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Abstract

40 FeZSiO4 and CoZSiO4 olivine are

measured by the rectangular parallelepiped resonance (RPR) method at temperatures

Elastic constants of single-crystal Mn28i0

between 20° and 400 °C. Elastic constants Cij (Mbar) and their temperature

derivatives BCij/BT (kbar/deg) are.ﬁ

’

ij 11 22 33 23 31 12 44 55 66

Cij(25°C) Mn,S104 2.584 1.656 2,068 0,917 0.952 0.871 0.453 0.556 0.578
Fe,8i0y 2.670 1.736 2.392 0.979 0.987 0.952 0.324 0.467 0.573
Co2510y 3.078 1.947 2.342 1.032 1.050 1.016 0.467 0.639 0.648

3C, /3T Mn2Si0y -0.350 —0.283 ~0.285 ~0.112 -0.144 -0.163 -0.094 -0.121 -0.136
FeSi04 =0.409 -0.347 ~0.459 -0.054 -0.086 -0.168 -0.052 —0.048 -0.176
Fe 8104 -0.396 -0.379 -0.480 -0.090 -0,100 -0.194 +0.009 -0.011 -0.144
C028104”-0.331 -0.212 -0.337 -0.136 ~0.136 -0.183 —-0.049 —-0.102 —0.101

a) mean yvalue between 30° and 400 °C ; b) mean value between 25° and 200 °C;
c) mean value between 220° and 400 °C.
The isotropic properties, density p, adiabatic bulk modulﬁsiKs, rigidity y,
the Poisson's ratio o; and theilr temperature derivatives calculated by the

Voigt-Reuss-Hill scheme are :

p Ks u a 9Ks/ 3T ou/aT 90/9T
(g/cm®) (Mbar) (Mbar) (kb/deg) (kb/deg) (XlO_Sdeg_l)
Mn 2S10y 4,129 1.288 0.546  0.314  -0.195 ¥ -0.104 % 0.64 ®
Fe,Si0y 4.400 1.379 0.509 0.336 -0.205% -0.108% 0.93
-0.230 9 -0.075° -0.26 ’
C025i0y 4,706 1.482 0.620 0.316 -0.195% -0.077% -0.12 ®
a), b), and ¢c) : the same as above.

By combining the present results with the previous data on a magnesium rich
olivine, the effect of cation substitution on the elastic properties of olivine
group minerals ig discussed and the elastic constants of olivine at high temperature

in the earth's mantle are clarified.



Introduction

The olivine is one of the major constituents in the upper mantle of the earth,
and an accurate determination of its elastic constants is of basic importance in
the interpretation of structure of the upper mantle, In nature olivine occurs
mostly as the solid solution of forsterite MgZSiO4 and fayalite FeZSiO4. The
six-~coordinated cations (Mg and Fe) are substituted by small amount of Ca, Mn, Co
and Ni, The known end members of olivine solid solution.are tephroite Mn28i04,
Co~olivine 0028104, and Ni~-olivine NiZSiO4 in addition to forsterite and fayalite.

The elastic constants of forsterite MgZSiOA have been determine&wggzgwfgi}iy
good accuracy by Kumazawa and Anderson (1969), Graham and Barsch (1969), and
Sumino et al. (1977) by using single crystalline samples. The olivine specimens
for which a set of nine elastic constants has been reported so far are natural
peridot (Fe/MgtFe = 0.072 - 0.083) (Verma, 1960; Kumazawa and Anderson, 1969;
Ohno, 1976).

On the other hand, a set of elastic constants of single crystal fayalite FeZSiO4
has not been reported yet. The reported elastic properties 6f fayalite are limited
to three dilatational wave velocities along the a, b and c axes of imperfect
fayalite crystal (Furuhashi, see Suwa, 1964; Mizutani et al., 1970), the ultrasonic
velocities in palycrystalline sample (Mizutani et al., 1970; Chung, 1970, 1971;
Akimoto, 1972: revised.data of Mizutani et al. 1970), and the compressibilities
determined by a volumetric technique (Adams, 1931), and an X-ray diffraction technique
(Takahashi, 1970; Yagi et al., 1975). The elastic properties of other olivine type
silicate minerals have never been reported. ’

In this paper, the elastic constants of fayalite, tephroite MHZSiOA’ and
Co-olivine COZSioa, which are analogue of forsterite and fayalite, are determined

at temperatures between 20° and 400 °C by means of the RPR method (rectangular



parallelepiped resonance method), By combining the present results with previous
results of forsterite, the elastic parameters of olivine group minerals are
summarized and the elasticity systematics relating to cation substitution is
discussed. The temperature variation of seismic wave velocities of olivine

at high temperature in the earth's mantle is investigated.

2, Specimen

The single crystal specimens of M’nZSiO[},‘FeZSiO4 and COZSiO4 oliyine were provided
as a loaﬁ from Prof. H. Takei of Tohoku University, who grew them for his own work
(Takei, 1976, 1978). ngeral pileces of single crystalline COZSiO4 olivine
were provided by Prof. S. Naka, Dr. H,-Furuhashi, and Prof. T. Noda of Nagoya
University (Naka et al., 1968).

Mh25i04 olivine : Single crystal of Mn,810, was grown by the Czochralski pulling
technique, and the specimen for the present purpose was the gaﬁe one as sample
T-6 of Takei (1976). The as-grown boule of this crystal was brownish dark
under a room light, The polishedvthin section was clearly transparent to visible
light and looked bluish gray. It does not contain any inclusion and any flaw
(see the photograph of T-6 specimen in Takei, 1976).

The boule was cut along {100} plane to yield a rectangular parallelepiped
specimen (designated sample MnZSioé(T)). The prescribed orientations were determined
within 0.5° using a Laue back-reflection X-ray camera. The surface of the specimen
was polished by abrasive powder # 3000,

Fe /510, olivine : Single crystal of Fe,810, was grown Ey the floating-zone
method, and the specimen for the present purpose was sample number Fa-15 (Takei,
1978). Although as-grown boule of this crystal was opaque under'a room light,

the polished thin section was clearly transparent (brown in transmitted light)ito
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visible light, From an original boule, two rectangular paxallelepiped specimens
were prepared in the same way as MnZSiO4 (designated sample FeZSiOA(TA) and

FeZSiOACTB)). The sample Fe 5104(TA) was perfect, but in the case of sample

2
FeZSiOA(TB), arfew minute cracks (w lO_me) had developed at edge of specimen
along (010) plane during the preparation.

Cb2$i04 olivine : Single~crystal of Co,5i0, obtained from Takei (unpublished)
was grown by the floating-zone method. The as-grown boule of this crystal was
opaque under a foom light, and the polished thin section was transparent to visible
light. The color of the thin section was pale purple in transmitted light.

From the original boule, a specimen was cut out and designaged COZSiOA(T).

Single crystals of Co SiO4 obtained from Naka et al. (1968) were grown by the

2

Bridgman technique, and the specimen used for the present purpose was the sample

"E-I-3 described in Naka et al..(1968). From the original boule, a specimen was cut

and designated COZSiO4(F). The color of the thin secion, lattice constants, and
refractive index of this crystal CoZSiO4(F) are the same as those of 0028104(T)

as listed in Table 1. However, bulk demsity of COZSiO4(F) was larger than that

of CoZSiO4(T) and of X-ray density by 0.9 %, probably as a result:of deviation

from COZSiO4 stoichiometry. The single crystal COZSiO4(F) was directly grown
from the composition with an excess CoO‘(l.4 mole %) to stoichiometric 0028104(Naka
et al., 1968); The presence of small amount of CoO phase in single crystal
CoZSiOA(F) was recognized by X-ray diffraction, and also it could be detected

by E.P.M.A. analysis as a inclusion (less than a few microns length). When the

CQZSiOQ(F) is regarded as the mixture of CoO and COZSiO4, the amount of CoO

included in COZSiOA(F) is calculated to be 2,3 mole % from comparison of bulk densities.

Table 1 shows the basic descriptions of specimen ; the three edge lengths of
specimen, density, lattice constants, mean atomic weight, molar volume, refractive
index, and chemical composition. The bulk density of each specimen is in good
agreement with the X-ray density with an exception of COZSiOA(F). The measurements

for elastic constants were carried out on the five specimens described above.
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3. Measurement and result
(3.1) Thermal expansion

Thermal expansivity data of the specimen are necessary for reducing the
temperature derivatives of elastic constants from measured temperature variation
of resonance frequencies., The coefficients of linear thermal expansion of

7

MnZSiO4 have been reported by Okajima et al.(1978), and those of Fe28104 by

Suwva (1964), Suzuki et al.(1977) and Takei (1978) by using a diatometric method.
All the expansivity data of FeZSiO4 are consistent with 10 % one another,

In the present data analysis of MnZSiO4 and FeZSiO4, the values reported by
Okajima et al.(1978) for MnZSiO4

were employed, since the specimens measured by Okajima et al., and Suzukl et al.

and those of Suzuki et al.(1977) for FeZSf’LO4
were the same ones as used in the present work.

Although the linear thermal expansivity of C028i04 has been determined by
Sato (1970) at temperatures between 20° and 400 °C by using the X-ray
diffractometer, the data are presumed to be not reliable. Since the volume
expansivities of olivine group minerals are almost the same within 10 %
(Suzuki, 1975; Suzuki et al., 1977; Okajima et al., 1978), the size
corrections with temperature for.the determination of elastic constants of
COZSiO4 were made by using the thermal éxpansivity data of MnZSiO4. It is
noted that this procedure is justified because the thermal expansion affects

the temperature derivatives of elastic constants only several percent (Sumino

et al., 1977).



(3.2) Elastic constants

The elastic constants were determined by an RPR method. Theory and its fechnical
details of this method have been reported by Ohno (1976), Sumino et al. (1976),
and the details of measuring the temperature variation of elastic constants
were described in Sumino et al. (1977).

Measurement of resonance frequencies was made at the temperatures between room
temperature and 410 °C on the lower ca. 30 vibrational modes for each specimen as
listed in Table 2(A, B and C). In this table, type nomenclature of the modes
follows those of Ohno (1976), and the observed values of resonance
frequencies, calculated values of-them, and their relative deviations are presented.
At high temperatures up to 410 °C, the resonance frequencies were measured at irregular

temperature interval, Several examples éf températdfe variation of resonance
frequency ére shown in Fig.1(A, B, C, and D) f;; eachrspecimen. As seen in
Fig.1l, the data of resonance frequency at high temperature showed scattering
“(up to 2 %) in several modes, presumably due to the changes in the mechanical
coupling between the specimen and transducers.

In the present data analysis, the nine independent elastic‘constants K., K2’ K3,
Csqs CSZ,' Csgy Cyupr Cssa and G IKi= (,Cil+ C;ot 0113) /3 and CSi= (ij+» Chge™ zcjk)/lq
were derived first, Elastic constants Cll’ sz, 033; 023, C31’ and C12 were

computed from Ki and Cs, (i =1,2,3). All the data of elastic constants and

i
their temperature derivatives for each olivine are listed in Table 4(A and B). In this
table, the stated errors of elastic constants are the root mean square deviations
calculated by the least square method. The isotropic properties calculated by

the Voigt, Reuss, and Hill scheme are also summerized in Table 4 and are illustrated

in Fig.2.
Ah25€04 olivine : Measurement of resonance frequencies was made on the lower

32 vibrational modes at the temperatures between 30° and 400 °C. From Fig.1B,

the temperature variation of resonance frequencies were found to be almost linear



for all modes. Therefore, the temperature variation of resonance frequencies
for MnZSiOA were fitted by straight lines and the elastic constants we?e reduced
at 30° and 400 °C by using 32 free vibrational modes listed in Table 2A, The
relative deviations IO - C| lie wihtin 0.2 % except for EV-1 mode (0.6 % at 30 °C
and 0.7 % at 400 °C) and EX-5 mode (-0.5 % at 30 °C and -0.7 % at 400 °C). The
results of elastic constants and their temperature derivatives, analyzed by these
32 resonance modes, are listed in Table 4(A and B).

F@ZSi04 olivine: Measurement of resonance frequencies was made at room temperature
on the lower 30 vibrational modes for two specimens FeZSiO4(TA) and Fe28i04(TB);
The higher temperature measurement up to 410 °C was made on the lower 28 vibrational
modes for FeZSiO4(TA) only. The data of resonance frequencies are listed in
Table 2B, The relative deviations IO - CI are almost within 0.2 % in the whole
range of temperatﬁre. As seen from Fig.iA, the temperature variation of resonance
frequencies for FeZSiO4 was found to be non-linear in this temperat;re range,
particularly for the 0X-1 mode which is identified as a C44fdominated mode.
Therefore, the data reduction was made at every 20 degree ofvtemperature by
using 28.resonance modes for FeZSiO4(TA), and all the data were lsited in Table 3.

The results of elastic constants and their temperature derivatives are listed in

Table 4(A and B)., - L o L

[ R

"7 The elastic constants of two specimens FeZSiO4(TA) and Fe SiO4(TB) are in good

2

C and K

agreement with one another within 0.3 7 except for the constants C 213 )

22°

(linear incompressibility), which are relating to the dilation in parallele to

crystallographic b axis of olivine. The C C,, and K, of Fe SiOA(TB) are smaller

22° 723 2 2
than those of FeZSioa(TA) by 1.1 %, 1.9 % and 1.2 7, respectively. The difference

of these constants in the two specimens is presumed to be due to the minute cracks
(or cleavage) developed along (010) plane in FeZSiOA(TB) as noted previously.

- Therefore, the recommended values of elastic constants for Fe SiO4 olivine are

2

those of specimen Fe SiOA(TA).

2



0028i04 olivine:Measurement of resonance frequencies was made at room temperature
on the lower 32 vibrational modes for a specimen C028104(T) (pure cobalt olivine)
and 31 vibrational modes for a specimen C028104(F)(cobalt olivine + 2.3 mole % Co0).
The higher temperature measurement was made wup to 400 °C on the selected 25 modes
for COZSiO4(T) and selected 28 modes for CozsiOA(F). The results of resonance
frequerncies were listed in Table 2C. The temperature variation of resonance
frequencies was almost linear for all modes with an exception of 0X-1, whiéh is
the same Caé—dominated mode as in FeZSiOA. The non-linearity of 0X-1 mode is
quite gentle both in COZSiO4(T) and CoZSiO4(F) when compared with that of_FeZSiO4
as observed in Fig.l(A, C and D). Therefore, the temperature variatioen of ..
resonance frequencies for 0025104'was fitted by straight line except for the 0X-1
mode, aﬁd the elastic constants were reduced at 30 °C and 400 °C b? using the
modes listed in Table 2C. The relative deviations IO - C| in both specimens
lie almost within 0.2 % for 0028104(T) and within 0.3 % for CéZSiOA(F) at the
temperatures 36 °C and 400 °C. The resulté of elastic constants and their

temperature derivatives are listed in Table 4(A and B).

When the elastic constants of CoZSiO4(T)’and of 0028104(F) are compared, we can

note the following features. First, the Ki (i =1,2,3) of COZSiO4(T) are systematically

higher than those of 0028104(F) up to 4 %, although the six independent shear ,
constants C, . (i = 4,5,6) and Cs; (4 = 1,2,3) are almost the same within 1.2 7%

(mean deviation is 0.6 %). Second, the degree of anisotropy of several elastic
constants in 0025104(F) is smaller than that of COZSiOA(T). For example, the
ratios 044/C66(= 0.743) and Csl/Cs3(= 0.750) of 0028104(F) are larger than

C44/C66(= 0.721) and Csl/C33(= 0.743) of COZSiOA(T) by 1.8 % and 0.9 %, respectively.
These differences between two specimens COZSiO4(T) and COZSioa(F) are originated
possibly from the inclusion of 2.3 mole % CoO in 0025104(F). Therefore, the
recommended values of elastic constants for C028104 olivine is those of specimen
C025104(T).



4, Discussion
(4.1) Anomalous temperature variation of rigidity for FeZSiO4 and COZSiO4

The elastic constants are usually approximated by linear function of temperature
particularly above Debye temperature. The deviation from the linearity is small
for ordinary silicates and oxides even at room temperature, and the elastic wave
velocities as well as resonance freqﬁencies of these minerals also vary almost
linearl; with temperature. -

However, a large deviation from linear tempeature variation of resonance
frequencies is found in all modes of FeZSiO4 olivine (Fig.1A). A small deviation
is also found in 0X-1 mode alone of COZSiO4 olivine (both T and F specimens),
although the resonance frequencies in Mn28104 and MgZSiO4 (Sumino et al., 1977)

vary almost linearly with temperature, The most abnormal mode is an 0X-1 mode

(G44~dominated mode) in both'FeZSiO4 and COZSiO4 as illustrated in Fig.1. This

anomaly is directly related to the anomalous temperature variation of shear constants

C4y» Css and Cy, for Fe,5i0,, and C,, for Co,810,.  The behavior of elastic
constants of olivine group minerals are summarized in Table 5, and also those of

related rock salt oxides are summarized in the same table for comparison.

As shown in Table 5, type of anomalous temperature dependence of elastic constant
in olivine group is similar to those of fock salt oxide in that the bulk modulus
of both olivine group and rock salt oxide group show normal variation for temperature
while the shear constant C44(or Cs for Co0) are anomalous. Further, anomalous
behavior does not occur in magnesium compounds." This implies that the anomaly
is related to the divalent transition metal ions; Fe, Mn and Co. In those transition
metal oxides, shear constant 044(0r Cs for Co0) shows a drastic change at and around
Néel temperature aﬁd the non-linear temperature dependence takesplace even at
temperatures 200 degrees above Néel point, while another shear constant Cs (or 044
for Co0) changes almost linearly with temperature even in the vicinity of the Néel‘

point (Sumino et al., 1978).
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In olivine group minerals, the gémperature of antiferromagnetic-paramagnetic
phase transition (Nomura et al., 1964, and Santoro et al., 1966) is around 50 X,
which is considerably lower than those of the rock salt oxides as listed in Table 5.
However, it is 1likely that the magnetic transition has an influencé upon the elastic
constants up to high temperature, ana that non-linear temperature variation of
shear ébnétants for FeZSiO4 and C025104 is caused by the second-order transition
mentioned above, although the shear constants of MnZSiO4 did not show any

anomalous temperature dependence of detectable degree in the present measurement,

'
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(4.2) Summary of elastic constants of olivine group minerals
(4.2.1) The relation between elastic constants and Fe/Mg ratio

The effect of Mé—Fe substitution on acoustic velocities of the olivine
solid-solution system has been investigated by Qhung (197Q' and 1971), by using poly-
crystalline samples. | With the refined data of elastic properties of olivine
by single-crystal measurement, thié éffect of Mg-Fe substitution on elastic
properties is discussed here again. The complete set of elastic constants of
single crystal Mg-Fe olivine has been reported by Kumazawa and Anderson (abbreviated
to KA) (1969), Graham and Barsch (GB)(1969), and Sumino et al.(SE)(1977) for pure
end-member MgZSiOA, and by Verma (VE)(1960), Kumazawa and Anderson (1969), and

Ohno (OH) for natural peridot with a ratio Fe/MgtFe between 7 2 % and 8.3 A.

The measured values of elastic parameters of peridot are compared w1th the
calculated values by the weighted average of corresponding elastic parameter by

mole fraction of two end-members ; MgZSiO4 and Fe,SiO,. The values of end-member

25774
MgZSiO4 are given by averaging the data of KA, GB and SE, with an exclusion of

KA's C44 and 012’ which are slightly deviated from the other data (Sumino et al.,

1977). The actual deviations of the observed value in peridot from the calculated

value obtained from the molar average of two end-members are illustrated in

.

Fig.3(A and B) for indeéependent nine elastic constants -(compliance Sij and stiffness

Cij)’ and two'isotropic parameters : Ks and Y.

In Fig.3B, the measured value of dev1at10ns (CO?S - C;?l)/0§§l for'diagonal terms

Cii(i =1,..,6) is 0.2 % for data of KA, 1.3 % and 0.8 % for two peridot data of

23’ 731 12
3.6 2), 9.2 % and 4.4 % for OH, and 10.2 % for VE. These results show

that the deviations ICObS - Ccél of KA's data are notably smaller than those of

ij 1]
obs

ca cal . .
the others. For comparison, the deviation (SlJ - Sij )/Sij for nipe elastic

OH, and 2.2 %Z for VE, and also that of C C.. and C__ is 0.7 % for KA (with a exception

C12s

compliance constants Sij is also shown in Fig.3A,- The addition law of elas;ic
constants in olivine solid-solution appears to be bebter for elastic stiffness
rather than elastic compliance for rigidity, although there is not much difference

for bulk modulus and other anisotropic parameters.
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In Fig,4(A and B), seyeral examples of relation between elastic parameters
and chemical composition (or density) are shown. The elastic constants of KA
are plotted well on the straight line between MgZSiO4 and Fe28104, although the
value of C12 alone in both Mg28i04 and peridot of KA is systematically lower than
the sgraight line by 4 % as illustrated in Fig.4A. 1In this figure, it is pointed
out that the bulk modulus seems to increase linearly with increase of Fe-content
in the oiivine as in Mg-Fe aluminate SPiﬁel (Wang and Simmons; 1972; Chang and
3arsch, l973),»pyrope-aimandine garnét (Babuska et al.,, 1978) and MgO-FeO (Jackson
et al,, 1978; Sumino ét al., 1978). The variational trend of bulk modulus witﬁ
Mg-Fe substitution reported by Chung (1970) is opposite. From the four data set
of the above solid-solution series, we concluded that a general rule in the Mg-Fe
solid solution is fﬁat the Bulk modulus increases with Fe~content.

The elastic wave velocities of peridot lie almost on a straight line connecting
the end-members as shown in Fig.4B. However, when we carefully observe, the
elastic wave velocities of peridot appear systematically lower than the straight
line and lie close to the broken line indicating the linear addition law of
elastic constants. Although this difference is small, it is significant as is
also clearly indicated in Fig.4A. Thig fact implies that the addition law for

the elastic wave velocities seems to be a poor choice than that for elastic constant.

(4.2.,2) The effects of pressure, temperature and cation substitution on the
elgstic constants

For an interpretation of the seismic data and a better understanding of
physical state in the earth's interior, 1t is Important to find how the elastic
constants depend upon pressure, temperature, structural and atomia parameters.
The effects of pressure, temperature and cation substitution on the elastic
constants in olivine group minerals are discussed in terms of the quantity w
(= BlnCij/Ban). These effects on the elastic constants are essentially

expressed by three parameters ;
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wp = = (3InCy . /31nV)p oy = (3C;,/3R)/(Cy /Ry N ¢ b
vy = = (AInCy /81nV), = = (3C,,/3P) /ac, . e ()
Wy = - (alncij/aan)P,T = - ln[cij(Mb)/cij(Mq)]/1n[V(Mp)/V(Mq)] cee e (3)

where P, T and M represent pressure, temperature and composition (cation species
Mp = Mg, Co, Fe and Mn), respecfively, and KT is isothermal bulk modulus,

The parameters wP’ wT and wM are calculated by using the present elastic
data combined with the data of Mg28i04 reported by Kumazawa and Anderson (1969),
Graham and Barsch (1969), and Sumino et al.(1977), and the results are listed in
Table 6. The several examples of the quantity w and of the relation between

elastic constént and molar volume are also illustrated in Fig.5 (A and B).

From Fig.5 and Table 6, we can point out the empirical rules described below.

(1) General trends The quantities Wps Wy M

elastic constant .
lhave generally the same order of magnitude, scarcely depending upon the parameters

of pressure, temperature and cation-substitution, and their values lie usually

 between 1 and 8. Especially, in the case of constant C the values of wP, w

11

and wM are ;mostly confined in the narrow range between 3 and 5. However,

T

there are several exceptions ; (1) The Wy relating to.the substitution between
magnesium and transition metals are much diversed from - 20 to 20, and (2)

the W related to the shear constants of FeZSiO4 influenced by magnetic transition

are largely deviated from the common values of Wp s wT and Wye

(2) QT—value The wT in olivine group minerals is virtually constant at 5.5 + 1.5,
béing independent on the respective elastic constants and the divalent cation.

An exception is W related to the shear constants of FeZSiO4 as noted above.

(3) Qi—value Among MnZSiO4, FeZSiO4 and C028i04, the Wy of the elastic

constants relating to dilation [Cii

and Ky (i = 1,2,3), and G, (13 = 23,31,12)]
are virtually constant at 1.6 + 0.9, 7

However, those wM—values be tween Mg28104 and the other --- olivine are scattered

and w,, in olivine group minerals for every
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between - 20 and 3. Further the w,, related to the shear constants [Ci

M 1=

i
4,5,6) and Cs; (i = 1,2,3)] are largely scattered between - 5 and 20. However,

all the wM~values for shear constants change almost linearly with volume ; the

variation of wM—value with volume is shown as an example for C44 in Fig.5A.

4) Wps W and Wy values of isotropic parameters Ks and U

Bulk modulus The w, and w,, values of Ks are virtually constant at 5.0 * 0.5 for all

4

ra

b T

olivines, being independent of‘pfessure and temperature as illustrated in Fig.5B.
This value 5.0 is close to those of ordinary oxide compounds, since

the value of wP and wT are usually between 4 and 6 for oxide compounds,

regardless of their crystalline structure and chemical component (e.g., Anderson

et al., 1968). The wavalue of Ks among COZSiOA, ’,E‘eZSiO4 and MnZSiO4, or

between MgZSiO4 and‘Mn28104 lies between 0 and 2 or wM =1 %1, which is close

to the value 4/3 Obtained from the assumption that the major bonding force is
provided by electrostatic’energy (Anderson and Nafe; 1965). The wM—value is » 1
for alkali halides and flourides ; the typical'inonic compounds (Anderson and
Nafe, 1965), and the empirical relationship K.V = constant ( W= 1) also hold
very well for many oxides (Anderson and Anderson; 1970). However, the wM—values
of Ks between Mg,510, and the other olivine with transition metal ioms Co2+
and/Fe2+; which have a crystal field effect, are largely deviated from the
ordinary wvalue wM =1 as listed in Table 6. Therefore, the large deviation

of wM—Value appears to be originated from the contribution of crystal field

stabilization energy (CFSE) of Co2+ and Fe2+.

The effects of CFSE of Fe2+, Co2+ and N12+ ions on bulk modulust of divalent
monoxides were investigated by Ohnishi and Mizutani (1978). They showed
that the deviation of bulk moduluslfrom the " K-V = constant " law in rock
salt oxldes is well explained by considerigg the CFSE, The variational

pattern of Ks and V in olivine group minerals is quite similar to that in rock

salt oxides. The same pattern is also observed in garnets (Babugka et al., 1978).
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Therefore, the contribution of CFSE to the elasticity of olivines and garnets
is definitely important. The discussions on these problems will be reported
in the forthcominé paper. It is, however, pointed out that large deviatidn
of bulk modulus of olivines with transition metal ions from that of MgZSiO4

may be too large to be accounted for by CFSE.

Rigidity The wT for rigidity of olivine group minerals are virtually constant
6 £ 1, of which value is largely deviated from the value wP and is almost one

half of Wps although the values w_ and Ve for bulk modulus are almsot the same..

P
The wavalues for iigidity vary almost linearly with volume as in Fig. 5B.

However, they.aré considerably scattered generally. In other words, variation
of rigidity with pressure, temperature and cation-substitution does not follow

any conceivable systematics,” This is an important difference between bulk

modulus and rigidity.
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(4.2,3) The estimated yalues of pressure derivatives of isotropic properties
1n'FeZSio4
The pressure derivatives of isotropic parameters in FeZSiO4 are discussed

by using some empirical relation obtained in the previous section and the relation

' of elastic parameters to Gruneisen constant proposed by Suzuki and Kumazawa (1978).

’

The pressure derivative of bulk modulus in FeZSiO4 was determined by the
measurement of ultrasonic velocities in polycrystalline sample up to 7.5 kbar by Chung
(1971). He reported 0Ks/dP = 5.92 for FeZSiOA. The bulk modulus and its
pressure derivative. of FeZSiO4 was also investigated by Takahashi (1970) up to
150 kbar, and Yagi et al. (1975) uwp to 70 kbar by means of X-ray diffraction
technique, The reported values of Fe25i04 are KT = 1.35 * 0.15 on the assumption
of BKT/BP = 4.5 (Takahashi), and Ky = 1.24 £ 0.02 on the assumption of BKT/BP =5
(Yagi et'al.).‘ Their values of KT (= 1.35 - ;.25) are in good agreement with
the present data of KT = 1,37 within'9 % Therefore, BKT/BP is presumed to be
around 5. Then, 9Ks/OP is also the same value, since the difference between
BKT/BP and 9Ks /9P is usually within 1 % in oxide compounds. |

On‘the other hand, the QKS/BP (g'vaiue of wp for Ks in eq.(1)) is usually close
to the w.~value of Ks in eq.(2) and theséAvalues lie between 4 and 6 as mentioned

T

in a prévious section. For example, wP‘is‘5.14 - 5.08 forva‘of Mgz_SiOA and peridot,

whereas W is 4,2 - 4.8, Since wT = 5.3 for FeZSiO4, d9Ks/0P iS‘supposed to be
around 5. Combining all the information above, we may conclude that the

$i0, must be around 5, or oKs/dP = 5.0 + 1.0, which is quite

value of 3Ks/OP in Fe2

normal for ordinary solids.
The pressure derivatives of rigidity in FeZSiO4 is also predicted from the
relation between Grineisen constant and pressure derivatives of elastic. parameters,

proposed by Suzuki and Kumazawa (1978).  Based on this relatiom, the value 3u/oP

of Fe SiO4 is estimated to be 9u/9P = 0.7 * 0.2. (personal communication from

2
Kﬁmazawa), which is close to Bu/BP

]

0.62 for polycrystalline Fe,5i0, (Chung, 1971)
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and 1s quite different from the wvalue 9U/oP = 1.79 - 1.82 of MgZSiO4 and peridot
(Kumazawa and Anderson, 1969, and Graham and'Barsch, 1969) . The marked difference
of 9u/9P in MgZSiO4 and Fe28104 may be related to the large difference in the
value of Poisson's ratio (0.336 dor FeZSiO4 and 0.240 for MgZSiOA). However,
Poisson's ratio of FeZSiO4 tends to decrease with temperature and thus the value
of 9u/9P would not be so low at high temperature.

The pressure derivatives of isotropic seismic wave velocities 9Vp/3P, 9Vs/dP
and dVg/OP are calculated by using the predicted values of 3Ks/9P and 9)/0oP.

All the pressure derivatives of isotropic parameters in FeZSiO4 are listed in

Table 7, in comparison of the data of Chung (1971).

(4.3) Elastic parameters of MnZSiOA, FeZSiO4 and C028i04 at high temperature

4 and C028104

oliyine are calculated up to very high temperature by using some empirical methods

The numerical values of elastic parameters for Mn28104, FeZSiO

based on the theory of Mie-Grineisen equation of state.

The Gruneisen constant Yy and the Grimeisen-Anderson parameter Gé are defined by

]

¥
8

S

0VKs/Cp : ' '..........(4-')

]

- (31nKs/3T) /o N )

where Cp is the specific heat at constant pressure, V is the specific volume,

and o i1s the coefficient of volume thermal expansion. Constancy of the quantities
vy and ds with respect to temperature was theoretically given by Griuneisen (1926)

and Anderson (1966), and was experimentally supported by many investigators

[e.g., Soga and Anderson (1967) for Mg0 and A1203, and Sumino et al. (1977) for
MgZSiOAJ. As far as the experimental data are concerned, constancy for Ss was
supposed to be better assumption than that for Y at high temperature (Sumino et al.,

1977). Then, the calculation of the elastic parameters of Mn, Fe, and Co-olivine
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up to high temperature is made by assuming the constancy of GS.

The values of Y and Gs listed in Table 8 were calculated by eqs (4) and (8)
from the present elasticity data combined with o reported by Okajima et al.(1978)
and Cp by Jeffes et al.(1954) for Mn28104, and o of Suzuki et al.(1977) and Cp
of Orr (1953) for FeZSioa. In the ease of COZSiO4’ the computation of Y and 68

vere made by using Cp reported by Watanabe and Kawada (1978) and o of Mn,SiO,.

2 4
The Y is virtually constant Y = 1.1 * 0.1 for all olivine group minerals studied

here, while the value of 68 for Mn,Si0,, Fe,S10 and Co SiO4 is 4.7 - 5.6, which

4’ 27774 2
is higher than that of Mg28i04 by 20 - 30 %.

From eq.(5), the bulk modulus Ks at temperature T is given by

Ke(T) = KeolVe/V(D)1%8 | NS

where the subscript (o) indicates the quantity at reference tempefature To (Sumino
et al., 1977). The wvalues of Ks at high temperatures are calculated by eq.(6)
and listed in Table 9(A, B and C). Since the constancy of §g is expected to be
good at high temperature, the adopted reference temperature is 500 K, which is
in the v;cinity of acoustic Debye temperature 9D = 549 K for ﬁnZSioa,.526 K for
FeZSiO4, and 559 K for COZSiOA‘as listed in Table 8. The conversion of Ks to
isothermal bulk modulus KT is made by using vy = 1.1 for three olivine minerals.

The values of rigidity u at high temperatures are calculated by the following

equation (Sumino et al., 1977) :

u(r) = (3/2)[(1 - 20(T))/(1 + o(T))1Ks(T) N 42
where
O(T)=Oo+(30/aT)(T"To) ..........(8)

‘

Eq.(7) combined with eq.(®) is of good approximation at high temperature because
of the weak dependence of Poisson's ratio 0(T) on temperature.

In the case of Fe28i04, however, it 1s obvious that even in the limited
temperature range of this experiment 90/3T is not a constant as influenced by

magnetic transition. Therefore, the extrapolation of ¢ to high temperature in
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FeZSiO4 is made by using the two different ways. One is the linear extrapolation
of O to high temperature by using the lower temperature data of 0 and 90/9T.

The adopted value 90/0T is 0.93 X 10--5 deg—l, which is the mean value at 300 -

500 K and is close to the value of MgZSiO4 [80/0T = 0.63 - 0.91 X lO"5 degﬁl,

Kumazawa and Anderson (1969), Graham and Barsch (1969), and Sumino et al. (1977)]

~and is aiso close to 30/9T = 0.64 X 10_5 of Mn28104. Another way is the linear
extrapolation of 0 by using the higher temperature data of O and 30/3T. The adopted
value is 90/9T = - 0.26 X 10_5 deg_l, which is the mean value at 500 - 700 K and
is close to 90/3T = - 0,12 X 10"5 of C028104. The rigidity of FeZSiO4 at high

temperature is calculated by using these two different values of 90/9T, and
the results are éompared in Table 9B. The actual value of rigidity at high -
temperature for FeZSiO4 is presumed to lie between the two or higher than them,
since 0 shows a tendency.to decrease more with temperature. At the melting

temperature, the difference of rigidity amounts to 8 %.

The calculated values of adiabatic and isothermal bulk modulus, Ks and KT’

rigidity U and other isotropic elastic parameters are summarized for MnZSiO4 in

Table 9A, for Fe23104 in Table 9B, and for COZSiO4 in Table 9C. Any elastic

parameter of natural olivine, which is a solid solution between Mg28i04 and

Fe28i04 with a trace of MnZSiO4, is given‘by the average of the corresponding
parameters by mole fractions of these end-members ; MgZSiO4 (Sumino et al., 1977),

2 4 and Mn28104.
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Figure captions

Fig. 1 Resonance frequencies plotted against temperature for FeZSiO4,

CoZSiOA. The frequencies were normalized to the values at 25

A : Fe SiOA(TA), B : Mn

2 2

Type nomenclature of the modes is the same as in Table 2.
’ .

MnZSiO4 and

°C.

510,(T), C : C0,S10,(F), and D : C0,810,(T).

Fig. 2 Temperature variation of elastic parameters in olivine group minerals.

Lower : A and B are adiabatic bulk modulus and rigidity computed by

the Voigt-Reuss-Hill scheme, respectively. The values of Mg2

SlO4 are

“from Sumino et al. (1977). Upper : Values of 9Ks/9T and

oy/9dT as calculated from the indicated data.

Fig, 3 The deyiation of the observed elastic constant from the calculated

value of peridot, The calculated value is obtained by a molar average

of corresponding parameters of two end—memberstgZSiO4 and FeZSiOA.
A : Elastic compliance constants, Isotropic parameters stl and u_l
are given by the Reuss value, B : Elastic stiffnesé constants.

Ks and i are by the Voigt value,

Fig. 4 Several examples of relation between elastic parameters and d
atomic ratio in MgZSiO4—FeZSiOA'system. The solid-line is a
line connecting two end-members., A : Elastic constants Cll

and isotropic parameters Ks and U, given by the Hill value.

is calculated on the assumption that both elastic wave veloci

and density are expressed by a molar average of the correspon

ensity or
straight
and C12’
Broken line

ties and

ding

parameters of two end-members MgZSiO4 and FeZSiO . The dotted;line

4

shows the Ks of Chung (1970). B : Dilatational wave velocity Vp,

shear wave velocity Vs, and bulk sound velocity Vg. Brbgén 

line is

calculated on the assumption that both elastic constants and density

are expressed by a molar average of those of two end-members.
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Figure captions (continuned)

Fig. 5

Several examples of relation between elastic constants and molar

volume on logarithimic scales. Wps Wy and Wy show those of eqs (1),

(2) and (3), respectively. ‘ The value of molar volume for plotting

w

M is the mean value between those of two end-members and is blanketed

on the horizontal axis, A : Elastic constants C and C Solid

11 44"

line shows the observed data and broken line shows the linear extrapolation

of elastic constants to melting temperature. B : Isotropic parameters
Ks and u. Solid line is the same as above and broken line shows the

calculated values listed in Table 9 (A, B and C).



Table 1.

Basic description of olivne MnZSiO

FeZSiO4 and 0028104

Specimen

Mn,$104 (T) 2

Fe,510, (TA)
(FeS104 (TB))

C025104 (T)

C028104 (F)

Edge length (mm)
L1 (a—axis)

L2 (b-axis)

L3 (c-axis)

Density (g/cm3)

X-ray
Bulk

-]
Lattice constants (A)

a

c
Mean atomic weight
Molar volume (cm3)

Refractive index 6
o
B
Y

Chemical composition (wt%)

SiO2

MO (MnO,FeO,or CoO)

M05

Total

Molar ratio MD/S:LO2

2.5432

I+

0.0017

-+

2.0025 £ 0.0008

2.1941

+

0.0011

4,127

7

4.9042
10.567O

6.2545

28.85

48.80

1.781 % 0,002
1.812 % 0,003
1.829 * 0,003

29.56

70.54

0.059

lOO.l6

2.02l

2.3036 + 0.0041
(2.2879 £ 0.0029)
1.9294 * 0.0006
(1.7436 % 0.0008)
1.9745 + 0.0016
(1.9934 £ 0.0032)

4,397
4,400 + 0,009
4.821 * 0,001
10.484 * 0.002
6.089 % 0,001
29.11
46. 34
1.824 * 0,002
1.864 * 0,004
1.877 + 0.003
28.6,
. ) 2
69.7,
98.3,"
2.03,

2.2703 % 0.0007
1.7640 * 0.0008
1.9787 + 0.0005
4.702
4,706 + 0.009
4.787 + 0.001
10.313 + 0.002
6.007 #* 0.001
29.99
44.65
1.840 # 0.003
1.874 + 0.004
1.889 * 0,004
Q)
28.3,
70.8,
99.1,
2.00,

2.4294 + 0,0016

1.9107 + 0.0010

+

2.0674 + 0.0066

4.705
4.747 + 0.014
4.786 * 0.001
10.310 # 0.002
6.006 * 0.001
29.99
bh .62
1.841 * 0.002
1.875 * 0.003
1.898 + 0.003
(o5}
28.4 (28.48) P
71.3g  (71.52)
— (—)
9.8, (100.00)

2.01O (2.014)

b)
'C)

The same specimen as specimen T - 6 of Takei (1976).

Immersion method by Agata.

2

E.P.M.A. analysis by Suzuki, and total metal ion reduced for M +O.

Chemical composition of the starting material by Naka et al., (1968).



Table 2A

Comparison of observed and calculated

in Mn,Si04(T) at 30 °C and 400 °C

RPR frequencies

Specimen Mn2Si04(T)
Temp. 30 °C 400 °C
Mpde Fobs cal AF obs cal AF
(MHz) (MHZ) (%) (MHz) (MHZ) (%)
EV-1  0.6588  0.6549 0.6 0.6338  0.6291 0.7
EV-2 0.8058 0.8042 0.2 0.7751 0.7725 0.3
EY-1 0.9742 0.9747 -0.1 0.9475 0.9481 -0.1
0oY-1 0.9803 0.9781 0.2 0.9428 0.9407 0.2
0X-1 0.9928 0.9935 -0.1 0.9557 0.9566 -0.1
EZ-1 0.9941 0.9942 -0.0 0.9673 0.9684 -0.1
EX-1 1.0420 1.0409 0.1 1.0051 1.0052 -0.0
0z-1 1.0466 1.0462 0.0 1.0014 1.0025 -0.1
EY-2 1.1135 1.1109 0.2 1.0793 1.0757 0.3
0D-1 1.1396 1.1376 0.2 1.0990 1.0991 -0.0
Ez-2 1.1699 1.1692 0.1 1.1297 1.1280 0.2
0D-2 1.1807 1.1788 0.2 1.1476 1.1469 0.1
0X-2 1.2272 1.2273 -0.0 1.1937 1.1928 0.1
0D-3 1.2310 1.2274 0.3 1.2060 1.2038 0.2
0Y-2 1.2467 1.2472 -0.0 1.2030 1.2043 ~=0.1
0Z-2 1.2502 1.2486 0.1 1.2089 l.2073u 0.1
0X-3 1.3241 1.3220 0.2 1.2759 1.2718 0.3
EX-2 1.3270 1.3297 -0.2 1.2857 1.2879 f0.2
0D-4 1.3959 1.3955 0.0 1.3511 1.3512 -0.0
EV-3 1.4195 1.4189 0.0 1.3633 1.3632 0.0
0zZ-3 1.4433 1.4422 0.1 1.3905 1.3898 0.1
EX-3 1.4593 1.4603 -0.1 1.4159 1.4135 0.2
EZ-3 1.4748 1.4756 -0.1 1.4333 1.4305 0.2
0D-5 1.5080 1.5095 -0.1 1.4711 1.4747 -0.2
0Y-3 1.5145 1.5170 -0.2 1.4573 1.4604 -0.2
EY-3 1.5274 1.5304 -0.2 1.4884 1.4857 0.2
EZ-4 1.5974 1.5993 -0.1 1.5420 1.5455 -0.2
EX-4 1.6078 1.6161 -0.5 1.5499 1.5613 -0.7
EY-4 1.6216 1.6194 0.1 1.5643 1.5631 0.1
EZ-5 1.6931 1.6923 0.1 1.6399 1.6391 0.1
EY-5 1.7215 1.7244 -0,2 1.6661 1.6703 -0.3
EX-5 1.7518 1.7475 0.2 1.7047 1.6993 0.3
Standard deviation 0.14 0.17




Table 2B

Comparison of observed and calculated RPR frequencies in Fe281i04(TA) and Fe2S5i04(TB)

at 24 °C and 400 °C
Specimen Fe25104 (TA) Fe,S104 (TB)
Temp. 24 °C 400 °C 24 °C
Mode Fobs cal AF FobS Fcal AF Mode Fobs cal AT

(MHz) (MHz) %) (MHz) (MHz) (%) (MHz) (MHz) (%)

EV-1 0.6658 0.6645 0.2 cerens 0.6516 . EV-1 0.6433 0.6419 0.2
EV-2 0.7268 0.7244 0.3 cevns 0.7059 ve EV-2 0.8011 0.7986 0.3
0X-1 0.8781 0.8766 0.2 0.8679 0.8657 0.3 0xX-1 0.9235 0.9211 0.3
0Y-1 0.9648 0.9642 0.1 0.9527 0.9523 0.0 0Y-1 0.9654 0.9661 -0.1
EZ-1 0.9960 0.9963 -0.0 0.9724 0.9709 0.2 EY-1 1.0419 1.0433 -0.1
EY-1 1.0684 1.0688 -0.0 1.0293 1.0307 -0.1 EZ~1 1.0470 1.0482 -0.1
0Z~1. 1.0767 1.0754 0.1 1.0211 1.0200 0.1 EY~-2 1.1382 1.1373 0.1
EX-1 1.1109 1.1096 0.1 1.0504 1.0498 0.1 0z-1 1.1457 1.1450 0.1
EZ-2 1.1392 1,1388 0.0 1.1102 1.1101 0.0 EX-1 1.1790 1.1771 0.2
EY-2 1.1628 1.1614 0.1 1.1291 1.1280 0.1 EZ-2 1,2425 1.2411 0.1
0D-1 1.2072 1.2039 0.3 1.1497 1.1502 -0.,0 0X-2 1.2551 1.2555 -0.0
0Y-2 1.2350 1.2361 -0.1 1,1958 1,1938 0.2 0z~2 1.2844 1,2822 0.2
0X-2 1.2412 1.2409 0.0 1.2152 1.2146 0.1 0D-1 1.2928 1.2905 0.2
OD-2 1.2739 1.2725 0.1 1.2143 1.2126 0.1 0D-2 1.3309 1.3272 0.3
0z-2 1.3105 1,3098 0.1 1.2757 1.2767 -0.1 0Y-2 1.3509 1.3527 -0.1
0X-3 1. 3425 1.3426 -0.0 1.3023 1.3004 0.2 0X-3 1.3668 1,3652 0.1
EX~2 1.3654 1.3658 -0.0 1.3272 1.3286 -0.1 0oD-3 1.3861 '1.3845 0.1
0D-3 1.3836 1.3800 0.3 1.3240 1.3205 0.3 EX-2 1.4281 1.4271 0.1
EV-3 1.3867 1.3857 0.1 1. 3450 1.3445 0.0 EV-3 1, 4415 1.4416 -0.0
0Y-3 1.4326 1.4316 0.1 1.3866 - 1.3869 -0.0 0Z-3 1.5151 1.5139 0.1
072-3 1.4814 1.4780 0.2 1.4173 1.4145 0.2 0Y-3 1.5658 1.5622 0.2
0D-4 1.4978 1.4957 0.1 1.4329 1.4297 0.2 OD~-4 1.5752° 1.5758 -0.0
EZ-3 1.5224 1.5252 -0.2 1.4709 1.4747 -0.3 EZ~3 1.6001 1.6004 -0.0
EZ-4 1.5452 1.5446 0.0 1.5010 1.4991 0.1 EZ-4 1.6234 1.6270 -0.2
EX-3 1.5685 1.5702 -0.1 1.4983 1.5008 -0.2 . EX-3 1.6292 1.6310 -0.1
EY-3 1.6311 1.6348 -0.2 1.5652 1.5653 -0.0 0D-5" 1.6968 1.6938 0.2
0oD-5 1.6599 1.6598 0.0 1.5943 1.5944 -0.0 EY~4 1.7149 1.7158 -0.1
EY-4 1.6791 1.6817 -0.2 1.,6081 1.6117 -0.2 EX~4 1,7505 1.7585 -0.5
EX~4 1.6874 1.6925 -0.3 1.6148 1.6204 -0.,4 0X-4 1.8191 1.8230 -0.2
0X-4 1.7746 1.7766 -0.1 1.7358 1.7386 -0.2 EZ~5 1.8352 1.8364 -0.1
Standard deviation 0.10 0.11 0.12




Table 2C

Comparison of observed and calculated RPR frequencies in C025104(T) and Co025i04(F) at 30 °C and 400 °C

Specimen Co,510, (T) Co,810, (F)
Temp. 30 °C 400 °C 30 °C 400 °C
Mode "Fobs Fcal AF -~ “obs cal AF © Mode Fobs Fcal AF Fobs Fcal AF
(MHz) (MHz) (%) (MHz) (MHz) (%) (MHz ) (MHz) (%) (MHz) (MHz) (%)
EV-1 0.7262 0.7245 0.2 ;..... 0.7053 . EV-1 0.6827 0.6810 0.2 ceeeee 0.6638 .
EV—2 008798 0.8751 0-5 s 60 08 0.8563 ) EV"‘Z 0.8125 0.8115 0.1 e v 00 0'7933 se 0
0X~1 1.0626 1.0621 0.0 1.0460° 1.0425 0.3 0X~1 0.9954 0.9959 -0.1 0.9780 0.9760 0.2
EY-1 1.0924 1.0918 0.1 1.0708 1.0685 0.2 EY-1 1.0232“ 1.0274 -0.4 1.0023 1.0048 -0.3
0Y~-1 1.0929 1.0917 0.1 1.0633 1.0619 0.1 0Y-1 1.0289& 1.0288 0.0 1.0016 1.0025 -0.1
Ez-1 1.1334 1.1351 -0.2 1.1189 1.1190 -0.0 EZ-1 1.0467 1.0438 0.3 1.0304 1.0261 0.4
0zZ-1 1.1709 1.1705 0.0 1.1396 ~1.1389 0.1° 0Z~1 1.0802 1.0761 0.4 1.0514 1.0476 0.4
EX-1 1.1789 1.1792 -0.0 1.1512 1.1525 -0.1 EX-1 1.1094 1.1095 ~-0.0 1.0832 1.0856 -0.2
EY-2 1.2183 1.2173 0.1 1.1947 1.1928 0.2 EY~2 1.1528 1.1499 0.3 1.1280 1.1266 0.1
0OD-1 1.2975 1.2965 0.1 1.2692 1.2703 ~0.1 0D-1 1.2152 1.2152 0.0 1.1893 1.1912 -0.2
EZ-2 1.3311 1.3306 0.0 cereas 1.3025 e EZ-2 1.2225 1.2215 0.1 1.1989 1.1959 0.3
0D-2 1. 3506 1. 3486 0.2 1.3281 1.3265 0.1 0D-2 1.2558 1.2583 -0.2 1.2347 1.2355 -0.1
0X-2 1.3667 1.3673 -0.0 1.3434 1.3443 -0.1 0X-2 1.2724 1.2745 -0.2 1.2465 1.2499 -0.3
0Z2-2 1.3746 1.3754 -0.1 1.3397 1.3412 -0.1 0Z-2 1.2952 1.3020 ~-0.5 1.2667 1.2717 -0.4
0D-3 1.4110 1.4093 0.1 1. 3898 1.3882 0.1 0D-3 1.3179 1.3127 0.4 1.2946 1.2889 0.4
0Y-2 1.4301 1.4289 0.1 ceeens 1.4034 e 0Y-2 1.3275 1.3210 0.5 1.3019 1.2965 0.4
0X-3 1.4853 1.4810 0.3 1.4469 1.4438 0.2 0X-3 1.3698 1.3689 0.1 1,3358 1.3352 0.1
EX-2 1.4999 1.5011 -0.1 1.4679 1.4687 -0.1 EX-2 . 1,3987 1.4002 -0.1 1.3677 1.3708 -0.2
EV-3 1.5659 1.5662 -0.0 1.5272 1.5272 -0.0 EV-3 1.4611 1.4593 0.1 1. 4280 1.4237 0.3
0z-3 1.5824 1.5801 0.1 1.5446 1.5440 0.0 0D-4 1.4814 1.4811 0.0 + 1.4557 1.4524 0.2
0D-4 1.5896 1.5892 0.0 1.5602 1.5574 0.2 0Z-3 1.4982 1.4956 0.2 1.4651 1.4621 0.2
EX-3 1.6560 1.6574 -0.1 1.6221 1.6229 -0.1 EX-3 1.5480 1.5488 -0.1 N 1.5174 ‘e
0Y-3 1.6782 1.6790 -0.0 1.6438 1.6431 0.0 0Y-3 1.5503 1.5547 -0.3 1.5154 1.5204 -0.3
EZ-3 1.6827 1.6825 0.0 ceeen 1.6544 o EZ~3 1.5630 1.5676 -0.3 1.5338 1.5389 -0.3
0OD-5 1.7193 1.7189 0.0 ceae e 1.6885 o 0D~-5 1.5955 1.5972 -0.1 1.5645 1.5673 -0.%2
EY-3 1.7225 1.7225 -0.0 1.6876 1.6864 0.1 EY-3 1.6152 1.6062 0.6 1.5806 1.5722 0.5
EZ-4 1.7685 1.7710 -0.1 1.7365 1,7387 -0.1 EZ-4 1.6532 1.6561 -0.2 1.6224 1.6241 -0.1
EY-4 1,7875 1.7858 0.1 1.7459 1.7458 0.0 EY-4 1.6809 1.6766 0.3 1.6421 1.6395 0.2
EX-4 1.8146 1.8186 -0.2 1.7723 1.7742 -0.1 EX-4 1.6924 1.6981 -0.3 1.6535 1.6578 -0.3
EZ-5 1.9178 1.9189 -0.,1 1.8711 1.8735 -0.1 EZ~5 1.7962 1.7963 -0.0 1.7529 1.7543 -0,1
EY-5 1.9489 1.9495 -0.0 crer e 1.9056 e EY~5 1.7975 1.8005 -0.2 1.7621 1.7656 ~0.,2
EX_S 109867 1‘9865 000 109487 1‘9504 —Otl * * 00 ¢t o0 00 ‘ * 8 0 s s * e 0 LI I ) 08 0 0 . 00
Standard deviation 0.1 0.09 0.18 0.19




Table 3 Temperature variation!gﬁ elastic constants of Fe28104 (TA) (units in Mbar).
i Fe »S104 (TA)
n¢e ! “11 G2 B3 CG3 Gy Cp 0 Cu Gss o Cge Koo KR Rge Cf o Ggh o Cg KPR T gt gt
’"““;5 2,670 1.736 2,392 0,979 0.987 0.952 0,324 0.467 0.573 |°1.536 .1.222 1.453 0.543 0.772 0.625 1.404 1.356 0.531 0.487
+,019 *.011 £.014 #.012 £.016 %.015 =#*.001 #,001 ,001 +,016 *,012 +,013 £,001 £.,002 £,002 *,014 *,014 *,001 £.,001
40 2.663 1.731 2,386 0.978 0.986 0.950 0.322 0.466 0.570 1.533 1.220 1.450 0.540 0.769 0.624 1.401 1.353 0.529 0.485
60 2,654 .74 2,377 0.977 0.984 0,947 0.321 0.464 0,566 1.528 1.216 1.446 0,537 0.766 0,621 | 1,397 1.349 0.527 0.482
80 ?..43 1.717 2.369 0.977 0.982 0,943 0.319 0.462 0,562 1.523 1.212 1.443 0,533 0.762 0.619 1.392 1.344 0.524 0,480
1 2.633 1.709 2.359 0.975 0.979 0.938 0.318 0.461 0.558 1.517 1.207, 1.438 0,530 0.759 0,617 1.387 1.339 0.521 0.477
120 2,625 1,703 2.351 0.974 0.978 0.934 0.317 0.460 0.555 1.512 1,204 1.434 0.526 0.755 0,615 1.383 1.335 0.519 0.475
140 2.618 1.696 2,341 0.973 0.976 0.932 0,316 0.459 0.551 1.509 1.201 1,430 0.523 0.752 0.613 1.380 1.331 0.517 0.474
160 2,612 1.690 2,332 0.973 0.976 0.930 0.315 0.459 0.548 1.506 1.198 1.427 0.519 0.748 0,611 | 1,377 1.328 0.515 0.472
180 2,606 1.683 2,322 0,971L 0,975 0.928 0.314 0.458 0.545 1.503 1.194 1.423 0.516 0,745 0.609 1.373 1.325 0.513 0.470
200 2,599 1.676 2.312 0,970 0.973 0.924 0.314 0,458 0.542 1,498 1.190 1.418 0.512 0.741 0.607 1.369 1.320 0.511 0.469
+,020 *.,012 *.,014 +£,012 +£,016 %,015 *,001 £,001 £,00L | *,0l16 +,012 £,013 #,001 £,002 *,002 £,014 *,014 £,001 £.001
220 2.590 1.668 2.303 0.969 0.971 0.919 0.314 0,458 OJSSé 1.493 1.185 1.414 0.508 0.738 0.605 1 1.364 1.315 0.509 0.467
240 2,582 1.661 2.293 0,967 0.968 0,916 0.314 0.457 0.535 1.489 1,181 1.410 0.505 0,735 0.603 1.360 1.311 0.507 0.466
260 2,576 1,655 2,283 0.966 0.967 0.914 0.314 0.457 0.532 1.486 1.178 1.406 0.501 0.731’/0.601 1.357 1.307 0.505 0.465
280 2,569 1.648 2,274 0.965 0.966 0,910 0.314 0.457 0.529 1.481 1.174 1.401 0.498 0.728 0,599 1.352 1,303 0.503 0.463
300 2.562 1.640 2.264 0,963 0.964 0.906 0.314 0.457 0.526 1.477 1.170 1.397 0.495 0.724 0.597 1.348 1.298 0.502 0.462
320 2,552 1,631 2,254 0.960 0.961 0.901 0.315 0.456 0.524 1.471 1.164 1.392 0.491 0.721 0.595 1.343 1.293 0.500 0.461
340 2,545 1.623 2.245 0.958 0.960 0,898 0.315 0.456 0.521 | 1.468 1.160 1.388 0.488 0,718 0.593 | 1,338 1.288 .0.498 0.460
360 2,537 1.616 2,235 0.956 0.958 0.894 0.315 0.456 0.518 | 1.463 1.155 1.383 0.485 0.714 0.591 | 1.334 1.283 0.497 0.459
380 2,526 1.608 2.226 0.954 0.954 0,888 0.315 0.456 0.516 1.456 1,150 1.378 0,48l 0.711 0.589 1.328 1.278 0.495 0.458
’ 400 2,520 1.600 2.217 0.952 0.953 0.885 0.316 0.456 0.513 1.453 1,145 1.374 0.478 0.708 0.588 1.324 1,273 0.493 0.456
+.022 +.013 £.016 +,013 +£.,018 £,017 £,001 +,001 +.,002 +,018 £,013 =+,015 +,001 £,002 +£.002 t£.015 #£,015 +,001 £,001
* :‘Ki = ( Cil+ C12+ Ci3)/3’ and CSi = ( ij+ Ckk - 2'Cjk)/4.
t 1 V (Voigt), and R (Reuss)



Table 4A

Cij

and bulk sound velocity in km/sec.

N

: elastic constants in Mbar, J : Poisson's ratio,

Elastic parameters in MnSiOy, Fe2S1i04 and CopSi0y at 25 °C,

Vp, Vs and Vg

p 3

density in g/em®,

dilatational, shear

Mn,S104 (T) Fe 25104 (TA)™ Fe 25104 (TB) Co25104 (T) ™ Co25104 (F)

0 4.129 4. 400 4. 400 4.706 b.747

Cyy 2.584 + 0,019 2.670 * 0.019 2.681 * 0,017 3.078 £ 0.012 2.984 *+ 0,027
C,y 1.656 * 0,010 1.736 £ 0.011 1.717 + 0,010 1,947 + 0.007 1.935 + 0.016
Cqy 2.068 % 0,013 2.392 + 0,014 2.384 + 0.016 2.342 + 0.009 2.271  0.020
C, 0.917 £ 0.010 0.979 + 0,012 0.960 * 0.012 1.032 + 0.007 0.987 £ 0,017
Cyy 0.952 * 0,015 0.987 £ 0.016 0.987 + 0,017 1.050 * 0,010 0.979 * 0.022
Cly 0.871 + 0,013 0.952 + 0,015 0.948 * 0,013 1.016 * 0.008 0.971 * 0.020
Cy 0.453 % 0,001 0.324 * 0.001 0.323 £ 0,001 0.467 * 0,001 0.470 * 0.002
Ces 0.556 * 0.002 0.467 * 0,001 0.469 * 0,001 10.639 + 0.001 0.638 * 0.002
Cee 0.578 * 0,002 .~ 0.573 * 0,001 0.574 + 0,002 0.648 + 0,001 0.640 * 0,003
K, 1.469 £ 0,015 1.536 * 0.016 1.539 * 0,015 1.715 * 0,010 1.645 + 0,022
K, 1.148 * 0,011 1.222 * 0,012 1.208 * 0.011 1.332 * 0.007 1.298 * 0,017
K, 1.312 * 0.012 1.453 * 0,013 1444 * 0,014 1.475 * 0,008 1.413 £ 0,019
Csy 0.473 * 0,001 0.543 £ 0,001 0.545 + 0,001 0.556 * 0,001 0.558 * 0.001
Cs, 0.687 * 0,002 0.772 * 0.002 0.773 £ 0,002 0.830 * 0,001 0.825 % 0.003
Cs 0.625 * 0,002 10.625 + 0,002 0.626 + 0,002 0.748 * 0,001 0.744 % 0,003
K, 1,310 + 0,013 1.404 * 0,014 1.397 * 0.014 1.507.£ 0.008 1,452 % 0,019
Ky 1.288 * 0,013 1.379 * 0.014 1.371 * 0,014 1.482 + 0,008 1.432 % 0,019
Ky 1.266 + 0,013 1.356 * 0,014 1.345 + 0,014 1.458 + 0.008 1.411 £ 0,019
Wy 0.555 % 0,001 0.531 + 0,001 0.532 * 0,001 0.635 + 0,001 0.633 £ 0,002
My 0.546 * 0,001 0.509 * 0,001 0.510 * 0,001 0.620 * 0,001 0.619 * 0,002
Hg 0.537 % 0.001 0.487 £ 0.001 0.487 % 0,001 0.605 + 0,001 0.605 % 0,002
o 0.314 % 0,001 0.336 £ 0,001 0.335 * 0,001 0.316 * 0.001 0.311 % 0,002
Vp 6.987 + 0,025 6.839 £ 0,025 6.827 + 0.025 7.004 * 0,014 6.896 * 0,033
Vs 3.636 £ 0.005 3.401 + 0.004 3,405 + 0,004 3.630 £ 0.003 3.611 + 0.006
Vg 5.585 + 0,027 5.598 + 0,027 5.582 + 0,027 5.612 + 0.016 5,492 + 0.036

a) Recommended

b) Recommended

values of FeZSiO4 olivine.

values of COZSiO4 olivine.




Table 4B  Temperature derivatives of elastic parametersin MnSi0y, Fe,Si0y and Co02S104 at the temperatures
between 25° and 400 °C. The notation of elastic parameters is the same as that of Table 4A, The dimension
of each parameter is 9p/9T in X 10—3g/cm3-deg, BCij/BT in kbar/deg, 90/3T in X lO_Sl/deg, dVp/dT, 9Vs/3T,
and 3Vg/dT in x 107> km/sec: deg.

Mn2S104 (T) Fe,S104 (TA;) Fe,810y (TAp)™ C025104 (T)b> Co2810y (F)
9p/9T -0.114 ~0.124 -0.137 (-0.137)° (-0.137)?
BCll/aT -0.350 £ 0.037 -0.409 £ 0.039 -0.396 + 0,039 -0.,331 + 0.031 -0.345 + 0.031
3C,, /9T -0.283 * 0.019 ~0.347 * 0.023 ~0.379 £ 0,023  -0.212 ¥ 0.023 -0.196 * 0,018
3C,4/ 9T -0.285 % 0.026 -0.459 * 0,028 ~0.480 * 0,028 -0.337 * 0.026 -0.275 * 0.023
5C,4/0T ~0.112 * 0.021 -0.054 * 0,024 ~0.090 % 0.024 -0.136 * 0.022 -0.104 * 0,019
3C4/9T -0.144 * 0.029 ~0.086 * 0.032 ~0.100 % 0.032 -0.136 * 0.026 -0.102 * 0.025
3C12/8T -0.163 * 0.025 -0.168 * 0.030 -0.194 + 0,030 -0.183 * 0.025 -0.145 * 0.023
8C,, /9T ~0.094 * 0,002 ~0.052 t 0.001 +0.009 * 0.001 -0.049 * 0,002 ~0.055 * 0,002
BCSS/BT -0,121 £+ 0,003 -0.048 + 0,002 -0.011 +* 0.002 -0,102 * 0,002 ~0,095 £ 0.003
8C66/8T -0,136 + 0,003 -0.176 £ 0.003 -0.144 £ 0.003 -0.101 £ 0.003 -0.098 £ 0.003
BKl/BT -0.219 £ 0,029 ~0.221 i‘0.033 -0.230 £ 0,033 -0,217 * 0.026 | -0.198 * 0,025
BKZ/BT -0.186 + 0.021 -0.190 %+ 0.024 -0.222 £ 0.024 -0.177 £ 0.022 -0.148 * 0,019
3K4/9T ~0.180 * 0.024 ~0.200 * 0.026 ~0.224 £ 0,026 -0.203 * 0,024 ~0.160 * 0.022
BCsl/BT -0.086 £ 0,002 -0.175 £ 0.003 -0.170 £ 0,003 -0,069 = 0.001 ~0.066 £ 0,002
BCSZ/BT -0.087 £ 0.003 -0.174 £ 0.003 -0.169 * 0.003 -0.099 + 0,003 -0.104 £ 0.003
3Cs /3T -0.077 £ 0.003 ~0.104 £ 0.004 ~0.097 % 0.004 -0.044 * 0.003 ©  -0.063 * 0,003
BKV/ST ‘ -0.195 £ 0.025 -0.203 * 0,028 -0.225 * 0.028 -0,199 * 0.024 -0.169 * 0.022
8K, /9T ~0.195 * 0.025 ~0.205 * 0.028 ~0.230 * 0.028 - ~0.195 * 0.024 -0.165 * 0.022
BKR/BT -0.194 £ 0.025 -0.207 £ 0.028 -0.234 £ 0,028 -0.191 = 0.024 -0.161 + 0.022
By, /9T ~0.104 % 0.003 -0.116 * 0.003 -0.087 + 0.003 -0.079 * 0.002 ~0.081 £ 0,003
Bu, /3T -0.104 * 0,003 ~0.108 * 0.003 -0.075 £ 0.003 -0.077 * 0,002 -0.078 * 0.003
By /3T -0.105 * 0.003 ~0.100 * 0.003 -0.062 * 0,003 ~0.075 * 0,002 ~0.076 * 0.003
90/ 90T +0.64 * 0.24 +0.93 £ 0.27 ~0.26 * 0,27 -0.12 * 0.26 +0.19 £ 0,22
dVp/oT -0.489 * 0.042 -0.483 * 0.044 -0.454 £ 0.044 -0.358 * 0.032 -0.317 * 0.030
9Vs/dT -0.304 £ 0.008 -0.313 £ 0.009 -0,205 £ 0,009 -0.177 + 0,004 ~0.180 £ 0,006
BV@/BT -0.349 % 0.044 -0.338 £ 0,057 -0.380 £ 0.057 -0.294 + 0,036 -0.241 = 0.032

a) Temperature derivatives given as mean value between 25° and 200 °C for Fe,pSiOy4 (TA)), and those between
220° and 400 °C for FepSiOy (TA2).

b) Recommended values of COZSiO4 olivine.

C) The yalue of Mn 810, is adopted,

2




é;-} i

Table 5. Anomaly of temperature derivatives of elastic constants for olivine group minerals at the temperature between

20 ° and 400 °C, and for simple oxides at the temperature between the Néel temperature

and room temperature. X : normal or linear temperature varlation, S : small degree of anomaly,
L : large degree of anomaly, and TN’: Néel temperature - ’(paramagpetic;antiferfomagnetic phase transition),
gizglent OLIVINE Ky Cs, Chs Ces Cet T lggilé Ks Cs Chs Ty
(1=1,2,3) (1=1,2,3) - (K) OXIDE (K)
Mg MgZSiO4 % X X X X . MgO X X X
Co Co,S10, x X s X X 49 + 2 Co0 X L x 291 ¥’
Fe Fe,$10, X x L s s 65 + 2" FeO X X L 198 *
Mn Mn, 510, x x x X X . s50%5 " MnO X x L 16 >

1) Nomura et al., (1964), 2) Santoro et al, (1966), and 3) Kittel (1974),



Table 6. The variation of elastic constants with molar volume as function of temperature T, pressure P and cation substitution M,

The calculated values of BlnCijVSan are obtained from eqs (1), (2) and (3). The isotropic parameters Ks and | are calculated

| by Voigt-Reuss-Hill scheme. , , -
., - (Lncy, /A1aW) g (= p) \ - (atncy A1), | (= wy)

J Mg25104 1 PERIDOT? Mg2810,®  PERIDOT?  Co,5104 Fe 5104 Fe 510,57 Mn 28104
Cq 3.29 0,03 3.16 ‘ 3.9 0.3 4.2 3.7 % 0.4 5.5 % 0,5 4,9 £ 0,5 4.9 + 0,5
Cyy 4,00 = 0,20 4,14 4,9 + 0.4 5.8 3.8 £ 0.4 7.1+ 0.5  7.3%0.4 . 6.2% 0.4
Cyg 3.43 £ 0.05 3.48 4,0 £ 0.5 4.9 5.0 £ 0.4 6.9 £ 0.4 6.7 + 0.4 5.0 £ 0.5
Cysq 6.69 * 0,51 6.38 2.7 £ 0.7 2.7 4,5 + 0,7 2.0 * 0.9 3.0 + 0.8 4ot £ 0.8
Cyy 8.42 * 0,57 8.03 4.6 + 0.5 5.3 4.5 + 0.9 3.1+ 1,2 3.3 1.1 5.5+ 1,1
C, 8.55 + 0.36 - 9.15 5.5 £ 0.7 6.3 6.2 + 0.9 6.3+ 1.1 6.8 £ 1,1 6.8 £ 1.0
Cs 4,06 £ 0.00 4,21 6.6 + 0.7 7.9 3.6 £ 0.2 5.7 £ 0.1 -0.9 + 0.1 7.5 £ 0.2 .
Css 2.62 £ 0,01 2.68 5.6 £ 0.5 6.6 5.5 0,1 3.7 0.2 0.8 = 0.1 7.9 £ 0.2
Ceg 3.73 £ 0.04 3.75 6.6 £ 0.5 8.0 5.4 0,2 11.0 * 0.2 8.6 + 0.2 8.5 + 0,2
K, 4,82 % 0.16 4,78 4,2 £ 0.3 4.7 4oh 0,5 5.1t 0.8 5.0 = 0.7 5.4 £ 0,7
K, 5.48 * 0,29  5.62 4,6 £ 0.4 5.2 4.6 £ 0.6 5.6 0,7 6.0 £ 0.7 5.9 £ 0.7
K, 4,98 + 0,23 4,91 3.8 £ 0.3 4.5 4,8 £ 0.6 4,9 + 0.6 5.1 t 0.6 5.0 £ 0.7
Csy 2,17 *+ 0.08 2.38 5.3 % 0.9 6.7 4.3+ 0.1 11.5 = 0.2 10.7 + 0.2 6.6 £ 0.2
Cs, 1.70 * 0,14 1.67 3.7 % 0.3 4.2 4,1+ 0.1 8.1 % 7.4 + 0.1 4,6 + 0,2
Cs, 1.85 * 0.01 1.61 3.9 £ 0.3 4.3 2.0 + 0.1 5.9 % 0, 5.2 = 0,2 4.5 % 0,2
Ks 5.14 + 0.20 5.08 4,2 £ 0.3 4.8 4,5 + 0.6 5.3 % 0. 5.5 % 0, 5.5 + 0,7
u 2.86 % 0.02 2.90 5.5 % 0.5 6.6 4.3 £ 0.1 7.6 * 0. 4,9 £ 0.2 6.9 £ 0.2

1) mean value of the reported data by Kumazawa and Anderson (1969), and Graham and Barsch (1969).

2) Kumazawa and Anderson (1969).

3) mean value of the reported data by Kumazawa xand Anderson (1969), Graham and Barsch (1969), and Sumino et al. (1977).
4) mean value between 25° and 200 °C. ]

5) mean value between 220° and 400 °C.



Table 6. (continued)
. - (BlnCij/Ban)P’TV (= wM)

4 Mg - Co® Mg —- Fed Mg - Mn ® Co - Fe®’ Co - Mn® Fe - Mn®
Cll 3.1 % 0.3 3.6 * 0,1 2.2 £ 0,1 3.8 £ 0.2 2,0 0.1 0.6 £ 0,2
C22 1.5 £ 0.3 2.5+ 0.1 1.8 £ 0.1 3.1 i'0.2 1.8 + 0,1 0.9 £ 0.2
033 003 t 0.3 _0n3 i‘ 0.1 1.2 i- 001 "'0.6 i 0.2 104 i O.l 2.8i 002

23 -17.3 £ 0.6 -5.1 % 0.3 -2.1 %+ 0,1 1.4 £ 0.3 1.3 £ 0,1 1.3 £ 0.3

31 -21.0 £ 0.8 -6.3 % 0.4 -2.9 £ 0,2 1.7 £ 0.5 '1.1 + 0.2 0.7 £ 0.4
C12 -20.6 £ 0,7 -6.1 * 0,3 -2.4 £ 0.2 1.8 £.0.4 1.7 £ 0.2 1.7 £ 0.4
Cha 18,1 £ 0.2  12.8 * 0.1 3.6 0.0 9.9 0.1 0.4 + 0.0 —6.4 % 0.1
C55 12,0 £ 0.2 9,7 £ 0,1 3.5 £ 0.0 8.5 0,1 1.6 £ 0,1 -3.4 = 0.1
C66 11.0 + 0.2 6.0 £ 0.1 3.1 £ 0,0 3.3 £ 0.1 1.3 £ 0.0 -0.2 £ 0,1
Kl -5.2 * 0.4 0.1 % 0,2 0.5 £ 0,1 3.0 £ 0.3 1.7 £ 0.1 0.9 £ 0.3
K2 -8,0 + 0.3 -1.3 % 0.2 -0.1 £ 0,1 -, 2.4 £ 0,3 1.7+ 0.1 1.2 £ 0.3
Ky -8.0 = 0.4 -2.5 + 0.2 -0.4 £ 0.1 0.4 % 0.3 1.3 £ 0.1 2.0 £ 0.2
Csl 13,2 +* 0.2 5.1 £ 0.1 3.9 * 0.0 0.7 £ 0.1 1.8 £ 0.0 2.7 £ 0.1
C52 12.3 £ 0.2 5.6 £ 0,1 4.0 £ 0,0 2,0 £ 0,1 - 2,1 %+0,0 2,2 £ 0,1
Cs3 13.7 £ 0.2 8.0 # 0.1 - 4,2 £ 0,0 4,9 £ 0.1 2,0 £ 0,0 0.0 £ 0,1
Ks -6.9 = 0.4 -1.1 * 0.2 0.0 £ 0,1 2.0 % 1.6 £ 0.1 1.3 % 0.
U 13.5 + 0.2 2+ 0.1 3.6 £ 0.0 5.3 % 1.4 £ 0.0 -1.4 £ 0.
6) cation substitution between two different species MP - Mﬁ in eq. (3).
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Tablé 7. Pressure derivatives of isotropic properties in FeZSiO4

Chung (1971)" Predicted
9Ks/ 9P 5,92 5.0 + 1.0
an/op 0.62 0.7 + 0.2
3Vp/oP  (km/s)Mbar 8.8 7.4 % 2.1
9Vs/%  (km/s)Mbar T .0.6 1.1+ 0.7
dVyp/op (km/s)Mbar-l 10.6 i 8.1+ 2.0

1) Measurement by polycrystalline sample up to 7.5 kBé}.



Table 8, Gruneisen constant Yy and Grineisen-Anderson parameter 8s
at the temperature between 300 and 700 K, and Debye temperature of

olivine group minerals

| i _ as eDw
2 (K)
Mg 28104 1.20 * 0.02 4.0 % 0.2 o
| Co25104 1.07 * 0.02° 4.7 % 0.6 559
Fe28104 1.15 # 0.02 5.6 £ 0.7 526
| Mn2Si0s - 1.06 * 0,02 5.6 £ 0.7 549

a) acoustic Debye temperature calculated from the elastic wave
velocities extrapolated to 0 K. '

b) Sumino et al. (1977)

c) calculated by using the thermal expansion data of Mn?_SViO4 olivine.




Table 94
adiabatic and isothermal bulk modulus, U

shear wave velocity.

¢ rigidity, o :

Poisson's ratio, p :

density, and Vp and Vs :

. Observed and calculated values of elastic parameters of MnpSi04 as a function of temperature. Ks and KT :

dilatational and

T Ks (Mbar) KT 1 (Mbar) p Vp Vs
(K) obs eq. (&) (Mbar) obs eq. (7) obs eq. (R) (g/cm®)  (km/s)  (km/s)
0 Ceea 1.310 1.310 cee e 0.562 ceees 0.312 4,143 7.05 3.68
100 RN 1.307 1.306° e 0.559 veeen 0.313 4,142 7.04 3.67
200 e 1.300 1,295 ceeen 0.553 RN 0.314 4,138 7.02 3.66
300 1.288 1.285 1.275 0.546 0.545 0.314 0.314 4,129% 6,98 3.63
400 1.268 . 1.267 1.253 0.535 0.535 0.315 0. 315 4,119 6.93 3.60
500 1.249 1.249 1.230 0.525 0.525 0.316 0.316 4,108 6.89 3.58
600 1.229 1.229 1.206 0.514 0.515 0.316 0.316 4,096 6.84 3.55
700 1.210 1.209 1.181 0.504 0.504 0.317 0.317 4,084 6.79 3.51
800 Ceee 1.188 1.156 R 0.494 ceeen 0.318 4,072 6.73 3.48
’ 900 R 11167 1.131 R 00483 R . 00318 40058 6.68 3-45
1000 NN 1.146 1.106 vevea 0.472 veaes 0.319 4,046 6.63 3.42
1100 veees 1.124 1.080 cedas 0.462 e 0.319 4,032 6.57 3.38
1200 e 1.103 1.054 e 0.451 ceean 0.320 4,018 6.51 3.35
1300 Ceees 1.082 1.029 chees 0.441 ceaas 0.321 4,004 6.46 3.32
1400 Cena 1.060 1.003 veraa 0.430 eeee 0.321 3.989 6.40 3.28
1500 veeea 1.039 0.978 Ceven 0.420 veven 0.322 3.975 . 6.34 3.25
1600 » e 1.017 0.952 ceees 0.409 cerae 0.323 3.960 6.28 3.21

a) melting temperature of Mh28104 is 1618 K.

b)

Takel (1976),

N



Table 9B Observed and calculated values of elastic parameters of Fe28104 as a function of temperature.

bulk modulus, W : rigidity, o : Poisson's ratio, p : density, and Vp and Vs :

Ks and KT ¢ adiabatic aﬁd isothermal

dilatational and shear wave velocity.

)
T Ks (Mbar) KT 1 (Mbar) o P Vpa) Vﬁ” Vsa Vsb)
' b : ,

(K) obs eq. (6)  (Mbar) obs eq. (DY eq. (P obs eq. (8)" eq. (), (g/em®)  (km/s) (km/s) (km/s) (km/s)
0 e 1.418 1.418 cernn 0.533 ceeen R 0.333 ceves 4,413 6.95 e 3.48 e
loo » 0 0 8 0 10414 10412 * e ¥ o2 0.528 L B I *® 00 s 00334 ¢ o0 0 0 4!411 6093 L I N ) 3046 LI I
200 _l.l.l 10401 10394 * 5 5 0 0 00520 * & s 00 ., e 0 00335 L I I 4.404 6.90 LI N B ] 3.44 LI N
300 1. 380 1.382 1.370 0.509 0.510 Cenee 0.336 0.336 Ceene 4.393% 46,85 cen 3.41 cees
400 1,360 1.362 1.345 0.498 0.499 e 0.337 0.337 ceees 4,381 6.80 cee 3.38 cees
500 1.339 1.339 1.317 0.487 0.488 ceres 0.338  '0.338 Cees 4.368 6.75 cere 3.34 ceen
600 1.316 .1.316 1.289 0.480 0.480  (0.476) 0.337 0.337 (0.339) 4,355 6.70  (6.69) 3.32  (3.31)
700 1.293 1.293 1.262 0.472 0.473  (0.465) 0.337 0.337 (0.340) 4,341 6.66 (6.64) 3.30  (3.27)
800 e "1.270 1,234 ceeas 0.465 (0.454) Ceee 0.337  (0.340) 4,327 6.61 (6.58) 3.28  (3.24)
900 e 1.246 1.205 e 0.457  (0.442) Ceee 0.337 (0.341) 4,313 6.56  (6.52) 3.26  (3.20)
1000 Ceres 1.223 1.178 cevas 0.450  (0.431) e 0.336  (0.342) 4,298 6.5L  (6.47) 3.23  (3.17)
1100 Ceees 1.201 1.151 cene 0.442  (0.421) ceee 0.336  (0.343) 4,284 6.46  (6.41) 3.21  (3.13)
1200 ceeee 1,177 1.123 Ceees 0.434  (0.410) e 0.336  (0.344) 4,268 6.41  (6.35) 3.19  (3.10)
1300 e 1.153 1.094 e 0.426  (0,399) Ceves 0.336  (0.345) 4,253 6.36  (6.29) 3.16  (3.,06)
1400 c e 1.130 1.067 e 0.418  (0.388) Ceee 0.335  (0.346) 4,238 6.31  (6.23) 3.14  (3.02)
1500 < e 1.107 1,040 Ceean 0.411  (0.378) Ceees 0.335  (0.347) 4,222 6.26 (6.18) 3.12  (2.99)

a)
b)

c)
d)

i

values above 700 K are calculated by using 90/9T

values above 700 K are calculated by using 36/3T = + 0,93 X lO—Sdeg_ .

melting temperature of FepSi04 is 1478 K.
ASTM card No. 20-1139

- 0.26 x 10 deg L,

1
1




Table 9cC Observed and calculated values of elastic parameters of COZS:LO4 as a function of temperature. Ks and KT :
adiabatic and isothermal bulk modulus, W : rigidity, o : Poisson's ratio, p : density, and Vp and Vs : dilatational

- and shear wave velocity.

T Ks (Mbar) K. ﬂ (Mbar) g o Vp Vs
(X) obs eq. (6) (Mbar) obs eq.(7) obs eq.(8) (g/cm?) (km/s) (km/s)
0 cenns 1.502 1,502 Ceean 0.627 RN 0,317 4,724 7.04 3.64
100 cve e 1.499 1.498 Cenaa 0,626 cesen 0.317 4,723 7.03 3.64
200 XX 10492 lu487 EEE R 0.624 T aasee 00317 4|718 7-02 3-63
300 1.482 1.478 1.467 0.620 0.618 0.316 0.316 4,708 B> 6,99 3.62
400 1.463 1.461 1.445 0.612 0.612 0.316 "0.316 4,696 6.96 3.61
500 1.443 1.443 1.421 0.605 0.604 0.316 0.316 A 4,684 6.93 3.59
600 1.424 1.423 1.396 0.597 0.597 0.316 0.316 4,671 6.89 3.58
© 700 1.404 1.404 1.372 0.589 0.589 0.316 0.316 4,657 6.86 3.56
800 e 1.384 1.347 feene 0.581 e 0.316 4,643 6.82 3.54
900 ceees 1.363 1.321 cesen 0.573 eeae 0.316 4,627 6.78 3.52
1000 ceenn 1.343 1.296 ces e 0.565 caeen 0,316 4,613 6.74 3.50
1100 Ceees 1.321 1.269 veaes 0.556 cee s 0.315 4,597 6.70 3.48
1200 Ceren 1,300 1.243 chea 0.548 ceea 0.315 4,582 6.66 3.46
1300 Ceaee 1,279 1.217 RN 0,539 ceeee 0.315 4,566 6.61 3.44
1400 cevan 1.257 1.190 e 0.530 oo 0.315 4,549 6.57 3.41
1500 ceee 1.237 1.165 Ceeen 0.522 R 0.315 4,533 ©6.53 3.39
1600 canes 1,215 1.138 Cenan 0.513 cesee 0.315 4,516 6.48 3.37
1700% P '1.193 1,111 e 0.504 ceees . 0.315 4,499 6.44 3.35

a) melting temperature of COZSiOd olivine is 1693 K.
b) ASTM card No. 15-865
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