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Abstract

      The Born's energetic model for the bonding energy of 

ionic crystals was applied on the three classical problems 

in mineralogy as the first approximation for the energetic 

study of silicate minerals; the order-disorder of Al and Si 

ions in alkali feldspars, the stability relations of olivine, 

modified spinel and spinel, and the intra-crystalline cation 

distributions in olivines and orthopyroxenes, in order to 

rationalize the above problems and to reveal the energetics of 

these crystals. The electrostatic energies were actually 

calculated by the method of Bertaut, and the repulsive energies 

or qualitatively the size effects were always taken into 

considerations. 

     The order-disorder phenomenon in alkali feldspars is 

explained from the energetic viewpoint as was at first expected. 

The positive feedback effect of the cation distributions was 

observed in the electrostatic potentials in the tetrahedral 

sites, which is the important mechanism in the order-disorder 

of Al and Si ions. 

     The characteristic features of the olivine, modified 

spinel and spinel structures were discussed from the viewpoint 

of the electrostatic energies of them and  of their constituent 

ions for the better understanding of the structures. The 

above energetic treatments failed to explain the stability 

relations of olivine, modified spinel and spinel at atomos-

pheric pressure. This is because the electrostatic energies
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of modified spinel and spinel are far lower than that of 

olivine in contrast to the thermodynamic stability relations 

and because the difference of the electrostatic energies are 

too large to be compensated by the repulsive energies. Then 

the problem remains in the future. The effect of the ionic 

size of M ions on the electrostatic energies of olivine and 

spinel, and their constituent ions are also discussed by 

plotting these electrostatic energies against the ratio of 

ionic sizes of r/r               MS
i 

     The olivine structure has the anomalous feature that the 

potential of the smaller Ml site is far higher than that of 

the larger M2 site in contrast to the opposite relation in the 

potentials of orthopyroxene. The anomalous cation distribu-

tions in olivines can be explained on the above anomalous 

feature of the olivine structure if only one assumption was 

assumed that the Mg ion is more ionic and then has the larger 

atomic charge than the transition metal ions in the crystals. 

     The electrostatic stability also demands that the atomic 

charge of the M2 site of olivine is larger than that of the 

Ml site in their  endmembers of the chemical composition, in 

contrast to the inverse relation in the atomic charges of 

orthopyroxene. The above one assumption and the demand are 

examined by the X-ray charge refinements carried out by 

Fujino et al., Tamada et al., and Sasaki et al. and then the 

relative relations in the atomic charges demanded by the 

electrostatic stability are consistent with those determined 

by the X-ray method in olivines and orthopyroxenes.
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     This has the important meaning that the silicate minerals 

cannot be always assumed to be the fully ionic crystals and 

that the  Born's energetic models should be amended to take the 

concept "net atomic charges" into account when it is applied 

on the silicate minerals. 

     The concept of the electrostatic stability seems to have 

the predictional ability about the relative values of the net 

atomic charges. It is,  thereforelimportant to take the concept 

into consideration in the X-ray charge refinements. 

     The accurate structure determinations of the Co and 

Ni-olivines were carried out in order to see the atomic 

charges and the electron density distributions around the 

cation sites. The asphericities of the electron density 

distributions are observed around the transition metal ions. 

This encourages us to study the electron distributions of 

d-electrons in the octahedral sites by the X-ray method.
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                    Capter I Introduction 

     One of the main purposes in mineralogy has been to 

determine the crystal structures of minerals. Before the 

development of the X-ray method, the observation of the 

minerals by the optical microscope was the major method to do 

it. Since the X-ray diffraction by crystals was discovered 

by Laue in 1912, it has become the most powerful method to 

determine the crystal structure of minerals. In the early days 

of the development of this method, it was not an easy work to 

collect the intensity data of reflections and to calculate the 

atomic positions of crystal, but now the intensity data can 

be easily and accurately collected by the automatic diffracto-

meter controled by the computer system, and the calculations 

to determine the atomic positions of crystal and the electron 

density distributions can be easily and rapidly carried out by 

the electronic computer. Even the bonding electron distribu-

tions including those of d-electrons and the atomic net charges 

in crystals have been studied by the X-ray method in recent 

years. Furthermore the development of the electron microscope 

has made possible the direct observation of the fine textures 

of minerals. 

     Compared with the rapid increase of the structural 

information of minerals, the development of theoretical or 

crystal chemical studies has been very slow in mineralogy-

In the crystal chemical studies of the stability relations of 

crystals, there exist two principle methods. One method is the
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predictional one depending on the so-called Pauling's rules 

for ionic crystals, which is rather qualitative but has wide 

applications to minerals. The other is strict calculation of 

internal energies based on some crystallographic methods, which 

gives the exact internal energies of crystals, but few 

applications have been reported on minerals. The stability of 

silicate minerals has been discussed mainly by the first method, 

as the second method requires precise crystallographic data 

and is difficult in setting the energetic model and in the 

calculation of the  energy_ The Pauling's rules for the ionic 

crystals have been main basis of the crystal chemical 

discussion for the stability of silicate minerals. 

      Now the basis of the crystal chemical discussions of 

silicate minerals must be translated from the qualitative 

Pauling's rules for ionic crystals to the quantitative value 

of "energy". For the calculation of quantitative internal 

energy, the Born's model for ionic crystals has been adopted 

as a first approximation. 

     The Born's energetic model for ionic crystals is a 

classical and simple model of bonding energy between two ions, 

which is derived from the quantum mechanics. The explicit 

expression is 

             q.q.3

31r   r                               1 
 U..  =  + X..exp(-

P13) 

 where 13.. . .        13 13 
 13  1  is 

the electric charge of  i ion,  r.. is the interatomic distance 
                                 13 

between i and j ions and  X and p are the repulsive constants.
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The first term corresponds to the electrostatic energy and the 

second the repulsive energy- The repulsive energy is sometimes 

represented by the repulsive constants  Ai and  Bi proper to each 
                           A. + A, - r 

ions as  C(Bi +B1 ).            j) exp ( Bij  
 +  Bi , 

     The repulsive term describes that filled electronic shells 

act as if they are fairly hard and each ion resists overlapping 

with the electron distributions of neighbouring ions, following 

the Pauli exclusion principle as mentioned by Kittel (1967). 

The difficulty in the estimation of the repulsive energy is due 

to that there are almost no reliable repulsive constants. 

Then the effect of the repulsive energy can be replaced quali-

tatively by the size effect if filled electronic shells are 

assumed to act as if they are rigid balls. 

     In the following discussions crystals are assumed to be, 

in principle, ionic and the Born's model is settled on the 

basis of the discussions. The electrostatic energy is actually 

calculated and the repulsive energy or qualitatively the size 

effect is always taken into account. 

     Then the relative crystallographic stability of some 

silicate minerals is discussed on the following problems in 

terms of energy by applying the Born's model; the order-

disorder phenomenon of Al and Si ions in feldspars, the 

stability relations of olivine, modified spinel and  spinel 

under atmospheric and high pressures, and the intra-crystalline 

cation distributions of olivines and orthopyroxenes. The 

purpose of this study is to reveal the energetics of these
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problems in the silicate minerals. 

     In the course of this study the accurate structures of 

 olivines together with the charges of the constituent ions 

were necessary for the calculations of the electrostatic 

energy and for the discussion about the net atomic charges. 

Then these structure determinations have been precisely 

carried out.
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        Chapter II The programs to calculate the 

                        electrostatic energy-

     A computer program to calculate the electrostatic energy 

of crystal and the constituent ions by the method of Bertaut 

was written by the author. The program is shown in Appendix 1. 

It consists of a main program and a subprogram SYMM which must 

be prepared for each space group in order to give the symmetry 

operations to each ion. The output data of low albite are 

shown together as an example in Appendix 1. The required input 

data are lattice parameters, the radius R of assumed charge 

distribution of ions, the number NZ of the chemical formula 

unit in the unit cell, the radius range  (3 of  a=27hR in the 

summation of Fourier series where h is the distance from the 

origin in the reciprocal space, the correction factor G of 

self-energy, the correction factor Q for the termination error, 

the number NP of unequivalent ions, the number NS of general 

positions of ion and atomic coordinates and charges. The 

correction factor Q for radius range  (3 is taken from Templeton 

(1955) and Templeton and Jones (1956). The output results are 

obtained in units, erg, eV and kcal/mol. 

     The computer program to calculate the electrostatic 

energy together with the standard error derived from the errors 

of structural data, was also written by the author. The 

program is shown in Appendix 2. It consists of a main program 

and two subprograms SYMM and MAD where the subprogram SYMM is 

the same used in the above program. The output data of high 
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albite are shown together as an example in Appendix 

case the input data of the errors of the structural 

be added to the above input data. 

     The above two programs were written separately 

convenience because the first took less CPU time in 

to the large CPU time of the latter.

2. In this 

 data must 

for the 

 contrast
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Chapter III The applications of Born's bonding 

model on the polymorphic phenomena.

 III-1 The application of Born's 

disorder phenomenon of Al 

K-feldspars and albites.

model 

and Si

on the 

 ions

 order-

in
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 III-1-A Introduction 

     It is widely known that both K-feldspars and albites have 

polymorphs of the high and low temperature types. K-feldspars 

have, in general, monoclinic symmetry, space group C2/m and 

two tetrahedral sites  Tl and T2 (8j in Wykoff notation) which 

Al and Si ions occupy, but the low temperature type of 

K-feldspar, microcline, and the high and low albites have 

triclinic symmetry, space group  Cl and four tetrahedral sites 

 T1(0),  Tl(m),  T2(0) and  T2(m) (2i in Wykoff notation) which Al 

and Si ions occupy. 

     Chao et al. (1940) first reported the structural basis 

of these polymorphisms. They found the large difference 

between the sizes of two tetrahedral sites (T sites) in 

orthoclase and concluded that the larger Al ion in ionic 

radius occupied the larger T site while the smaller Si ion 

occupied the smaller T site in the feldspar. After Chao et al. 

experimental studies of relations between the ionic size of Al 

and Si ions and the size of the occupied crystal site have been 

reported by many workers (Cole et al., 1949; Ferguson et al., 

1958; Ribbe et al., 1969). Smith  (1954)first reported the 

average  A1-0 and  Si-0 distances of various compounds which 

contained  AlO4and  SiO4 tetrahedra, in order to estimate the 

Al and Si distributions in the T sites of feldspars. Recently 

Prewitt et al. (1976) studied the synthetic sample of the high 

albite from 24°C to 1105°C by the X-ray method and reported 

the temperature dependence of the structure.
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     In the X-ray method the occupancy of Al and Si  ions in 

T sites of feldspars was determined by comparing the  T-0 

distance with the pure  A1-0 and  Si-0 distances which are 

obtained from other various crystals. Therefore the determined 

occupancy largely depends on the pure distances. Recently the 

neutron diffraction method has been used to determine directly 

the occupancies of Al and Si ions in the T sites (Prince et al., 

1972; Brown et al., 1973; Harlow et al., 1973) and the results 

were, in principle, consistent with those of the X-ray method. 

     There have been a number of experimental studies about 

the order-disorder in feldspars as some studies are given above, 

but only few theoretical or non-experimental studies. Gait 

et al. (1970) applied the Pauling's second rule, the electro-

static valence balance rule for ionic crystals, on the low 

albite. The coordination number of Na ion, the pure  A1-0 and 

 Si-0 distances and the Al and Si distributions in the T sites, 

are derived by minimizing the value of "charge unbalance", 

where the value does not have the energy dimension, but it is 

one of the devices derived from the Pauling's rule. They 

concluded that the low albite have an ordered state of  82% Al 

ions in one T site. Tamada et al. (1976, 1977) roughly 

calculated the electrostatic energies of the high and low 

K-feldspars and albites, and electrostatic potentials of their 

T sites. They concluded that it was reasonable for Al and Si 

ions to be distributed randomly in T sites in the high 

temperature types and to be ordered in T sites in the low 

temperature types.

12



     During the preparation of this paper a paper by Brown and 

Fenn (1979) was published, where structure energies of the 

alkali feldspars were calculated in the relation of the phenome-

non of the large anisotropy of alkali ions and they also reported 

that the Al ion favored the  T1(0) site in the high albite on 

the basis of electrostatic energy of the whole crystal. 

     The estimation of the ordering by the X-ray method is 

based on the difference of ionic radius between Al and Si ions. 

The estimation by the neutron method is based on the difference 

of the atomic scattering factors between them. The results by 

these two methods is consistent with each other as a whole. 

Now the difference between the electric charges of Al and Si 

ions must be given an attention to, because it is expected that 

the electrostatic energy plays an important role in the site 

preferences of Al and Si ions between the T sites of feldspars. 

     In this paper we will, therefore, try to estimate the Al 

and Si distributions in terms of the energy of the electro-

static energy and the Born's repulsive energy roughly estimated, 

to rationalize the above experimental results on the assumption 

that the crystals are ionic. If only the effects of the 

neighbouring four oxygens around the T site were taken into 

account, the larger Al ion would prefer the  larger T site in 

terms of the size effect and the electrostatic potential of the 

larger T site would be higher, which is also favourable for the 

Al ions in terms of the electrostatic stability. The size 

effect would correspond to the estimation from the Born's 

repulsive energy- Then it is expected that it is reasonable

13



for the Al ion to occupy the larger T site in terms of the 

energetics. The Si ion is in the same situation for the smaller 

T site. Then it will be natural that the present approach based 

on the energetic model is consistent with the experimental 

results. One of the purposes of the present study is to assure 

this natural result from the actual energetic estimations as the 

first step of application of the Born's model.

14



 III-1-B Computation and results 

     Electrostatic energies and potentials were calculated by 

the method of Bertaut (1952), using the program explained in 

Chapter II. Linear atomic shape was used as the optimum atomic 

shape after Jones and Templeton (1956). The standard errors 

caused by the errors of the structural data determined by the 

X-ray method were estimated only for the last calculation of 

each feldspar. The termination errors were corrected using 

the correction factor reported by Templeton (1955) and Jones 

and Templeton (1956). The summation of the infinite series in 

the reciprocal space was terminated at h=3/2R and hence, the 

termination error was smaller than  0.3x10-3, where h is the 

distance from the origin to a reciprocal lattice point and R 

is an assumed radius of charge distribution of ions. 

     Electrostatic energies of K-feldspars and potentials of 

their T sites, and those of albites and potentials of their 

T sites are listed in Table 1 and Table 2, respectively, for 

the assumed various distributions of Al and Si ions in the 

T sites, together with the standard errors. Sources of the 

structural data,  T-0 distances and Al contents are also listed 

in the footnotes of Tables. The above structural data are 

based on the refinement for anisotropic temperature factors of 

atoms, but in Table 3 electrostatic energies of the high albite 

and the potentials of their T sites calculated based on the 

structural data of isotropic quarter-atom model of Na ion, are

15



Table 1. The electrostatic energies (kcal/mol) 

  and the electrostatic potentials (kcal/mol.e) 

           for the various Al distributions.

of 

of

K-feldspars 

 T sites

Al distributions

 T1(0)Tl T1  (m)  T2  (0)
T2    T2  (m)

disordered

 (1) Heated  Sanidine(Eifel) 

  E.S.Energy of 

     Crystal -13389 

 E.S.Potential 

   of  Ti  -1001.3f' 

 T2 -1074.8 

(2) Low Sanidine(7002,Eifel) 

 E.S.Energy of 

     Crystal -13381 

 E.S.Potential 

  of  Tl - 997.0* 

     T2 -1076.2 

(3) Orthoclase(Spencer C) 

 E.S.Energy of 

     Crystal -13404 

 E.S.Potential 

  of  Ti -  991.8 

     T2 -1084.8 

(4)  Adularia(7007, Gotthard) 

E.S.Energy of 

    Crystal -13400 

 E.S.Potential 

  of  Ti -  983.4k 

     T2 -1090.4

-13383 

-1068 .5 

 -1005 .7f.

-13370 

-1064 .4 

-1006 .9*

-13379 

-1059.4 

 -1015 .5*

-13361 

-1051 .0 

-1021.3

-13369( 8) 

-1034 .9(1. 

 -1040 .3(2.

-13359( 7) 

-1030 .7(1. 

 -1041 .6(2.

 -13374(14) 

 -1025 .6(3. 

-1050 .2(4.

-13364( 7) 

 -1017 .2(1. 

 -1055.9(2.

6) 

3)

5) 

1)

5) 

8)

5) 

2)
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(5) Intermediate  Microcline(Spencer U) 

 E.S.Energy of 

      Crystal -13464 -13422 -13397 

 E.S.Potential 

    of  T1(0) -  892.5 -1017.7 

          Tl(m) -1069.4 -  934.91 -1081.5 

         T2(0) -1083.7 -1104.9 -  961.2k 

         T2(m) -1104.8 -1085.2 -1089.3 

(6) Maximum  Microcline(Pellotsalo) 

E.S.Energy of 

     Crystal -13503 -13403 -13392 

E.S.Potential 

   of  T1(0) -  859.4k - 992.8 - 983.6 

 T1(m) -1092.5 -  958.41 -1105.9 

         T2(0) -1092.7 -1115.2 - 970.18 

         T2(m) -1108.5 -1090.3 -1094.7

-13395 

-1037 .1 

-1060 .2 

-1087 7 

- 962 .8k

-13393 

-1001 . 

-1083 . 

-1096 . 

- 968.

5 

1 

9 

 Ct

 -13371(10) 

- 993 .8(3. 

-1036 .7(6. 

 -1059.6(3. 

 -1060.7(4.

3) 

0) 

8) 

9)

 -13374(12) 

- 959 .3(3.3) 

 -1060 .0(6.5) 

 -1068 .9(4.0) 

-1065 .6(5.4)

Structural data were taken from 

     (1) Weitz(1972) 

     (2) Phillips and  Ribbe(1973) 

     (3) Colville and  Ribbe(1968) 

     (4) Phillips and Ribbe(1973) 

     (5) Bailey(1969) 

and (6) Brown and Bailey(1964). 

      Errors of energy and potentials of each feldspar, caused from 

the errors of structural data were calculated only in the disordered 

distribution. They are shown in the parentheses. In the case (5) 

the errors were calculated only based on the errors of atomic positions 

and not based on the errors of cell parameters because they cannot 

be found in the source paper. 

     The mean  T-0 distances and the Al distributions listed 

in  Smith(1974) are as follows: 

                                                             0 

 T-0  distance(A) Al content 

 T1(0)  Tl(m)  T2(0)  T2(m)  T1(0)  Tl(m)  T2(0)  T2(m) 

(1) Heated Sanidine 1.645 1.641 0.26 0.225 

(2) Low Sanidine 1.649 1.637 0.29 0.195 

(3) Orthoclase 1.656 1.628 0.345 0.125 

(4) Adularia 1.665 1.621 0.395 0.07 

(5) Int.Microcline 1.694 1.642 1.618 1.616 0.63 0.235 0.045 0.03 

(6)  Max.Microcline 1.741 1.614 1.611 1.612 0.97 0.015-0.01 0.00
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Table 

  low 

 of T

2. The 

albites 

 sites

electrostatic energies  (kcal/mol) 

 and the electrostatic potentials 

for the various Al distributions.

of high and 

 (kcal/mol.e)

 T1  (0)  Ti (m)

Al distributions 

 T2(0)  T2(m) disordered

(1) High  Albite(Amelia) 

 E.S.Energy of 

      Crystal -13438 -13420 

 E.S.Potential 

    of  T1(0) -  922.2k -1059.8 

 Tl(m) -1076.6 -  940.4* 

          T2(0) -1070.0 -1087.7 

          T2(m) -1079.1 -1059.9 

(2) High  Albite(Synthetic) 

 E.S.Energy of 

      Crystal -13444 -13425 

 E.S.Potential 

    of T1(0) - 923,7* -1061.2 

 T1(m) -1079.9 -  943.7* 

         T2(0) -1067.5 -1085.5 

 T2(m) -1079.9 -1060.5 

(3) Low Albite(Ramona) 

E.S.Energy of 

     Crystal -13510 -13387 

E.S.Potential 

   of T1(0) - 845.8* - 982.2 

         Tl(m)  -1104.6  -968.e 

         T2(0) -1094.1 -1114.3 

         T2(m) -1102.4 -1084.8

-13416 

-1048 .9 

-1083 .5 

-  944 .9k 

-1065 .7

-13426 

-1050 .2 

-1086 .8 

- 942 .7* 

-1066 .5

-13387 

- 971 .8 

-1114 .4 

-  969 .0k 

-1091 .7

-13427 

-1069 .7 

-1067 .4 

-1077 .4 

-  934 .4*

-13434 

-1071 .3 

-1070 .6 

-1075 .3 

-  935.e

-13397 

- 990 .7 

-1095 .5 

-1102.3 

- 960.1

 -13376(13) 

 -1025 .4(4. 

 -1042 .2(6. 

 -1045 .2(4. 

 -1035 .0(5.

-13383( 7) 

 -1026 .8(2. 

-1045 .5(3. 

 -1042 .9(2. 

 -1035.7(3.

 -13371(10) 

- 947 .8(3. 
 -1070 .9(5. 

 -1070 .1(3. 

 -1059 .9(5.

1) 

5) 

2) 

6)

3) 

7) 

3) 

2)

1) 

9) 

4) 

0)
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(4) 

E. 

E.

 Low  Albite(Tiburon) 

S.Energy of 

   Crystal -13519 

 S.Potential 

of  T1(0) -  849.94 

      Tl(m) -1105.4 

      T2(0) -1096.0 

      T2(m) -1100.2

-13400 

- 986 . 

- 969 . 

-1116 . 

-1082 .

3 

 2'r 

1 

7

-13399 

- 976 . 

-1115 . 

- 970 . 

-1089 .

0 

2 

 8* 

6

-13412 

- 994 .8 

-1096.4 

-1104 .2 

-  957 .91'

-13383 

- 952 .0 

-1071.8 

-1072 .0 

-1057 .8

   Structural data were taken from 

   (1) Ribbe et al.(1969) 

   (2) Prewitt et  al.(1976). (Data obtained at 24°C) 

   (3) Ribbe et  al.(1969) 

    (4)  Wainwright(1968, as reported in Smith,1974). 

  Errors of energy and potentials of each feldspar,caused from the 

  errors of structural data were calculated only in the disordered 

  distribution. They are shown in the parentheses. In the case (4) 

  there was no error calculation because the structural error cannot 

  be found in the source paper. 

      The mean  T-0 distances and indicated Al distributions listed 

  in  Smith(1974) are as follews: 

 0 

 T-0 distance (A) Al content 

 T1(0)  Tl(m)  T2(0)  T2(m)  T1(0)  Tl(m)  T2(0)  T2  (m) 

(1) High Albite 1.648 1.644 1.639 1.643 0.28 0.25 0.21 0.24 

(2) High Albite 1.646 1.641 1.641 1.642 

(3) Low Albite 1.746 1.610 1.615 1.612 1.005-0.015 0.025 0.00 

(4) Low Albite 1.740 1.609 1.614 1.615 0.965-0.025 0.015 0.025
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Table 

  and 

  the 

  the 

  of

 3. The electrostatic energies (kcal/mol) of high albite 

 the electrostatic potentials (kcal/mol.e) of T sites for 

 various Al distributions, which were calculated using 

 structural data for the isotropic quarter atom model 

Na ion.

 T1(0)  T1  (m)

Al distributions 

 T2(0)  T2(m) disordered

(1) High  Albite(Synthetic)

E.S.Energy of 

     Crystal 

E.S.Potential 

  of  T1(0) 

 Tl  (m) 

 T2(0) 

       T2 (m)

-13268 

- 924.3* 

-1078 .2 

-1067 .0 

-1079 .3

-13251 

-1061. 

- 942. 

-1085 . 

-1059 .

8 

1* 

0 

9

-13251 

-1050 .8 

-1085.2 

- 942.1* 

-1065 .9

-13259 

-1071 .9 

-1068.9 

-1074.7 

-  934 .4*

-13208 

-1027 4 

-1043 .8 

-1042 .4 

-1035 .1

Structural 

(1) Prewitt

data 

 et

 were taken from 

al.(1976) (data obtained at  24°C).
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shown to know the effect of the large anisotropy of alkali 

ions in the feldspars. 

     The calculations were carried out for three or five cases 

in each feldspar, when all the Al ions occupied each T site 

(ordered cases) and when Al and Si ions were distributed 

randomly in the T sites (disordered case). In the ordered 

cases of the monoclinic feldspars the average charges 3.5e and 

4e (e; electron unit) were assigned to the T sites occupied by 

Al ions and not occupied by them, respectively, because the 

monoclinic feldspars have only two T sites while the content 

of Al ion is one forth of the Al and Si ions. In the ordered 

cases of the triclinic feldspars the average charges 3e and 4e 

were assigned to the T site occupied by Al ions and other 

three sites occupied by Si ions,  respectively. In the dis-

ordered case the average charge 3.75e was assigned to all the 

T sites. 

     Typical  CPU times were about 50 seconds for the monoclinic 

feldspars and 70 seconds for the triclinic feldspars by the 

calculations of the FACOM M-190 computer of Kyoto University, 

and about 380 seconds when the standard errors were calculated 

together, although the summation of the infinite series was 

terminated at  h=1/R for the monoclinic feldspars and h=3/4R 

for the triclinic feldspars for the saving of CPU time.
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 III-1-C Discussion

(1) The distributions of Al and Si ions in the T sites. 

     At first the entropy S and the volume V for the ordered 

distributions of Al and Si ions in the T sites of each feldspar 

must be taken into account in order to compare the Gibbs free 

energies G between these distributions. It is easy to suppose 

that the entropies of the configurations are the same each 

other for the completely ordered distributions which are assumed 

in the calculations, and then entropy differences are far small. 

The volume differences are equal to zero because the original 

cell parameters are used for all the calculations of ordered 

cases in each feldspar. The difference of the free energies 

G is, therefore, equal to that of internal energies E which are 

here represented by the sum of the electrostatic and  Born's 

repulsive energies. 

     In the high temperature types of K-feldspars and albites 

the differences of electrostatic energies of the whole crystal 

for the various ordered distributions of Al and Si ions are 

small, about 5 kcal/mol for the heated sanidine and smaller 

than 25 kcal/mol for the high albites as shown in Table 1 and 

2. These differences are included in the range of standard 

errors. The energy differences increase from the high to low 

temperature types as observed in the K-feldspars. In the low 

temperature types the differences are very large. The crystals 

are remarkably stabilized both in the maximum microcline and the
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low albite when Al ions occupy the  Tl(0) site and Si ions the 

other three T sites. The energy differences between the Al 

distribution in  T1(0) site and the other three ordered distri-

butions amount to more than 100 kcal/mol. Of course these 

differences are large enough and meaningful compared with the 

standard errors. The present result is consistent with the 

result of the high albite by Brown and Fenn (1979). 

      The same results are also observed in the potentials of 

T sites at the disordered distribution and in the potentials 

of T site occupied by Al ions of each ordered distribution 

(the potentials of *mark), if it is kept in mind that the 

electrostatic stability forces the  Al3+ ion to occupy the site 

with the high electrostatic potential and the Si4+ion to 

occupy the site with the low electrostatic potential. In the 

disordered distributions the potentials of T sites are almost 

equal to each other in the high temperature types. The differ-

ences of them become large from the high to low temperature 

types and the potential of the  Tl(0) site is remarkably high 

in the low temperature types. The potentials of T sites 

occupied by Al ions of each ordered distribution (the potential 

of *mark) are in the same situation as the potentials of dis-

ordered distributions already mentioned. 

     It is concluded based on the electrostatic energy that 

Al and Si ions are distributed randomly between T sites of the 

high temperature types, while they are ordered in low temper-

ature types. The  T1(0) site is occupied by Al ions and the 

other three sites occupied by Si ions.
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     In the intermediate and maximum microclines it is already 

known that a large part of Al ions occupy the  T1(0) site, but 

the problem is still left how the residual Al ions should be 

distributed in the other three T sites except the  T1(0) site. 

Electrostatic energies of the whole crystal are stable for the 

distribution of Al ions first in the Tl(m) site, and second 

in the  T2(0) and T2(m) sites within the standard errors. It 

is, therefore, expected that the residual Al ions prefer the 

T sites in this order. The potentials of T sites at the dis-

ordered distribution and those of the T site occupied by Al 

ions of each ordered distribution (the potentials of *mark) 

lead to the same result. 

     In the high and low albites Al ions, of course, prefer 

the  T1(0) site, too. The electrostatic stability indicates 

that the residual Al ions occupy first the T2(m) site, and 

second the Tl(m) and  T2(0) sites. This result is inconsis-

tent with the result determined by Ribbe et al. (1969) in the 

high and low albites as shown in the footnote, but it is 

consistent with the results by Wainwright and Starkey 

(unpublished, as reported in Smith, in 1974) and by Prewitt 

et al. (1976) in the high albite, and by Wainwright and 

Starkey (1968) and by Harlow et al. (1973) in the low albite 

(see the textbook by Smith, 1974, p71). The Al ions, therefore, 

appear to concentrate first in  T1(0) site, secondary in T2(m) 

site and in the last  Tl(m) and  T2(0) sites. The order of 

concentration of Al ions is different between the K-feldspars 

and the albites. 

                            24



     The repulsive energies of the T site when the Al and 

Si ions occupy the T site and the total repulsive energy of 

two or four T sites for the assumed ordered cases of the Al 

and Si ions are listed in Table 4. Only the interactions 

between the Al or Si ion in the T site and the neighbouring 

four oxygens are taken into account in the above repulsive 

energies because the repulsive energy becomes rapidly negligible 

with increase of the distance between the two ions. The 

repulsive constants are taken from Miyamoto et al. (1979 and 

private comm.) which were reported just before this writing. 

The reliability of these constants are, therefore, unknown, 

but it is almost unlikely that the results change into the 

opposite sense from those on this present repulsive energies 

because it is also unlikely for the results based on the 

repulsive energies to break the size effect. 

     In Table 4 only the repulsive energies of the each high 

and low two temperature types of K-feldspars and albites are 

estimated. The total repulsive energies  (R.E.T_) for the 

various assumed distributions of Al and Si ions are almost 

same for the high temperature types and remarkably small for 

the low temperature types when the Al ion occupy the  T1(0) 

site. The order of the stability in terms of the repulsive 

energy for the various assumed distributions are quite as same 

as that obtained in terms of the electrostatic energy. It is, 

therefore, concluded that the electrostatic and repulsive 

energies affect the distributions of the Al and Si ions in the 

same sense and the distributions estimated from this energetics
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Table 4. The rough estimations of the Born's  revulsive 

  energy of the T site  (R.E.A1) when the Al ion  occupy 

  the T site, that of the T site (R.E.Si) when the Si 

  ion occupy the T site and the total repulsive energy 

  (R.E.T) of two or four T sites when the Al ion occupies 

  the each T site (ordered  cases). (In kcal/mol)

 T1  (0)

 T1

 Tl(rn)  T2  (0)

 T

T2  (m)

(1) Heated Sanidine (Eifel) 

 R.E.A1 417.0 433.7 

 R.E.Si 195.6 202.8 

 R.E.T 1018.2 1027.7 

(6) Maximum Microcline (Pellostsalo) 

 R.E.A1 177.2 553.8 577.9 570.9 

 R.E.Si 89.3 253.5 263.3 260.5 

 R.E.T 954.5 1166.9  1131.2 1177.0 

(2) High Albite (Synthetic) 

 R.E.A1 412.0 432.7 431.5 428.5 

 R.E.Si 193.5 202.3 201.8 200.5 

 R.E.T 1016.6 1028.5 1027.8 1026.1 

(4) Low Albite  (Tiburon) 

 R.E.A1 178.4 576.4 554.0 551.6 

 R.E.Si 89.9 263.0 253.6 252.5 

 R.E.T 947.5 1172.4 1159.4 1158.1

  Repulsive energies between Al or Si ions and neighbouring 

four oxygens are only taken into account. Structural data 

 were refered to the footnotes in Tables 1 and 2 . 

Repulsive constants are taken  from  Mivamoto et  al.(1379 

 and private  comm.)as
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in the 

where C

 Al3+ 

. S4+i 

 02-

     0 

A.1(A)

0.641 

0.608 

1.770

expression of Uij =  C(Bi 

 = 1.0 kcal/mol.

Bi(A) 

0.0069 

0.0172 

0.1052

+  B.) exp
A. + A. r.. 

1 3  1J

B.  +  B. 
 1
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is quite consistent with the experimental results determined 

by the X-ray or neutron method as was expected above. In other 

words the structures seem to be modified in order to gain the 

larger energetic  stability This consistency assures the useful-

ness for the Born's model for ionic crystals to be applied on 

the order-disorder of Al and Si ions in other feldspars and 

also encourages us to apply it on the Al and Si distributions 

in other silicate minerals , for example, to those in the T(A) 

and T(B) sites of orthopyroxenes .
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(2) The positive feedback effect on the Al and Si ordering. 

     It is observed in Tables 1 and 2 that the potential of a 

certain T site of each feldspar becomes high when Al ions are 

distributed in the T site, low when Al ions are not distributed 

in the T site and in the middle when Al and Si ions are dis-

tributed  randomly- For example, the potential of the  Ti site 

of the heated sanidine is -1001.3 kcal/mol.e when Al ions are 

distributed in the  T1 site, -1068.5 kcal/mol.e when Al ions in 

the T2 site and -1034.9  kcal/mol.e when the Al and Si ions are 

distributed randomly, as shown in Table 1. The potential of 

a T site is heightened with increase of Al ions in the T site 

and lowered with increase of Si ions in the T site. As 

mentioned above, Al ion prefers the site with higher potential 

and Si ion prefers the site with lower potential in order to 

gain the larger electrostatic stability. Therefore the above 

result leads to the positive feedback in the Al and Si ordering 

in the T sites as follows: If some of Al ions concentrated in 

a T site for some structural reason, the potential of the site 

would be heightened and the more Al ions would concentrate in 

the site. It is also same for Si ions if it is kept in mind 

that Si ions are in the inverse situation for the electrostatic 

potential. This positive feedback effect is disturbed by the 

entropy term in the high temperature types, but affects strongly 

on the Al and Si ordering in the low temperature types. The 

almost complete ordering of Al and Si ions in the low tempera-

ture types as in the maximum microcline and the low albite is
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considered to be ascribed to this positive feedback effect 

the structural modification.

and

     Alkali atoms in feldspars have the large anisotropy of 

displacements. This is observed in their temperature factor 

and in the difference Fourier maps around them. In order to 

know the effect of the anisotropy of alkali atoms on the 

electrostatic energies and potentials they were calculated 

based on the structural data of the high albite, refined for 

the isotropic quarter atom model of Na atoms. The results 

which are shown in Table 3, are consistent with those based on 

the anisotropic single atom model of Na atoms, both for the Al 

and Si order-disorder phenomenon and the positive feedback 

effect. Thus it is concluded that the effect of the anisotropy 

of alkali atoms is not essential for the present discussions.
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 III-2 The energetic 

 stoichiometry

study 

(M=Ni

of polymorphs of 

 , Mg, Co, Fe and

 M2SiO4 

Mn).
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 III-2-A Introduction 

      (Mg,  Fe)2S104 polymorphs, olivine  (a phase), modified 

spinel  (8 phase) and spinel (y phase), are important silicate 

minerals in earth sciences because they are considered to be 

the main constituent minerals in the upper mantle and the 

seismic velocity changes at the depth of 400-600km in the 

mantle are thought to be due to the phase transitions among 

these polymorphs. 

     Stability relations of these polymorphs have been exten-

sively studied (see, for example, Akimoto et al., 1976), but 

comparatively few theoretical or crystal chemical studies have 

been made on the relevant transitions.  Kamb (1968) first 

discussed the stability relation of olivine and spinel on the 

basis of the Pauling's rules for ionic crystals. Baur (1972) 

simulated nine different polymorphs of  Mg2SiO4 stoichiometry 

using the distance least squares (DLS) method. He supported 

Kamb's explanation for the stability relation from the view-

point of the geometrical adjustment of structures. Sung and 

Burns (1978) compared the structural features of olivine, 

modified spinel and spinel, and discussed the mechanism for 

the olivine to spinel transition. The above crystal chemical 

discussions were based on the Pauling's rules for ionic 

crystals, which  are,in principle, based on the electrostatic 

energy. It is, therefore, important to see the electrostatic 

energies of these polymorphs in order to reveal their  energetics. 

     The applications of the electrostatic energy to the
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tability relations of the silicate minerals are not so  many_ 

Raymond (1971) estimated the Madelung constants for 

several silicates. Whittaker (1971) discussed the site pref-

erences in amphiboles in terms of electrostatic  energy- Ohashi 

and Burnham (1972) estimated electrostatic and repulsive 

energies of cation sites in ortho- and clino-pyroxenes, and 

discussed the site preference. Tamada et al. (1976, 1977) 

reported the consistency between the results on the Al and Si 

distributions in alkali feldspars, obtained by the X-ray or 

neutron method and by electrostatic energies. Tokonami et al. 

(1972) discussed the stability relations of olivine, modified 

spinel and spinel, on the basis of electrostatic and repulsive 

energies, and concluded mainly based on the result of electro-

static energy that modified spinel was not so unstable compared 

with the other two phases. 

     The purpose of the present study is, first, to reveal the 

structural features and the stability relations of these poly-

morphs, second, to demonstrate the effect of ionic size on the 

electrostatic stability. In all the following discussions the 

polymorphs are assumed to be ionic and the electrostatic and 

Born's repulsive energies are taken into account for the 

bonding energy between ions.
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 11-2-B Computation and results 

      Electrostatic energies of  M2SiO4 polymorphs are calculated 

by the method of Bertaut (1952), under the assumption that 

crystals are ionic and the constituent ions M, Si and  0 have 

the electric charges of 2e, 4e and -2e, respectively, corre-

sponding to the oxidation numbers. Linear atomic shape was 

used as optimum atomic shape after Jones and Templeton (1956), 

                                             0 where the value  0.75-0.80A was used for the assumed radius R 

of charge distribution of ions, in order to avoid the overlap 

of the charge distributions. The standard deviations caused 

by the propagation of errors are estimated from those of cell 

parameters and atomic positions. The summation of infinite 

series in the reciprocal space was terminated at h=1/R where 

h is the distance from the origin to a reciprocal lattice 

point. The calculation error caused by the termination effect 

is less than  10-3                     (Templeton, 1955; Jones and Templeton, 1956), 

which is comparable with the estimated standard errors. 

     Electrostatic energies of  M2SiO4 polymorphs and their 

constituent ions are shown in Table 1 together with standard 

errors, sources of atomic positions used and R-factors. Typi-

cal CPU times were about 100 seconds for olivine and spinel, 

and 450 seconds for modified spinel for the computation by 

FACOM M-190 computer, using the program written by the author. 

     Electrostatic energies of the  M ions, the Si ions, the  0 

ions and the whole crystals are plotted against the ionic 

radius ratio rM/rS
I.in Figs. 1, 2, 3 and 4.
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Table  1. Electrostatic energies of 

constituent ions with standard 

errors of cell parameters and

M2SiO4 

 errors 

atomic

polymorphs 

 estimated 

positions.

and their 

from the 

(In  kcal/mol)

Olivines Modified spinel Sp  ine  is

 Ni2SiO4a)

Crystal 
Nil 

 Nit 

Si 
01 
02 

03

 Crystal 
 Mg1 

Mg2 

Si 
01 
02 

03

Crystal 

Col 
Co2 

Si 
01 

02 
03

-5773 
-1086 
-1179 

-4300 
-1283 

-1265 

-1215

-5766 
-1082 
-1159 

-4318 
-1276 
-1268 

-1214

-5744 

-1063 
-1155 

-4317 
-1272 

-1262 
-1208

.8(1.5) 
.6(0.8) 
 .6  (0.6) 
.5(2.1) 
.6(0.7) 
.8(0.9) 
.8(0.7)

 .1(0.8) 
.1(0.3) 
 .2(0.3) 
 .0(1.0) 
 .0(0.4) 
 .4(0.4) 
 .3(0.3)

 .4(1.3) 
 .4(0.6) 
 .8(0.5) 
.7(1.8) 
.2(0.6) 
 .0(0.8) 
.8(0.6)

 Mg2SiO4b)

     Co 

Crystal 

 Col 

 Co2 
 Co3 

Si 
01 
02 

03 
04

. 

2SiO4c) 

 -5790 .8(5. 
-1131 .4(10 

 -1140.3(6. 
 -1163 .8(5. 

 -4365 .1(11 
 - 976 .5(6. 
 -1416 .8(9. 
 -1239 .2(9. 
 -1240 .5(3.

8) 
.6) 

5) 
1) 

.6) 
1) 
1) 

6) 
1)

Crystal 
Ni 

Si 
0

Crystal 
Co 

Si 
0

-5821 .6(1. 
 -1162 .4(0. 
 -4407 .7(2. 
 -1227 .6(0.

 -5786 .3(1. 
 -1129 .8(0. 

-4435.2(2. 
-1219 .5(0.

3) 
7) 
9) 
2)

1) 

5) 
3) 
2)

 Fe2SiO4d)

Crystal 

Fel 
 Fe2 

Si 

01 
02 

03

-5722 
-1041 
-1135 

-4346 
-1261 

-1253 

-1203

.6(1.2) 
 .0(0.6) 

.7(0.5) 

.6(1.8) 

.5(0.7) 
.3(0.8) 

 .5  (0.5)

Crystal 

Fe 
Si 

0

 -5749 .9(0. 
-1101 .1(0. 

 -4454 .4(2. 
 -1210 .8(0.

9) 
5) 
0) 
2)
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 Mn2SiO4e)

Crystal 
 Mnl 

 Mn2 
Si 

01 
02 
03

 -5670 .4(1.5) 
 -1014 .7(0.7) 
 -1101 .6(0.5) 

-4348 .0(2.2) 
 -1247.5(0.8) 

 -1245 .2(0.9) 
 -1191.9(0.6)

Sources of Atomic Coordinates and R factors: 

   a) Olivine: Tamada et al.(in preparation) 

      Spinel : Marumo et  al.(1974).  R=0.017. 

   b) Olivine: Fujino et al. (in preparation). 

 c) Olivine: Tamada et al.(in preparation) 

      Modified spinel: Morimoto et al.(1974). 

      Spinel : Marumo et al.(1977)  R=0.0154. 

  d) Olivine: Fujino et  al.(in preparation). 

      Spinel : Marumo et al.(1977)  R=0.0138. 

  e) Olivine: Fujino et  al.(in preparation).

 R=0.029. 

 R=0.0209. 

 R=0.028. 

 R=0.053. 

 R=0.0255. 

 R=0.0310.
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 III-2-C Discussion 

(1) Characteristics of each polymorph 

Olivine 

     A characteristic feature of the olivine structure is the 

large difference in electrostatic energy between the  M1 and 

M2 sites; the former is about 90 kcal/mol higher than the latter. 

The electrostatic energy of the M2 site of olivine is the low-

est among those of the M sites of the three polymorphs except 

that of the M3 site of modified spinel. The electrostatic 

energy of the  M1 site is, on the other hand, the highest among 

those of the M sites of the polymorphs as shown in Table 1 and 

Fig.l. The highest electrostatic energy of the  M1 site does 

not result from the contribution of the nearest neighbouring 

oxygens because the  M-0 distance of the M2 site is longer than 

that of the  Ml site (Table 2). The  Ml octahedron shares four 

edges with the adjacent M octahedra and two edges with the 

adjacent Si tetrahedra, while the M2 octahedron shares two 

edges with the adjacent M octahedra and one edge with the Si 

tetrahedron (Kamb,  1963). It is, therefore, reasonable in the 

light of Pauling's rule for edge sharing that the electrostatic 

energy of the  Ml site is higher than that of the  M2 site. 

     Another feature of olivine structure is the highest 

electrostatic energy of the Si site among those of the Si sites 

of three polymorphs. This is consistent with the Pauling's rule 

for edge sharing. The Si tetrahedron of olivine shares three 

edges with the adjacent M octahedra while the Si tetrahedra of
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Table  2. 

Co2

  Interatomic distances of 

 SiO4  polymorphs/(Morimoto

 polyhedra of 

et al.,1974).

Bonds Mean

                 0 

 distances(A)

Col 

 Cot 

Si

 0 

 0 

 0

 ck. - Co
 2SiO 

  2. 
  2. 
  1.

4 

125 

143 

627

Col 

Co2 

Co3 
Si

 0 

 0 

 0 
 0

p -  Co2SiO 

            2. 

            2. 

            2. 

 1.

4 

107 

115 

121 

642

Co  -

Si -

 0 

 0

r - Co2SiO 

            2. 
            1.

4 

104 

646
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modified spinel and spinel share no edge with the adjacent M 

octahedra (Kamb, 1968; Morimoto et al., 1974). 

     The electrostatic energy of olivine is about 25-50 kcal/mol 

higher than those of modified spinel and spinel. The insta-

bility of olivine is mainly due to the high electrostatic energies 

of the Ml and Si sites. 

Modified spinel 

     The electrostatic energies of M sites of the modified 

spinel are rather low compared with those of M sites of other 

polymorphs, especially that of the M3 site is the lowest. 

The lowest electrostatic energy of the M3 site among three M 

sites of modified spinels, as well as that of the M2 site of 

olivine does not result from the contribution of the nearest 

neighbouring oxygens because the  M3-0 distance is the largest 

(Table 2). The Ml and M2 octahedra of the modified spinel 

share six edges with the adjacent M octahedra, while the M3 

octahedron shares seven edges with the adjacent M octahedra. 

It would be essential for these low energies of the M sites 

that each M octahedron shares no edge with the adjacent Si 

tetrahedron. 

     The Si tetrahedron does not share edges with M octahedra 

and therefore the relative stability of Si site of modified 

spinel to that of olivine is reasonable in the light of the 

Pauling's rule for edge sharing. But it cannot be explained 

by the Pauling's rule that the electrostatic energy of Si site 

is higher than that of spinel.
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     The main feature of the modified spinel is the extremity 

in electrostatic energies of two oxygens. The electrostatic 

energy of the 01 ion is remarkably high, and that of the 02 

ion is remarkably low compared with any 0 ion of the three 

polymorphs. The energy difference between the 01 or 02 ion 

and the other 0 ions of the polymorphs amounts to a few 

hundreds kcal/mol. Morimoto et al. (1969, 1970) and Moore and 

Smith (1969, 1970) reported that the 01 and 02 ions break the 

Pauling's electrostatic valence rule. The results in electro-

static energies are consistent with this fact. 

     The electrostatic energy of modified spinel is as low as 

that of spinel and remarkably lower than that of olivine. 

This stability largely depends on the low electrostatic 

energies of M sites. 

Spinel 

     The electrostatic energy of the M site of spinel is not 

so low compared with those of the  M sites of the other poly-

morphs except that of the  M1 site of olivine. The  M octahedron 

shares six edges with the adjacent M octahedra and does not 

share edge with Si tetrahedra. A part of the instability of 

M site of spinel may be caused by the fact that the shared 

edges are longer than the unshared edges in spinel (Kamb, 1968). 

     The feature of spinel structure is that the electrostatic 

energy of Si site is remarkably low compared with those of Si 

sites of the other  polymorphs. This feature is not ascribed 

to the contributions of the nearest neighbouring oxygens
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because the Si tetrahedron of spinel has the largest mean 

 Si-0 distance (Table 2). The Si tetrahedron does not share 

edge with the M octahedron. This is consistent with the 

remarkable stability of Si site of spinel. 

     The electrostatic energy of spinel is as low as modified 

spinel and much lower than that of olivine. The high stability 

of spinel depends largely on the low electrostatic energy of 

Si site.
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(2) The stability relations of olivine, modified spinel 

    and spinel. 

     Tokonami et al. (1972) calculated electrostatic energies 

of three  polymorphs of  Co2SiO4 and obtained the result that 

olivine should be electrostatically the most stable while 

modified spinel the least stable. Electrostatic energies of 

olivine, modified spinel and spinel were reported as -5808.8, 

-5789 .2 and -5796.8 kcal/mol,  respectively. In the present 

systematic calculations as shown in Table 1, modified spinel 

and spinel are electrostatically more stable than olivine, 

even if the standard errors are taken into account. Accurate 

structure determinations of different M2SiO4 modified spinels 

are required for further consideration to settle the problem. 

     The explanation for much greater stability of the olivine 

structure at atomospheric pressure was proposed by  Kamb (1968) 

on the basis of the Pauling's rule for edge sharing for ionic 

crystals. According to  Kamb the olivine structure is unfa-

vorable relative to spinel as far as shared edges are con-

cerned, but it is counterbalanced by shortening of the shared 

edges. The shared edges in the spinel structure are much 

longer than unshared edges, whereas the olivine structure 

allows the shared edges to shorten in a natural way. He 

suggested that this basic difference is the primary cause of 

the large difference in stability between the olivine and 

spinel forms. This explanation has been widely accepted 

(Baur, 1972; Morimoto et al., 1974; Sung and Burns, 1978). 

But the present study shows that spinel is electrostatically
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more stable than olivine. The Kamb's explanation is not 

supported by the comparison of electrostatic energies. An 

extension and amendment of the Pauling's rule regarding shared 

edges was proposed by Baur (1972) on the basis of the simula-

tions of nine different polymorphs of  Mg2SiO4 by the method 

of the distance least squares (DLS). It is as follows: Ionic 

structure with shared polyhedral edges and faces can only be 

stable if their geometry allows the shortening of the shared 

polyhedral edges. The geometry of the olivine structure allows 

the shortening of the shared polyhedral edges, but that of 

spinel does not allow it on the basis of simulations by the 

DLS method. He suggested that the instability of spinel at 

atomospheric pressure was ascribed to this unfavourable 

geometrical adjustment. 

     Since the stress of geometrical adjustment is the short 

range interaction between ions which has the relation with 

the size effect, the Born's repulsive energy must be taken 

into consideration. 

     In order to study the stability relations of these poly-

morphs at atmospheric pressure and room temperature from the 

energetic viewpoint, it is necessary to compare their Gibbs' 

free energy G=U+PV-TS. The energy differences  PAV and TAS 

between them are far smaller than 1 kcal/mol and quite negli-

gible at the above conditions. Then the difference of the 

Gibbs'free energy AG is almost equal to that of the internal 

energy AU, which is now assumed to depend on the electrostatic 

energy and the repulsive energy as proposed by Born for ionic
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crystals. The Born's repulsive energies of a,  f3, and y-Co2SiO4 

were estimated as 716.8, 708.1 and 714.0 kcal/mol respectively 

by Tokonami et al. (1972), applying the values of the bulk 

modulus of  Co0 and the basic radii of 0, Si and Co ions esti-

mated by them on the equation by Huggins and Sakamoto (1957). 

     Miyamoto et al. (1979) reported the repulsive constants 

of  Mg2+, and  Si4+ and 02-ions by applying the least squares 

method on the forsterite structure to determine the constants 

in order that each ion in the structure has the energy minimum 

at the actual positions. They also estimated the repulsive 

energies of a and  y-Mg2SiO4 as 435.8 and 433.4 kcal/mol using 

the above constants. 

     The differences of the repulsive energy between olivine 

and spinel estimated by Tokonami et al. and Miyamoto et al. 

are too small to compensate the difference of the electro-

static energy about 40 kcal/mol. The thermodynamic fact that 

the olivine form is stable at the atomospheric pressure and 

room temperature can not now be explained by the above ener-

getics based on the electrostatic energy and the  Born's 

repulsive energy for ionic crystals. The large difference of 

the electrostatic energy, about 40 kcal/mol can be modified 

by no means as far as the crystals are assumed to be ionic, 

and only slightly reduced to one forth of it, about 10 kcal/mol 

even if the net atomic charges of half of the formal charges 

were introduced for the constituent ions. Thus the discrep-

ancy between the above energetics and the thermodynamical fact 

must be attributed to the assumption that either the energetic
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model above used can be applied to these polymorphs, or to the 

estimated repulsive energies. The assumption is the basis of 

the present discussion and the problem becomes too complex to 

be studied if the assumption was changed. The assumption is 

kept without changing in order to develop the discussion in 

the present study. The repulsive constants were determined by 

the complex and delicate procedures and the repulsive energies 

are not generally accepted in the present stage. It is there-

fore, reasonable to consider that the estimated repulsive 

energy is responsible for the  discrepancy_ If the discrepancy 

is attributed to the repulsive energies, they can be estimated 

qualitatively as follows and the stability relations of these 

polymorphs under high pressures can be discussed on the basis 

of following two criteria. 

     The repulsive energy is the basis of resistance to the 

compression because it forces the ions to act as if they are 

fairly hard and to resist overlapping, then it is essential 

for the stability of minerals under high pressures. This 

suggests that the structure with high repulsive energy can 

survive under high pressures. Hereafter, this will be referred 

to as the first criterion. Electrostatic energies of modified 

spinel and spinel are almost the same each other and much lower 

than that of olivine as mentioned above. Olivine is thermo-

dynamically stable at the atmospheric pressure and room 

temperature. The repulsive energy of olivine, therefore, has 

to be much smaller than those of modified spinel and spinel 

as far as the Born's model is applied on these polymorphs, as 

shown schematically in Fig. 5. 
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Fig. 5. Schematic figure of electrostatic energies and 

repulsive energies of olivine, modified spinel and 

spinel. Electrostatic energy and repulsive energy 

are abbreviated as E.S.E. and R.E. in the figure.
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      In order that a compound can survive under high pressures, 

the constituent ions must equally resist the compressive force 

and the force must never be concentrated on a certain ion. 

This leads to another criterion of being stable under high 

pressures. Now, let the structure be called "energetically 

simple", if the electrostatic energy of each atomic site is 

nearly equal to each other. Then it can be said that the 

"energetically simple" structure tends to survive under high 

pressures. 

     On the basis of the above two criteria, the stabilities 

of these polymorphs are interpreted as follows: The olivine 

structure is unstable under high pressures because it has 

lower repulsive energy and is energetically not simple as 

discussed above in terms of electrostatic energies in indi-

vidual sites. The modified spinel structure has high repulsive 

energy, but it lacks the energetic simplicity, especially for 

the  0 ions. It cannot, therefore, survive under very high 

pressures. The spinel structure, on the other hand, satisfies 

these two criteria. It can, therefore, survive under high 

pressures. 

     These two criteria await further applications for other 

examples to assure their validity and usefulness.
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(3) The effect of ionic size on electrostatic energy-

     Electrostatic energies of the M ions, Si ions 0 ions and 

the whole crystal are plotted against ionic radius ratio 

rM/rS
iin Figs. 1, 2, 3 and 4. The ionic radii by Shannon and 

Prewitt (1969) were used for the ionic radius ratio in the 

figures. Electrostatic energies of the  Ml and M2 ions of 

olivine and the M ion of spinel become higher with increase 

of the ionic radius ratio. This increase is natural because 

the surroundings of these M ions are expanded with increase 

of this ratio. A characteristic feature of Fig. 1 is the 

slight deviation of electrostatic energies of the  M1 and M2 

ions in  Mg2SiO4 olivine from the plotted line of those of 

transition metal olivines. A rapid increase of electrostatic 

instability of the  Ml and  M2 ions from  Fe2SiO4 olivine are 

also noted. The main feature in electrostatic energies of Si 

sites is that those of Si sites of olivine and spinel become 

lower with increase of the ionic radius ratio. It is due to 

the compression around Si site with increase of the size of 

M ion. A part of decrease of electrostatic stability of 

olivine and spinel with increase of the ratio is compensated 

by the lowering of electrostatic energy of Si ion. Electro-

static energy of Si ion of  Mg2SiO4 olivine appears to be slight-

ly lower and that of  Mn2SiO4 olivine appears to be slightly 

higher than the trend of other Si ions. Electrostatic energies 

of 0 sites of olivine and spinel show an only slight increase 

with increase of the ionic radius ratio. Fig. 3 shows that 

electrostatic energies of 0 sites of the polymorphs fall in 
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a small range of energy except the 01 and 02 sites of modified 

spinel. 

     As the summation of electrostatic energies of M, Si and 

0 sites, those of the whole crystals become higher with in-

crease of ionic radius ratio. In other words, the increase 

of ionic size of  M ion results in the decrease of electrostatic 

stability of olivine and spinel. This means that the crystals 

become unstable in the larger side of ionic size of M ion. 

Electrostatic energy of  Mg2SiO4 olivine as well as those of 

M and Si  ions,  is slightly out of the line of those of transi-

tion metal  olivines. This is because of the slight difference 

of atomic positions of Mg2SiO4 olivine from those of transition 

metal olivines, since these electrostatic energies only depend 

on the structural data. 

     In olivine the electrostatic energy culminates at  Mn2SiO4. 

A similar feature is observed in electrostatic energies of  M 

and Si ions. Then let's examine the stability of  Ca2SiO4 

olivine in which Ca ion has the same valence and slightly 

larger ionic size than Mn ion. Transition metal and Mg sili-

cates of M2SiO4 have the olivine structure under the whole 

temperature range and atmospheric pressure, whereas  Ca2SiO4 

silicate shows four different kind of crystal structures, one 

of which is olivine, under the same external conditions (Smith 

et al., 1965). Therefore it may be deduced that the olivine 

structure of  Ca2SiO4 silicate is not far more stable than the 

other crystal structures. This is anticipated from the rapid 

increase of electrostatic energy with increase of ionic size.
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A gradual increase in electrostatic energy is observed at 

Fe2SiO4 in spinel. Mn2SiO4 spinel has never been synthesized. 

Instead,  Mn2SiO4 olivine decomposes into  MnO (rock salt 

structure) plus  MnSiO3 (tetragonal garnet structure) at 140 

kbar and 1000°C without phase transition to the spinel struc-

ture (Ito et al., 1974). Electrostatic energies of spinels 

and their constituent ions have all the same trend as those 

of olivines and their constituent ions. It is then expected 

that there is also a rapid increase in electrostatic energy 

at  Mn2SiO4 spinel. From these results we can derive the 

following views: There is an change in energetic stability 

between Fe2SiO4 and Mn2SiO4 of olivine and spinel. The 

olivine structure is more tolerant than the spinel structure 

in the larger side of ionic size of M ions as suggested by 

Kamb  (1968).
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 IV-1-A Introduction 

      Mg and transition metal olivines are considered to compose 

the main constituent of the lower crust and the upper mantle. 

It is, therefore, valuable both in crystal chemistry, and 

earth sciences to determine accurate structures of Mg and 

transition metal olivines, including the charges of ion and 

the electron density distributions. 

     Only few refinements of the crystal structures of  Co2SiO4 

and Ni2SiO4 olivines have been reported. Brown (1970) refined 

a series of olivine structures including  Co2SiO4 and Ni2SiO4 

olivines, in which the observed intensity data were corrected 

for Lorentz and polarization factors, but not for absorption 

and extinction factors. The final R and weighted R factors 

were 0.056 and 0.052 for 474 reflections of Co2SiO4 and 0.062 

and 0.059 for 1076 reflections of Ni2SiO4, respectively. 

     Morimoto et al. (1974) discussed the structural relations 

between  a,  13 and  -y phases of  Co2SiO4. Intensity data were 

corrected for Lorentz and polarization factors, but not for 

absorption and extinction factors. The final R and weighted 

R factors of  a phase were 0.046 and 0.035 for 501 reflections. 

     The olivine structure shows the anomalous intra-crystalline 

cation distribution (Finger, 1970, Ghose and Wan, 1975, 

Rajamani et al, 1975). Tamada (1976, 1977) proposed an expla-

nation on this phenomenon on the basis of the electrostatic 

stability. Only one assumption was included in this explana-

tion that Mg ion was more ionic and had a larger atomic charge
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than transition metal ions in the olivine structure. He also 

proposed on the same criterion that the atomic charge in the 

M2 site is larger than that in the  M1 site of the endmembers 

of olivine in which the same two ions occupy simultaneously 

both the  M1 and M2 sites. It is interesting to know the atomic 

charges of Co and Ni-olivines in connection with the above two 

relations of them. 

     Regarding the atomic charges in crystals, some methods to 

determine the net atomic charge by the X-ray method have been 

already proposed. These methods are in general classified into 

two major methods. One is the method to determine the charge 

by the integration of the electron density around the atoms 

and the second is the method to determine the occupancies of 

the valence shell by the least squares method. As one of the 

second methods the L-shell projection method was proposed by 

Stewart (1970) in which the occupancies of the valence-shell 

was determined by the least squares after the positional and 

thermal parameters have been obtained from a conventional 

least squares refinement. Coppens et al. (1971) porposed the 

extended L-shell projection method in which all the structural 

and thermal parameters together with the valence-shell occu-

pancies are simultaneously refined. Recently Coonens et al. 

(1979) introduced a new fitting parameter k into the L-shell 

or extended L-shell projection method which incorporates 

expansion and contraction of the atomic valence shell together 

with a variation of its occupancy. Now Sasaki et al. (1977, 

1978, 1979 and in preparation) have prepared the computer
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program EARTH to estimate the net atomic charges in crystals by 

the X-ray method, following to and modifying the above major two 

methods. Iwata et al. (1973) determined the accurate structure 

of  [Co(NH3)6][Co(CN)6]and reported the electron density 

distributions around Co ions. They first suggested that the 

asphericities of electron distributions around Co ion were 

ascribed to 3d electrons of the transition metal in the 

octahedral sites. Marumo et al. (1974, 1977) reported the 

accurate structures of  y-Ni2SiO4,  Fe2S104 and  Co2SiO4, and 

also suggested that the asphericities of the electron dis-

tributions around the transition metal ions in these crystals 

were ascribed to 3d electrons of such transition metals in 

the octahedral site. 

     In the present study the accurate crystal structures of 

two olivines, together with the charges of ions and the elec-

tron distributions around cations have been determined in 

connection with the proposed relations of the atomic charges 

in the olivine structure and the discussions of the electron 

density distributions of 3d electrons around the transition 

metal ions.
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 IV-1-B Experimental 

     Single crystals of  Co2SiO4 olivine were synthesized by 

melting the mixture of  SiO2 and  Co0 powder at 1500°C. Gem-

quality crystals were obtained in a platinum crucible after 

slow cooling. Single crystals of Ni2SiO4 olivine were synthe-

sized by Dr. M. Ojima of ISSP, University of Tokyo, by the 

flux method. Spherical crystals of diameters 0.21  mm for 

 Co2SiO4 and 0.20 mm for Ni2SiO4 were prepared for collecting 

the intensity data, by air polishing on a sand paper. Polar-

ized microscope observation and Weisenberg photographs proved 

the crystals to be free from inclusion or cracks. 

     The intensity data were collected by the  w-26 scanning 

technique on an automated four-circle diffractometer Phillips 

PW1100 using  moKa radiation monocromated by a graphite plate. 

In total, 2113 and 1936 independent reflections were collected 

for Co2SiO4 and Ni2SiO4 olivines in the  2e range of 6° to 134°. 

The scanning speed was  4°/min and scanning was repeated up to 

three times when the intensity data were weak. The scanning 

width was (1.70 + 0.30  tan6)° for  Co2SiO4 and (1.50 + 0.30  tan6)° 

for  Ni2SiO4. Experimental conditions are summarized in Table 1. 

     The computer calculations were carried out with HITAC 

8800/8700 computer using the full matrix least squares program 

LINUS (Coppens and Hamilton, 1970), after the correction 

procedure for Lorentz, polarization and absorption factors 

with the program PTPHI prepared for the PW1100 diffractometer.
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The isotropic secondary extinction effect (Zachariasen, 1967) 

was corrected in the process of the least squares refinements. 

2010 reflections for Co2SiO4 and 1819 reflections for  Ni2SiO4' 

with the condition  Fo>3c(Fo) where  ais the standard error of 

the counting statistics, were used for the refinements, setting 

the unit weight to each reflection. The scattering factors for 

the various ionic states of Ni, Co, Si and 0 atoms, which are 

necessary for the charge refinement, were referred to Inter-

national Tables for X-Ray Crystallography Vol. III and IV 

(1968, 1974), Fukamachi (1971) and Tokonami (1965). Real and 

imaginary dispersion correction factors  Af' and  Af" for atomic 

scattering factors were also referred to International Tables 

for Crystallography Vol. IV (1974). 

     The charge refinement was carried out by two methods, one 

of which are to fit the atomic scattering factors of ions to 

the intensity data by the least squares method and the second 

one is to sum the electron density distribution from the center 

of the cation to the valley of the distribution, although it is 

a problem to determine the radius of the spherical summation. 

The former consists of two calculation methods. One of them is 

to determine the parameter x in the atomic scattering factor 

f(s)=fc(s)+fv(s)+xfv(s)'. Another one is to determine the 

parameters x and K in the atomic scattering factor 

 f(s)=fc(s)+fv(s/K)+xfv(s/K)'. In the above expressions fc is 

the atomic scattering factor of electrons, fv that of valence 

electrons, fv' the difference between scattering factors of 

two ionic states and  s=sinO/A. The parameter K was intro-
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duced by Coppens et  al. (1979) as the correction of the expan-

sion or the contraction of the electron distribution in the 

crystalline state against that in the free ionic state as 

mentioned above. For each of the former two calculation methods 

the following two calculations were actually carried out. The 

condition of the neutrality for the summation of charges in a 

crystal is constrained at first and  ommited at the second time. 

In the second method of the direct spherical summation of the 

electron density around the centered atom the correction for 

the termination effect of the Fourier series was carried out 

and the effective distribution radius ER proposed by Sasaki 

et al. (in preparation) was used for the spherical summation. 

These methods by the first fitting procedure and the second 

spherical summation are following to Sasaki et  al. (1977, 

1978, 1979) and the details of those are described in Sasaki 

et  al. (in preparation). 

     After the extended L-shell refinement of 46 variables 

(1 scale factor, 11 positional parameters, 28 anisotropic 

temperature coefficients, 5 charge refinement parameters and 

1 isotropic secondary extinction coefficient) the final R and 

weighted R factors are 0.0277 and 0.0280 for Co2SiO4 and 0.0289 

and 0.0310 for Ni2SiO4, respectively. The isotropic secondary 

extinction coefficient g is  0.4285x10-4 for Co2SiO4 and 

 0.3099x10-4 for Ni2SiO4. The final observed and calculated 

structure factors for Co2SiO4 and Ni2SiO4 are listed in 

Appendixes 3 and 4.
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                IV-1-C Results and discussion 

     The crystal data are listed in Table 2, and the final 

atomic coordinates, anisotropic and equivalent isotropic  tem-

perature factors for atoms in  Co2SiO4 and Ni2SiO4 are given 

in Table 3. Interatomic distances and angles of olivines are 

listed in Tables 4 and 5, which are calculated using the program 

ORFFE (Busing, Martin & Levy, 1964). The net atomic charges 

obtained by the above methods are shown in Table 6. 

     No significant differences are observed between the 

obtained results and those obtained by Brown (1970) and 

Morimoto et al. (1974) in cell parameters and atomic coordi-

nates, although the values of isotropic temperature factors 

obtained by Brown are relatively small and the present results 

are intermediate between the values by Brown and Morimoto et al. 

     In Table 6 the charges  (L1) are obtained by the first 

fitting method to determine the value x under the constraint 

of the neutrality of crystal, while the charges (L2) are free 

from the constraint of the neutrality- The charges  (R1) are 

obtained by the method to determine the values x and K under 

the constraint of the neutrality of crystal, while the charges 

(R2) are free from the constraint of the neutrality-

     The atomic charges (EN) of cations are determined by the 

spherical summation of the electron distribution around the 

atom. The atomic charges (EN) of 0 atoms were determined by 

the fitting procedure  (R1), in which the atomic charges of 

cations were constrained to be those of (EN).
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Table 2. Crystal data of Co2SiO4 and Ni2SiO4 Olivines.

Cell parameters 

     0 

 a(A) 

     0 

 b(A) 

     0 

 c  (A) 

     0 V(A3)

  Co2SiO4 

  4.7797(8) 

 10.2976(6) 

 5.9986(3) 

295.23

Ni2 

 4 

10 

 5 

282

 SiO4 

 .7277  (5) 

 .1173(5) 

 .9125(4) 

.89

Space group 

 Z 

pcalc. 

 p  (MoKa)

(gcm 

 (cm

 -3
) 

 -1)

 Pbnm 

 4 

 4.723 

118.56

  Pbnm 

 4 

  4.919 

134.70
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Table 4.  Interatomic distances 

in Co2SiO4 olivine. 

 SiO4 tetrahedron

                                        0 

 Si-01 (xl)  1.621(1)A 

Si-02 (xl)  1.655(1)A 

Si-03"(x2)  1.639(1)A 

mean 1.639 

 M1 octahedron 
 Col-O1(x2)  2.095(1)A 

Col-02(x2)  2.091(1)A 

Col-03(x2)  2.168(1)A

mean 2.118 

 M2 octahedron 
 Cot-01 (xl)  2.177(1)A 

Co2-02 (xl)  2.073(1)A 

Co2-03 (x2)  2.225(1)A 

 Co2-03'(x2)  2.067(1)A

mean 2.139

    01-02 (xl) 

 01-03"(x2) 

 02-03m(x2) 

 03"-'03'  (xl) 

    mean 

 CoO6 octahedron 

    01-02 (x2) 

 01-02'(x2) 

    01-03 (x2) 

 01-03'(x2) 

    02-03 (x2) 

 02-03'(x2) 

 mean 

    01-03 (x2) 

 01-03'(x2) 

    02-03 (x2) 

 02-03'(x2) 

 03-03"(xl) 

    03''-'03' (xl) 

 03-03'(x2) 

0 A mean

 2  . 

 2  . 

 2  . 

 2  . 

 2  . 

 2  . 

 3. 

 2. 

 3. 

 2. 

 3. 

 2. 

 2. 

 3. 

 3. 

 2. 

 2. 

 3. 

 3. 

 3.

 and angles 

 0angles at Si 
 743(2)A  113.67(6)° 

 0 

 761(1)A 115.77(4)° 

 0 

 570(1)A  102.54(4)° 

 0 598(2)A  104.85(6)° 

 0 667 A 109.19° 

 °angles at Col 
 879(2)A  86.92(3)° 

 0 

 039(1)A  93.08(3)° 

 0 

 876(1)A  84.83(4)° 

 0 

 148(1)A  95.17(4)° 

 0 

 570(1)A  74.19(4)° 

 0 

 398(1)A  105.81(4)° 

 0 985 A 90.0° 

 °angles at Co2 
 876(1)A  81.58(3)° 

 0 

 032(1)A  91.16(3)° 

 0 

 221(2)A  97.01(4)° 

 0 

 923(1)A  89.83(3)° 

 0 

 598(2)A  71.42(4)° 

401(2)K  110.69(5)° 

 0 

 002(1)A  88.67(2)° 

 0 009 A 89.88°
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Table

 Si-01 (xl) 

Si-02 (xl) 

 Si-03m(x2) 

mean

 1. 

1. 

1.

1

 M1 octahedron 

 Nil-O1(x2) 2. 

 Nil-02(x2) 2. 

 Nil-03(x2) 2.

mean 2 

 M2 octahedron 

 Ni2-01 (xl) 2 

Ni2-02 (xl) 2 

Ni2-03 (x2) 2 

 Ni2-03'(x2) 2

mean

5. Interatomic distances 

   in Ni2SiO4 olivine. 

      SiO4tetrahedron 

          0 618(2)A 01-02 (xl) 2. 

           0 

 656(1)A  01-03m(x2)  2. 

           0 642(1)A  02-03"(x2) 2. 

 03"-'03'  (xl) 2. 

          0 640 A mean 2.

 CoO6 

           0 

 065  (1)A 

           0 

 069  (1)A 

          0 

 107(1)A

          0 

.080 A 

            0 

 .108(2)A 

             0 

 .034  (2)A 

             0 .173(1)A 

             0 

 .053  (1)A

2.099
0 

A

octahedron 

01-02 (x2) 

 01-02'(x2) 

01-03 (x2) 

 01-03'(x2) 

02-03 (x2) 

 02-03'(x2) 

 mean 

01-03 (x2) 

 01-03'(x2) 

02-03 (x2) 

 02-03'(x2) 

 03-03"(xl) 

 OP03'(xl) 

 03-03'(x2) 

mean 
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 2  . 

 2  . 

 2  . 

 3  . 

 2  . 

 3  . 

 2. 

 2. 

 2. 

 3. 

 2. 

 2. 

 3. 

 2. 

 2.

and angles

 0 

746 (2)A 

 0 769 (2)A 

 0 

 560  (2)A 

 0 601 (2)A 

 0 668 A

 0 

 853  (2)A 

 0 

 992  (1)A 

 0 809 (2)A 

 0 085 (2)A 

 0 560 (2)A 

 0 299 (2)A 

 0 933 A 

 0 809 (2)A 

 0 969 (2)A 

 0 147 (2)A 

 0 886 (2)A 

 0 601 (2)A 

 0 313 (2)A 

 0 967 (1)A 

 0 956 A

angle 

 113 

 116 

 101 

 104 

 109

 at Si 
 .98  (8)  ° 

 .25  (5)  u 

 .83 (5)  ° 

 .70  (7)  ° 

.14  °

angle 
   87.

• 

• 

• 

•

92 

84 

95 

75

104 

90

angle 

  82

91 

96 

89 

73

107 

89 

 89

at Nil 
 27(4)0 

 73(4)° 

 63(5)0 

 37(5)0 

 63(5)° 

 37(5)° 

00 

at Ni2 

 00(4)° 

 04(4)° 

 81(4)0 

 83(3)0 

 52(5)° 

 57(6)0 

 17(2)° 

 90°



T
able 

6. 
T

he 
atom

ic 
charges

determ
ined 

by 
the 

X
-ray 

charge
refinem

ent.

C
o-olivine  (L

1) 

    (L
2) 

 (R
1) 

    (R
2) 

     (E
N

) 

N
i-olivine  (L

1) 

 (L
2) 

 (R
1) 

     (R
2) 

     
(E

N
)

 
M

(1)

 
1.6(1) 

 1.0  
(2) 

 
1.6  

(2) 

 
1.1(2) 

 1.60(11)

 1.7  
(2) 

 
1.3  

(2) 

 
1.7  

(2) 

 
1.6  

(3) 

 
1.78  

(12)

M
(2)

 2.1  
(1) 

 
1.4  

(2) 

 
2.1  

(2) 

 
1.5  

(3) 

 
1.45  

(12)

1. 

1. 

1. 

1. 

1.  8(2) 

 4(3) 

 8(2) 

 6(3) 

 71(12)

Si
 

0(1)

 2.4(2)  
-1.4(1) 

 
2.0(2)  

-1.7(1) 

 
2.3(2)  

-1.5(1) 

 
2.0(3)  

-1.7(2) 

 
2.21  

(10)-1.24

0(2)
 

0(3)

-1
.4(1) 

-1. 

-1
.7(1) 

-1. 

-1
.4(1) 

-1. 

-1
.6(2) 

-1. 

-1
.24 

-1.

 2.2(2)  
-1.4(1)  

-1.5(1) 
-1.

 2.0(3)  
-1.6(2) 

2.3(3) 
-1.4(2) 

 
2.1(3)  

-1.5(2) 

 
2.39(11)-1.46

-1.6(2) 
-1. 

 
-1.5(2) 

-1. 

-1
.6(2) 

-1. 

-1
.49 

-1.

R
 

factor

 6  (1) 

 
9  (1) 

 
6  (1) 

 
8(1) 

39

 4  (1) 

 
6(1) 

 4(2) 

 5(3) 

46

 0  0 

 0 00 0  0 

 0

E
xcess 

charge

.0277 

.0276 
-2.8 

.0276 

.0276 
-2.2

.0289 

.0288 
-1.8 

.0286 

.0286 
-0.8

 
C

O
 

 l0



     The charge  (L1) of each ions is almost as same as the 

charge  (R1). The introduction of the fitting variable K does 

not have a significant effect on the charges refined for both 

olivines. The constraint of the neutrality of crystal has a 

significant effect on the charges and the release of the 

constraint produces the considerable excess charges. The 

effect is smaller for Ni2SiO4 than for Co2SiO4. The charges 

of Si and 0 ions in the charges  (L1) and  (R1) appear to be 

almost constant, 2.3e and  1.5e, respectively, whereas the 

charges of Co and Ni are different between those in the  M1 and 

M2 sites and the charges of the M2 site are larger than those 

of the  M1 site, especially in  Co2SiO4. The ratio of the 

atomic charge and the formal charge 4e of Si ion seems to be 

small compared with those of Co, Ni and 0 ions, which suggests 

the covalency of Si ion. The atomic charges (EN) show almost 

the same tendency as those  (L1) and  (R1), but those (EN) of 

the  M1 site are larger than those of the M2 site in both 

olivines, although the differences are almost within the errors. 

The charge of Mg ion (Fujino et al., in preparation) is clearly 

larger than those of the Co and Ni ions in the olivine struc-

ture. 

     The difference Fourier syntheses were carried out using 

the same intensity data as used in the refinements, 2010 

reflections for Co2SiO4 and 1819 reflections for Ni2SiO4 and 

using the parameters determined by the charge refinement  (L1). 

The site symmetries of the  Ml and M2 sites of olivine are 1 

and m, which are distorted from the octahedral symmetry- In 
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the high symmetry site as the perfect octahedral site, eight 

electron density peaks would be automatically produced around 

the centered Co2+ and Ni2+ions by the symmetry operations if 

one peak was observed around the ions. In the low symmetry 

site as the  M1 and M2 sites of olivine there are little effects 

of symmetry operations on the electron density distributions 

and then each peak has the larger meaning for its existence. 

     In the  Ml site of Co-olivine as shown in Fig. 1 the 

intense four peaks are observed around the Co ion, although 

                                              0 the weak two peaks,  0.52A from the Co ion and the peak height 

        0 0.8eA_3, are observed upper-leftwards and lower-rightwards on 

                                                                              0 the  figure at  x=0.50. The two of them, 0.52A from the centered 

                                                           0 Co ion and the peak height 1.5eA_3, are located at the right and 

left-hands of the Co ion at x=0.49 and 0 .51. The other two of 

                  0 them, 0.43A from the Co ion are above and under the Co ion at 

                                                                             0 x=0.59 and 0.41 and the peak height is 1 .4eA_3. The negative 
   0 0 

peaks, 0.46A and 0.54A from the Co ion and the peak height 
 0_3  0 _3  -1 .0eA and  -1.1eA respectively, are also observed up and 

down-wards from the Co ion on the figure plane at x=0 .55 and 

0.45. 

     In the M2 site of Co-olivine as shown in Fig . 2 the peaks 

are weak in general compared with those in the  M1 site . The 

                                           0 two intense peaks, 0.57A from the Co ion and the peak height 

      _3 1
.1eA are observed at the right and left hands of the Co 

ion at x=-0.01. The weak peak , 0.53A from the Co ion and the 
                    0_3

i peak height 0.7eAis located above the Co ion at  x=0 .10 and 

                                             0 the two weak peaks, 0.50A from the Co ion and the peak height 
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Fig.

 XCo2SiO4 Olivine 
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6.71078 

07),..;           0.49048             0(-•                                                      ....2) 
                                     0.53 

   0.61 

 COO  ) 

          0(3). 0.50 
                        0.22 

 1 The (100) sections of the difference Fourier map around 

the  M1 site of Co2SiO4 olivine. The upper and lower 

sections of the central atom are projected together on the 

figure. Positive and negative contours are represented 

by the solid and dotted lines, respectively- Contours are 
   00 

at the intervals of 0.2eA_3and start from 0.6eA_3 for the 

positive and -0.6eA_3 for the negative peaks. Figure 

beside each peak gives the value of x coordinate. 
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    /'
Os12 8 

 Co(2) 
 -0.011

.0A 
 CO) 

            u•k,) vo) 
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 0(1) 
                                        -0.23 

                                                                              0 

                                             1.0A 
   X 

2 The (100) sections of the difference F ourier map around 

the M2 site of  Co2SiO4 olivine . The upper and lower sections 

of the central atom are projected together on the figure . 

Positive and negative contours are represented by th e solid 

and dotted lines, respectively . Contours are at the intervals 

             0 

   00 
of 0.2eA_3and start from 0 .6A_3for the positve and-0 .6eA_3 

for the negative peaks . Figure beside each peak gives the 

value of x coordinate . 
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/,-- ;  0(3) 

1.0A



      0_3 
 0.7eAare also located under the Co ion at x=-0.09. The 

     0 0 0 

negative peaks, 0.83A, 0.65A and 0.66A and the peak heights 

 0_3  0_3  0_3 
-0 .8eA , -0.7eA and -0.8eA also observed up and down-

wards on the figure plane at x=0.13, 0.06 and -0.09,  respec-

tively_ In general the peak heights are weaker and the 

distances of the peaks from the centered ion are longer in 

the M2 site of Co-olivine, but the configurations of the peaks 

resemble each other in the  Ml and M2 sites as there are two 

intense peaks at the right and left hands of the Co ion and 

the peaks are observed above and under the Co ion both in the 

 Ml and M2 sites. As a whole the peaks appear to be located 

along the four directions of body diagonal of the  Co-0 bonds 

and to be lacked in the residual four directions. 

     In the  M1 site of Ni-olivine as shown in Fig. 3 the 

eight electron density peaks are observed around the Ni ion, 

 0 although the two peaks,  1.0A from the Ni ion and the peak 

height 0.8eA_3, which are located right-upwards and left-

downwards on the figure plane at x=0.44 and 0.56 respectively, 

are somewhat distant from the Ni ion. The intense two peaks 

 0 0_3 
of them, 0.49A from the Ni ion and the peak height  1.2eA , 

are located right-downwards and left-upwards on the figure 

plane at x=0.47 and 0.53,  respectively- The next two of them, 
0 0 

0.63A from the Ni ion and the peak height 0.9eA_3, are located 

up- and downwards of the Ni ion at x=0.47 and 0.53, respectively. 

 0 The other two peaks, 0.54A from the Ni ion and the peak height 

       0 0.7eA-3 are located above and under the Ni ion at x=0.59 and 

0.41. All the above eight peaks are located approximately 
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Fig.

 X > Z Ni2SiO4  Olivine 
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 @ 

                                  ,-  0.48 

             C2)-fNi(1) 
 0.50 

                           //045                    X 

 0  (3) 
 0.22 

3 The (100) sections of the difference Fourier map around 

the  M1 site of  Ni2SiO4olivine. The upper and lower 

sections of the central atom are projected together on the 

figure. Positive and negative contours are represented 

by the solid and dotted lines,  respectively- Contours are 
 0_3  0_3 

at the intervals of 0.2eA and start from  0.4eA for 

positive and -0.4eA_3 for the negative peaks. Figure 

beside each peak gives the value of x coordinate. 
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4 The (100) sections of difference Fourier map around 

the  Ml site of Co2SiO4 olivine. The upper and lower 

sections of the central atom are projected together on 

the figure. Positive and negative contours are represented 

by the solid and dotted lines,  respectively- Contours are 
 0_30 

at the intervals of 0.2eAand start from 0.6eA_3 for 

the positive and -0.6eA_3 for the negative peaks. Figure 

beside each peak gives the value of x coordinate. 
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along the body diagonals of the  Ni-0 bonds. The negative peaks 

are also surrounding the Ni ion. The intense two of them 

O  0_3 
0.28A from the Ni ion and the peak height  -1.0eA are located 

left-downwards and right-upwards on the figure plane at x=0.55 

and 0.45 respectively- The other two intense negative peaks, 

O 0 

0.39A from the Ni ion and the peak height -1.2eA_3 are located 

up- and downwards on the figure plane at x=0.53 and 0.47. 

     In the M2 site of Ni-olivine as shown in Fig. 4 the 

  0 0_1 

intense peak, 0.47A from the Ni ion and the peak height 1.2eA'', 

is observed just above the Ni ion at x=0.09. The two peaks, 
 O  0_3 

0.43A from the Ni ion and the peak height 0.9eA , are located 
              0 0 

right and left-upwards at x=0.00. The peaks, 0.77A and 0-72A 

         00 

from the Ni ion and the peak height 1.0eA_3and 0.9eA_3, are 

observed up and downwards on the figure plane at  x=-0.07 and 

x=0.05. Above five peaks are intense or moderately intense 

and located approximately along the body diagonals of the Ni-0 

bonds, but the intense peaks cannot be observed along the 

residual three directions of the body diagonal, although the 

 0 weak two peaks,  0.70A from the Ni ion and the peak height 

0.7eA_3 are located right- and left-downwards on the figure 

 0 plane at x=-0.02 and the weak peak,  0.35A from the Ni ion and 

the peak height 0.7eA_3, are stretching from the right to the 

left hand under the Ni ion at x=-0.08, which cannot be shown 

in the figure because the figure becomes complicated  by this 

             0 0 

writing. The intense three negative peaks, 0.54A and 0.46A 

from the Ni ion and the peak  height  -1 .5A-3 are located upwards 

and right- and left-downwards at x=0 .07 and 0.05. As a whole 
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the intense negative peaks are located around the Ni ion, and 

the positive peaks appear to be located approximately along 

the all directions of body diagonal of the  Ni-0 bonds in both 

the Ml and M2 sites of Ni olivine, although the two peaks are 

somewhat distant from the Ni ion in the Ml site and the three 

peaks are weak in the M2 site. 

     The main difference of the electron density maps between 

the Co and Ni-olivines is that the peaks around the Ml and M2 

sites of Co-olivine are less in number and are explicitly 

lacked along some directions of the body diagonal of the  Co-0 

bonds while there are many peaks around the Ml and M2 sites of 

Ni-olivine and they appear to be located along almost all the 

directions of the body diagonal although some of them are not 

explicitly located. The Co2+ ion has seven 3d-electrons, which 

occupy five t2
g orbitals and two egorbitals in the octahedral 

field in the high spin state (The Co ion is known to be in the 

high spin state in the olivine structure). The energetic 

degeneracy of the t2
g and egorbitals is expected to be broken 

in the distorted site as the Ml and M2 sites of olivine and then 

the five electrons occupy each of the five 3d orbitals and the 

remaining two the energetically lower two t2
g orbitals. The 

t2
g orbitals are theoretically stretching along the body-

diagonal direction of bonds in the octahedral field. Therefore 

it seems to be reasonable that the peaks are located approximate-

ly along the body-diagonal directions of the  Co-0 bonds and 

are lacked along some directions. On the other hand the Ni2+ 

ion has eight 3d-electrons and then five 3d-electrons occupy
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each of the five 3d orbitals and the remaining three occupy 

all the three t2g orbitals. Therefore it seems to be reason-

able that the peaks are located approximately along all the 

body-diagonal directions although some peaks are expected to 

be weak. 

     Marumo et al. (1974, 1977) reported the electron density 

maps of  y-Fe2SiO4' Co2SiO4 and Ni2SiO4 by synthesizing differ-

ence Fourier maps. The eight peaks are observed around the 

 Co2+ and  Ni2+ ions of y-Co2SiO4 and Ni2SiO4. The peak height 

on the threefold rotation axis around the Ni ion is 0.9eA_3 

and the other, 1.0eA_3. On the other hand, the difference of 

the peak heights is somewhat larger in  y-Co2SiO4. The height 

of the two peaks on the threefold rotation axis around the Co 

 00 

ion is 1.0eA_3and the other, 0.8eA_3. In contrast to y-Co2SiO4 

and  Ni2SiO4' only two peaks, the peak height 1.2eA_3 exist 

around the Fe ion. The distances of the peaks from the centered 

 0 cations are all  0.46A in all the above crystals. The tendency 

in the spinel structure that some of eight peaks around the Ni 

ion become weak or diminish around the Co or Fe ions, looks to 

be consistent with that in the olivine structure although the 

distances from the centered cations to the peaks spread in wide 

range in the olivine structure in contrast to the fixed value 

 0 

 0.46A in the spinel structure. 

     Fujino et al. (in preparation) examined the electron 

density distributions around the  Ml and M2 sites of Fe, Mn and 

Mg-olivines. The four peaks are observed around the Fe ion of 

Fe-olivine. The main feature of the electron density maps of
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 0 

Mn-olivine is the existence of two intense peaks,  0.48-0.50A 

                                                             0_3 
from the Mn ion and the peak height 1.3eA. The Mn2+ ion has 

five 3d-electrons which occupy two eg and three t2g orbitals 

in the octahedral field. Therefore the existence of two intense 

peaks means that even the Mn2+ ion with half-filled  3d-orbitals 

shows the asphericity in the electron density distributions 

around the  M1 and  M2 site of olivine. This result makes the 

problem complicated. Now it is difficult to give the consistent 

interpretation about the electron density distributions around 

the cations of olivines. No peak with the peak height greater 

than 0.3eA_3 was observed around the Mg ion of forsterite which 

has no 3d-electron and then the large aspherisities observed in 

the figures seems to have relation to 3d-electrons, as was 

already pointed out by Iwata and Saito (1973) in the crystal 

[Co(NH3)66*1210(CN)]and  Marumo et al. (1974, 1977) in the spinel 
structure.
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IV-2 A theoretical explanation of the atomic 

charges of olivines and orthopyroxenes 

based on the electrostatic  stability-
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                     IV-2-A Introduction 

     Many workers have studied the intra-crystalline distri-

butions of cations in the olivine structure in connection with 

the applications as geothermometer and geobarometer. They 

have found a characteristic anomaly in the cation distributions 

(Finger, 1970, Ghose and Wan, 1975). Rajamani et al. (1975) 

summarized the experimental results of the intra-crystalline 

distributions between Mg and transition metal ions of olivines 

and orthopyroxenes. Transition metal ions have the strong 

tendency to occupy the smaller  M1 site of olivines, while they 

are distributed in a natural way in orthopyroxenes in terms of 

the size effect that the larger ion occupies the larger site 

and the smaller ion the smaller site. Therefore, the anomalous 

site preference that, for example, the larger Co and Fe ions 

occupy the smaller  M1 site and the smaller Ni ion shows the 

quite high preference for the  Ml site, is observed in the intra-

crystalline distributions between Mg and transition metal ions 

in the olivine structure. 

     Tamada (1976, 1977) proposed an explanation on this 

characteristic phenomenon of the olivine structure based on 

the electrostatic stability- Only one assumption was included 

in this explanation that Mg ion was more ionic and had a 

larger atomic charge than transition metal ions in the olivine 

structure. Fujino et al. (1976) reported the atomic charges 

of tephroite (Mn-olivine) and forsterite (Mg-olivine) deter-

mined by the X-ray charge refinement. The charge of Mg ion
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was larger than that of Mn ion and the charge of the ion in 

the M2 site was larger than that in the Ml site in these two 

olivines. Tamada also pointed out that the electrostatic 

stability required a ion of the M2 site having a larger atomic 

charge than that of the Ml site in the  endmembers of olivine. 

This is because these effect can be explained by the concept 

of the electrostatic stability based on the large difference 

of electrostatic potentials between the Ml and M2 sites. 

     This paper gives the theoretical basis to the atomic 

charges determined by the X-ray method, by confirming the 

consistency between the atomic charges and the expected 

values for them derived from the concept of the electrostatic 

stability.
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IV-2-B The electrostatic potentials of the  M1 and M2 sites 

       of the olivine and orthopyroxene structures.

     The electrostatic potentials of the  Ml and M2 sites of 

the olivine and orthopyroxene structures were calculated for 

the various assumed charges assigned to ions to see the rela-

tive relations of them. The charge of Si ion was fixed to be 

2e (e; electron charge unit) in the calculations (only in the 

first calculation the formal charges were assigned to all the 

ions). This assumption is reasonable for the purpose of the 

calculations only to compare the relative values of potentials 

of two sites. The same charge was assigned to the same kind 

of ions even if they occupy the different sites. This is 

because of avoiding the complexity in calculations and also 

avoiding the effect of self-interaction of the charge to the 

potential. The neutrality of whole crystal is also assumed. 

     According to the above three conditions for the assigned 

charges the electrostatic potentials were calculated by the 

method of Bertaut (1952) together with the standard errors 

derived from those of the atomic positions. The termination 

errors were corrected to be less than  3x10-4 after Templeton 

(1955) and Jones and Templeton (1956). 

     The electrostatic potentials of the  Ml and M2 sites of 

the olivine and orthopyroxene structures are listed in Tables 

1 and 2,  respectively- For all the cases of calculation for 

the various sets of charges the potential of the larger M2 

site of the olivine structure is always lower than that of
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Table 1 The comparison of electrostatic 

 M1 and  M2 sites of Fe-olivine for the 

   charges assigned to ions.

potentials of the 

various assumed

   atoms charges(e) assigned 

(1) Fel 2.0 

 Fe2 2.0 

 Si 4.0 

 O -2.0 

(2) Fel 0.5 

 Fe2 0.5 

 Si  2.0 

 O -0.75 

(3) Fel 1.0 

 Fe2 1.0 

 Si 2.0 

 O -1.0 

(4) Fel 1.5 

 Fe2 1.5 

 Si 2.0 

 O -1.25 

(5) Fel 2.0 

 Fe2 2.0 

 Si 2.0 

 O -1.5 

   The structural  data  were taken from 

(in  preparation). The calculation erro 

termination effect are less than 3x1( 

caused from the structural data are 1 

of the first calculation only.

 potentials  (kcal/mol.e) 

 -520 .7(0.3) 
   -568 .0(0.2)

-149 

-167

-260 

-284

-371 

-400

-482 

-516

3 

8

 

.  4 

 .  1

4 

2

 .  4 

 .4

from Fujino et al. 

errors caused from the 

 3x10-4. The errors 

re listed in the parentheses
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Table 2 The comparison of electrostatic potentials of the 

 M1 and M2 sites of Fe-orthopyroxene for the various 

   assumed charges assigned to ions.

  atoms charges(e) assigned 

(1) Fel 2.0 

 Fe2 2.0 

 Si 4.0 

 O -2.0 

(2) Fel 0.5 

 Fe2 0.5 

 Si 2.0 

 O -0.83333... 

(3) Fel 1.0 

 Fe2 1.0 

 Si 2.0 

 O -1.0 

(4) Fel 1.5 

 Fe2 1.5 

 Si 2.0 

 O -1.16666... 

(5) Fel 2.0 

 Fe2 2.0 

 Si 2.0 

 O -1.33333... 

   The structural data were  taken 

The calculation errors caused from 

are less than  3x10-4. The  erro: 

structural data are listed in  the  

 calculation only_

potentials(kcal/mol.e) 

   -598 .1(1.4) 
   -548 .3(1.0)

-216 .0 

-175 .6

-299 .1 

 -274 .2

-382 .2 

-372 .8

-465 .3 

-471 .3

 kenfrom Sueno et al.(1976). 

fromthe termination effect 

 errors caused from the 

 the parentheses of the first
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the smaller  Ml site, while that of the smaller Ml site of the 

orthopyroxene structure is always lower than that of the larger 

M2 site except the unprobable case when the charge 2e is assigned 

to Fe ion, as same as that of Si ion in the least calculation. 

Moreover the difference of the potentials between the  Ml and  M2 

sites of orthopyroxene is only small in the above exceptional 

case. 

      In general the potential of the smaller cation site is 

lower than that of the larger cation site because the neigh-

bouring anions largely contribute to the smaller cation site 

and this is true in the majority of the cases. It will be, 

therefore, concluded that the above relation of the potentials 

of the  Ml and M2 sites of the olivine structure is anomalous 

and it is the characteristic feature of the olivine structure. 

On the other hand the relation of those of the orthopyroxene 

 structure is usual as in other crystals. The anomalous and 

characteristic relation of the potentials of the olivine 

 structure suggests the anomalous cation distributions. 

      The above relations of the potentials are common also 

 for the other kind of olivines and orthopyroxenes as shown 

 schematically in Fig. 1.
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 E.S  . Potentials of

 Olivine Orthopyroxene

0.0 0.0

 M1

Metal 

/

 Mg 

/

M2

Metal 

/

M2

 M1

 Mg 

/

Fig. 1. The schematic 

of the  MI and 

structures.

relations of 

M2 sites of

the

the

 electrostatic potentials 

olivine and orthopyroxene
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                       IV-2-C Discussion 

     Rajamani et al. (1975) summarized the observed site pref-

erences of the transition metal ions in the olivine structure 

and in the orthopyroxene structure, which are shown in Fig. 2. 

Small cation as Ni ion prefers the  Ml site and transition metal 

ions gradually become to prefer the M2 site with increase of 

the ionic radius in the both structures. This is explained 

by the size effect of cation and site. This effect can be 

quantitatively explained by the repulsive energy of Born's 

model for ionic crystals if the two constants which are 

involved in the repulsive term, were taken in our hand. But 

now we cannot have the reliable values and the concept of the 

size effect is sufficient for the present purpose of the 

qualitative discussion. 

     Ni ion is remarkably enriched in the  M1 site of the 

olivine structure while it is only slightly enriched in the 

 Ml site of the orthopyroxene structure. The larger Co ion 

shows a strong preference for the smaller  Ml site in olivine 

in contrast to its strong preference for the M2 site in 

orthopyroxene. The larger Fe ion is only slightly enriched 

in the smaller  Ml site in olivine while it shows the high 

preference for the M2 site in orthopyroxene. Mn ion prefers 

the M2 site both in olivine and orthopyroxene , but the degree 

of ordering is far higher in orthopyroxene . As a whole the 

line of the site preference of transition metal ions in the 

olivine structure which is shown by the broken line in Fig . 2,
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Fig. 2.

...... 

 0 
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.
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Ni

 -----  OLIVINE 

     ORTHOPYROXENE

 •i1C0

Fe

Co

Zn

Fe

 b  Mn

Mn

 0.6  0.7  08 

Effective ionic radii

Log-linear plot of intra-crystalline distribution 

coefficient between Mg and transition metal ions (M) 

 (KD=(M/Mg)M1/(M/Mg)M2) versus effective ionic radii 

for a number of transition metal olivines and 

orthopyroxenes. (from Rajamani et al., 1975)
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is shifted toward the preference for the  M1 site in contrast 

to the shift toward the preference for the M2 site in the 

orthopyroxene structure. 

     The difference of the site preferences between the 

olivine and orthopyroxene structures cannot be explained by 

the size effect and the crystal field stabilization energy 

(CFSE) only (Ghose and Wan, 1974, Rajamani et al., 1975). 

Wood (1974) reported the CFSE of the Ni-olivine to be 27.3 

and 25.7 kcal/gram for the  M1 and M2 sites, respectively from 

the optical absorption spectrum, which is consistent with the 

experimental result by Tamada (1973), obtained by the same 

optical absorption method. Ni ion gains the maximum CFSE 

among transition metal ions because of its electron configu-

ration (3d8). Transition metal ions must gain the larger 

excess CFSE in the  Ml site of orthopyroxene than in that of 

olivine because of the larger difference of the site sizes in 

orthopyroxene in contrast to the smaller difference in olivine. 

This result of the CFSE leads to the opposite trend from the 

experimental results of the site preference in olivines and 

orthopyroxenes. It is, therefore, supposed that other factors 

are acting against the site preference of cations in olivine 

and orthopyroxene. Ghose and Wan (1974) and Rajamani et al. 

(1975) attributed the factors to "covalency" and  "ionicity", 

respectively. Their explanations were not consistent with 

each other. 

     The difference of the site preference between the olivine 

and orthopyroxene structures can be given the explanation by
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the electrostatic stability based on the one assumption that 

 Mg ion is more ionic and has the larger atomic charge in the 

olivine and orthopyroxene structures than the transition metal 

ions. The electrostatic potentials of the M2 site of olivine 

and the  M1 site of orthopyroxene are always lower than the 

other site as mentioned above. The electrostatic energy of 

crystal is lowered when the ion with larger net atomic charge 

occupies the site of lower potential. Mg ion, therefore, 

prefers the M2 site of olivine and the  M1 site of ortho-

pyroxene and then transition metal ions are forced to occupy 

the  M1 site of olivine and the M2 site of orthopyroxene as 

shown in Fig. 1. The shift of the line of the site preference 

of the transition metal ions toward the  M1 site in the olivine 

structure is explained by this electrostatic effect. 

     The electrostatic stability also forces the atomic charges 

to be larger in the M2 site of the olivine structure and in 

the  Ml site of the orthopyroxene structure by the same reason 

when the both  Ml and M2 sites are simultaneously occupied by 

the same kind of ions as it is realized in the endmembers of 

the crystals. 

     The atomic charges of olivines and orthopyroxenes deter-

mined by the X-ray method are shown in Table 3. The atomic 

charges  (L1), (L2),  (R1) and (R2) are all determined by the 

fitting procedure of the atomic scattering factors f(s) of 

various ionic states fitted to the intensity data by the 

least squares method. In the atomic charges  (R1) and (R2) 

a new fitting parameter K in the atomic scattering factor 
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f(s/K) was refined together with other parameters, which was 

introduced by Coppens et al. (1979) as the correction of the 

expansion or the contraction of the electron distribution in 

the crystalline state against that in the free ionic state. 

The atomic charges  (L1) and  (R1) are constrained to be neutral 

for the summation of them in a crystal. Those of (L2) and 

(R2) are not constrained and then the excess charges are 

produced. The atomic charges (EN) are determined by the 

spherical summation of the electron distribution from the 

center of the cation to the valley of the electron  distribution. 

The atomic charges (EN) of 0 atoms were determined by the 

fitting procedure  (R1), in which the atomic charges of cations 

were constrained to be those (EN). The method to determine 

these atomic charges was described by Sasaki et al. (1978, 

1979) and the details will be published by them. 

     The atomic charges  (L1),  (R1) and (EN) of Mg atom are 

remarkably larger than those of the transition metal atoms in 

the each  M1 and M2 sites of olivines, although the atomic 

charge (EN) of Ni atom in the  Ml site is slightly larger than 

that of  Mg  atom within the errors. The atomic charges (EN) of 

Mg atom are also larger than those of transition metal atoms 

in the each  M1 and M2 sites of orthopyroxenes . The atomic 

charges (L2) and (R2) of Mg atom are not always larger than 

those of transition metal atoms in the each  Ml and M2 sites 

of olivines and orthopyroxenes, but it is not so regretable 

because they are free from the constraint of the neutrality 

of a crystal and the excess charges are produced in these
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charges. The requirement for the atomic charges of Mg atom 

against transition metal atoms is now supported by the experi-

mental data. This is also true in the atomic charges (EN) of 

NaC1 type crystals of  MgO and transition metal oxides (Sasaki 

et  al., 1979) as  1.9e(Mg),  1.4e(Mn),  1.2e(Co) and  0.7e(Ni). 

     The atomic charges of the M2 site are always larger than 

 those of the  Ml site of the  each  endmember of olivines in the 

each atomic charges  (L1), (L2),  (R1) and (R2) determined by 

the fitting procedure even if the constraint of the neutrality 

is released, although they are almost equal in Ni-olivine. 

This results indicate us that the tendency is rigidly estab-

lished in the atomic charges of olivines determined by the 

fitting procedure. The atomic charges (EN) of the M2 site 

are evidently larger than those of the  M1 site in Mn and Fe-

olivines. On the other hand they are slightly smaller than 

those of the  M1 site in Mg, Co and Ni-olivines, which is not 

corresponds to the requirement for the atomic charges, but 

the differences are almost within the errors. The atomic 

charges (EN) of the  Ml site of orthopyroxenes are always larger 

than those of the M2 site, although the difference in the 

atomic charges (EN) of Fe-orthopyroxene is almost within the 

errors. The differences of the atomic charges (L2) between 

the  Ml and M2 site are too small compared with the errors in 

all the orthopyroxenes. The requirement for the atomic 

charges of the  M1 and M2 site of olivine and orthopyroxene 

endmembers is now also supported by the experimental results 

and, at least, the explicit negative result cannot be observed.
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     The atomic charges determined by 

consistent with the two requirements 

stability. It is  regretable that the 

and (R2) of orthopyroxenes are lacked 

This is only because the refinements 

not been carried out.

 the X-ray method are now 

based on the electrostatic 

 atomic charges  (L1),  (R1) 

 in the above discussion. 

for these charges have
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IV-2-D Conclusion

     The determined atomic charges are consistent with the 

expected relations derived from the concept of the electrostatic 

stability in olivines and orthopyroxenes, for which the X-ray 

charge determinations were carried out. This consistency gives 

the theoretical basis to the relative values of the atomic 

charges. 

     In the fitting procedure the atomic charges largely depend 

on the atomic scattering factors used in the refinement. The 

atomic charges of the Ml and M2 sites of each endmember were 

determined based on the same set of the atomic scattering factors, 

the same intensity data and the same procedures of refinement. 

Then the reliability of the relative values is considered to be 

somewhat large. The consistency between the relative values of 

them and the expected relations in the crystals is, therefore, 

supposed to be meaningful. 

     As a conclusion the anomaly of the olivine structure which 

is observed in the intra-crystalline distributions of cations 

and the atomic charges was explained theoretically by intro-

ducing the semi-quantitative treatment of the electrostatic 

stability- Therefore the term of the electrostatic stability 

should not be neglected in the discussions of crystal chemistry 

of such silicate minerals as olivine and orthopyroxene.
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                     Chapter V Conclusion 

     The Born's model of the bonding energy were applied on 

the following mineralogical problems; the order-disorder of 

Al and Si ions in the alkali feldspars, the stability relations 

of olivine, modified spinel and spinel, and the  intra-crystalline 

cation distributions of olivines and orthopyroxenes. 

     The first problem is well explained by this approach as 

was at first expected. The second one still remains unsolved 

because the difference of the electrostatic energies of olivine 

and modified spinel or spinel is too large. This difference 

cannot be compensated by the repulsive energies. The reasons 

must be either that the estimation of the repulsive energies 

is not accurate enough or the application of the Born's model 

based on the assumption that the crystals are ionic, is 

unfavourable for these crystals. The third one is explained 

by the amendment of the Born's model. The assumption that the 

crystals are ionic is replaced in this case by the concept that 

the constituent ions have the net atomic charges. This 

replacement of the assumption leads to the success to explain 

the intra-crystalline cation distributions of olivines and 

orthopyroxenes. This has the important meaning that the 

silicate minerals cannot be always treated as the ionic crystals 

and that the Born's model should be amended when it is applied 

on the silicate minerals. The success in alkali feldspars is 

considered to be due to the highly ionic elements constituting 

the crystals and due to the evident large contributions of the
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electrostatic and repulsive energies in the same sense. 

     It would be interesting to take the concept of the net 

atomic charges into consideration of the stability relations 

of olivine, modified spinel and spinel, but now it is impossible 

because of the lack of the net atomic charges and the reliable 

repulsive constants. The problem still remains in the future. 

     The concept of the electrostatic stability has the 

connection with the net atomic charges. This concept seems 

to have some of the predictional ability about the relative 

values of the net atomic charges. It is, therefore, important 

to take the concept into consideration in the X-ray charge 

refinements. 

     The accurate structure determination of two transition 

metal (Co and Ni-) olivines will contribute to the further 

energetic studies of olivines and the asphericities of the 

electron density distributions around transition metal ions 

encourage us to study directly the electron distributions of 

d-electrons in the octahedral sites by the X-ray method.
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Appendix 1.  The program to calculate the electrostatic 

energies of crystal and the constituent ions . 

(The output data of low albite are shown 

together as an example.)
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Appendix 2. The program to calculate the electrostatic 

   energies of crystal and the constituent ions, 

   together with the standard errors derived 

   from those of the structural data. 

   (The output data of high albite are shown 

   together as an example.)
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 CALL  MANA02..C.AL..E.GA.A.Y.L.w.m.111) 

 kw  Iwthu-m•L4G)••2 
3U  D.,^  1S=1 

 eut•iS  UckLl  15)-RUErtGl  151  )4..2 
 CLA1  1  Nut 

 chchSL 

 GALL  mADIArt9o...AL.Gt.GA.A.V.Z.w.m.S11) 
 h  

 JU  b6  ISAl  04y 
 4Ol  IS)A4Ul  11  1.(ULI.G( 1S)-KULFG(  1  S) 

 ULAIIMJS 
 u•e-So 
 CAC,SU 
 Ih(SC)d8.9Cebb 
CALL  MAD(A•S•C•AL•bt.UA•X•YeZthieM,S17) 

  lhEhu-hoLhU)•.a. 
 DU  b9  IS•1.Ne 

4U(ISIAMu(lS).1UtRClIsl-KUtAG(IS)).•2 
 GGNIIWJE 
 C•G-SG 
 AL.AL.SAL 
 1F(SAL)91.S3.91 
CALL  MAClA  .b.C•AL•ei  .GA.A.Y.L••,M)).  ) 

 mw•4 (wenG-14wEm(0•., 
 O3  92  19.1••l^ 
 kUlISP.Au11S).(Utkl(IS)-kUthG(15))..2 

 GCNIINUE 
 AL.AL-SAL 
 eE.c.E.Stk. 
 1H56E194,96,44 
 CALL  MAD(A,B.G.ALOsE.L,A.A•Y.Z.W.M.SIT, 

 Nuo•k (1.044-••cmC.J••, 
 Xi  9S  15.1.)^ 
 el,l11),w1151.1uthLl1S)-kUEKG11S))..2

 .1%A.A4.4.A.:.,,hoti4G4a15.6.A.4h.JtV•i-15.c.bA,GF3KGAL=E1:..o.MGSG

 .1

 MCSU 
 m05G 
 MOSG 

 mGSG 

 MOSS 
 MCSG 
 MDIL

 .1A.L.HSA=FIC.S,5A..L.MS6.FIC.:.A.L.msL=F10.:.f.A.4M5AL.FILKDSL

 

.  •'

 MDSG 
 MDSG 

 mCS 
 mCSL, 
 MDSG 
 mOSL, 

 mDSC, 
 mOSe 
 MDSG 
 MDSL, 
 mLne 
 mCS6 

 MDSG 
 mUSe 
 mCSe 
 MDSG 
 mOSG 
 MOSe 
 mDSe 

 pint, 
 MUSS 

 MDSG 
 mCSe 
 MDSG 
 MDSG 

 MLAL, 
 mCSe 
 mCSe 
MOSS 
 MDSe 

 mDSL. 
 mDS6 
MOSS 
 mOSe 
 mCS6 
 mriSe 
MOSS 

 MOSG 
 m0S6 
 m05G 
 MOSS 

 MDSG 
 PICS6 
MOSS 
 MDSG 

 M1)SG 
 MOM, 

 m0Se 
 MOSG 
 MUSL. 
 mCSe

 .1 
 6.2 

 04 
 Oi 
 et 
 01 
 on 
 b4i 
 7C 
 71 
 7c 
 In 
 74 
 76 

 77 
 lb 

 79 
 tsU 
 el 

04 
45 
24 
 e7 
 no 
 39 

91 
 92 
 9,, 
94 
95 

 9e 

 90 

 10L 
101 
102 
 10i 
 104 
105 

 106 
 107 
104 
109 
110 

111 
 112 
 1I3 
114 

115 
 114 
 117 

114 
119 
 120 

 1,1 
122

112



?Mat

 00106 
00107 
 00108 

00109 
00110 

00111 
 00112 
 00113 
00114 

00115 
 00116 
 00117 
 00114 
00119 
 00120 

 00121 
00122 
00123 
00164 
00125 
 00126 
 00127 
 00164 
00129 
 00130 

00131 
 0013c 
00133 
00134 
 00135 

 00136 
00137 

 00136 
00139 
00140 
 00141 
00142 
00143 
00144 
00145 
 (.0146

 ISM 
 ISM 
 1SN 

 ISN 
 ISM 

ISN 

 ISN 
 IS9 
 ISN 
159 

 1SN 
 ISN 
 159 
 1SN 
ISN 
 ISN 

 ISN 
 ISN 
 1SN 
 1SN 
 ISN 
 1SN 
 1SN 
159 
 159 
 ISN 

 ISM 
 ISN 
 ISN 

159 
 ISN 
159 
159 
 1SN 
 159 
 1SN 
 1SN 
 ISN 
 1SN

159 
 ISN

 ISN 
 15N 
 1514 
 1SN 
 ISN 
 ISN 
 1SN

154 
 1SN 
 1SN

 C0147 
 (4144

 C0149 
00150 
 00151 

 01)12 
 00153 
00154 
00151

00154 
00157 
 00154

 55  CLP411NUE 
96  6•:ft-Sok 

 641mGAYSGA 
 11.154A/9I,99.91 

97  GALL  MANA.o.C.AL.rtyGA.A.Y.L.605.111, 
 miv•noo(Oto4-kMORCP002 

 OU  Sif  1S.1,40 
 kullS^•Rullb)41uCK611S)-Kut4G11S1/..2 

 9d  GON71NU, 
 66  GAGA-SGA 
 00  100  1S•l.NP 

 IF(SMIS)1101.103.101 
 ICI  CALL  MANA.o.C.AL.bt.GAOL.Y.L.4.M.5II) 

 0loo1m.101_46-RotkG)oo2 
 DG  1U2  I 

 null  )•PO411  )olUkA041  ^-RUERGI1  1/00 
102  GUNTINUE 

 103  A(15)•A11S1-SX11S1 
 ,11S1•1,(1S)•SYll5) 
 1F1SY11S11104.106.104 

104 CALL  m40(A.3.C.AL..E.6A.A.Y.L....m.51T1 
 AWsKOYI.LKG-Hock610.4 

 GU  104  1  •1.hr 
 ftU11  )•null  1=4uEk611  )-WERG(1  )1..2 

 1C.  C.r.I1NUE 
 106  Y11S1=1.1151-5Y1111 
 [11s1=L11S1..s[1161 
 1F15211511107.112,10 
 107 CALL  mA01A.b.C.AL.E.0A.A.T.L.404.5111 

 011  wo 1  •l.P.P 
 4U(1  )•4U(1  ).IUL411  )-RUERG(I  ))..2 

 10o  CGNTINUt 
 114  CCH11WE 
 1CC  CGNTINUL 
 So4oG•S6m1(kW) 
 Swoli•SwEKG/1.602191-12 
 SiekCL•SoLV/4.24E4,s-U2 
 witITE(6.  10i) 

 IGY  RAMAT('  .IH  .10A.'S1GH4  OF  e.s.ENtKGY  OF  C.KYS14L  ANG  ATCMS  15    
1  '  .) 

 wAIT(6.110)  SwEHG,SwEY.S.KLL 
 liG  FCHMAT(1H  .15A.InCyYSIAL.SA.6HS6LoG.k15.4.4X.sHS.EVoE1.e.  

1  .4A.7HSW0CALoilS.o) 
    JU 111  1$•1.hP 

 SukAUl1S).S.0040(11)) 
 SoEVIISI.SuEYGlIS)/1.eil9E-12 
 SUKCL(IS)=SUE1,(14)14.4,:d494-02 
 SPuAC115,1,wACL11511.116) 
 6411e16.11‘161111S^.$001u1161,SuEv(161.SuACLilS1,SPuhCilS) 
 110  I'Lkm4T(IH  .14A.A..o.X.OHSoEoG4L15.6.44.4HSurIV=E15.c.SA.6HStALL4 

 10.44.0.5PuKC.E14.b1 
 111  GuATIHUE 
 STCP 
   SOL

 .14A.A..o.X.OHS.JEKG4L15.6.44.4mSurIV=E15.c.SA.6HStALL4e15.MOSG

 MD55  123 
 mC56  124 
 mOSG 125 

 MDSG  1c6 
 mb5,  127 
 mC5o  125 

 mOS6 
 mDSG  13(.. 

 mD5G 131 
 mCSG  132 

 mCSG  133 
  MOSS 134 
 mbS,.  135 
 mCSG  136 

 mCSG  137 
  MOSS  13c 
 mi,S,  139 
 mCSG  14C 

 mC5G 141 
 mDSG  14c 
 MLJbl,  143 
 MCSU  144 
 mDSC, 145 
 mOS0  14, 

 11,5,  147 
 mCSG  145 
 mOS6  149 
 M050  150 
 `ICS:.  10 
 m05.  132 

 MCSG  153 
 KOS& 154 
 mCSG  135 
 m056  156 
 mCS4  157 
 M050  125 
 mCSG 

 mCSG  166 

 m:SG  1.1 
 mDS0  162 
 •4mDSC  163 

 MGSG  164 
 mOs4 165 
 mDSG lb. 
 mcSG  167 
 mCS6  165 
 mCS6 169 
 mC5G  17C 
  MOSS 111 
 riCSo  172 

 mCS6  173 
 5.m0SG  174 
 mO5G  175 
 mCSG  176 
 m;56  177 
 11056  145

 ISN 
 ISN

 1SN

 1SN 

 1SN 
 1SN 
 1SN 
 1SN 
 1SN 
 1SN 
 1SN 
1SN 
 1SN 
 1SN 

 1SN 
 ^SN

ISN 
 ISN 
 ISN 
 ISN 
 ISN 

ISN 
 ISN 
 ISN 
ISN 
ISN 
 1SN 
 ISN 
ISN 

ISN 
ISN

 ISN 
ISN 
 ISN 
 ISN 

 1SN 
 ISN 
ISN 
 ISN 

ISN 
 ISN 
ISN 
 ISN 
ISN 

ISN 
 1SN 

 ISN 
 ISN 
 ISN 
 15N 

 ISN 
 15N 
 1514 
 15N 

 ISN

 C0 1S4 
 00160

 LC161

 uclez 
 LOIL1 

CO  164 
 Cele: 

 [Liao 
 L0167 
 CC  lbe 

 00164 
 L0176 
 0171 

 C017c 
 00176 
 C0114

 G0111 
 94176 
 L0171 
 LC176 

 U0179 
 LO  IEL 

 00101 
CC  162 

 161163 
 CC  1.6* 

 oDtet 

 itIne 
 C0181 
 00166 
 00104

 0014E 
00191 
 0014c 
 CC  193 

 G0194 
 00197 
 00196 

00197 
 L0198 
00199 
 00'00 
 cceci 

 00c02 
 OC2C3 
 00,04 
 CC205 

 90206 
 CC2C  7 

 00c08 
 00209 

 00210 
 00211 
 0021' 

 00213

 IC

ai 

 4G

DD

 >4 

 51 
 50

 59

 so.0011NE  m47(..o.C.40.oE.GA.A.Y.Z.C.M.S171 
 D1meNi1CN  A(50L),ittLC).Zl5L01.4,1.7.001.m15001.S111501  

1  .S...MS1:-.U1,SummSL,01.m1KS15.0.Lill501.u.KG15J/.02.(0),w(C.01501 
 e  .PLKZALltu/ 
 C-mm044  A.NL.o21,G.LC,NP.Ns.uERG.024.0KC4L.PuKCAL 

 6400  5ymmtA.V.40.00.1s) 
 :A1.3.1415.41 

 JE1=5ET.P.A1 

 7L=40.P.1/1t0.0, 

 JA=5.•P.1/;60.„ 
 511. 
 s..2.[....•A•a•51.1DE)•51•41:e) 

 S23.4.A.o.C.1CGS1Del.;JS10.1-0DSOL1) 

 551=4•,•..:;•1CJs10&1•CJsCOL1-0..1510E11 
 S14..•5•C•0•1C::SlCL  /•CL:51DE  )-C2SIDA)) 

 V.S6k7(1..G.:.L.S1Z.L/••2-GCS1Ct)•.2-0DS(041•, 
 4....C.CUS001.CLS1,2).0O35(0411 

 v=4.2.L.4 
 IN43.1/1240.PAlem) 

 ILM41-1,14C 
 IKA=N4•2 
 1Hm=m14.4 
 2J  sJ  12=1.NP 

 sum5111./.u.0 
 Z.LN7INot. 

 DU  5U  1H1=1.1mm 
 111=1H1 

 DC  tl  1..1=1.2.1Km.1 
 1ot=-1KM-1.1K1 

 DU  t4  101=1.2.10m., 

 11=-104-1.1L1 
 M....200:41(1H/..4.511.FL0A1(1.0..2.522.FLJAT11L1..4..555 
 5.4.1.4711..10/.52..,.c./.00A1(10.1m1.551.2.J.FLOA71im.1K).s14 

 M.S.A1(Hcliv 

 1FIALP141.52.41 

 1F1057-ALP/52.4..4,- 
 1,41.2co.0•1AL..•s1NtA0P1•,..,..SUS44001-2.01.../407..10 
DL 
 Xl=x11P1 
 Yl.YlIPI 

 11.4(1P) 
 S1=0.0 
 DG  1=10...NS 

 GLs.FLJA711.41.1A11/-A1).1.00:411110.(111/-Y1).F0J4111L).(2(1)-21) 

 605•4.C•PA1•.05 
 AC,;5.1:0151.iLS1/1-LJA1(M11)/ 
 51=51.4(1).A0US 
 ;unaliwk 

 SU4S111./.SUM511../.51.FA1 
 Cavil:We 
 CCNT140E 
 CIATINOG 

 CONTINUE 
 DD  5V  1P=1.1.1. 

 sums(IP)=2.o.sunst1y) 
 CONTINUE

 MDSG 
 MCSG  lo0 

 MDSG  lel 
 mU5G  184 
 mCSG  1135 
 mCSG 154 

 M050  let 
 ML,Su  105 
 mCSk,  lo7 

 m216  lcf-
m050  155 

 191 
 mD5G  19c 
 `ICED  19L. 

 ML,St: 
 mCS0 
 MDSG  196

 MDSG  195 
 MDSG  200 
 MDSG  201 
 MOOG  202 

 MDSG  205 
 mDt0  204 
 M051,  .05 
 mC50  eGo 
 mUS0  ,07 
 mCSG 205 
 .1256  209 

 M050  210 
 mDSL  411 
 MDSG 212 
 MDSG  215 
 mL50 214 
 MLJSL,  215 
 mCSG 215 

 MDSG  117 
 m050  &le 
 NuSt,  cIS 
 mCSU 220 

 mDSU  .41 
 MDS0  44c 
 mC50  2.3 
 MDSG 224 

 Pint., 255 
 MDS0  2445 
 F4U51  227 
 mCSG  22b 

 m25G 
 MD50 230 

 MOOG  431 
 mCS6 232 

 MDSG  2a2 
 MDSG  234 
 MDSG  .SS 

 mCSG  1Ce 
MOSS  257 

 MDSG 235
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 1SN 
 1SN 

ISN 
 ISN 
 1SN 
 ISN

 1SN 
ISN 
 1SN 
 ISN 

ISN 
 1SN 
 1SN 
 1SN 

 ISN 
ISN 
 ISN 
ISN 
 ISN 
ISN 
 1SN 
 1SN 
ISN 

ISN 
 1SN 
 1SN 
ISN 
ISN 
 15N 
 1SN 

1SN 
 1SN 
 1SN 
 1SN 
 1SN 
 1SN 
 ISN 

 1SN 
ISN 
 1SN 
 1SN 
 1SN 
ISN

 00214 

 00215 
 00210 
00211 
 00216 

 00c14

 00220 
 CO221 
 00424 
 00223 
 OU2�4 
 cozzs 
 0044b 
 00221 
 LO22b 
00229 
 00430 
 00231 
00232 
00233 
 00434 
 L0235 
0023b 
 00237 
 00438 
 L0439 
 L0240 
 00441 
 00444 
 60243 
 00244 
 00245 
 0044b 
 LC447 
 0024d 
00249 
 00450 
 00271 
 0024 
 00253 
 00454 
 CCc5b 
 00256

 11.0 

 CO  Fl  1K1m1,2.1Km41 
 10.-1KM-141K1 

 DU  da  IL1.1.24ILm41 
 10.-1Lm-1411.1 

 me4FLCAillm/.4e.S114FLOA14:1().42.S224FLJA1111.14.245J'j 

 5•2.Conl.J4.1(18,11.)=OZ2=2.Ce..LUA1(11..1(1).531.2.j.FLOATIlmelK),S12 
 H=S6m1(M2)/V 

 ALP=2.0(1PA1om4k 
 1F(ALP)91.82.91 
 al  IF100-11LPI22.96,,ou 
 to.)  Fl.142e.0•CAL^4•SINIAL?)•e•U•COSIALP1-2.6)”../41..4411. 
 Ju  b4  17•1,111p 

 Al=4(1P) 
 Y1=Y(1P) 
 21=2(1P) 
 Sl.G.0 

  DO 
 ‘LO=FLOA7(1m).(A(11-A11=FluA7(11(.).(111)-Y1)=FLJA1(11.).(2(1)-21) 
 61.S=2.•PA106LS 
 AGJS=CJSI:LS)/FLJA1(M(1)) 
 S1=S1=4(1)..ACCS 
 85  CUtaltuJE 
 sumS(1P)=Sums1le14s1.FAI 
 Sr  G0N7114ut 

 6.  CC411mUn 
 n1  OUN71Not 
    c=4.nuc2Ot-10 

 w 

 3L.  s.7  1P=1.N., 
 SummO(1.,1=2.U.PA,ex.m•6(11-.).SuMS(1m17U 

 MIKS(1P)=2.6*(G-SC)=611P)=1P)2k 
 u1(1?)=SumMS(1P)-mlmS(IP) 
 .1=w1=4.11(1e)=FLCc7(mS/m(IP)/2 ) 

 ukkG(1P)=41(1P)mt..rel.utun 
 ULV(1(,)=Utm6(1P)/1.tu21St-11 
 umCALl1P)=Uty(1P1/4.ccn4St-C2 
 PLKC4L(11-)=  UKuAL(11,17.11P1 

 o7  UON71mut 
 mEMG=41=t=t=1.utUtiFLOA7(m2) 
 wEV=wEnGf1.t2219t-12 
 6mCCL=.C=2=-5CF=9E-U2 

 mt7ukh 
 :NO

 mDSG  2:$1, 

 MCSG  e40 
 MCSG  e41 
 MCSL  ,42 
 MCSG 

 mOSU  [44 
 MCSG  er!. 
 MOS.  240 

MCSG e47 

 mDSG 
 MCSG  e4s 

 MCSG  eel 
 MCSG  coc 

 MOSG  203 
 MC5u  25= 
 mCSu  2>: 
 mOSG  k5e 
 MDSE  e57 

 %St,  ,:r.e 
 MCSG  2:v 
 MDSE  2bU 

MOSS  col 
 mbSU  -o2 
 MCSG  Pte 

 MCSG  cO4 
 MCSG  [tat. 
 Miabb  tob 
 mi,Se  2t7 
 MCSG  i6. 

MOSS  eeS 

 MDSE  .70 
 m:SG  271 
 MCSG  212 

MOSS  .1e 
 mus,  4.14 
 mCSu  27: 
 MCSG  clo 

MOSS  .71 

 MCSG  27v 
 SO!, 

MOSS  .17.1 

nJSL  et.

PALL
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 NIGH ALBITE  NAALSI3U6  7000  SAB  HYDRO  10000  40DAYS  L80.5A898.34441.2

 24C  I843REF  RI  •.118  RI/^  ^.18  FROM  PREWITTAT  AL.119761  AM.mIN.P1213

 00 LATTICE  PARAMETERS  04 
 A.  4.15310  B.  12.86940  C. 7.10700  AL. 93.52106  6E•  116.46799  64•  90.th700

^ ahulus OF  CHARGE  DISTRIBunow  *****  NUMBER 
 R. 0.80000

OF  MOLECULES  IN 
 •

 (0411 CELL  es

 ..  RADIUS  RAMA 

  011.

 OF  ALPHA  SU  CORRECTION 
 1.60000PAI  G.

 FACTOR OF 
 0.7428611

 S1LF-EmEA6  CoAREC710N  FACTOM  OF  SUMMATION 

 6.  0.0031.311

^ NUMBER OF  uNEOulvALENT 
 I. 13

 ATOMS•0•00NUMBEM OF  GENERAL 
 NS.

 POSITIONS  •• 

  •

• ATOMS.  muLTIRL1C1TY•••CHARGE  ATOMIC
NA 
 710 

 720 

 TtM 
 DAI 

 OAL 
 ONO 
 06M 

 UCU 
 OCM 
000 
 008

1.00000 
 3.75000 
 3.75000 
 3.75000 
 3.15000 
 -2.00000 

 -2 .00000 
-2.00000 
-2.00000 

 -2.00000 
-2.00000 
-2.00000 
 -2.00000

( 
I 

( 

1 
( 
I 
I 
( 
I 

(

 CO-LADINAILS

 0.27370 
 0.00900 
 0.00460 . 

 0.69020  . 
 0.68694 

 0.90559  . 

 0.59166 
0.82120 
 0.81849  . 

 0.01629  . 
 0.02130 

 0.19590 
 0.18850  .

 1 111.'1.2) 

 0.00730 
 0.16500 
 0.81450 
 0.10790 
 0.87760 

0.13510 
 0.99070 
0.10840 
 0.84700 

0.29020 
0.68730 
 0.11239 
0.86750

• 

• 

• 

• 

• 

O 

• 

• 

• 

• 

• 

• 

•

 u.1324U 
 U.21460 
 0.22YOU 
 0.32u20 

 0.35350 
 0.915•50 
 0.27,330 
0.19900 
 0.24550 

 0.2/700 
 0.21600 
 5.36760 
 0.42660

) 

 ) 

) 
) 
) 

) 

) 
) 
) 

)

^ ELECIROSIATIC
CRYSTAL 

NA 

110 
 01M 

120 
 12m 

 UAL 
 080 
 OBM 

 OCO 
 0CM 
000 
 am

 IC  ENERGIES OF CRYSTAL 
 wERG.  -0.941366981  -09 

 uERG.,  -0.215578671  -10 
 UERG^  -0.26774316E-09 

 UERG.-0.273182148  -09 

 UERG.,  -0.27262992E-09 
 -0.270659491  -09 

 uERG..  -0.921094458  -10 
 uERG.  -0.904032271  -10 
 UER6.  -0.955395211  -10 
 ULM...  -0.97044900k  -10 
 UERo.  -0.955146741  -10 

 UERG^-0.936610796  -10 
 u1k6.  -0.961976191  -10 
 u110..  -0.964914401  -10

 ANU U  A1088  .. 
 v1%1•-0.581308596403 

 018.-0.134552521.02 
 0E9.-0.167110761.03 
 uEV.-0.170505481.03 

 UEV.-0.170160811.03 
 0E9.-0.168930981.03 
 0E9.-0.574897161.02 
 0E9.-0.564247896.02 
 UE9.-0.596305851.02 
 uEV•-0.60570160E.02 

 UEV.-0.596152041.02 
 U1 v--0.584581606.02 

 0144-0.600413361.02 
 uEV•-0.602247161.0e

 wRCAL•-0.1339811671.05 

 0K CAL.-0.310136721.03 
 LAC-AL.-0.3851131868.04 

 uKCAL•-0.393006491.04 
 0RCAL•-0.392212061.04 
 uKCAL.-0.38931737E.04 
 UKCAL•-0.132510891.04 
 UKCAL•-0.130056271.04 

 UKCAL•-0.137445481.04 
 uKCAL•-0.139611101.04 
 uKCAL•-0.137410031.04 
 UKCAL.-0.134743091.04 
 uKCAL.-0.138392241.04 
 uRCAL•-0.138814926.04

 PuRCAL.  -0.31013672E4.0a 
 PURCAL.-0.10271516E+04 

 PuRCAL.  -0.1048017E6.04 
 P(RGAL.-0.104589872.04 

 PuRCAL.  -0.103833961.04 
 PuRCAL• 0.662554441.03 

 PUKCAL•  0.65028E258.03 
 PURCAL.  0.687227298.03 
 PuRCAL•  0.698055661.03 
 PURCAL.  0.68705005E4,03 

PURCAL.  0.6737E5336.03 

 PURCAL.  0.691961161.03 
 PURCAL•  0.694074461.03

• SIGMA 
 SA.

 OF LATTICE 
 0.00040

PARAMETER  .4. 
 58. 0.00060  SC. 0.00040 SAL.  0.00400  566•  6.00300        0.00300

•• ATOMS  .4 
NA 
 T1C) 
 TIM 

120 
 12M 
DAI 
 UA2 
080 
 OEM 

 OCO 
 OCM 
000 
 00m

 SIGMA OF  (X.Y.L)
0.00030 
 0.00010 
 0.00010 
 0.00010 
0.00010 
0.00040 
0.00030 
0.00040 
0.00040 

 0.00030 
 0.00030 
0.00030 
0.00030

 0.00030 
 0.00010 
 0.00010 
 0.00010 
0.00010 
0.00020 
 0.00020 

0.00020 
 0.00026 

0.00020 
0.00020 
0.00020 
 0.00020

0.00050) 
0.00010) 
 0.000101 
 0.000101 
 0.000101 
 0.000401 
 0.000401 

 0.000401 
0.00040) 

 0.000401 
 0.000401 
0.00040) 
0.00040)

SIGMA OF  1.5 
 0*151  AL 

NA 
110 

TIM 
120 
 leM 
 OAI 
 DA2 
 OBO 

 0304 
 OCO 
 °Cm 
 DUO 
 00m

 E.S.ENERGY ERGY OF 
 SwERG• 

 SUERG. 
 S0146• 
 SuERG• 

 SUE46• 
 SUERG. 
 SUERG. 
 SutRG• 
 SUERG. 

 SUERG^ 
 WERE.. 
 SuERG. 
 SuE4(.. 
 SuER6.

CRYSTAL  AND 
 0.47577524E-12 

 0.77005514E-13 
 0.60975140E-12 

 0.97684534E-12 
 0.61283400E-12 
 0.83304625E-12 
 0.34921496E-12 
 0.16577137E-12 

 0.20100132E-12 
 0.24212067E-12 
 0.22051680E-12 
 0.19973481E-12 
 0.24058441E-12 
 0.32246292E-12

 ATOMS  IS 
 swEV. 

 NUEV• 
 SUEV. 

Sucv• 
 SUEV. 
 SLAV. 
 SUEV. 
SuEv. 
 SUER. 

SUEV. 
SU8V. 
SuEV• 
 SUEV. 
SUEV.

0.296953061.00 
 0.48062667E-01 

 0.360573751.06 
 0.60969381/.00 
 0.382497731.06 
 0.519942281.00 
 0.217961011.00 
 0.10346550E400 

 0.125454131.00 
 0.151118581.00 
 0.137634632.00 
 0.12466359t.00 
 0.150159728.00 
 0.201263841.00

 SWKCAL• 

SuKCL• 
SUKCL. 
 SuKCL• 
SuRCL• 
SUKCL• 
 SURGE. 
SuRCL• 

SUKLL• 
SUKCL• 
 SURCL• 
 SuKCL• 
SuRLL• 
SuKCL.

 0.684461782.01 
 0.110701961.01 

 0.8772031111.01 
 0.14053E361.02 
 0.681637866.01 
 0.119644061.02 
0.502389056.01 
 0.238482671.01 

 0.1E19165441.u' 
 0.346320671.01 
 0.31724081E401 
 0.287343221.01 
 0.346110731.61 
 0.46390295E4.01

 SPUKC•  0.110781961.01 

 SPUKL•  0.23392076E.01 
 SPUKC•  0.374150231.01 

SPUKC.  0.235103421.01 
 SPUKC•  0.31958408E•:IL 
 SFUKC•-0.25119448E.01 

 SPuKC.  -0.119241331.01 

 SPUKC•-0.144582651.01 
 SPURC•-0.174160291.01 
 SPuKC•-0.1511620361.01 
 SPuKC.  -0.14367E611.01 

 SPUKC•-0.17305527E.01 
 SPURG•-0.23195E431.01
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Appendix 3. The final observed 

factors of Co2SiO4

 and calculated 

olivine.

structure
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