740 20 a»g% 0.01 5.2 4.8
(Microcry- (Trace
stalline) Amount)
O.Zd 230 112 1010 60 a+8e 0.50 6.0 5.8
(Microcry- (Maximum
‘stalline) 50% Con-
version)
Notes and references:
a) Calculated from Table (1-1), ref. (c)

b) S and D refer to nucleation of grain surfaces and nuclea-
tion on dislocations, respectively.

c) Ito et al(1974)

d) Akimoto and Ida(1966)

e) Akimoto and Ida(1966) claimed that the transition was
a+y. However, later studies(Ringwood and Major, 1970;
Akimoto, 1972) have revealed that the transition should

be a+B.
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starting material for the experiments were in the form of
finely pulverized powder or microcrystalline crystalites, so
nucleation on grain surfaces may have dominated the transtion.
Assuming site saturation occurred at the very beginning of the
transition, then Eg. (6-45) is applicable, and using the data
of Table(6-2), values of Q4 for each run were calculated and
are tabulated in Table (6-2). The Qa's so calculated fall in

12 12

the range of 5.2x10° to 6.0x10 erg/atom. If nucleation on

dislocations dominated the transition instead, by assuming a

dislocation density of 1010 cn™? and using Eq. (6-46), Q, is

12 {6 5.8x10 12

calculated to fall within the range of 4.8x10
erg/atom(Table 6-2). In both calculation models, Qa for each run
may not Véry by more than 2% within the reasonable range of
grain size and dislocation density assumed. Thus, all the
experimental data on the olivine=spinel transition in Mgzsio4

12 erg/atom. It

suggest a value of Qa of approximately 5.5x10°
is also suggested from the above calculation that Q, may be
comparable for the a+y and the o-+f transitions. This agrees

with our previous prediction, based on crystal structural
considerations (Chap. 4). In addition, the calculated Qa does not
seem to increase with pressure. Our experimental results on the
olivine#*spinel transition of Fe-rich composition also suggest
that Qa may not increase with pressure as will be described

in Chap. 8. This could mean that the activation volume for the
olivinesspinel transition is negligible. It is speculated that

the migration of oxygen atoms across the incoherent interface

may take advange of the presence of ample dislocaitons and
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vagancies on the interface, which would eliminate a volume
increase for the activated stage. It is also suspected that
the high shear stress characteristic of high pressure apparatus
may facilitate the migration of oxygen atoms across the
interface and thus reducé the activation volume. If this is
true, Q for the olivine#®spinel transition in downgoing slabs
may be much larger than that calculated from the experimental
data and may approach the value of our previous estimate. It
is interesting to note that Qa so calculated is 59% of QD
estimated previously(Eg. 6-32), assuming that the activation
volume is zero. Thus both theoretical and experimental data
are consistant with a value of Qaf\IS.leO"12 erg/atom, which is
independent of both pressure and temperature.

Isograds of the olivineéspinel transtion for each nucleation
mechanism under the two extremel® different conditions in the
ddwngoing slab and in the laboratory were recalculated based on
Qa=5‘SX10-12 erg/atom. The results are shown in Fig. (6-11).
The general kinetic features are similar to these depicted in
Fig. (6-10). However, because the activation volume is zero, all
isograds are displaced towards lower temperature by more than
300°C. 1In addition, they are parallel to the pressure axis
above a certain overpressure, where the AG%'S become smaller
than Qa’ The activation volume is therefore crucial in determi-
ning the kinetics of the olivine-spinel transition. The signi-

ficance of its role in plate dynamics will be discussed in

Chap. 9.
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Fig. (6-11)

Recalculated kinetic diagram for the olivine~
spinel transition based on Qa=5.5x10—l2 erg/atom.
Symbols are the same as in Fig. (6-10). Black and
cross-hatched bands correspond to the olivine-
spinel transition in the downgoing slab and in the
laboratory, respectively. Note the isograds become
vertical at high pressure for laboratory conditions

because of AV*=0 assumed in calculation.
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6-10: Incubation time and site saturation time:

We have assumed in the previous calculations that a steady
state nucleation rate will be established and that site satura-
tion on crystal heterogeneities will occur at an early stage of
the olivine+spinel transition. In this section we will justify
these two assumptions, by showing that the incubation time, T,
and the time for site saturation on crystal heterogeneities, ts’
are indeed much shorter than the time required to attain a
small degree, say 1%, of olivine+spinel transition.

The incubation time for a solid-solid transition can
by expressed(Russel, 1976) by: ‘

TAL/ (282 B%) mmmmmmmmm e e (6-55)

Substituting Egs. (6-18) and (6-20) into Eg. (6-55), we obtain

TN(Bﬂhn*/(s*AGé))exp(—Qa/kT) ------------------------- (6—-56)
For a spherical nucleus
n*= (4/3) TE* 3N mmmom oo (6-57)

and
s*=41rr*2/a2
where ﬁs and a are the number of oxygen atoms per unit volume

and the average oxygen-oxygen distance in the spinel nucleus.

Substituting Egs. (6-9) and (6-10) into Eg. (6-56), we obtain

™ (nh GRS%a’/ (8(ATAR+ B?))exp(Q,/ (KT) ) ~-mmmmmmmmmmm= (6-59)
for the olivine#spinel transition. The incubation time is then
primarily temperature dependent. Let N '\:6.3x1022 cm_3, anv2.5x

\%

12 erg/atom, T as a function of temperature

-8

10" ° cm and Qam5.5x10'

for homogeneous nucleation at AP=100 Kb is shown in Fig. (6-12).
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Fig. (6-12)

Incubation time (1) for homogeneous nucleation
as a function of temperature at an overpressure of 100 Kb.
Cross-hatched band are times required to attatin 1% to
99% completion of the olivine#spinel transition, assuming
the highest nucleation rate(steady state nucleation
rate Tg). Note T is always smaller than the time for
a small degree of transition, so that the steady state

nucleation rate dominates the major transition process.
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Cross-hatched bands superimposed in the same figure are the

. . . o
times required to accomplish l°(t0.01) to 99%(t0.99) of the
olivinespinel transition, assuming a steady state nucleation
rate. Except in the very high region for the olivinesspinel
transition with a coherent interface, T is smaller than to 01"

The difference between to and T will increase slightly with

.0l
decreasing overpressure. Thus, it is apparent that the steady

state nucleation rate will be established at a very early
stage of the olivine<spinel transition.
The time required for site saturation on grain surfaces

or grain PHoundaries is (Cahn, 1956):

1/3 —llT—l

tz(sec)=(T§Y2/§)- n3.1x10 exp (4.0x10%/T)

(l-exp (=7.7AP/T) </ Pmmmmmm e (6-60)
The time required for site saturation on dislocations can be

shown to be:

n2.2x10" 1 Lexp (4.0x10%/T)

(1-exp (=7.7AP/T) "/ 2o (6-61)

tP (sec) = (T2y/E) "1/
s s
Note that ts is independent of the grain size and of the
dislocation density. ts as a function of temperature at AP=100
Kb for both nucleation on grain surfaces or grain boundaries,
and nucleation on dislocarions is shown in Fig. (6-13). Dotted
lines are t0.0l calculated by assuming site saturation doesn't
occur. ts is much smaller than t0.0l for both nucleation on
grain surfaces or grain boundaries, and nucleation on disloca-
tions. A similar conclusion is reached at other values of AP.

Thus, it is reasonable to assume that site saturation occurs at
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Fig. (6-13)

Saturation time(ts) as a function of temperature
at AP=100 Kb for nucleation on grain surfaces(A) and
nucleation on dislocations(B). Dashed curves are times
required to attain 1% of the olivine+#spinel transition
(t0.01), calculated by assuming that site saturation
does not occur. Numbers in parentheses are grain sizes

(A) an8 dislocation densities(in cm_z)(B). Note ts is

smaller than t in all cases, suggesting that site

o.ol
saturation occurs at the very beginning of the olivine-

spinel transition and that the major transition process

is growth of the existing nuclei on the heterogeneities.
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the beginning of the olivine=sspinel transition for heterogeneous
nucleations, and that the transition will proceed only by the
growth of existing nuclei. Our experimental results on the
olivine-spinel transition is also consistent with this predic-
tion, as will be describéd in Chap. 8. Thus, for heterogeneous
nucleations, the kinetics of the olivine®spinel transition

is independent of nucleation rate. Therefore it makes no
difference whether or not the nucleation rate has reached

a steady state before site satuation occurs.
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Chapter 7

INSTRUMENTATION

7-1: Introduction:

There are many high pressure-high temperature apparatuses
which can be used to study the olivine+spinel transition. They
include: piston-cylinder apparatus, Bridgeman anvil, Bell type
tetrahedral press, sliding anvil press, multi-anvil split-
sphere high pressure vessel, etc.. Among them the diamond
anvil press (diamond cell) is unigque in that it allows both
visual observations and instrumental measurements to be made
while the transition is taking place under high pressure and
high temperature. This aspect is especially useful for our
purpcse of studying the kinetics of the olivine+spinel transi-
tion. 1In addition, the construction of the diamond anvil press
is simple, so the original investment and subsequent mainten-
ance costs are small compared to those for other types of high
pressure apparatus. Thus, it has been used for the major part

of our experimental studies of the olivine+»spinel transition.

7-2: The Diamond Anvil Press:

The diamond anvil press we used is a new modification,
derived from the original design cof Bassett and Takahashi
(1965), and employs a new mechanism for aligning the two
diamonds and a new design of heating elements (Sung, 1976).
This new diamond anvil press is capable of maintaining 300 kb

and 1000°C over long periods of time. It can be mounted on a
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Zeiss microscope, an x-ray generator, Cary 17 spectrophotometer,
and the M8ssbauer spectrometer, and thus is a versatile appar-
atus for research at high pressure and high temperature.

The anvils are made of 1/8 carat brilliant cut natural
diamonds with the culet diameter ranging from 0.3 to 0.7 mm.
For the purposes of alignment, the two anvils used have culet
surfaces with different diameters, the smaller one being
mounted on the lower piston. The detailed assembly of the
diamond anvil press is shown in Figure (7-1. The two diamond
anvils (A) are mounted on the two pistons (B, C), using a high
temperature cement such as Sauereisen No. i paste. The upper
piston (B) is driven by the gimbal (D) and guided by the
cylindrical sleeve (E). The pressure is achieved by turning
the screw (F) to squeeze on the spring (G), which ultimately
transmits the force to the sample held between the two diamond
anvils. There are holes through the center of the two pistons
which allow the transmission of radiation from optical light,
x-ray, or M&ssbauer y-ray sources through the sample. The
hole in the upper piston is a tapered slot which allows the
passage of diffracted x-rays of up to 20=35°. The x-ray
source is usually monochromatized Mo Ku radiation. It is
collimated to a diameter of about 100 um by a lead dispersed
glass capillary tube (H) before entering the lower diamond
and impinging on the sample. The position of the collimator
(H) can be adjusted by turning the three equally spaced set
screws (I) on the collimator holder (J). The latter is joined

to the press by thread and can easily be detached or mounted
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Fig. (7-1)

Detailed assambly for the new modification of the

diamond anvil press.
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without disturbing the original collimation. The x-ray camera
(K) is a duplication of that designed by Bassett et al. (1967).
The x-ray film is curved to a radius of 2.5" with its center
coinciding with the sample. The camera is attached to the press
by the four legs (M) and the sample-to-film distance can be
adjusted before the heater (N) is placed around the two
diamonds. The sample-to-film distance can be monitored by
placing a platelet of NaCl outside the upper diamond. The
whole press can be connected to a simple fixture (0) which

fits to the track on the x-ray generator. Using NaCl as an
internal g%andard to calibrate the pressure, the exposure time
for Mo Ka radiation is about 400 hours. The exposure time can
be reduced by using a smaller fiim radius, but this also re-
duces the precission of the pressure determination. Pressure
can also be determined by the ruby fluorescence technique
(Barnett et al., 1973). In this case, neither the x-ray colli-
mator nor the camera is used, and they can be removed from the
press.

The alignment of the two diamonds is achieved by transla-
tion and rotation of the lower diamond. Three equally spaced
set screws (P) are used for the translational adjustment and
the other three (Q) are used for the rotational adjustment. A
similar alignment technique has been described before (Barnett
et al., 1973). There are three alternative ways of arranging
the six adjustment set screws as shown in Figure 7-2. The
two sets of screws can both be located outside the lower pis-

ton (Figure 7-2b, c). The latter arrangement is better,
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Fig. (7-2)

Three alternative ways to align the lower diamond:
(A) both translational and rotational adjustment set
screws are located outside the lower poston; (B) trans-
lational adjustment set screws are located outside the
lower piston; and (C) rotational adjustment set screws
are located outside the lower;piston. Rotational
adjustment set screws can also be mounted on the
upper piston. The maximum pressure which can be
achieved using these three‘alignment geometries is in

the order (C)>(B)>(a).
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because the two adjustments (translational and rotational)
are independent and will not interfere with each other. 1In
addition, it can sustain higher load force and thus can be
used to achieve higher pressure, even when a gasket is used.
This new design makdes the alignment very easy and enables
continuous adjustment under a microscope to be made. The
alignment can also be performed in the middle of an experi-
ment, without unloading the sample. A good alignment of the
diamonds is indicated by the concentric phase boundaries of
the sample and the centering of the isogyre cross of the uni-
axially strained diamonds between cro;séa polars.

The heater (N) is made of a fired pyrophyllite disc wound
with ‘thermocouple wire (0.016" diameter, 3' long) of platinum-
rhodium (13%). The immediate surrounding of the sample by the
heater has the advantage of rapid heating, e.g. 1 minute from
460°C to 600°C, without sacrificing the effectiveness of the
quenching, e.g. 1 minute from 600°C to 300°C. This kind of
heater can be used for continuous heating over several months.

X-ray identification of phases is usually done on the
unloaded sample. The sample is mounted on a lead dispersed
glass collimator with a 100u diameter opening. The collimator
is then attached to a specially designed camera of Debye-
Scherrer geometry. The camera can be loaded on the track of
an x-ray generator. The source of x-ray radiation is Fe Ka'
The radius of the film is only 0.6" so the exposure time can be

less than 200 hours.
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7-3: Temperature Calibration:

Heating the sample is achieved by passing the current
through the Pt-Pt (Rh13%) wire within the heater. Temperature
is adjusted by varying the output voltage of the variac. Two
variacs are connected in series which makes the adjustment
smoother. A temperature controller can be used to stabilize
the heating and a recorder can be used to monitor the tempera-
ture variation. Temperature is measured by Pt-Pt (Rh13%) ther-
mocouple wires which connect to a digital temperature indicator.
There are two holes penetrating horizontally through the
heater (N) (Figure 7-1, 7-3). Two thermocouples can be used
simultaneously to measure temperatures inside the heater.
Temperature distribution inside the heater is quite homogeneous
when the two diamonds are not inserted. The horizontal and the
Vértical temperature gradients inside the heater can both be
very large, especially at high sample temperature, when the
two diamonds are closed up as shown in Figure (7-3)

Measured températures can be 50°C higher than the true
sample temperature, even if the thermocouple head touches the
diamonds. Because the diamond is a good thermal conductor
(although it is a poor electrical conductor), and the sample
is small and very thin (about 5 to 10 um), the temperature
gradient inside the sample is probably not large. The true
sample temperature can be measured by clamping the head of an

ultrafine thermocouple (0.001 wire diameter) at one edge,
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Fig. (7-3)

Temperature profile across the heater at a sample
temperature of 600°C. The lower figure shows the tempera-
ture distribution along the horizontal line passing
through the center of the sample. Numbers are tempera-
tures in °C. C and O mean the two diamonds are closed

together and open, respectively.
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between the two diamonds. Because the pressure there is low,
say below 30 kb, it will not decrease the temperature reading
by more than 2%. Applying pressure tends to give a lower
temperature reading, but the sample is slightly colder at the
center than at the edge, so these two sources of error tend to
cancel oneanother out. We believe that the maximum accuracy
of temperature measurement is within + 10°C.

The steady state power input for the heater to maintain
a particular sample temperature is shown in Figure (7-4). The
steady state power can be approached in a few hours of heating
at low teﬁberatures and in a few minutes at high temperatures,
say above 750°C. It is reproducible if the condition of the
envircnment (ambient temperature; contact condition between
the press and the ground, etc.) remains the same. The non-
steady state power for the heater is higher and lower than the
steady state power during heating and cooling, respectively,
and the difference will increase with the rate of heating or
cooling. Both the pistons (B, C) and the cylindrical sleeve
(E) are made of inconel metal. If Corning machinable glass
is inserted in each of the pistons, the steady state power can

be reduced up to 20% at a sample temperature of about 600°C.

7-4: Pressure Calibration:

gy 00
For a stress tensor (0 05 0), where 01, 02, and o
0 0703 3
the three principal stresses with the convention 020,204, the

are

pressure is defined by P = 1/3(ol+02+o3). The stress tensor
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Fig. (7-4)

Electrical power input(W) and current(I) versus
sample temperature at thermal equilibrium. W and I
will be higher and lower during heating and cooling,

<«
respectively.
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cari then be split into a spherical (hydrostatic) and a deviator

(shear) component:

6, 00 P 0O 01-P 0 0
(0703 0) = (0 P 0) + (0 0p-P 0) (7-1)
0 0 o3 00P 0 0 o3-P

For a material yields under non-hydrostatic stress, 01-93
will be limited by the yield shear strength(T) of the material.
T will increase almost linearly with pressure{Riecker and Seifert,
1964a,b) until it reaches a maximum value { ™). After that and
thus 01—03 remains constant for further increase of pressure.

For experimets perfdrmed using the diamond anvil press,

the pressyre is so high, so

* *
0,=03 = T . At room temperature, T is approximately 1 kb for

NaCl (Ruoff, 1976) and 20 kb for.olivine (Goethe, personal
communication). t* will decrease with temperature, and at
600°C it is negligible in NaCl and is approximately 16 kb in
olivine. Thus, for the sample mixed with abumdant NaCl (>60
volume %), the pressure is quasi-hydrostatic. For the sample
of pure olivine, 0,=03 is 20 kb or less, depending on the
temperature. In the latter case, the pressure is anisotropic,
meaning the pressure is dependent on the oriemtation relative
to the anvil surfaces.

There exists another complication of pressure distribution,
if the sample is composed of more than one material. The
difference of compressibilities between them will result in
higher pressure in the harder (less compressible) material

relative to the soft one. This phenomenon is known as stress
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concentration (pressure enhancement, pressure intensification,
pressure inhomogeneity) (Corll et al., ‘1965; Corll, 1967;
Jamieson and Olinger, 1971; Sato et al |, 1973; Nelson
and Ruoff, 1976a, b). For MgO mixed with NaCl, the pressure
in MgO has been found to be 1.35 times the pressure in NaCl
(sato et al., 1973). The bulk modulus of MgO (1599 kb,
Anderson and Andreath, 1966) is more than 20% higher than that
of olivine (Table 5-1); thus, we may expect a smaller stress
concentration factor in olivine when mixed with NaCl.

Pressure distributions across the diamond anvil have been
measured by Lipincott and Duecker;(l964) and by Piermarini et
al. (1973). Pressure distributions are generally dome-shaped,
with the maximum pressure located at the center of the anvil
surface. The pressure gradient is minimal at the center region
of the sample. The pressure gradient will increase with the
néminal pressure (mean pressure) and will be larger for a
thicker and harder sample. The pressure gradient will decrease
with increasing temperature. It can also be greatly reduced
by gasketing the sample. The center pressure may not always
be the highest in the sample. It can be lower than that in the
intermediate region if the pressure is applied and reduced
cyclically, or if the sample is insufficient to sustain an
equilibrium thickness. When the sample undergoes the phase
transition, the center pressure can also be greatly reduced
due to the volume contraction associated with the phase
transition.

There are at least three methods which can be used to
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meésure the pressure (the average pressure in the center
region) of the sample between the diamond anvils. One

method is to use the fixed points of phase transitions to
calibrate the force (the length of spring G in Figure 7-1)
required to achieve a certain pressure and later to use the
calibrated force to estimate the pressure in the sample. The
second method is to use NaCl as an internal §tandard (Bassett
et al., 1967; Decker, 1971). The pressure can be continuously
monitored by the variation of cell edge of NaCl mixed with the
sample at high pressure. The third method is to use the peak
positions of the sharp fluorescent lines (R1 and R2) of fuby
mixed with the sample. The peak positions of R-lines have
been shown to shift linearly with pressure (Forman et al.,
1972; Barnett et al., 1973). In this thesis, we adopted the
second method for the pressure calibration. Finely pulverized
olivine is intimately mixed with abundant NaCl (approximately
60 volume %) and x-rayed at high pressure. The x-ray source
is Mo Ka and the exposure time is approximately 400 hours.

The pressure is calculated from the cell edge of NaCl deter-
mined by d-spacings of (200) and (220). The correction for
the variation of sample-to-film distance follows, in general,
the procedures described by Ming (1974) (Appendix CL It is
believed that the accuracy of pressure determination is + 4 kb.
Because the pressure decreases during the olivine-+spinel transi-
tion, the pressure so depermined represents only the transient

pressure. As will be described in Chapter 8, NaCl tends to
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catalyze the olivine+spinel transition, so the majority of the
experiments were conducted using pure olivine alone as starting
material. 1In this case, the pressure is estimated from the
spring length (G in Figure 7-1), which has been calibrated
against an NaCl internal étandard. Pressure estimated in this

way may have an uncertainty of + 20 kb.

7-5: Experimental Difficulties:

The diamond anvil press has the merit of compact size. It
is also this feature which makes the handling of the sample
difficult. The sample volume is extremely small (approximately

-12 cm3 for an anvil diameter of 0.5 mm without gasketing),

10
so it cannot be measured using ordinary methods. However, it
is still large enough for observation under a microscope and
can be measured using specially'designed equipment. Successful
méasurements in the diamond anvil press include optical spec-
troscopy (Lippincott et al., 1960; Abu-Eid, 1974), M&ssbauer
spectroscopy (Huggins et al., 1975), x-ray diffraction
(Piermarini and Weir, 1962; Bassett et al., 1967), yield
strength (Kinsland, 1974), conductivity (Mao, 1973), and
others.

Most experimental difficulties come from the heating of
the sample. For example, rapid heating may cause sample ex-
trusion and may also disturb the alignment. However, these
problems usually occur in the first cycle of heating and may

not be encountered for later heating cycles.

When the diamond is heated above 600°C for a long period
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of time (several days or longer), its surface becomes frosted
due to slow burning in air. The oxidation of the diamond can
be avoided by putting the whole press inside a box and purging
with nitrogen or argon gas. Heating above 800°C may cause
other problems, especially if the rate of heating is high.
The anvil surface may become undulated due to the unevenness of
the thermal expansion. This may cause pressure release on the
sample. Prolonged heating may also reduce the pressure by
reducing the elastic constant of the spring (G). This problem
is overcome by circulating cooling water through the hose fit-
ting (R). “In this case, the spring end and the hinge end (S)
of the press remain cold during the heating of the sample.
Heating above 800°C involves.another difficulty. The
thermocouple wire is so fine that contamination becomes serious
above this temperature. 1In this case, an indirect temperature
scale can be used. The steady state power is first calibrated
to the temperature measured by a coarse thermocouple. The
head of the thermocouple is clamped between the two anvils
without the sample. When the sample is loaded, the temperature
is estimated from the power input. If all other conditions
are kept the same, the uncertainty of the indirect temperature

measurement may be as low as + 5%.
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Chapter 8

EXPERIMENTAL RESULTS

8-1: Introduction:

In this chapter, we present experimental results on the
kinetics of the olivine+spinel transition in the MgZSiO4—

Fezsio4 system, performed at constant P and T. 1In addition to
P and T, we measured the effects of NaCl and water on the rate
of the olivine+spinel transition. The experiments were designed
to constrain the possible range of the kinetics of the olivine-+
spinel transition for a given composition and under specific
physical conditions, and as far as possible, to test the

kinetic theories developed in Chapter 6. Because Qa is critical
to determining the position of the isograds in the kinetic
diagram (Figure 6-10, 6-11), oﬁe of the major goals of the
experiments was to determine Qa' As we were interested in the
kinetics of the olivine+spinel transition under very metastable
conditions, most of the experiments performed were at high
overpressures (AP>50 kb). Under these conditions, the activa-
tion energy of nucleation , AGT*, is negligible compared to the
activation energy of growth Qa’ In addition, the correction
factor (l-exp(-AGa/kT)) for the growth rate (eqg. 6-36) approach-
es unity (Figure 8-1). Thus, the kinetics of the olivine~
spinel transition are mainly controlled by Qa’ which is insensi-
tive to pressure change. Therefore, temperature will be the

only key factor determining the kinetics of the olivine+spinel

transition for a given composition and grain size. The olivine—
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Fig. (8-1)

Dimensionless factors controlling the kinetics
of the olivine-spinel transition, as functions of AP
for Mg-rich composition at 700°C. Unlabelled curves
are exp(-AG;/(kT)). Solid, dashed and dotted curves
are for heterogeneous nucleation, homogeneous nuclea-
tion of coherent interface and homogeneous nucleation
of incoherent interface, respectively. For hetero-
geneous nucleation, Q will govern the rate of transi-

tion beyond a small degree of metastability(AP>5 Kb).
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spinel transition for different compositions was studied
iséthermally and isobarically at temperatures up to 900°C.

For all runs above 700°C, a nitrogen atmosphere was used to
prevent oxidation of the diamonds, and cooling water was circu-
lated to maintain the stiffness of the compressional spring,

and thus the pressure.

8-2: Starting Material:

Samples used for experiments were generously provided by
Mr. B.M. Watson (synthetic fayalite powder), Drs. H.K. Mao
(synthetic olivine powder of intermediate compositions prepared
by Dr. N.F.H. Bright), and Prof. R.G. Burns (natural olivine
powde; of intermediate compositions and natural fayalite
single crystals). All of the synthetic olivines have been
identified by x-ray diffraction (Watson, personal communication;
Bright, unpublished) and no foreign phases were detected.
However, there are trace amounts (<1%) of opague minerals
(iron and magnetite) in natural olivine of Fe-rich compositions,
which can be observed under the microscope. The presence of
this trace amount of foreign material did not interfere with
our kinetic experiments because spinel did not nucleate prefer-
entially around these materials. Natural olivines used for
this study are the same as those used for the spectroscopic
measurements of Burns (1970a, b). The exact compositions and
sources of these samples are described in his papers.

The numbering of our experimental runs incorporates the

following information arranged in order: The press used (A, B,
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C, .or D), the number of the diamond pair, the sample number
for the particular press and diamond pair, the heating cycle
(0 refers to the stage before the first heating cycle), and
the heater number. An example is A310-5. The samples are
described by the following information arranged in order: The
initial of the donor's last name (W, M, or B), the mole
percentage of FeZSiO4, powder (P) or single crystal (S), dry
(D), or wet (W), and the extra phase added (H for halite).

An example is W100PDH.

8-3: Tra251tlon kinetics in Fe25101:

Samples of synthetic fayalite powder (W100PD) were used in
this study. The grain size was, in general, between 2 and 5u.
When fayalite is subject to a pressure of more than 100 kb, it
becomes black due to the shifting of the absorption edge into
the visible region (Mao and Bell, 1972). As temperature
increases, the region of intermediate pressure becomes more
transparent and the region of high pressure (usually at the
center) becomes even darker. When the sample is heated above
500°C for a few minutes, spinel begins to nucleate along the
grain surfaces of fayalite particles. The spinel nuclei formed
scatter light and are thus eye-catching, so that a degree of
transition as small as y ~ 0.001 can be detected under the
microscope. The nucleation of spinel is manifested by the
sudden emergence of a brown-colcred region at the center of
the sample. The color of the nucleated region will become

increasingly dark until the nucleation sites are saturated.
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After that, the color does not change with further heating,
and the transition is proceeding by thé growth of the existing
nuclei. With the higher power magnification under the micro-
scope, one can see that the spinel bands surrounding the
fayalite particles in the unloaded samples becomes increasingly
thick with increasing temperature or with increasing time of
heating. The growth of spinel is difficult to observe when the
sample is held between the two anvils unless the thickness of
spinel bands is so great that they merge together. In this
case, a red homogeneous region of pure spinel can be observed
easily through the diamond. The red color of the spinel is due
to red light emitted from the heater at high temperature; the
true color of spinel is pale green, as shown by the quenched
sample. The spinel is easily identified under a microscope
by its distinct color and its isotropic nature. A typical
experimental run (C220-10) is shown in Figure (8-2. When the
sample was heated to 500°C for 100 minutes, site saturation
was almost complete (Figure 8-2a). Note that the boundary
of the nucleated region is very sharp. At 600°C for 10
minutes, spinel begins to merge (Figure 8-2b). The merged
region of pure spinel gradually spread out with further heat-
ing (Figure 8-2c). The unloaded sample is shown in Figure
8-2d); greenish spinel bands can be clearly seen surrounding
the residual fayalite particles.

When the nucleation starts, the nucleated region will
spread out very rapidly at the beginning and then advance

very slowly with further heating, even over several months.
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Fig. (8-2)

Typical runs of the olivine-spinel transition in
Fe,Si0, (W100PD). (A) to (D), Run C220-10, (A) at 500°C
for 101 minutes, X<1%, site saturation just occurred;
(B) at 600°C for 11 minutes, X“2%, pure spinel region
begins to develope at the center;  (C) at 600°C for
1090 minutes, X"80%, pure spinel region has expanded

outwards. Photographs of (A&), (B), (C) were taken at
high temperatures. The circular black region at the

lower-right corner is the head of the thermocouple.
(D) Unloaded sample of Run C220-10, note the residual
grains of fayalite and the spinel bands surrounding
them. The degree of transition at the center region
has been determined by X-ray diffraction to be 83%.
The degree of transition is less outwards from this
region. (E) Unloaded sample after heating to approxi-
mately 800°C for 20 minutes. Note the straight edges
of the o0livine-spinel boundary. (F) Same sample under
crossed polars. Note the extinction of the spinel

and the lineated olivine grains perpendicular to the

straight edges. Samples are approximately 500u across.
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this phenomenon is illustrated schematically by Figure (8-3)
The vertical line X-Y, in Fiqgure (8-3a), represents the P-T
condition of the sample held between the two diamond anvils.
With increased heating time, the isograd will move in the low
17 tar t3s g 10

Figure (8-3d). As soon as the isograd sweeps across the vertical

temperature direction as indicated by t t and t
line, the proportion of spinel corresponding to the particular
isograd will form. The sudden spreading out of the nucleated
region suggests a nearly vertical isograd beyond a certain
overpressure. This may further imply a zero or even negative
activation volume, which agrees with ourwpfevious speculation
(Chapter 6). With a further increase of heating time, the
nucleated region will expand only very slightly (Figure 8-3b),
although the degree of transition in the center region keeps
increasing.

When the temperature is raised above 700°C, the growth
rate of spinel is so fast that the merged pure spinel region
will sweep across the whole transformed region within an hour
or so. In addition, the transformed region will shrink in
such a way that it becomes diamond-shaped with straight edges
(Figure 8-2e, f). The shrinkage of the spinel region occurs
because of the positive slope of the phase boundary (Figure
8-3), but the nature of the straight edges of the spinel region
is not known. A similar phenomenon was also observed for the
transformation of olivine into oxides (magnesiowiistite and

stishovite), at yet highef pressure and temperature. In this

case, oxides and spinel form concentric parallelograms with
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Fig. (8-3)

Schematic diagram showing the rapid spreading out of
the rransforming region and the slow expansion of this region
thereafter. P. B. is the olivine-spinel phase boundary. tl’
37 t4 are isograds of transition with increasing time.
XY in (A) is the P-T condition of XY in (B). The latter is

t2, t

the projection of the half sample held between the two anvils.
Dotted liges connect points of the same pressure. At time

tl' no transition occurs. At time t2, transition begins

at the very center of the sample. At time t3, which is

only slightly longer than t2’ the transforming region has
rapidly expanded to that boundéd by the inner circle in (B).
At much longer time t4, the transforming region expands only
slightly, from the inner circle to the outer circle in (B).
After that it will not expand further. If temperature
increases, the transformed region will shrink because of the

positive slope of the olivine-spinel phase boundary.
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pafallel straight edges (Ming, personal communication). When
the spinel region shrinks, it leaves behind a region of spinel
transformed back to olivine. The retransformed olivine is not
distributed randomly but forms lineated bands perpendicular to
the straight edge of the retreated spinel boundary (Figure 8-2e,
f). It is suspected that this lineation may align olivine in
a direction such as to minimize the strain energy. The
measured absorption spectrum of the spinel transformed olivine
suggested that its a-axis (y-polarization) may lie parallel to
the direction of high pressure gradient. However, because the
sample wa; very thin, the quality of the measured spectrum was
not good enough to draw a definite conclusion.

The x-ray pattern of the unloaded pure spinel (Figure 8-2e,
f) is shown in Figure (8-4al 1Intensities of the diffracted
peaks were obtained by scanning of the x-ray film with a double
beam recording microdensitometer. Both measured d-spacings and
relative intensities of the pure spinel are listed in Table (8-D,
along with the calculated values. The agreement between
measured and calculated data is good, although measured d-
spacings tend to be systematically lower tham the calculated
values with decreasing 206. This is due to the eccentricity of
the sample when mounted on the x-ray camera. All the spinel
peaks are present, and there is only one weak extra line which
has been identified as lead (111, I = 100%). The lead was
used as an additional collimator which lay immediately beneath
the sample.

In order to measure the degree of transition, we tried
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Fig. (8-4)

X-ray diffraction pattern obtained by scanning the film
with a microdensitometer. (A) pure Fe28i04 spinel, the sample
is shown in Fig. (8-2)e, (B) pure Fe25i04 spinel and pure
fayalite of the same thickness put side by side with the
former facing the X-ray source. Only fayalite peaks are
labelled in (B). The latter X-ray pattern has been used as

the standard of X=0.5 for calculation of the degree of

transition for other runs.
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Table (8-1)
X-RAY DIFFRACTION DATA OF Y-Fe28i04
a b c d e

(hk1) dcalc. d0bs. Icalc. Iobs. Iobs.
(111) 4.754 4.705 36 25 30
(220) 2.911 2.895 9 21

Pb(111) 2.827
(311) 2.483 2.463 100 100 100
(222) 2.377 2.364 11 8 18
(400) 2.059 2.054 52 44 70
(331) 1.889 1.883 14 14 16
(422) 1.681 1.678 4 5 10
(gii) 1.585 1.587 26 21 58
(440) 1.456 1.460 49 38 90

Note:

a) Calculated d-spacing based on a=8.234(Table 2-1)
b) Observed d-spacing in this work

c) Calculated relative intensities(Ito et al, 1974)
d) Observed relative intensities(Ito et al, 1974)

e) Observed relative intensities in this work
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several methods, which included optical spectroscopy, MOssbauer

spectroscopy, and conductivity measurements. The first method

failed because of the high background noise of the

spectra for

the powdered sample. The second method failed because the

peaks for Fe2+ in olivine and spinel are too close
as quantitative indicators. The third method also
because the resistance of olivine at high pressure
ture becomes so low that its measurement is beyond

ity of our equipment. A fourth method was adopted

to be useful
failed

and tempera-
the capabil-

to measure

the degree of transition. In this case,.the proportion of

olivine and spinel was calculated from the relative intensities

of x-ray peaks of the unloaded sample. In order to be quanti-

tative, we needed to prepare a standard of known proportion

of the two phases. This is almost impossible with

the tiny

amount of sample synthesized in the diamond anvil press.

Instead of mixing olivine and spinel, we prepared a 50:50

standard by putting a pure olivine and a pure spinel side by

side. Both samples were prepared at the same pressure and had

the same thickness. The x-ray pattern of this prepared

standard is shown in Figure (8-4b). It was observed

that the

spinel peaks were far more intense than the olivine peaks.

Based on this standard, we have calculated the proportion of
the two phases in several unloaded samples synthesized under
different P-T conditions. The measured proportions agree
with the visual estimatiop made by examining the unloaded

samples under a polarizing microscope at high magnification.
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Based on the degree of transition measured for the unloaded
sample and visually estimated from successive photographs

taken in the middle of the transition, we can obtain the degree
of transition as a function of time at different P-T conditions.
The results indicate that a plot of 1ln [1n(l/(1-X)] versus

In t plot for each run often results in a straight line (with
some scattering) with unit slope. This strongly suggests that
the kinetics of the olivine+spinel transition follow the rate
equation for early site saturation on grain surfaces (eq. 6-45),
and that the reaction is.taking place by growth of existing
nuclei onl¥. This agrees with our previous theoretical calcula-
tions (Chapter 6) and is consistent with our experimental
observations described earlier (Figure 8-2).

Experimental data on the kinetics of the olivine+spinel
t;apsition in Fe28i04 are summarized in Table(8-2). Only the
degrees of transition for the unloaded sample are listed in
the table. The results are also plotted in Figure (8-5)\
Although there is some scatter, the data are self-consistent,
and, based on them, it is possible to draw isotherms of transi-
tion from 400°C to 700°C. In general, the kinetics of the

olivine+spinel transition in Fe,SiO, can be described as

2 4
follows: (1) below 400°C, the transition may not occur within
one year; (2) at 500°C, the transition will start in an hour
and be completed in several months; (3) at 600°C, the transi-
tion will start in several minutes and be completed in several

days; and (4) at 700°C, the transition will start in several

seconds and be completed in a few hours. The grain sizes and
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Table (8-2)

EXPERIMENTAL RESULTS ON THE OLIVINE-+SPINEL TRANSITION
IN Fe28i04(W100PD)(Grain size, 2-5u)

Run Number PB(Kb) T'(OC) t(min.) X
A330-5 120+20 400£20 >300000 ~0
A310-5 100+20 450%20 3780 0.05**0.02
C210-10 120£20 450%20 206 <0.01(0.005?)
D350-9 150+30 500+30 86400 >0.9
A320-5 100£20 550+10 60 0.15*%+0.05
D210-9 160£30 550£20 4025 0.27%+0.05
D220-9 16030 550+20 11520 0.8%0.1
C250-10 120£20 560+20 310 0.09*+0.02
C220-10 100£20 600220 1090 0.83*+0.05
C240-10 120220 600+10 60 0.10%0.05
B360-11 150430 670+30 150 0.6%0.2
B370-11 160+30 670+30 1853 >0.95
B340-11 13020 700+30 1253 >0.95
B350-11 140x20 700£30 30 0.7#0.1
C230-10 120£20 750%30 30 0.8%0.1

* Spinel proportion determined by X-ray diffraction
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Fig. (8-5)

Experimental results on the kinetics of the olivine-
spinel transition in pure FezsiO4(W100PD). Numbers are
temperatures in Oc. Coarse vertical lines are experimental
data taken from Table (8-2). Solid lines are isotherms
of transition drawn based on these plotted data. All
isotherms have unit slopes which correspond to the kinetics
of transition after site saturation. Data labelled Al
and A2 are estimated based on data of Akimoto and Fujisawa
(1965) and Akimoto et al(1966), respectively. Dashed lines
are isotherms of transition for NiZSiO4 calculated from

the experimental data of Kashahara and Tsukahara(1971).
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shear stresses for samples used in laboratory experiments do not
vary greatly, so Figure(8-5)describes, in general, the kinetics
of the olivine+»spinel transition in Fezsio4

conditions. Rates calculated from experimental data from

under laboratory

another laboratory (Akimoto and Fujisawa, 1965; Akimoto et al.,
1966) are also plotted on Figure (8-5. They agree, in general,
with our kinetic data.

The only other experimental data on the kinetics of the
olivine+spinel transition were performed on Ni28i04 by Kasahara
and Tsukahara (1971). However, they used a kinetic equation

L c e

of the form

= K(1-y)P

e

wheré K is the rate constant and p is a constant (the order of
reaction). Although this equation is adequate for describing
chemical reactions, especially those involving fluids, it

does not apply to a first-order solid-solid transition. The
inadequacy of this equation for the olivine+spinel transition
is reflected in the extremely wide scattering of the value p
calculated from their experimental data. However, their
experiments seem to agree with Eg. (6-45), suggesting that the
olivine-spinel transition in their experiments could also
proceed by growth of existing nuclei. The results based on
their experimental data were superimposed in Figure (8-5) (dotted
lines). It is observed that the kinetics of the olivine-~
spinel transition in Ni28i04 at 800°C are comparable to those

in Fe25i04 at 700°C. It is not obvious whether the slower
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transition rate in NiZSiO4 is intrinsic or due to different
sample conditions. However, Kasahara and Tsukahara (1971)
did mention that the reaction rates in their experiments

were considerably higher when they used a finer-grained
starting material. Thus, if their experimental data shown in
Figure(8-5) were obtained from a starting material of grain
size larger than say, 10u, there is a possibility that the
kinetics of the olivine+spinel transition for NiZSiO4 and

for Fe.SiO

2 4 are comparable.

8-4: Trapsition kinetics in FeZSiO,l and NaCl mixture:

NaCl has been widely used as an internal pressure sensor
and also as a pressure medium. Its effect on the kinetics of
the olivine+spinel transition will now be discussed.

The starting material (W100PDH) was a mixture of NaCl
(ﬁalite, 60% by volume) and fayalite (W100PD) powders. The
average grain size was between 1 and 2u. A typical run (A230-5)
is shown in Figure (8~6). As in pure fayalite, when the tempera-
ture was raised, the center region became darker and the other
region became more transparent (Figure 8-6b). This could be
due to the increased pressure gradient, as will be discussed
in$8-5. When the sample was heated up to 550°C for a few
minutes, site saturation occurred. Because the sample was
diluted by more transparent NaCl, the nucleated region was not
as dark as that for pure Fe28i04, and further transition by
growth made the nucleation region darker, in contrast to the

observations with pure Fe28104 (Figure 8-2). The transition
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Fig. (8-6)

The kinetics of the olivine-spinel transition in
an Fe28i04 and NaCl mixture for run A230-5 at 550°C.
(A) Before heating, (B) after heating for 1.5 minute,
Xv2%. Note the darkening center region. (c) after 5
minutes, xv 10%. Note the spreading out of the nucleation
region. (D) After 10 minutes, X\30%., Note the formation
of an oxidation rim where oxygen can penetrate. (E)
After 15 minutes, X ~50%, (F) after 20 minutes, Xn0.6.
All‘phofographs were taken at the sample temperature of

550°C. Samples are approximately 500 p across.
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region was again spread out from the center region where the
pressure was maximum. This further implies that Qa may decrease
with increasing pressure, and AV* may be zero or negative. The
In [In(1/(1-X))] versus 1ln t plots based on estimated X for
some samples suggested slbpes greater than unity (1-3). It is
not obvious whether this reflects different mechanisms of
nucleation or is due to the uncertainties of visually estimated
X. Experiments were carried out at temperatures between 300°C
and 550°C. Higher temperature may cause flowing of NaCl.
Experimental results are summarized in Table (8-3). Again, only
degrees of transition for unloaded samples are listed. The
results are also plotted in Figure (8-7). Plotted data appear to
be self-consistent and isotherms (between 300°C and 600°C) of
transition with tentative unit slopes (dashed lines) can be
drawn based on these data. Superimposed on the same diagram
afe isotherms of transition (solid lines) for pure FezsiO4
taken from Figure (8-5. It is interesting to note that the
transition rate in FeZSiO4 can be greatly increased by mixing
with NaCl. For example, the transition rate for the sample
with NaCl at 400°C is greater than that for the sample without
NaCl at 500°C. Although the grain size in the former sample
(1—2#) is smaller than in the latter (2-5#), this cannot
explain such a large difference in transition rate. In addition,
shear stress in the sample with NaCl (<5 kb) is much smaller
than in the pure Fezsio4 (>10 kb). This tends to cancel out

the effect of smaller grain size on the transition rate. Thus,
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Table (8-3)

EXPERIMENTAL RESULTS ON THE OLIVINE-SPINEL TRANSITION
IN MIXTURES WITH NaCl (W100PDH) (Grain size, 1-2u)

Run Number PB(Kb)T'(OC) t (min.) X PA(Kb) Run Number
Al120-1 147+5 30010 10 0 181%5 Al21-1
B151-3 15030 330z%10 405 0 182%5 B152-3

19015 <0.01%* 144+5 B153-3
A210-5 10020 36010 4010 0.5%0.1 715 A215-5
B140-3 150£30 37010 2625 0.10+0.05 93+5 B141-3

4070 0.2%0.1 B142-3
A220-5 120+20 42010 410 0.4x0.1 83%5 A221-5
B130-3 100£20 42010 100 0.2+x0.1 98%5 B132-3
A240-5 150£30 445+10 2i0 0.35*+0.05 92%5 A241-5
B120-3 12020 45010 120 0.3#0.1 B121-3
A230-5 150£230 550%10 21 0.6*0.1 86%5 A231-5

* Proportion of spinel determaied by X-ray diffraction
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Fig. (8-7)

Experimental results on the kinetics of the olivine-
spinel transition in the mixture (W100PDH) of Fe28104 and
NaCl. Numbers are temperatures in ©c. Vertical coarse
lines are experimental data taken from Table(8-3). Dashed
lines are isotherms of transition based on these plotted
data. Solid lines are isotherms of transition for W100PD
(Fig. 8-5). All isotherms have unit ;lapeé. Note that the
transition rates in the mixtures are considerably higher
than those in pure Fe28i04. This is partly due to the
smaller grain size used in the former samples and partly

due to the catalyzing effect of NaCl on the olivine-

spinel transition.
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we believe that the high transition rates in samples with NaCl
are due to a catalyzing effect of NaCl, although the mechanism
of catalysis is not understood.

It is noted from Figure (8-6)that the sample was oxidized
inwards by the penetration of oxygen into the low pressure
outer rim during the heating. The oxidation did not occur in
the high pressure region. A comparison of the kinetics of
oxidation around the outer rim and the olivine»spinel transition
at the center region at different temperatures has revealed
that the former was faster than the latter at low temperatures
(<500°C), but the reverse was true atrhigh‘temperatures. Thus,
the activation energy for the olivine+spinel transition may be
larger than that for the oxidation. The oxidation rate can
also be increased by repeatedly heating and gquenching the

sample.

\\é*S: A Note on Pressure Distribution:

We have measured the center pressure (Pc) at room tempera-
ture before and after the olivine+spinel transition in different
samples with NaCl by x-ray diffraction. A careful examination
of the pressuré before transition (PB) and after transition
(PA) for different samples (Table 8-3) has revealed that PC
may increase with heating before the transition takes place
and then decrease with the increasing degree of the olivine-
spinel transition. The initial increase of PC could be due to

the extrusion of sample outside the anvils. The increase of

PC with heating is consistent with the observation that the
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center region became darker and the outer region became brighter
(Fiéure 8-6b). The decrease of PC with increasing degree of
the olivine»spinel transition is due to the volume contraction
of the transition. The possible pressure distribution across
the sample during the heating cycle is shown in Figure (8-8).
This change of pressure distribution was constructed based on
the following information for the run A210-5: (1) estimated
PB based on the calibrated spring length, (2) measured PA
after heating (360°C, 4010 min.), (3) pressure at the olivine-
spinel boundary, assuming equilibrium, (4) low pressure (<5 kb)
region at the outer rim where oxidatien occurred, (5) estimated
total load which is assumed to be constant throughout the heat-
ing cyclef This estimation of the variation of pressure distri-
bution is still tentative, and a thorough study of pressure
distribution is still tentative, and a thorough study of pres-
sure distribution as a function of temperature and degree of
transition based on the method of ruby fluorescence is needed
to prove or disprove the above speculation.

Because PC as measured by x-ray diffraction is exclusively
the value at room temperature, there are no data on the varia-
tion of P, with temperature. We have x-rayed run A241-5 at

C

300°C for more than 500 hours in order to obtain PC at elevated

temperature. The increase of sample-to-film distance due to
thermal expansion of the press was minimized by circulation
of cooling water during the period of x-ray diffraction. The

result indicated that P.=92+5 kb at room temperature increased

C
to 112+5 kb at 300°C. This represents 20% increase of PC. If



~252-

Fig. (8-8)

Proposed variation of pressure distribution across the
sample for run A210-5 during the heating cycle. (A) Before
heating, (B) after heating and before the olivine-=spinel
transition, and (C) after the olivine-spinel transition
(Xv0,5). Note the center pressure was increased and then
decreasedgduring the heating cycle. The center pressure

in each stage may increase at high temperature.
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this measurement is correct, then pressure gradients shown in
Figure (8-8) will increase at high temperature. It may also
suggest that pressures measured at room temperatures for high

temperature reactions are significantly underestimated.

8-6: The Effect of Water:

Water has long been known to be capable of promoting
reactions of various kinds. It has also been used as a mineral-
izer to reduce hysteresis in determinations of a phase boundary.
However, this study is the first attempt to measure gquantitative-
ly the effect of water on the rate of the olivine»spinel transi-
tion.

The starting material was a water-saturated paste of fay-
alite powder (W100PW) with the grain size between 2 and 5u.
Interstitial water was locked in the sample under high pressure.
When the temperature rose, water in the low pressure region
began to migrate outside the anvils. At temperatures above
400°C, water at high pressure might also migrate outwards.
However, before this could happen, even below 300°C, the
nucleation region developed and swept across the region of
metastable olivine. This happened in the dry sample only when
the temperature was higher than 500°C. For the wet sample,
at 500°C, the growth rate of spinel was so fast that the merged
pure spinel region began to form within a minute (Figure 8-9a),
and it could expand to cover almost the whole region of the
metastable olivine in 10 minutes (Figure 8-9c). Further pro-

longed heating could only expand the spinel region slightly.
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Fig. (8-9)

Kinetics of the olivine-spinel transition in water
saturated Fe,Si0, (W100PW) for run B610-11 at 500°C. (a)
After 1 minute, XV0.5. Note the spreading out of the merged
pure spinel region. (B) After 3 minutes, Xv0.9, (C) after
10 minutes, Xn1.0, (d) after 1303 minutes. Note the expansion
of the pure spinel region with prolonged heating. Field of

view is approximately 400 u across.
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In some cases, the spinel region also shrank and left behind
lineated olivine, which éxtended heatiné at 500°C. This never
happened for the dry sample below 700°C.

The 1n [1In(1/(1-X))] versus the 1ln t plot based on esti-
mated X for wet samples again suggested unit slopes. Typical
experimental results are listed in Table (8-4) and plotted in
Figure (8-10. The data are again self-consistent and isotherms
of transition (300°C-500°C) (dashed lines) can be drawn.
Superimposed on the diagram are isotherms of transition (solid
lines) for the dry sample (W100PD) taken from Figure (8-5. It
is found that water increases the traﬁsifién rate more than does
a temperature increase of 200°C in dry samples. Water then is
a more effective catalyst for the olivine+spinel transition
than NaCl. However, the experimental data shown in Table (8-4)
and Figure (8-10) are for samples saturated with water. The
tfansition rate will be intermediate between that for water
saturated samples and dry samples, if the sample is not satura-
ted with water. 1In some of our experiments, water evaporated
before the sample was held between the two anvils. In this
case, the transition rates observed were the same as those for

dry samples.

8-7: Transition Kinetics in Single Crystals:

In this section we present some experimental data on the
kinetics of the olivine+spinel transition in single crystals.
The starting material was.a thin section (approximate thickness

12u) of natural fayalite (B96SD). 1Its composition can be
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Table (8-4)

EXPERIMENTAL RESULTS ON THE KINETICS OF THE OLIVINE->
SPINEL TRANSITION IN WET SAMPLES (W100PW) (Grain size,
2-5u)

Run Number Py (Kb) 7' (°C) t (min.) X
B420-11 160%30 380%20 1010 0.8+0.1
B510-11 150%30 300+10 10 <0.01

400%10 . 944, 0.9%0.1
B430-11 150%30 400%10 300 0.85%0.05
B410-11 150%30 400%10 5 0.05+0.02
500£20 1 >0.9
B610-11 150%30 500+20 1 0.640.1
3 0.9+0.1
60 >0.99

D320-9 180+40 500£20 572 1.0
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Fig. (8-10)

Experimental results on the kinetics of the olivine~»
spinel transition in water saturated Fe28i04(W100PW).
Numbers are temperatures in ©c. coarse vertical lines
are experimental data taken from Table (8-4). Dashed lines
are isotherms of transi;ion based on these plotted data.
Solid lines are isotherms of transition for W100PD
(Fig. 8-5). All isotherms have unit slopes. Note that

the transition rates were greatiy increased by water.
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expressed by (Feo.961Mnb.03MgO_005Ca0.004)ZSiO4. The thin
section was oriented perpendicular to the c-axis (001). Traces
of closely spaced (010) cleavage planes on the sample could be
observed under a microscope. A fragment of sample was dug out
of the slide and washed with acetone for a few minutes. The
sample was then transferred to the diamond anvil and subjected
to high pressure. The sample was deformed but the crystal
continuity was maintained. When the temperature was raised
above 500°C, nucleation began within a few minutes. The nuclei
tended to form preferentially along cleavage planes, although
some of them also formed within the hémééeﬁeous region of the
crystal (Figure 8-1la). It is interesting to note that nuclea-
tion often develops along the annular region (Figure 8-1la)
instead of spreading out from the center. This strange phenom-
enon occurred in powdered samples also, but was very infrequent
and was usually associated with samples whose pressure was
recycled. There are three possible causes of the annular
transformed region. They are low pressure at the center region,
low temperature at the center region, and high Qa at the center
region. The third possibility requires a large positive AV*,
which seems to contradict to our previous observations on
powdered samples. However, it is still not obvious whether

the growth mechanism in single crystals could be different from
that in powdered samples. If the growth mechanism is different,
then the third possibility cannot be ruled out. The second
possibility is unlikely because this requires the temperature

at the center region to be substantially lower (possibly by
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Fig. (8-11)

Typical runs of the olivine#spinel transition in single
crystals of fayalite(B96SD). Samples were oriented perpendi-
cular to the c-axis. Cleavage direction is parallel to
the a-axis. All photographs shown are unloaded samples after
heating at 600°cC. (A) After heating for 50 minutes for
Run C331-10. Note the clustering of spinel nuclei along
cleavage;‘and that the nucleation occurred only in the
annular region. (B) Same sample under crossed polars. Note
the extinction of the spinel. (C) After heating for 84 minutes
for Run C321-10. Note spinel began to grow inwards. (D) After
heating for 1036 minutes for Run C341-10. Note spinel grew
much faster along the cleavage direction. Field of view is

approximately 400 u across.
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(A)

(B)
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more than 50°C) than that at the nucleated annular region. In
addition, some samples heated by defocussed laser beam (work
done at the University of Rochester) also show the transformed
annular rings. In this case, temperature at the center region
should be higher than that in the annular region. The first
possibility seems to be most likely. It is consistent with the
observation that transformed annular rings often formed in
those samples with annular dark regions present before heating.
The dark region marks the position of the highest pressure.

The above speculation of lower pressure in the center region
than in the transformed annular region must wait to be confirmed
by future investigations using the ruby fluorescence technique.

Nuclei also grew very rapidly in the annular region, so a
homogeneous ring of pure spinel was soon formed (Figure 8-11b).
After that, the spinel would grow inwards but at a much slower
rate (Figure 8-11lc). The growth rate was anisotropic. It
was faster in the direction parallel to the a-axis (the cleavage
direction) than parallel to the b-axis.

Experimental results for B96SD are summarized in Table
(8-5. The listed X was the estimated proportion of spinel (under
crossed polars) within the annular region. We realize that
X so estimated may not be comparable to that reported previously
for powdered samples. The experimental results are also plotted
in Figure(8-12). The experimental data show a larger scattering
than that for powdered samples. Superimposed in Figure (8-12)
are again isotherms of transition for W100PD. The average rate

of transition in single crystals seems to be similar to that
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Table (8-~5)

EXPERIMENTAL RESULTS ON THE KINETICS OF THE OLIVINE->
SPINEL TRANSITION IN ORIENTED SINGLE CRYSTAL (B96SD)

Run Number PB(Kb) 7' (°C) t(min.) X
C310-10 15030 500%20 81 0.4%0.1
C320-10 11020 600%30 84 0.5+x0.1
C330-10 140£20 600+30 . 50 0.15+0.05
C340-10 160+30 600+30 1636 0.6%0.1
C350-10 15030 600+30 227 0.2+0.1

C360-10 12020 600+30 4045 0.5+0.1
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Fig. (8-12)

Experimental results on the kinetics of the olivine-»
spinel transition in oriented single crystals of fayalite
(B96SD) . Numbers are temperatures in ©c. Coarse vertical
lines are experimental data taken from Table (8-5). Solid

lines are isotherms of transition fo; W100PD.
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2SiO4 powders. The transition rate in the annular region

will be even higher than that in Fezsio4 powders. It is not

in Fe

obvious whether this is due to the presence of foreign elements
(Mn, Ca) or due to the possible presence of residual cementing

material (balsam) in the sample.

8-8: Transition Kinetics in Intermediate Compositions:

In this section, we present experimental results on the
kinetics of the olivine+rspinel transition in intermediate
compositions. Both synthetic and natural samples of composi-
tions dowg to 40% Fe28i04 were used as -starting materials.
The experiments were performed over a range of temperatures
between 500°C and 800°C. Unloaded samples for two typical
runs are shown in Figure (8-13). At temperatures above 800°C,
the recrystallization of olivine became rapid and in a few
runs of more Mg-rich composition, olivine had completely re-
crystallized before it could transform into spinel.

The experimental results for the olivine+spinel transition
in intermediate compositions are summarized in Table (8-6) and
plotted in Figure (8-14). Superimposed in Figure 8-14 are
isotherms (solid lines) for W100PD. Although each datum has
a considerable uncertainty in the estimated degree of transi-
tion, there is a clear trend of decreasing transition rate
with increasing MgZSiO4 (Fo) component, and this trend is
followed by both natural and synthetic samples. For example,
to attain, say 5% transition, at 800°C, it may take several

seconds, several hours, and a few weeks for compositions of
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Fig. (8-13)

Unloaded samples for two typical runs of the clivine-»
spinel transition in intermediate compositions, (A) Run
B171-11 (M80PD) after heating at 600°C for 22835 minutes.
Xv0.05. (B) Run B761-11(B49PD), after heating at 800°C
for 1045 minutes. Xvo.l. Samples are approximately 400

(A) and 300 y (B) across.
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Table (8-6)

EXPERIMENTAL RESULTS ON THE KINETICS OF THE OLIVINE
>SPINEL TRANSITION IN INTERMEDIATE COMPOSITIONS

Sample D(u) Run No. PB(Kb) T'(OC) t (min.) X
B97PD 15-25 C370-10 120x20 610%20 2552 >0.99
C380-10 14020 610*20 1126 >0.95
M8OPD 15-25 B160-3 14020 50020 36955 <<0.01(0.001%?)
B170-11 130%*20 60020 22835 0.05+0.02
D230-9 110+20 60020 37800 0.05%0.03
B180-11 120+20 690%30 1281 0.05%0.02
B78PD 15-25 D240-9 13020 600+10 '~ 8455 <<0.01(0.001?)
B730-11 130+20 700%+30 1168 0.05+0.02
M70PD 20-30 B330-11 130+20 650%50 1115 <<0.01(0.0017?)
B620-11 190+30 680+30 101 <<0.01(0.001?)
B310-11 13020 700%£30 30 <<0.01(0.0017?)
B320-11 20040 700%30 30 <<0.01(0.0012)
B520-11 170+30 700+20 35 <0.01(0.005?)
B530-11 210+40 70030 150 0.01+0.005
B540-11 230x40 700£20 10 0.01+0.005
B710-11 210+40 70020 5280 0.07+0.02
B720-11 220+40 700*20C 21 <0.01(0.0052)
B740-11 200*40 80040 15 0.05%0.02
M60PD 5-15 B750-11 200+x40 800*40 100 0.1+x0.05
B49PD 10-15 B760-11 210+40 80040 1045 0.1£0.05
B770-11 210+40 80040 1350 0.1+0.05
B39PD 20-30 B830-10 210+40 75040 3840 <<0.01(0.001%)
B780-11 180+30 800*40 3600 0.015+0.005
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Fig. (8-14)

Experimental results on the kinetics of the olivine=»
spinel transition in samples of intermediate compositions.
Numbers are temperatures in Oc. Vertical lines are experi-
mental data from Table (8-6). Isotherms of transition are
for W100PD(Fig. 8-5). Data labelled by A are estimated
from experimental results of Akimoto and Fujisawa(1968).
Datum of IOPD is estimated from the experimental result of
Ito et al(1974) for the olivine#spinel transition in pure
Mg,Sio

2 4" Note the decrease of the transition rate with

increasing MgZSiO4 content.
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FdO(FeZSiO4), Fo.,., and Fo respectively. Also plotted in

30 60’
Figure(8—14)are some data reported in the literature. The
degree of transition for these data are estimated from the
description of the experimental results. It is noted that
their transition rates were significantly higher than we would
expect from our results. Part of these discrepancies may be
due to the difference of grain sizes of the starting material.
Akimoto and Fujisawa (1968) used microcrystalline samples,
while Ito et al. (1974) used finely pulverized powders. Their
grain sizes should be less than Sﬁ. The grain sizes we used
were in the vicinity of 20p. However, the difference of grain
size alone may not be sufficient to account for such a wide
discrepancy in transition rates. The high pressure apparatus-
ses they used are tetrahedral press (Akimoto and Fujisawa,
1968) and split sphere press (ito et al., 1974). Therefore,
the shear stresses in their samples could be less than in ours,
but this difference could only increase the transition rates

in our samples relative to theirs. We believe that discrepan-
cies between their data and our results are due to the tempera-
ture measurement. Akimoto and Fujisawa (1968), and possibly
Ito et al. (1974), also measured the temperature by putting
Pt-Pt (Rh1l3%) thermocouples at the center of the sample under
high pressure. Temperatures measured in this way could be
lower than the true sample temperature by 10% at a pressure of
100 kb (Ito et al., 1971). Accordingly, their reported temper-
atures may be significantly underestimated. If both effects,

the difference of grain sizes and temperature measurement, are
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taken into account, their data may agree with our results.

8-9: Q_ Calculated Directly from the Measured Growth Rates:

We have repeatedly emphasized that the kinetics of the
olivine+spinel transition under very metastable conditions
(large AP) are governed by Qa’ Qa can be calculated from
the kinetic data obtained abcve. However, if it is so calcula-
ted, it will incorporate uncertainties of grain size and
degree of transition estimated. The experimental technique
we adopted has allowed us to calculate the growth rate of
spinel frqm the measured thickness of the spinel band (2X)
between olivine grains by photographing magnified unloaded
samples. Measured 2\ appeared to increase linearly with time
at constant temperature so the growth rate was constant in
each run. This is consistent Qith our assumption made earlier
that the olivine»spinel transition is an interface-controlled
process.

Measured growth rates (Y) and calculated Qa based on eq.
(6-36) for different compositions are listed in Table(8-7. 2\
measured for each run is the most probable value. Spinel seems
to grow more rapidly at the higher pressure region which again
suggests a negative value of AV*. The calculated Qa appears
to be independent of temperature. It is noted from Table (8-7)
that Qa was reduced by approximately 30% for samples saturated
with water. Qa values for dry samples of different compositions
are plotted in Figure (8-15. The uncertainty of the calculated

12

Q. is estimated to be iO.leO- erg, as indicated by error

a
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MEASURED GROWTH RATE(Y) OF SPINEL AND CALCULATED ACTIVATION
ENERGY OF GROWTH(Qa) FOR THE OLIVINE-SPINEL TRANSITION IN

DIFFERENT COMPOSITIONS

Sample Run No. T'(°C) t(min.) 2X (n) Y(A/sec)Qa(lo-lzerg)
W100PD C221-10 600 1090 1.6 0.12 4.0
D211-9 550 4025 0.5 0.010 .
W1l00PW B411-11 500 0.75 2. 280
B511-11 400 500 . 0.42 .
M80OPD B171-11 600 22835 0.0018
B181-11 700 1281 . 0.065 .
M70PD B711-11 700 5280 1.0 0.016 4.7
M60PD B751-11 800 100 1.2 1.0 4.6
B49PD B761-11 800 1045 . 0.08 .
B771-11 800 1350 . 0.06
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Fig. (8-15)

Activation energy of growth(Qa) of spinel as a function
of composition. Qa was calculated directly from the measured
growth rate of spinel during the olivine#+spinel transition.
Note the linear increase of Qa with Mg28i04 content. Open
circles at Mg-rich compositions are extrapolated values

of Qa’
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bafs. It is interesting to note that Qa seems to increase
linearly with mole fraction of Fo. An extrapolation of Q, to
Mg28i04 gives a value of 6.Ox10"12 erg which is approximately
10% higher than that calculated from the experimental data
of Ito et al. (1974) (Table 6-2). However, as mentioned
earlier, their temperature could be significantly underestimated.
If this is taken into account, for example, if the true sample
temperature was 15% higher than they reported (1000°C), Qa
would have been 6.0x10_12 erg, which is identical to our extra-
polated wvalue.

One o& the major obﬁectives of this chaptér has been to
determine Qa for the olivine+»spinel transition for compositions

close to the mantle composition (Fo,,). From Figure (8-15)we

89
obtain a value of Q_ = 5.8x10 12 erg. We believe that this
value has an uncertainty of ip.3x10_12 erg. We will use this

value to constrain the kinetics of the olivine+spinel transi-

tion in the mantle, as will be described in the next chapter.
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Chapter 9

GEOPHYSICAL IMPLICATIONS

9-1: Introduction:

The olivine’spinel transition under oceanic and continental
plates will result in rapid rises of seismic velocities, density,
electrical conductivity, and possibly temperature gradient in
the upper transition zone. In addition to these static effects,
the olivine?spinel transition in the downgoing slab may also
have dynamic effects. It has been inferred to be a source of
deep focus earthquakes and a driving mechanism for plate motion
(Turcotte and Schubert, 1971; Ringwood, 1972, 1973;; Schubert,
1976) . However the exact role of the olivine-#spinel transtition
in the downgoing slab depends on its kinetics of transition. In
this chapter we shall briefly evaluate the possible role of
the olivine?spinel transition in plate dynamics, based on the
newly acquired data for its kinetics of transition. A more
thorough discussion on the possible dynamic effects of the
olivinesspinel transition in the downgoing slab can be found
elsewhere(Sung and Burns, 1976 a, b) and in Appendix D.

9-2: Kinetics of the olivine-spinel transition in the mantle:

We have derived the rate equations (Egs. 6-48 to 6-54) for
the olivine#spinel transition applicable to the mantle conditions

in Chap. 6, and determined the key factor, Q for the olivine=

a'
spinel transition in Mg-rich composition, based on the extrapo-
lated experimental data in Chap. 8. From these we can calculate

possible positions of isograds pertaining to mantle conditions
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for each nucleation mechanism. From both theoretical considera-
tions and experimental results, it is suggested that only three
possible nucleation mechanisms govern the olivine<spinel transi-
tion in the mantle. They are nucleation on dislocations, nuclea-
tion on grain boundaries and homogeneous nucleation with coherent
interface. The last nucleation mechanism may be important only
under certain restricted physical conditions(large grain size,
low shear stress, low temperature and high overpressure). Nuclea-
tion on dislocaions has not yet been observed experimentally

but is suspectelto be important from theoretical considerations.

We shall now determine the possible rahge of isograd
positions for the olivine#spinel transition in the downgoing slab.
The time for the olivine-spinel transition will be the time after .
olivine becomes metastable. A plunging velocity of 10 cm/yr
assumed for a downgoing slab with a dip angle of 45° corresponds
to a vertical descent velicity of 7 cm/yr and a rate of increa-

13 Kb/sec. In most models

sing pressure of approximately 8.5x10
of calculation the geotherm for the cold interior of the downgoing
slab cuts the equilibrium phase boundary at a pressure of appro-

12

ximately 100 Kb. Substituting Qa=5.8x10— erg/atom and P=100+

8.5x10 13

t into Egs. (6-43) to (6-46), we obtain isograds for

the three major nucleation mechanisms of the olivine?spinel
transition in the downgoing slab, as shown in Fig. (9-1). The
grain size (D) and dislocation density (p) assumed in calculation
are 0.5 cm and 108 cm_z, respectively. Isograds so calculated are

for an isothermal and an isobaric transition, and for a transi-

tion time which increases with depth. Isograds for polythermal
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Fig. (9-1)

Possible range of isograds for the olivine»spinel
transition in the mantle. Each isograd band for a particular
nucleation mechanism marks the region where the transition
is 10%(X=0.1) to 90%(X=0.9) complete. H, D and B denote
homogeneous nucleation with coherent interface, nucleation
on dislocdations and nualeation on grain boundéries,
respectively. Blackened bands were calculated based on
experimental results for powdered samples(Qa=5.8x10'.12 erg
and AV*=0). Shaded bands assumed an activation volume of
10 cm3/mole. Isograd bands for the real transition in the
ﬁantle may lie in between these two extremes. Mixed phases
for equilibrium transitions are a+y, o+B+y, and o+B at
low(<700°C), intermediate(700-1600°C) and high(>1600°C) temperature
respectively. Coarse curves are geotherms at the coldest
part of the downgoing slab according to different models
of calculation. OT(Oxburgh and Turcotte, 1970), TS(Turcotte

and Schubert, 1973), M(McKenzie, 1970), TMJ(Toks8z, Minear,

and Julian, 1971), G(Griggs, 1972).
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and. polybaric transition will lie on the high temperature side-
of the above calculated isograds. However, the difference of
positions between these two types of isograds is small(<10°C),
except at the region of small overpressure, where the transition
rate is slow. |

We shall now asses the possible uncertainty of the positions
of the isograds calculated above. The positions of the isograds
are determined by many variables; among them D, p and Qa are
the most critical. o and § are important only for homogeneous
nucleation which can not compete with heterogeneous nucleations
in most of the cases. By varying D and p by one order of magni-
tude, the positions of the isograds for nucleation on grain
boundaries and nucleation on dislocations calculated abkove will
be displaced by 40 and lSOC, respectively. Since D and p may
be underestimated and overestimated, respectively, in our
calculation for the olivinesspinel transition in the downgoing
slab, the positions of the above calculated isograds may repre-
sent the limit on the lower temperature side. We have estimated
in Chap. 6 that the uncertainty of Q_ determined is 59 (+0.3x107 12
erg/atom). This will result in an uncertainty of approximately
+40°C for the positions of all isograds shown in Fig. (9-1). In
the above calculations, we have assumed that the slowest species
of atoms moving across the interface is oxygen. Because the
parameters of oxygen atoms enter the pre-exponential term of
the rate equation, which has small effect on the position of
isograds, the positions of isegrads calculated above may not ‘be

displaced by more than 40°C, if silicon were assumed to be the
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slowest species.

It should be emphasized that isograds shown in Fig. (9-1)
were calculated based on an experimentally determined Q- which
does not increase with pressure. The small grain size and high
shear stress peculiar to the laboratory experiments may be
responsible for the apparent zero or negative AV* observed. If
this is the case, then the olivine9spinel transition for large
grain sizes and low shear stresses in the downgoing slab may
have a positive value of AV*. As a consequence of positive AV*,
the isograds calculated above will be significantly displaced
towards higher temperature and may approaéh‘those we have
calculated in Chap. 6(Fig. 6-10), which are also shown by shaded
bands in Fig. (9-1).

We have demonstrated in Chap. 6 that the presence of
abundant water (>5%) can greatly increase the rate of the olivine->
spinel transtion . The water content in the downgoing slab is
minor (v0.1%) and is possibly concentrated in the top layers of
the downgoing slab. As the slab descends, water may be gradually
driven out due to the inctresing pressure and temperature. In
addition, it may be extracted preferentially into the partial
melt which ascends to produce andesitic magma. Thus, we do not
expect a significant amount of water to catalize the olivine9
spinel transition, although it is still possible that a locally
water enriched pocket may exist at a great depth in the downgoing
slab. The effect of other silicates, such as pyroxene and garnet,

on the rate of the olivine#spinel transition is not known. However,
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since these silicates do not contain mobile elements essential
to promote the reaction rate, they may not affect the kinetics
of the olivine9spinel transition.

9-3: Distortion of the olivine-spinel boundary across the slab:

In the early discussions of the olivine+spinel transition
in the downgoing slab, the transition was always tacitly assumed
to be completed as soon as the equilibrium phase boundary was
crossed. As a consequence, the olivine-spinel boundary was
distorted upwards because of the lower temperature at the center
of the downgoing slab(Ringwood, 1972, 1973; Turcotte and
Schubert, 1971, 1973; Schubert et al, 1976; Toks8z et al, 1973).
Based on theoretical calculations, Sung and Burns(1976a, b)
(Appendix D) have pointed out the possibility that suppression
of the olivine9spinel transition occurs at the cold interior of
a rapidly plunging slab. In thié case the olivine-spinel boundary
will be distorted downwards, instead of upwards. This possibility
will now be re-examined based on the newly acquired kinetic data.

Superimposed in Fig. (9-1) are geotherms of the coldest
parts of downgoing slabs according to different models of
calculation. If geotherm TMJ (Toks®z, Minear, and Julian, 1971)
is followed, the olivine?spinel trvansition will occur close to
equilibrium, so the olivine-spinel boundary will be distorted
upwards as shown in Fig. (9-2b). If geotherms G(Griggs, 1972) or
M (McKenzie, 1970) are followed, the olivine#?spinel transition
may still occur close to equilibrium, and the olivine-spinei
boundary will be distorted upwards. Because temperatures at

the coldest part of the slab are lower, the elevation of the
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Fig. (9-2)

Proposed evolution of the profile of the olivine-
spinel boundary (X=0.1-0.9) across a downgoing slab and
its effects on plate dynamics. The plunging velocity
increases from (B) to (F). Forces acting on the cold
interior are:Fp, downwards pushing force due to the
cold contraction of the slab; FO, force due to the

didtortion of the olivinr-spinel boundary; F force due

s’
to the distortion of the spinel-oxides bcundary:; FC,
downwards force transmitted from the advected plate; Fr,
upwards resistance force due to the viscous drag of the
plunging slab. Note the inversion of FO from downwards
to upwards when the plunging velocity exceeds a certain
critical value(between (C) and (D)), and its effects on
the stress distribution in the downgoing slab. Note also
that the alignment and distribution of T and P-axes of

intermediate and deep earthgquakes may be controlled by

the evolution of the profile of the olivine-spinel boundary.
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olivine-spinel boundary will be larger as shown in Fig. (9-2c).
If geotherm TS(Turcotte and Schubert, 1973) is followed, the
major part of the olivinesspinel transition will not occur at
the equilibrium transition pressure but will be depressed down
to the depth where the geotherm cross the isograd X=0.1l. The
olivine-spinel boundary defined by X=0.1 to 0.9 will begin to
distort downwards as shown in Fig. (9-2d). If geotherm OT
(0xburgh and Turcotte, 1970) is followed, the major part of the
olivine»spinel transition will be suppressed to depths greater
than 500 Km, and the oliv;ne—spinel boundary will be depressed
further as ‘shown in Fig. (9-2e). If temperature at the cold
interior of the slab could be even lower or isograds of the
olivine-spinel transition could be displaced towards higher
temperature(e.g. if AV* is positive), the major part of olivine
will exist metastably even down to the lower mantle(Fig. 9-2f),
where it might decompose directly into oxides or transform into
the other post-spinel phase.

It is clearly seen that the shape of the olivine-spinel
boundary across the slab is determined by the relative positions
of the geotherm at the cold interior of the slab and the isograds
of the olivine?spinel transition. With the wide discrepancies
among different models for the geotherm for the cold interior of
a downgoing slab(Fig. 9-1), it is impossible to draw a definite
conclusion about the shape of the olivine-spinel boundary across
the slab. The geotherm of the cold interior of a downgoing slab

depends on many variables; among them the plunging velocity is
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the.most critical. The temperature at the center of the slab
wili be lower if the plunging velicity is higher. Thus, with
increasing plunging velocity, we may eﬁpect the olivine-spinel
boundary at the center of the slab to rise until a critical
plunging velocity is reached. Beyond that, the olivine-spinel
boundary will suddenly be depressed. The variation of the shape
of the olivine-spinel boundary with increasing plunging velicity
is depicted schematically in Fig. (9-2 from b to f). It is not
obvious at this stage whether or not the maximum plunging
velocity of downgoing slabs exceeds the critical value such
that the temperature at the cold interior of the slab is low
enough to depress the olivine?spinel boundary.

Kogan(1975) has measured a gravity anomaly across the
Kuril-Kamchatka Arc. He found a signuficantly lower anomaly than
that required for a rising olivine—spinel boundary towards the
plunging direction of the plate. He attributed this to a shallowly
(180 Km) subducted slab and a compensation of less dense
material under the marginal sea. However, this low gravity
anomaly may also be due to the downwards distorted olivine-
spinel boundary in a deeply subducted slab. The deeply subducted
slab is also consistant with the deeply distributed earthquakes
in this region.

Recently Solomon and Paw U(1975) have measured travel time
residuals for P-wave emitting and propagating through the entire
length of the slab from deep earthquakes in the Tonga Island
Arc. They found negative residuals for earthquakes located

shallower than approximately 300 Km. They attributed this to the
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ele&ation of the olivine-spinel boundary of approximately 100 Km,
which implys a temperature difference of approximately 1000°c
between the margins and the cold center of the downgoing slab.
This large temperature difference and high elevation of the
olivine-spinel boundary will exert a downwards body force of
several kilobars on the downgoing slab. Such a large downward
force needs to be compensated in order to explain the small
intraplate stresses measured(Solomon et al, 1975). If negative
travel time residuals in the Tonga Arc are due to the elevation
of the olivine-spinel boundary, then either temperatures in the
cold interior of the slab for geothermé OT and TS are under-
estimated, or isograds of the olivine?spinel transition should

be displaced towards the lower temperature(e.g. by the catalizing
effect of water). On the other hand, if negative travel time
residuals are due to some other effect, e.g. dehydration or the
baéalteeclogite transformation, and the temperature at the cold
interior of the slab is low enough to suppress the olivine-
spinel transition, then the large downwards body force due to

the cold contraction of the slab and the phase change (dehydration
or basaltweclogite transformation) can be balanced by the upwards
buoyant force due to the penetration of olivine into the more
dense spinel(Fig. 9-2e,f). In this case, the small intraplate
stresses can be explained.

9-4: Stress distribution in downgoing slabs:

There are suggestions that a downgoing slab sinks under its
own weights (Forsyth and Uyeda, 1976; Ringwood, 1972. 1973; Isacks

and Molnar, 1971). Forces acting on the downgoing slab are
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believed to be one order of magnitude higher than those acting
on the ridge or on the bottom of the plate. Among forces
acting on the downgoing slab, the downwards body force due to
the cold contraction of the slab is the major force(a few
kilobars for rapid plunging slabs). Body force due to the
distortion of the olivine-spinel boundary is also significant
(Turcotte and Schubert, 1971; Schubert et al, 1976) and may
have a magnitude of one third of that for the cold contraction
of the slab. As shown in Fig. (9-2), if the olivine-spinel
boundary is distorted upwards, the downwards body force due
to the elé;ation of the denser spinel tends to drive the slab
(Fig. 9-2b, c). As a consequence, the slab above the olivine-
spinel boundary receives a "pulling force" (less compression)
and the slab beneath it is subject to a pushing force. This
will align the minimum and the maximum principal stresses
along the coldest part of the slab above and beneath the
olivine-spinel boundary, respectively. On the other hand, if
the olivine-spinel boundary is distorted downwards, the upwards
buoyant force due to the penetration of less dense olivine
into spinel will exert a compressive force to the cold interior
of the slab above the olivine-spinel boundary{(Fig. 9-2e,f). If
the downwards distortion of the olivine-spinel boundary is
significant, the entire length of the slab may be under
compression and the maximum principal stress will be alignad
throughout the cold interior of the slab.
Non-shallow(intermediate and deep) earthquakes have been

shown to localize within a narrow(l0 to 20 Km)seismic zone in
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the coldest part of downgoing slabs, where the rock may still
be brittle (Engdahl, 1973; Toksd&z et al, 1973, Wyss, 1973). From
a world wide survey of focal nechanism solutions for non-
shallow earthquakes in downgoing slabs, Isacks and Molnar(1971)
have shown that usually either the compressional axes(P-axes)
or the tensional axes(T-sxes) are parallel to the seismic zone.
The distribution of these two types of earthquakes, down-dip
compression and down-dip extension, along the downgoing slab
fall, in general, into three groups: (1) earthquakes of down-
dip extension which occur down to 300 Km depth only; (2)
earthquakes of down-dip extension which occur above 300 Km
and earthquakes of down-dip compression which occur below
400 Km. There is a clear aseismic regicn separating these
two seismic zones; and (3) earthquakes of down-dip compression
which occur all the way down to about 700 Km depth. These
three groups of earthquake distribution can be explained by
the stress distribution controlled by the shape of distortion
of the olivine-spinel boundary(Fig. 9-2), as described above.
Thus the rise of the olivine-spinel boundary may align T-axes
and P-axes of earthquakes above and below the olivine-spinel
boundary, respectively, and the depression of the olivine-
spinel boundary may align P-axes of all earthquakes throughout
the entire length of the downgoing slab.

We have proposed above that the variation of the shape
of the olivine-spinel boundary may be important in determining

the stress distribution in downgoing slabs. The former depends
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on.the temperature at the cold interior of the downgoing slab
and is determined mainly by the plunging velccity of the slab.
We then propose the following scheme for the evolution of the
olivine-spinel boundary in the downgoing slab. The developement
of a new downgoing slab should begin with a very slow plunging
velocity. As the plunging velocity increases temperature

becomes lower at the center of the slab so that forces due

to cold contraction and the rise of the olivine-spinel boundary
increase. This tends to accelerate the downgoing slab, which
further increases the downwards driving fo;ces. At some critical
plunging velocity(between Fig. 9-2 c and d) peculiar to each
individual slab, the olivine-spinel boundary at the cold center
of the sléb may suddenly be depressed. The upwards buoyant

force so created will soon balance the downward driving forces
and the plunging velocity of the downgoing slab reaches a steady
state (terminal velocity). The time to reach the terminal velocity
may be short compared to geological time, so almost all down-
going slabs are plunging with terminal velocities. It is also
possible that most or all downgoing slabs have insufficient
terminal velocities to depress the olivine-spinel boundary,
although the difference of temperatures at the cold interior

of a downgoing slab for upward(Fig. 9-2c) and downward (Fig. 9-2d)
distortions of the olivine-spinel boundary is not large. In this
case, the olivine-spinel boundary will always be distorted
upwards.

9-5: Deep earthquake genesis:

High pressure phase changes as possible sources for deep
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earthquakes have long been speculated (Bridgeman, 1945; Evison,
1963; Benioff, 1963), If this is possible, the olivine»spinel
transition will be the most likely candidate as the source for
deep earthquakes, because it is the most intensive (AV/V~n0,07)
and extensive (approximately 60% of the rock) transition occurring
where deep earthquakes are located. One of the necessary
requirements for the olivine-spinel transition to generate

deep earthquakes is the ability for olivine to penetrate

deeply into the spinel stability field. This leads to storage

of implosive chemical energy which can suddenly be released,
upon transftion. Such a requirement can not be fulfilled if
geotherm TMJ or possible M or G is followed (Fig. 9-1), because
the olivine»spinel transition will occur close to equilibrium,
The transition rate will then be limited by the rate of over-
pressure accumulation, which is determined by the plunging velo-
city of the downgoing slab. Under such a condition, the olivine-=
spinel transition can not generate deep earthquakes. On the
other hand, if geotherms OT or TS(Fig. 9-1) are followed,
olivine can remain untransformed and penetrate deeply into the
lower transition zone. Even if water is present and isograds of
transition shift towards the lower temperature, local pockets

of dry olivine may escape the equilibrium transition and be
carried down to a great depth, where olivine transforms implo-
sively into spinel. When this happens heat will duddenly be
evolved and pressure will suddenly drop. Because isograds for

the very metastable olivine?spinel transition are nearly parallel
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topthe pressure axis(Fig. 9-1), sizeable pressure drop(>50 Kb)
can be tolerated without stopping the transition, If the volume
for the implosive transition is large, shear stresses in the
surrounding rock will be greatly enhanced. If the rock is brit-
tle, shear rupture may océur, which may result in deep earthquakes
of double-couple origin. On the other hand, if the rock is duc-
tile, creep rate will be greatly promoted. This may result in
shear melting(Griggs and Baker, 1969) and also produce earth-
quakes of dislocation type. Once shear rupture occurs, local
shear stresses drops, but shear stresses at higher levels
are enhanced. Earthquakes can then propagate upwards. According
to this model of deep earthquake genesis, a series of deep
earthquakes can be triggered by the metastable olivine-=spinel
transition, but only the first one may show the precursor of
the hypocentral volume change. At least two large deep earth-
qﬁakes have been identified to possess this precursor of
hypocentral volume change (Gilbert and Dziewonski, 1975). If the
olivine-spinel transition is not extensive enough to trigger
an immediate shear rupture, the earthquake may occur a long time
period after. In this case, the precursor of volume change may
not even be detected. Thus the lack of a volume change component
in a deep earthquake does not exclude the possibility of its
being induced by the olivine-=spinel transition.

The above model of generating deep earthquakes by the
metastable olivine-spinel transition appears to be attractive.
However, it requires T-axes of deep earthquakes to be directed

towards the region of the implosion, As the highly metastable
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olivineespinel transition can only occur at the cold center

of the downgoing slab, where deep earthquakes are located. We
may then expect T-axes of deep earthquakes to align in the seis-
mic zone. This contradicts the observation that for the majority
of deep earthquakes, P-axes are aligned in the seismic zone
(Isacks and Molnar, 1971) (Fig. 9-2). Such observations may
eliminate the olivine#spinel transition as the major cause of
deep earthquakes, although it may still be responsible for the

genesis of some deep earthquakes.
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Chapter 10

PROPOSED FUTURE WORK

This thesis is part of a long term project to study the
kinetics of the olivineJspinel transition and its geophysical
implications. We have developed the kinetics theory, designed
equipment, obtained basic experimental results, and hypothesized
geophysical consequences for the olivine®spinel transition. This
forms the foundation for future research in this field. We
shall now propose future work, which can refine the data we
obtained and may lead to new discoveries in the characteristics
of the olivinesspinel transition. We describe very briefly some
work we are planning to do in the future.

(1) Perform more experiments on the olivinesspinel transition
to cover a wider range of grain sizes and compositions for both
synthetic and natural samples.

(2) Evaluate the effect of shear stress on the rate of the
olivinesspinel transition by gasketing the sample. This will
reduce both the pressure gradient and the sheaf stress in the
sample. If possible, we plan to study the kinetics of the
transition by using other equipment of low shear stress and
compare the results.

(3) study the interfacial characteristics of the olivine-spinel
boundary by scanning electron microscopy(SEM) and transmission
electron microscopy (TEM). The unloaded sample can be ion-thined

or etched before being put under the electron microscope.
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(4) Measure high temperature M8ssbauer absorption spectra of
spinel to determine the possibility of increasing entropy at
high temperature by disordering divalent and tetravalent cations,
These will settle the problem of whether or not the slope of
spinel-oxides (or other postspinel phases) transformation can

be positive at high temperature. The same M8ssbauer data can

be used to calculate the t2g orbital splitting in spinel.

(5) Measure high P-T optical absorption spectra of both clivine
and spinel. These will determine the crystal field stabilization
of the olivine’spinel transition, as a function of P and T.

(6) Measure electrical conductivities of olivine and spinel

at high P-T conditions. These can constrain the possible
geothérmsvin the mantle,

(7) Measure the pressure distribution across the sample as a
function of P, T and X, by using the technique of ruby fluore-
scence. It is very important to know whether the pressure at

the center is lower than in the transformed annular region in
single crystals. If this is not the case, then AV*>0 and
isog