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Abstract

A general formula for olivine-type compounds is (Ml)(M2)TOa, where Ml and M2
represent octahedrally coordinated cations and T is the cation tetrahedrally coordinated by
oxygen. Using 52 natural and synthetic olivines with known crystal structures, with Ml and
M2 variously Li, Na, Mg, Al, Ca, Sc, Cr, Mn, Fe, Co, Ni, Zn, Ga, Y, Cd, Sm, Gd, and Lu,
and with T : Be, B, Si, P, Ge, or (Si*Ge1-), we have quantified and analyzed the
relationships among lattice parameters, effective ionic radii (ry1,ry2,r.r) and charge on the
cations (er,ar,gr,azi gr : 8.0 - grrlr - qy) using multiple linear regression techniques. Of the
regression equations listed below, only that for the a cell dimension was significantly
improved (to R2 = 0.99) by the inclusion of q terms (see text).

a :1.096 ry1 + 0.330 ry2 * 1.105ry + 3.419 A; Rt = 0.970
b =0.662 ry1 * 3.305 ry2 + 0.982ry + 7.Ml A; Rt = 0.990
c :1.045 ry1 + 1.623 ry2 + 0.651ry + 3.859 A; R2 = 0.991
V :142.7 16 * 197.7 ry12+ 147.9r"1+ 4.703 At; Rt :0.997

Similar and more precise sets of equations were calculated separately for silicate,
phosphate and beryllate olivines. The utility of these equations for predicting whether a
particular structure has an ordered, disordered or antiordered (large cation in Ml)
distribution of octahedral cations has been successfully tested, especially in cases where
lrr',ar - rrrazl > 0.14, and a technique is suggested for predicting both the bulk composition
and the cation distribution using only the a and b cell dimensions.

Introduction cations in various proportions as major constitu-
ents. Brown (1970, 1980) has studied the crystal

Alargenumberof compoundscrystallizewiththe chemistry of the natural silicate olivines in great
olivine structure, variously symbolized MzT& or detail. We will incorporate some of his results in
AzB&, where M (: A) represents octahedrally this investigation, as well as those for several
coordinated cations, T (: B) represents tetrahedral- nonsilicate minerals with the olivine structure:
ly coordinated cations, and X represents the four- chrysoberyl (AlzBeOr), sinhalite (AlMgBOa) and
coordinated anions, which usually are oxygen but rare phosphates with charge-balancing combina-
also may be fluorine, sulfur or selenium. tions of (Na,Li)r+ and (Mg,Fe,Mn)t* as the princi-

In nature, by far the most important rock-forming pal octahedral cations. Adding to our data base are
olivines are members of the forsterite-fayalite se- a great many MzTOa compounds (with T : Be, B,
ries, (Mg,Fe)zSiO+, which often contain minor Si, P, S, Cl, Ge, As, Se) which have been synthe-
amounts of other divalent substituents, notably Ca, sized (c/. Ganguli, 1977).
Mn, and Zn, with occasional traces of Ni. Other We have selected a variety of both synthetic and
natural silicate olivines contain these same divalent natural beryllates, borates, silicates, phosphates,
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gennanates, and germano-silicates for our study, in
which we attempt to quantify by multiple linear
regression analysis the relationships among lattice
parameters, the mean radii of cations occupying the
tetrahedral site (T) and the two distinct octahedral
sites (Ml and M2), and the formal charges of the
cations in these sites. The usefulness of this proce-
dure has been demonstrated in studies of C2lc
pyroxenes (Ribbe and Prunier, 1977), silicate gar-
nets (Novak and Gibbs, 1971), and compounds with
the spinel structure (Hill et al., 1979). Significant
results for olivines are interpreted in structural
terms and are used for prediction of composition
and ordering in other compounds with the olivine
structure. Ganguli's (1977) attempts to do this,
consisting of simple plots of a, b, and c yr. mean
radii of the Ml and M2 octahedral cations for
silicate and germanate olivines, resulted in some
misleading conclusions.

Description of the olivine structure

M2TX4 compounds crystallizing with the olivine
structure are characterized by hexagonal closest
packed arrays of X anions in which one-half of the
octahedral interstices are occupied by M cations,
and one-eighth of the tetrahedral interstices are
occupied by T cations. The idealized polyhedral
drawings ofSung and Burns (1978) show the corner-
and edge-sharing octahedra and tetrahedra in the
olivine structure (Fig. 1, and see Fig. I in Brown's
(1980) review). Conventionally, the major structural
features have been considered to be the zigzag
chains of occupied Ml and M2 octahedra, parallel
to c, which are cross-linked to other such parallel
chains in the (100) plane by corner-sharing T tetra-
hedra (Fig. la). When certain empty tetrahedral
sites (the "leer" tetrahedra of Hanke (1965), desig-
nated L after Sung and Burns (1978)) are consid-
ered, a series of I-T chains oriented parallel to a
(Kamb, 1968) become evident in Figures lb and lc.
Then one may call attention to other structural units
such as the MI-T,L slabs oriented parallel to (010)
(Fig. lb), and the linkage of these slabs by M2
octahedra in the (001) plane (Fig. 1c). The M2
octahedra accomplish the linkage through edge
sharing with two Ml octahedra and one tetrahedron
in one slab, and corner sharing with three tetrahe-
dra in the adjacent MI-T,L slab (Fig. la,c).

Predicted lattice parameter variations

Since this study is concerned only with O-bearing
olivines, the first-order effects on the cell dimen-

sions of these olivine-type compounds will be limit-
ed to the effective radii of the cations and their
electrostatic interactions.

Size effects of cation substitutions. With refer-
ence to Figures la and lc, one might expect the a
cell dimension to be directly affected by variations
in the radii, ry1 &nd rr, of the Ml and T cations. The
b dimension should be sensitive primarily to the
mean effective radius, ry2, of the cations occupying
M2 octahedra (Figs. la and lc) whereas the c
dimension, which is parallel to the edge-shar-
ing -M1-M1-M1- spine of the zigzag octahedral
chain (Fig. la) presumably would be most affected
by the mean radius of the cations occupying the Ml
octahedra. Since there is, in effect, an additional
"chain" of corner-sharing M2 and T polyhedra
parallel to c, one must not underestimate the com-
bined efects of ry2 and 11 on the c-dimension. Unit
cell volume will be a function of the mean effective
radii of all constituent cations.

Effects offormal charges of M and T cations . The
effects of cation+ation repulsion on bond angles
and interatomic distances have been systematically
studied for M2* olivines (Brown, 1970, 1980, p. 316)
and the related, homologous series of humite miner-
als (Ribbe, 1980, p. 248) in terms of Pauling's (1929)
third rule. However, the effects of inter-cation
repulsions on lattice parameters have not been

Fig. l. Polyhedral drawings of the olivine structure. (a) ho-
jection down the a axis showing edge-sharing between the Ml and
M2 octahedra in the Ml-M2 zigzag chain running parallel to c, and
corner sharing between the M2 and T sites. T = occupied
tetrahedron; L : "leer" or unoccupied tetrahedron. (b) This
projection down the b axis shows the framework of Ml and T and
L tetrahedral sites parallel to (010), referred to as MI-T,L slabs in
the text. (c) The c axis projection clearly shows, along with (a),
how the MI-T,L slabs parallel to (010) are linked together by the
M2 octahedra. From Sung and Burns (1978, FU. 5, p. lE4); used by
permission of Springer-Verlag.
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investigated, and with good reason. The "size"
(effective ionic radius) of a cation is largely gov-
erned by its outer electron configuration so that
cation size and charge are intimately linked: to
attempt to difierentiate their effects on unit cell
dimensions is dfficult without the use of multiple
regression techniques. Some effect of charge inter-
action on the a and c lattice parameters might be
expected, because (i) ttre Ml . . . T distance is the
shortest of the interaction distances, (ii) there are
twice as many short Ml .. . T repulsion terms in
olivines because the Ml octahedron shares twice as
many edges with T tetrahedra as the M2 octahedron
does, and (iii) the major components of the
Ml . . . T repulsions are in the (010) plane (see Fig.
lb).

We shall discover that for the known cation
distributions in olivines, (Table l), the contribution
of formal charge terms in multiple regression equa-
tions is in fact relatively inconsequential. However,
the efrects ofcharge cannot be ignored in rationaliz-
ing the cation distributions (ordering schemes)
themselves, as Ganguli (1977) and others have
discussed (c/. Alberti and Yezzalini, l97E). Of
course, the ordering schemes have considerable
influence on the lattice parameters, and for that
reason we review the principles governing them in
somewhat broader terms than Brown (1980, p.
334f.) who considered only the Ml2+M22+ silicates,
and in somewhat different terms thiin Ganguli (1977,
p. 310f.), whose summary requires revision.

Rationalizations of cation ordering in Ml,M2
octahedra

In addition to those mentioned in (i-iii) above,
there are several observations basic to an under-
standing of (M1XM2)TOa compounds with the oliv-
ine structure.

(1) Except for traces of Tia*, Ct'+ and Fe3*
(Shinno, 1981) in y11z+p122+ natural olivines
(Smith, 1966), there is no evidence that cations of
different formal valences mix on a given octahedral
site (see Table I and cf. Tables 5 and ,{3 in Brown
(1980); Alberti and Yezzalini (1978) came to the
same conclusion based on Madelung energy calcu-
lations).

In olivines containing only one species and oxida-
tion state of cation in both octahedral sites (e.g.,
Mg2SiOa, AlzBeO+), the Ml site is inherently 0.03-
0.05A smaller than the M2 site, using mean M-O
bond lengths as a gauge of "size." The Ml octahe-
dron is also slightly more distorted than M2, even at

high temperatures. The size and distortion differ-
ences arise from the fact that the Ml octahedron
has twice as many shared edges as M2. Thus, in
general:

(2a) If valences and electronegativities are alike,
smaller cations "prefer" Ml, larger cations "pre-
fer" M2. (2b) If cation sizes and valences are alike,
the more electronegative element will prefer the
smaller Ml octahedron because it permits a greater
degree of covalent bonding (e.g.,Zn2+ over Mgz*-
Ghose et al., 1975). (2c\ If sizes and valences are
alike, the transition metal cations, Cr3*, Fe2*,
Co2*, and Ni2* prefer the smaller and more distort-
ed Ml site because in it they gain crystal field
stabilization energy (CFSE) relative to M2.

The following is a restatement of conclusions (iF
(iii) from the previous section, in the terms of
Moore (1972, p. 1340).

(3) "For cations of different charge but smaller
crystal radius in an identical anionic matrix, the
high-charged cation will favor the site with the
minimum overall nearest neighbor cation-cation
repulsion." In other words, in NaMnPOa (natro-
phyllite), the large Nar+ cation "prefers" Ml, the
smaller but more highly charged Mn2* "prefers"
M2, and this compound is completely antiordered
(which means that the larger cation is entirely
concentrated in Ml), in accord with principle (1)
above.l

The well-documented crystal chemical principles
presented in (2a,b,c) and (3) "compete" with one
another in the sense that is illustrated in the (Mg,
Fe)2SiOa solid solution series. cFsE causes Fe2* to
"prefer" M1, but its slightly larger size causes it to
prefer M2. Crystallization and annealing conditions
for synthetic compounds and overall paragenesis
for natural olivines are important, too. For exam-
ple, many Mg,Fe olivines are disordered, in a few
Fe2+ prefers M2 (Wenk and Raymond, 1973)
though most contain more Fe2* in Ml than in M2
(up to 20Vo more in a lunar sample-Virgo and
Hafner,1972\.

The purpose of this paper and a following paper is
not only to develop a quantitative understanding of
the variation of lattice parameters of olivine-type
compounds as a function of cation size and charge,

rMoore's principle is violated in sinhalite, AIMgBO+ (Fang and
Newnham, 1965): the smaller, more highly charged Al3* 1r =
0.5354) is in the smaller Ml site and Mg2* (r = 0.724) is in the
M2 site consonant with the greater covalence of Al. Since there
are equal numbers of divalent and trivalent cations, sinhalite is
completely ordered (c/. principle l).
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Table l Octahedral cation distributions in Ml and M2 sites, mean cation radii r1,ay and ry2, formal charges 9rn1 and grraz, and
lattice parameters of silicate, germanate, beryllate, phosphate, borate, and germanosilicate olivines whose crystal structures have

been refined. References are listed at the end of this table. Units in A, except volume (43) anO q (e.s.u.).

Ref. 0{f) .}O qlo il2

t67

qu2,w

1 (Nl)

2 (Nl .77! ts.23)

3 (us)

t (t8.732n.27)

5 Grs.ElFe. l9)

6 ots)

7 (b.ttw-n)
5 (l{e.rrre.rr)
8 (co)

6 (Hs)

9 (Lr)

: (re. 
seMg. eoh. oe)

4 (us.72lh.28)

10 (uS.gZMn.O8)

1l (Fe)

5 (!{s. 
,rFe.,r)

12 (h.r ,gMs.ssz. . lgF. .o4)

L2 (Fe. t5!h.r t l8.95)

10 ( lb. , rMe., r )

13 (th)

6 (Ms)

14 (L1)

6 (us)

15 (ltg)

r  ( t te.93Fe.ot)

16 (co)

L7 (Fe)

L2 (F".8sc". r5)

1 (h.g5Mg.rozo.05)

18 (Mn)

19 (ca)

14 (l{a)

13 (Me)

13 (h)

L4 (L1)

30 (Ms)

13 (cd)

31 (ca)

33 (Me)

33 (co)

33 (Fe)

34 (zn)

14 (Na)

14 (Na)

14 (Na)

14 (Ne)

0.690 2

,697 2

.720 2

.725 2

,731  2

.720 Z

.738  2

.739 2

.745  2

.720 2

.760 I

. 762  2

.751  2

.729 2

.780  2

.737 2

.773  2

.792 Z

.811 2

.830  2

.720 2

.760  I

.720 2

.720  2

,745  2

.780  2

.8 r3  2

.815  2

.830 2

1 .000  2

1 .020  1

0 .720  2

.830 2

.760 I

.720 2

.950  2

1 ,000  z

.7E0  2

.740  2

1 .020  1

1 .020  1

1 .020  I

I . 020  1

SILICATES (rT . 0.260)

N l  0 .690 2  4 .726 10 .118 5 .913 282.8

N1.Z6Mg.7a ,1LZ 2  4 .740 10 .170 5 .940 286.3

t{s .72O 2 4,756 LO.ZO7 5.980 290.3

B.8azo, l6  .723 2  4 .774 LO.234 5 .997 293.0

HE.e :F . . t7  .730 2  4 .77L 10 .274 6 .011 294.6

&.g te .og  .145 2  4 .76 !  10 .250 6 .002 292.9

u8.63Co.37 .729 2  4 .775 10 .259 5 .996 293.7

!8 ,21F. .29  .737 2  4 .785 10 .298 6 .028 297.0

co ,745 2  4 .79L 10 .300 6 .004 295.5

ue,g2C. . t8  .77O 2  4 .769 10 .318 6 .035 297.0

sc  .745 3  4 .819 10 .436 5 .969 3Oo.O

F" .54Mg.39h.07  .760 2  4 .798 10 .387 6 .055 301.9

h .OOHB. ta  .793 2  4 ,8LL L0 .42L 6 .116 306.6

h .  ggMg.  ' '  .816  2  4 .794 10 ,491 6 .L23 307 .9

Fe .780 2  4 .818 L0 .470 6 .086 307,0

ug.ZrF . ,Zg  .737 2  4 .775 10 .280 6 .016 295.3

h .87F. .OBZn.05 .822 2  4 .633 I0 .567 6 .L73 315.3

h .63F. .37  .8L2 2  4 .844 10 .577 6 .L46 3L4.9

! {E  ,830 2  4 .879 10 .5E9 6 .234 3ZZ.L

r,h .830 2 4.90L 10,598 6.257 325.0

c . .Zg4.ZZ .938 Z  4 .8L4 10 .913 6 .292 330.6

Y .900 3  4 .96  10 .58  6 .29  333.2

C" .89MB.U .969 2  4 .A18 11 .007 6 .333 335.8

Ce 1 .000 2  4 .822 11 .108 6 .382 34 I .8

ca  r .000 2  4 .825 11 .111 6 .383 342.2

ca 1 .000 2  4 .827 11 .12  6 .422 344.7

ca 1 .000 2  4 .9LO LL.L26 6 .457 352.7

C. .98F" .02  .995 2  4 .892 11 .180 6 .469 353.8

C " . 9 8 h . 0 2  . 9 9 7  2  4 . 9 L 3  1 1 . 1 5 1  6 . 4 8 8  3 5 5 , 4

Ca 1 .000 2  4 .944 11 ,19  6 .529 36L.2

ca 1 .000 ?  5 .078 LL .225 6 .760 3E5.3

Lu .851 3  5 .09  11 .00  5 .33  354.4  *

GERIIANAITS (r- - 0.390)

0.720 2 4.9L3 10.304 6.032 305.4

.830  2  5 .04  10 .70  6 .26  337 .6

.900 3 5.0E 11.05 6.30 353.6

1 .000  2  4 .93  11 .18  6 .58  362 .7

.950 2 5.200 11,147 6.572 3E0,9

1.000 2 5,240 11.400 6.790 405.6

.830 2 4.982 10.559 6.181 325.2 *

.830 2 4 .99L 10.  649 6 .195 329 .3 *

. 830  2  5 .010  10 .641  6 .210  331 .1  *

. 830  2  5 .03  10 .76  6 .30  341 .0  *

.900 3 5.17 LL.28 6.42 374.4 t

.861 3 5.20 Lt .22 6.32 368.7 *

.938 1 5.25 rL.49 6.50 392.L t

. 958  3  5 .28  11 .53  6 .55  39E .8  *

Mg

Mn

Y

Ca

cd

Ca

Mn

MB

r,h

Y

Gd

So
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Table l. (continued)

Ref. (ur) t!0. ta qil2tl,t2qro

26 (A1)

27 ( [ .g5F".0:)

27 ( [ .9oF 
.oc)

27 (A:1.91Fe.09)

27 ( [ .g l r " .OZ)

28 (A1)

29 (cr)

28 (Ar)

28 (Ar)

20 (Lr)

20 (Lr)

20 (L1)

2L (tl)

22 (L1)

23 (L1)

24 (Na)

25 (Na)

32 (A1)

31 (Ca)

31 (ca)

31 (ca)

0 .535  3

.541 3

.539 1

,545 3

.543 3

.535 3

.615 3

.535 3

.535 3

0 .760  I

.760 I

.760 1

.760  I

.760 I

.760 1

1 .020  1

1 .020  1

1.000 2  Ce

1.000 2  Ca

1.000 2 Ca

BERYIIOIIAItsS (t, - O,ZZO)

A1

[.g5F .15
[ .60F".30

[ .49F .5: .
8.278". t3

F.

Cr

CE

Gr

9 .404  5 .476  22A .O

9.475 5,510 232.6

9.535 5.530 235.2

9.575 5.56s 237.9

9.630 5.580 240.2

9 .68  5 .51  24 t . 9

9.792 5.653 252.6

9.73 5.62 246.6 r

9.59 5.55 23E.9 r

10.03 5.85 274.6 *

10.15 5.87 275.8 i

10.20 5.92 283.8 *

10,334 6.010 29L.5

r0.359 6.O29 293.7

10.460 5.100 302.7

10.523 6.3L2 33L.2

10.832 6.494 355.6 *

PEoSPf,ATES (rT . 0.170)

Nl

MS

Co

Fe

F" .76h.24

Un

h . 9 3 F " . 0 7

cd

0.535 3

.552 3

.575  3

.59I  3

.615 3

.645 3

.61.5 3

.615 3

.620 3

0.690 2

.720 2

.745  2

,780 2

.792 2

.830 2

.827 2

.950  2

4.421

4.455

4.460

4 . 4 6 5

4 . 4 7 0

4 . 4 9

4 . 5 5 5

4 . 5 1

4 . 4 8

4 . 6 8

4 . 6 8

4 . 7 0

4 . 6 9 3

4 . 7 0 3

4.9E7

5 . 0 5 5

BoRAES (t, . O.ttO)

0.535 3 ug 0.720 2 4.335 9.874 5.671 242.7

(rr . o.ze3 6or ce.rrsi.75, 3H::tH::rt i.ro 
"o. 0.358 ror &.75sr.zs)

* Not sed ln regreaslon analysea of Table 3. These are the teat saqles plotted ln Flgure 7.

1.000 2 5.L24 11.260 6.767 390.4

1 .000  2  5 .155  11 .320  6 .778  396 .3

1.000 2 5.20L 11.362 6.7E1 400.7

18 caroR et aL. (L965) J. Phys. Cho. sollds 26, 927.
19 Czaya (1971) Acta crystallogr. 827, 848.
20 Nehhd & Redua (1965) J. AD. Cera!. Soc. 48, 547.
21 le&ubovlch et aL. (L978) Sov. PhyE, (DokL., 22, 347.
22 Fluger & Rapp (1970) Canegle Inst. l lash. Yesr Book 68, 29o.
23 Geller & Dursd (1960) Acta cristellogr. 13, 325.
24 l loore (1972) Ao. It lneral. 57, 1333.
25 Iunov et a7.. (L974) Sov. Phy8. Crysta1logr, p, 96.
26 trerrell et aL. (L963) AD. l,ll'aeral. 3q, 804.
27 Nmhau et aL. (L964) An. l{ luerel. 49, 427.
28 cjeselng et dL. (L943, Norah. Geol. TLdaelLt. g, 92.
29 welr & vao Valkenburg (1960) J. Re8. Net. Bur. Stand. @,

103.
30 strsz & Jacob (L960) N. Jahrb, I ' l lEeral. Abh., 78.
31 Eysel & lrahn (1970) Z. Kristallogr. L3L, 322.
32 clartugbult & Hey (1952) l{Lneral. MBg. 29, 841.
33 Rlngvood e Reid (1970) J. Phys. Che!. SolldE 3]-, 27L.
34 Lyutl.a et d.L. (L974) Sov. Phye. (Dokl.) 19, 10.

RE!'ERENCES:

1 Lager & lGagher (1978) An. l l lneral. 63, 365.

Fadlies.
14 Blasae E 3rt1 (1967) J. Ircrg. Nucl. Che!. 29, 223L.
15 Onlceq (1965) lscheE@ks illneral. petroSr. ltl'rr. 10, 34.
16 Nmhu et al. (L966, J. An. Cerao. Soc. 49, 284.
17 Uyderko & Mazanek (1968) lttneral. MEg. €;955.

but also to provide a basis for predicting whether a
given olivine is ordered, disordered or antiordered.
and if disordered. to what extent.

Data acquisition and procedures

The lattice parameters, composition, and site
distribution of cations from 52 natural and synthetic

compounds with the olivine structure were collect-
ed from the literature (Table 1). Only those com-
pounds were chosen for which crystal structure
analyses and site refinements were available or in
which cations could be assigned unambiguously to
particular M-sites (e.9., Mg in Ml, Ca in M2 in
MgCaSiO+). The data set includes 31 silicates, 4
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5.OO

at
6 a.8O
(J

C'

4.60

4.40

oobs , I
Fig. 2. A plot of ao6" v€rsus asdg using equations in Table 2. The

data for the 3l silicate olivines were used in the regression analysis
but were not plotted, except for Ni2SiOa and Ca2SiOa, which have
the lowest and highest values of ao6", respectively. A dashed line
connecting these two points shows the general trend for silicate
olivines.

phosphates, 6 germanates, 7 beryllates, I borate
and 3 germano-silicates.

The parameters ry1, ry2, ?rrd rT refer to the
Shannon (1976) effective ionic radii of the atoms
occupying the Ml, M2, and T sites, respectively.
The formal charges of cations on Ml and M2 are
designated ey1 and ey2, rosp€ctively. The charge
on the T cation has not been specified in Table l,
since qy1 * quz * qr : 8. Using the SPSS (Nie et
al., 1975) multiple linear regression program, equa-
tions were calculated for a, b, c, and V; each as a
function of fy1, rM2, rT, qMr, and qy2. Results,
including standard deviations (SD), F-values, and
multiple coefficients of determination (R2), are giv-
en in Table 2. Individual data sets were obtained for
the silicate, phosphate, and beryllate olivines (Ta-
bles 3-5) in which a, b, c, and y were calculated as
a function of ry1 and ry2 only.

Analysis of the composite data set

Based on the data set in Table 1, two multiple
regression equations have been calculated for each
lattice parameter: the first of each pair listed in
Table 3 was determined withofi the formal charge
terms, ey1 and qy2; the second involves both
charge terms. Notice that for all the equations,
coefficients of determination, R2, range from 0.970
for a to 0.97 for V, indicating that nearly all of the

variation in lattice parameters can be attributed to
changes in the radii of the cations. To avoid repeti-
tion in the discussion below, it should be noted that
in all the regression analyses, all three radius terms,
rMr, rM2 &trd q, have significance levels (based on ltl
tests) greater than 99.95%. Variation of the formal
charges on the cations, however, gives statistically
significant improvement only to the a parameter, as
judged by the increased value of F (Dixon, 1973),
although ltl tests for individual qr"l and qy2 terms
are >90Vo for a, b, c, but not for volume.

The a cell dimension

Individual F values and coefficients for terms in
the regression equations for a show that it is most
highly correlated with ry1 &rd ry, as expected from
our earlier discussion of the structure (see Fig. 1).
Inclusion of the charge terms in the regression
equation for a results in notable improvement: the
overall standard deviation decreases from 0.036 to
0.022. R2 increases from 0.970 to 0.989, and F
increases from 523 to 844. The improvement in
calculated values of a is shown in Figure 2, where
the data points fall considerably closer to the 45"
line when q terms are included. Individual signifi-
cance levels for the q terms are )99.95Vo for qy1
and 97.1% for qy2, suggesting that most of the
improvement in a is due to qrnl alone. This was
confirmed in a stepwise regression analysis where,
with radius terms and eur in the equation, SD :

0.023, R2 : 0.988, and F : 969.

The b cell dimension

In contrast to a. the b cell dimension is most
highly dependent on the size of the M2 cation, as
predicted. The coefficient B is 5 to 7 times greater

940 980 IOZO 1060 l lOO l l  40
bobt ' A

Fig. 3. A plot of Do6. verslrs 0.4., using equations given in Table
2. Dashed line as in Figure 2.
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Table 2. Multiple regression data for 52 olivines (those nor marked with an asterisk in Table l). For the definition and usage of F,
see Dixon (1973). To determine ltl for any term ofthese equations, divide the regression coefficient B by its standard error, SD.*

Dependent
Varlable tM1 tlurz tT

Independent Varlables
qMl 9M2 Constant SD R 2 F

B
SD
F

B
SD

F

B
SD
F

B
SD
F

B
SD

F

B
SD
F

B
SD
F

B
SD
F

1 .096  0 .330
0 . 0 5 9  0 . 0 5 3

343 39

0 . 9 1 5  0 . 2 7 7
0 .043  0 .034

460 65

o .662  3 .305
o .o92  0 .083

52 1600

0 .468  3 .23 I
0 . 0 9 5  0 . 0 7 6

24 1785

1 .045  L .623
0 .056  0 .050

349 rO44

L .059  L .607
0 . 0 6 1  0 . 0 4 9

300 1071

r 4 2 . 7  L 9 7 . 7
4 . 5  4 . 0

1007 2399

L4 t . 4  L97 .4
5 . 4  4 . 3
698 2108

1 . 1 0 5
0 .  093

t42

1 .303  -0 .007
0 .062  0 .001

44r 80

o .982
o . t 44

45

1 . 1 9 3  - 0 . 0 0 6
0 . 1 3 8  0 . 0 0 2

74  13

0 .651
0 ,  088

))
0 . 6 3 5  0 . 0 0 2
0 . 0 8 9  0 . 0 0 1

51 3

L47  . 9
7 . O
44t

L 4 9 . 3  - 0 . 0 5 7
7 . 8  0 . 0 9 4
368  0 .4

3 .4 r9
0 . 0 3 6

8864

- 0 . 0 0 2  3 , 7 2 9
0 .001  0 .051

5  5323

7 . 0 6 1
0. 056
15633

-0 .005  7 .436
0 .002  0 ,114

5 4249

3 . 8 5 9
0 . 0 3 4
L2644

- 0 . 0 0 3  3 . 8 8 7
0 . 0 0 1  0 . 0 7 3

4 28t6

4 . 7 0 3
2 . 7 5 8

3

0 . 0 0 5  5 . 4 8 0
0 . 1 2 0  6 . 4 I 3
0 .003  1

0 .036  0 .970  523

o .022  0 .989  844

0 .055  0 .990  1566

0.050 0.992 L206

0 .034  0 ,991  L73 I

0 .032  0 .992  1193

2 ,755  0 .997  463 r

2.802 0.997 2686

For equatlons r,lith q terme the followlng olivines were found to have values
lylng outsl.de 12SD (given in parentheses for each cell parameter): Liyst,
! rT.q.zqhQ.z4P, l {gCaGe foE a ( !0.044 l . ) ;  l ryst ,  L lScSt,  NaMns-e3Fes-e7p for
b (10.100 I); CdCdce, l,tnl.tnGe,-MgGaGe for c (10.064 E); and },frrMiGi, "-
Na ! {ns .93Fe9 .g7P  f o r  V  (15 .6  A r ) .

If q terms are not consldered in the regression equations, 2SD outliers
are:  t iYSt,  LIYGe fot  a ( !O.O7Z E);  L iySl ,  L lScSi ,  Nat tnn qqFen a7p. AlFeBe
for b ( r0.1t-2 A; ;  Cdcdce,  Mgc4ce for  c ( IO,OOA [) ;  and ldu. id" ," ' " '
N{!or9gF.o.O7P for  V (15.5 AJ).  The gernanate olLvlnes are c lear ly suspecE,
wlth 502 or trDre of the total used in the regression analyses havlng 2SD
outliera for one or nore of the lattlce paraDeters.

for M2 than for Ml and 3 times greater than for T.
As seen in Table 2, the addition of charge terms to
the equation for D causes only a slight improvement
in SD and R2 but a decrease in overall F-value.
Most of the data points in Figure 3 appear to fall
closer to the 45" line when q terms are included in
the calculation of D.

The c cell dimension

Confirming our earlier estimate, the ci dimension
is found to be largely a function of ry1 and ry2.
Almost no improvement is made in the equation for
c by the inclusion of q terms, as seen in the plot of
c665 v.i. c".1. (Fig. 4), where only a few of the points
are brought appreciably closer to the 45. line.
Contrary to our tenuous prediction, c is not corre-
lated with the charge terms. In general, the radius

l-rirhor q r..n! cozsio{
l-uilh q 1.16.

va/

,i1',
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i . .,
o

5.9

35 5-? 59 6.t  o 6.3 65 6-?
Ce61 ,  A

Fig. 4. A plot of co6" Vorsus cqs16, using equations for c".1" given
in Table 2. Dashed line as in Figures 2 and 3.
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Fig. 5. A plot of Vo6. v€rsus V."1", using equations for V.u1" from
Table 2. Dashed line as in Figures 2,3 and 4.

terms so dominate all these regression analyses that
it is obvious that cation-cation repulsion effects are
largely absorbed in them.

The effects of ry2 on b and c may be summarized
for these hexagonal closest packed olivine struc-
tures in the following terms with reference to Fig-
ures la and lc: &S ry2 increases the M2 octahedron
expands between the Ml-T slabs in a direction
parallel to b, and it is an integral part of the edge-
sharing M1-M2 and corner-sharing M2-T chains
parallel to c.

The unit cell volume

As expected, the cell volume of olivine-type
structures is related to the radii of all three intersti-
tial cations, especially ry2 which has large contribu-
tions to b and c. Unlike the ordered silicate pyrox-
enes (Ribbe and Prunier, 1977), charge terms are
not significant in the multiple regression equations
for volume, being rejected at significance levels of
46Vo for ey1 and 5Vo for qy2 @ig. 5).

Table 3. Multiple regression data for phosphate olivines (N : E)

Dependent IndeDendent Varlables

Varlable 
"lO 

.1.r2 Constant SD R'

Table 4. Multiple regression data for beryllate olivines (N : 7)

Dependetrt Independent variables ,
variabl.e .!O tN2 Constenc SD R- F

360

o<
,i
E 32O

5 8 . 5
5 . 4

B
SD

B
SD

B
SD

B
SD

1 . 0 5 0  0 . 4 7 s
0.115 0 .086

a2 31

2.27 t  2 .449
0.135 0 .100

2a2 595

1.111 1 . t86
0.075 0 .055

222 459

163.5  135.8
9 , 1  6 . 8
322 402

3.616 0 ,008 0 ,975
0.069

t 7 \ t

6 .890 0 .009 0 .997
0.080

4.25L 0 ,005 0 .996
0.044

9L94

611

475

0.5r3 0,996 srr

Analysis of individual data sets

In order to obtain more precise equations for
prediction of lattice parameters, multiple regression
analyses were performed separately for the Mll*
M22*-phosphate, M13*M23+-beryllate and M12+
M22*-silicate olivines. Equations and statistics for
lattice parameters versus ry1 and ry2 of€ given in
Tables 3-5.

Phosphate olivines

As discussed below. all Lir*- and Nar+-contain-
ing phosphate olivines are predicted to have their
monovalent cations located at Ml with divalent
cations located at the M2 sites, in agreement with
all known crystal structure analyses. For this rea-
son we have taken the liberty of combining the four
phosphates whose structures are not known (* in
Table 1) together with the four structurally refined
samples and carrying out regression analyses of cell
parameters versus ry1 and ry2. Results are given in
Table 3. The R2 values are >0.99 and standard
deviations are less than approximately 0.3Vo of the
lattice parameters. The values of SD : 0.845A3 and
R2 : 0.999 for the unit cell volume are outstanding.

Table 5. Multiple regtression data for silicate olivines (N = 29)

Dependent Independent Varlable

Vartable rlfl .t12 Constent SD R- F

SD

B
SD

B
SD

I

B
SD

1.008 0 .457
0.059 0 ,088

290 27

0.202 2 .464
0.102 0 . t52

4 353

0 , 8 2 2  L . 7 5 2
0.09r  0 .136

82 166

1 1 5 . 1  2 0 r . 3
4 . 0  5 . 9
850 1169

3 . 5 8 7
o.o47
5751

0 . 0 1 3  0 . 9 9 5  4 9 5 0.932 0 .236
0.035 0 ,020

o)v  t ) )

0,505 3 .27r
0 .089 0 .046

33 4833

L.23L L .4a4
0.068 0 .035

330 7162

t49 .4  187.6
5 . 7  3 . 0
615 3915

3.918 0 .010 0 ,982
0.025
24655

7,535 0 .025 0 .996
0.061
rs320

4,010 0 ,0r9  0 .993
0.047

7406

7.927 0 .022 0 .995
0.082
9410

4 . 0 0 8  0 . 0 I 9  0 . 9 9 5
0.073

3033

46.8
4 . 0
t40

E
SD

B
SD

F

SD
P

SD3 . 2
224

0 . 8 4 5  0 . 9 9 9  3 8 6 3 1.543 0 .991 3806
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Fig. 6. A plot of observed values of the a cell dimension versus

values of a calculated from the regression equation in terms of ry I
and ry2 (ower right) for the divalent silicate olivines. Labeled
points are those outside the +2SD limits. Ordered MCa olivines are
bounded by the rectangle. The highest point is 7Ca2SiOa.

These results appear to confirm the validity of an
ordered model with Mr+ on Ml, regardless of the
size of M2*, at least for the size difference (ry,* -
ryu*) observed so far (which ranges from 0.07 to
-0.074 for Mr* : Li and from 0.19 to -0.07A for
Mr+ : Na). The rationalization for this is based on
Pauling's (1929) third rule and follows similar argu-
ments made by Blasse and Bril (1967) and Moore
(1972): c/. principle (3) above. Summarizing briefly,
the higher degree of edge sharing, and the short
Ml ' ' ' T distance in the Ml-T slabs of the olivine
structure (Fig. 1) are expected to lead to increased
cationic repulsion and relative destabilization if the
more highly charged of two octahedral cations
occupies the Ml site. The comparatively open
space between the Ml-T slabs allows the M2 site to
effectively handle highly charged cations. The one
obvious exception, sinhalite, AlMlMtt"tzgOa, is dis-
cussed in Footnote I above.

Beryllate olivines

Regression data for seven beryllate olivines are
presented in Table 4. The R2 values indicate that
97.5,99.7,99.6, and 99.6% of the variation in a. b.
c, and V, respectively, can be attributed to variation
in ry1 and ry2. Standard deviations are on the order
of 0.3% for V, 0.2Vo for a, and O.lVo for b and c.
Based on these results, the equations in Table 4
should give very accurate estimates of lattice pa-

rameters for beryllate olivines if the chemistry and
ordering schemes are known or of the mean values
of ry1 &trd ry2, if the lattice parameters are accu-
rately determined.

Silicate olivines with divalent octahedral cations

Because of the paucity of accurate data for Mr+
M3+ silicate olivines, only those olivines with diva-
lent octahedral cations were included in the data
set. Values of R2 ranging from 0.982 to 0.97 and
standard deviations on the order of 0.57a or less
(Table 5) indicate that the lattice parameters of
these olivines can be adequately modelled as a
linear function ofthe radii ofthe octahedral cations.
(In plots of observed versus calculated lattice pa-
rameters (Figs. 6-9) no more than two 2SD outliers
were found in each case, and these are specifically
identified.)

An interesting feature in Figure 6 is the wide gap
between ordered MCa olivines (data points en-
closed in a rectangle) and CazSiOa (the datum in the
upper right corner). This is the result of the relative-
ly strong dependence of a on ry1 (Table 5) and the
fact that Ca in these structures is exclusively on
M2. The opposite trend is shown in Figure 7 for the
b cell edge, because b is strongly dependent or 1142,
and one Ca atom in all of the MCa olivines (includ-
ing CaCaSiO4, of course) is located in M2. These
observations explain why the ordered MCa olivines
have relatively low values of a and high values of b
as noticed by Ganguli (1977, his Figs. I and 2).
Although c and V are slightly more dependent on
ry2 than ry1, the effect is not great enough to

DIVALENT SILICATE OLIVINES
N  =  2 9 ,  R 2 .  o  9 9 5
qld = O.o25 I

O Two doto point.

,/x
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b = O 5 O 5 r  M r  +  3  2 l l r  M a  +  ?  5 3 5

t o z  t 0 4  1 0 6  t o 8  i l o  | , 2
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Fig. 7. A plot of bo6. versus b.,1" for the divalent silicate olivines.
See legend of Figure 6 for other details.
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Fig. 8. A plot of co6. v€rSUS c""1. for the divalent silicate olivines.

See legend of Figure 6 for other details.

completely shift the field of ordered MCa olivines
toward CazSiO+ in Figures 8 and 9.

hedictions of ordering

Because the unit cell volume is insensitive to
charge effects, we have used the equation for vol-
ume without q terms (Table 1) in an attempt to
calculate the state of cation order. disorder or
antiorder of the several synthetic olivines which
were not used in the regression analyses (marked *

in Table 1). This is shown in Figure 10.
Recall that an ordered distribution of cations in

olivine is defined as one in which the larger cation is
entirely in M2 (principle 2a) and an antiordered
distribution is defined as one in which the larger
cation is in the Ml site (principle 3), regardless of
the formal charges of the cations. Unfortunately,
the questioned accuracy of some of the published
lattice parameters (especially those for germanate
olivines-see Footnote to Table 2), somewhat
clouds the conclusions that can be drawn.

Germanates

Of the four germanate olivines with divalent
cations, MgMnGeOa, CoMnGeO4, &rd FeMnGeOr
have V"4" values lying closer to their observed
volumes when a disordered model is used (see Fig.
l0 and cf. Table l). Comparing these predictions
with observations of silicate olivines, a synthetic
crystal of Mg1.s6Mno.e4sio4 was found to be partial-

ly ordered with Mg.zzMn.4 in Ml and Mg.3aMn.66 in
M2 (Ghose and Weidner,1974) and a metamorphic
specimen of nearly the same composition-
Mg1.e3Mn.e6(Ca,Fe).or SiOa-was found to be highly
ordered with Mg.e2Mn.6 in Ml and Mg.11Mn.se in
M2 (Francis and Ribbe, 1980). Clearly the degree of
Mn[\,Ig order is dependent on the thermal history of
these compounds, and certain quenched synthetic
specimens may be expected to approach complete
disorder be they silicate or germanate olivines.

As a check on the site occupancy of synthetic
MgMnGeOa, an ab plot similar to that of Figure I I
was drawn for the Mg2GeOa-Mn2GeOa system, and
it was found to be only slightly ordered (approxi-
mately Mg.6Mn.a in Ml), in close agreement with
the estimate of disorder from Figure 10.

Brown (1970) found that a natural knebelite of
composition Fe 1.s3Mn6.e2Mgo.osSioa is partially or-
dered with Fe.66Mn.2eMg.os in Ml and Fe.37Mn.63 in
M2. In view of this and the relatively small size
diference of 0.05A between Fe and Mn, the pre-
dicted disordered arrangement seems reasonable
for a synthetic germanate of composition
FeMnGeOa.

The prediction of an ordered distribution in
ZnMnGeO+ (Fig. 10) is in agreement with the crystal
structure determination for this sample (Lyutin el
al.,1974). This is consistent with the structure of a
natural Mn-Mg-Zn silicate olivine (Brown, 1970)
which Francis and Ribbe (1980) reinterpreted to be
"fully" ordered with Mn in M2 and Mg.3a
Mn.3sZn.23Fe.13 in Ml. However, it is peculiar that
the unit cell volume of ZnMnGeO+ is 12A3 hrger
than that of CoMnGeOr (Table 1) when the difrer-

DIVALEttT SILICATE OLIVINES
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Fig. 9. A plot of Vo6" versus V"o1" for the divalent
olivines. See legend of Figure 6 for other details.
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Fig. 10. A plot of the observed volume, Vo6", versus that
calculated from the equation for V in Table 2 which does not
involve q terms. Values for ordered, disordered and/or antiordered
distributions of the octahedral cations (see keys) are shown for the
compounds whose site occupancies were uncertain, as indicated bv
an asterisk * in the last column of Table l.

ence in effective ionic radius between six-coordinat-
ed Zn and Co is only 0.0054. No explanation for
this phenomenon is immediately obvious.

Antiordere d phosphat e s, silicat e s and germanate s
Using Figure 10, the Mr+M2+ phosphates and

141+143+ silicate and germanate olivines with ryr* )
r14z+,r1,1:+ are predicted to be antiordered. This pre-
diction is borne out by crystal structure refinements
of LiScSiOa (Steele et al.,1978), NaCdPOa Qvanov
et al., 197 4), and NaMn.e3Fe.67POa (Moore, 1972),
in all of which the larger monovalent cations are
found to be on the Ml site. Kharakh et al. (1971)
obtained the same result for NaSmGeOa, which is
slightly below the 45" line in our Figure 10. Addi-
tional evidence for antiordering was provided by
Blasse and Bril (1967), who measured the spectral
energy distribution of Eu3*-doped rare earth ger-
manates and silicates similar to those plotted in
Figure 10 and concluded that Eu3+ cations (and
therefore other REE3+ atoms) are located on the
M2 site (principle l).

In view of the crystal structure refinements of
Li(Fe,Mn)POa olivines in which the smaller, mono-
valent Li is ordered in Ml (principle 2a) (Geller and
Durand, 1960; Finger and Rapp, 1970; Yakubovich
et aI., 1978), we may predict from the lower right
inset in Figure 10 that Li+, which is slightly larger
11 : 0.76A) than Co (o.74sA), ue (o.ziA) and Ni

(0.694), will be "antiordered" into Ml, in accor-
dance with principle (3).

Beryllates

We are unable to draw conclusions about order-
ing in the two beryllate olivines (upper left inset in
Fig. 10). The lattice parameters of one or both of
these samples may be in error, because the unit cell
volume of AlCrBeO4 is reported to be 8A3 hrger
than that of AlGaBeOa, although Cr3* is 0.0054
smaller than Ga3*. Principle (2) would suggest an
ordered arrangement with Al3+ (r : 0.5354) in Ml
and Ga3* (r : 0.624) in M2 in the case of
AlGaBeOa. On the other hand, principles (2) and
(2c) are competitive in the case of AlCrBeO o. Cr3*
is 0.08A larger than Al3+ but has a d3 electronic
configuration and can gain cFsE in Ml relative to
M2. By analogy with (Fe,Mg)zSiOr olivines, we
might expect AlCrBeOa to be at least partially if not
completely disordered.

The (Al,Cr)2BeOa and (Al,Fe)2BeOa olivines
studied by Newnham et al. (19&) are significant in
this respect. Al{r olivines were found to be par-
tially ordered with 60-74% (average, 68Vo) of the
Cr3* in M2. For the Al-Fe olivines, where Fe3* is
0.114 larger than Al3* and can gain no crse (d5
configuration), 76-9lVo (average, 85Vo) of the
Fe3* is located in the M2 site (see cation distribu-
tions in Table 1).

Borates

Finally, we wish to comment on ordering in
synthetic Fe3*Ni2*BOa olivine, said to be the high
pressure polymorph of the synthetic Fe3*Ni2*BOo
compound which has the warwickite structure
(Capponi et a1.,1973). Because Fe3+ (1 : 0.6454)

ur i l
Fig. I l. An ab plot constructed for the Mg,Mn silicate olivines.

Refer to the Appendix for method of construction and the text for
details of interpretation.
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and Ni2+ 1r : 0.69A) are of similar size, principles
(2c) and (3) are expected to govern the octahedral
site preference. Both cFsE (2c) and charge (3)
considerations should lead to the preference of Ni2*
for the Ml site. However, the calculated cell vol-
ume of Fe3*Ni2*BO4 mgre closely approaches the
observed value of 25l.lA3 when the larger Ni2* is
allocated to the M2 site (V"ut : 249.4A\ as op-
posed to Ml (V..r" : 246.84\.In terms of formal
valence, then, our predicted cation distribution of
Fe3* in Ml and Ni2* in M2 agrees with the crystal
structure analysis of AlMgBOn (Fang and Newn-
ham, 1965). But unlike AlMgBOa (in which princi-
ple 2a is upheld and 3 is violated), our predicted
cation distribution in Fe3*Ni2*BOa violates both
governing principles (2c,3). Only the slightly larger
size (cf. principle 2a) of the Ni2* cation lends
support to its predicted occupation of M2. Moss-
bauer studies might clarify the situation.

We note here that the cation distributions in the
borate olivines are at odds with the refinement of a
synthetic chondrodite, AlaCo(BOa)zOz (Capponi
and Marezio, 1975). Site occupancies of M(l) :
(Ale.eaCofr.f,j, M(2): Al, and M(3) : Cofr|rAlo.,,
were reported, where the M(l) and M(3) sites of this
compound are geometrically analogous to the M2
and Ml sites, respectively, in olivine.

Quantitative estimates of order and composition
using ab plots

An examination of the equations (without q
terms) in Table 2 indicates that for the a cell
dimension the regression coefficient for the ry1
term is 3.3 times greater than for the ry2 term; by
contrast, for D the coefficient for the ry2 term is 5
times greater than that for the ry1 term. In the case
of the silicates the ratios are closer to B(ry1)/B(ry2)
: 4 for a and 6 for b (Table 5). This suggests that in
binary systems with a fixed value of ry the a and b
dimensions might be used to predict quantitatively
the cation distribution in Ml and M2. Obviously, at
least one condition for such utilitv would be a
difference of -0.1A in the effective iadii of the two
octahedral cations involved.

Figure I I has been constructed (see Appendix for
details) to test this hypothesis. The cb plot is
contoured approximately in the SW-NE direction
for fractional content of Mg in the Ml site, and of
the three (Mg,Mn)zSiOa olivines whose site refine-
ments are available (open symbols), it predicts
observed contents to within 0.04 Me/@g+Mn). An
added benefit is that bulk composition is simulta-

neously determinable (NW-SE contours); predict-
ed values are within 0.03 Me/(Mg+Mn) for the six
data points plotted within the ab quadrilateral.

A later paper will develop this determinative
method for other natural and svnthetic binary sili-
cate olivines.
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Appendix

Construction of the ab plot in Figure t 1:
(l) End points for MgzSiOr and Mn2SiOa are from Nishizawa

and Matsui (1972).
(2) The midpoint between the end-members is taken to

represent disordered MgMnSiOa.
(3) Equations for divalent silicate olivines (Table 5) are used to

calculate a and b for both ordered and antiordered MgMnSiO+.
(4) The quadrilateral is contoured for composition

Mg/(Mg+Mn) at equal intervals along the line joining the Mg2
and Mn2 endpoints. Because data are found only in the
"ordered" half, the line joining the center point (representing
disordered MgMnSiOa with 0.5 Mg in Ml) to the point for
ordered MgMnSiOa (with 1.0 Mg in Ml) has been divided into
five equal segments. Thus the lower half of the quadrilateral is
contoured to predict the fraction of total Mg in Ml. Relative
position on the aD plot thus yields both the bulk composition and
degtee of ordering of samples in the system (Mg,Mn)zSiOr.


