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OLIVINE X-RAY DETERMINATIVE CURVE

H. S. YotBn, Jn., Geophysical Laboratory, Carnegie Institution
oJ Washington, Washington, D. C.

AND

Tn. G. Sanaua, Institute oJ Geology, Helsinhi, Finlond'.

Assrenct

The (130) spacing of 31 chemically analyzed natural olivines and seven synthetic
olivines has been measured. A determinative curve has been calculated from 26 of the
chemically analyzed natural olivines:

Fo (mol 7d : A$.91 - 1494.59 d'no.

The fictive end points are dlao (Fo:100):2.7659 and drao (Fo:O):2'8328. The error at-
tached to an individual measurement ranges from 3 to 4 mol per cent, depending on the
composition.

Portions of the powder r-ray diffraction patterns for synthetic forsterite and synthetic
fayalite have been indexed. The cell constants, density, and molar volumes are given'

hqrnorucrrow

The composition of members of the forsterite-fayalite series may be
estimated by measuring the indices of refraction,2V, or density in lieu
of a chemical analysis. The index of refraction and 2V determinative
curves of Poldervaart (1950, p. 1073) or Winchell and Winchell (1951'
p. 500) are usually used for this purpose. Some prefer to use the index
of refraction determinative curve of Bowen and Schairer (1935, p. 197)
based on six synthetic olivines, and still others use the 2V tables of Tom-
keieff (1939, p. 235), based on Winchell 's (1933, p.191) earlier compila-
tion. Bloss (1952, p. 974-975) gives a determinative curve based on den-
sity, using 30 measurements from the literature. It is the purpose of this
paper to present a curve for estimating the composition of members of
the forsterite-fayalite series using powder r-ray difiraction data.

Mprnot oF fNVESTTGATToN

Certain parameters in the structure of olivine vary with composition.
These variations may be studied by measuring in a powder rc-ray diffrac-
tion pattern either the absolute position of reflections or the separation of
two reflections from olivines of known composition. The absolute position

of a reflection may be determined by measuring the angular separation
between the reflection of the olivine and the reflection of an admixed
substance whose parameters are known. A plot of either of these data
against composition provides a possible means of estimating the com-
position of unknown olivines.

The measurement of the absolute position of a single reflection was

chosen on the basis of the following requirements. (1) A reflection of
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high intensity throughout the compositional range was sought for two
reasons: (a) the intensity diminishes for certain wave lengths of *-radia-
tion (e.g., Cu) with increasing iron content; (D) the amount of olivine in
an unknown sample may be small and the intensity will be proportion-
ally reduced. For a high intensity reflection, therefore, olivines need not
be carefully separated. In fact it has been found possible to obtain a
suitable r-ray pattern from a thin slab or a thin section (with cover glass
removed) of some olivine-bearing rocks. (2) The reflection must be re-
solved clearly from neighboring reflections throughout the range of
composition and should be readily distinguishable from those of com-
monly associated minerals such as plagioclase and pyroxene. (3) The
reflection should vary continuously throughout the composition range,
preferably uniformly, at a rate suitable for a precise estimate of the
composition.

The indices of the observed reflections in the low-angle region for a
synthetic forsterite and a synthetic fayalite are given in Tables I and 2,
respectively. The space group is Pbnrn (Bragg and Brown, 1926), and the
cell dimensions obtained from the powder r-rav difiraction data in Tables
1 and 2 are:
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SYnthetic forstuite
6 4.756t0.005 A
b t0. 195 i0.005 A
6 5.981 +0.010 A

20"nr 04,X105 40X106 hkl'

Synthetic JaYal'i'te
4 .817+0 .005  A

10.477+0.005 A
6 .105+0 .010  A

These values are in accord with those published by Rinne (1923, p' 236)

and Winchell (1950, p. 14) for samples close to the end members' The

density obtained from the cell volumes is 3.222 for forsterite and 4.392

for fayalite. Bloss (1952) gives 3.217 and 4.36 for pure natural forsterite

and pure natural fayalite, respectively.

The above requirements appear to be satisfied for the most part by

the (130) reflection. It may be noted that none of the adjoining pairs of

intense reflections (e.g., 131 and 112) satisfies the conditions desired.

The measurement of the spacing of the (130) reflection was performed

in the following way. The sample was ground in an agate mortar under

acetone, and about 10 mg. of the olivine powder was mixed with 1-2 mg'

of pure silicon powder on a glass slide. A few drops of a very weak solu-

tion of lacquer in acetone were added, and. then the powder was stirred

into a thin film on the slide. The slide was mounted on the Norelco

Geiger-counter focusing diffractometer, and records were made on a scale

of l inch per degree zo. T A,e divergent and scatter slits were 1", receiving

slit 0.006 inch, and the scan speed was to p.t minute' The positions of
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the olivine (130) reflection and the silicon (111) reflection were then
measured to 0.005' 20 by a vernier rule. The following standard values of
20 in degrees for the (111) reflection of silicon were used (philips Labora-
tories) :

Cu
Co

Ka

28.465
33.r75

Kor
28.44
33.150

The position of the olivine reflection was corrected by means of the silicon
reflection and the absolute value obtained. The d13s values were calcu-
lated using 7-place sine tables (peters, 19lg) and the wave lengths for cu
and Co radiation given by Bragg (1941 , p. 27) .

Four to 12 records of natural and synthetic samples were made by
Yoder, using cu radiation in the region 33-28" 20. Five or six records of

Drscnrprrox ol Saupr,Bs

Thirty-one analyzed natural and seven synthetic olivines were r-rayed
with the si internal standard. The locality and source of the natural
samples are given in Table 3. chemical u.rulyr", of the natural olivines
are listed in order of increasing Fo (mol /) contentin Table 4. The source
and reference to the synthetic samples may be found in Table 5.

ganese' it was considered more appropriate to give the composition in
terms of the single-valued component, Fo.

The natural olivines are usuaily of reratively simple composition
(FolFa)95/6) and are, therefore, amenable to the measurement of a
single parameter as an estimate of their composition. However, Ca, Al,
Fe#, and Mn may enter the olivines in measurable amounts. Although
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Si :  0 .97-1 .03
X:  1 .93-2 .04
Mn:  H '03

Tesln 4. Cunrurcel AN.lr,vsns or Nlruner- Or'rvrxns

2CJ.2- 26.)c )2. j ,.J..6

481

Fo the@t_

i ir r t* 
o.o 2.6 5,5' Le.2 39.7

StO2

T102

tJ?o3

PapJ

F4

!m

}{to

CaO

n2r

H*'

Totr]'

29.\8 30.08

n . d .

70.52 6A.L2

o.72

I o.Bd
)

)o,75 29.96

0.20 0.00

o.qt 0.oo

o.L) 0.0o

65,02 63.3L

r.or 4.40

r.05 2.23

n.d. 0.o0

n.d. O.OO

3O.\2 Jr.8'

r .20 0.0r

O.5O tr .

nlL 0.U

57.62 '8.6t1

B.L1 6.1.9

L.32 o. l8

O.18 nrdr

O.2L n.d.

3L.56 J3.',t1

0.41 n.d.

o.?9  nrdr

59.6t, t?.26

0.56 t+.5\

u.39 13.88

O.85 n.d.

0 .16  l
I 0.48

0.05 J

3t.o6 3).72 )t1.ot+

0.04 tr. O.I+J

o.0o nll o.9I

o.2? o.05 1.46

\7.9O '.1 .9L t$.37

0.65 o.4r o.58

L7.A3 18.0? N.32

O.oo n.!l o.8I

o.ot n.d. I
'  o.09

O.00 ^.d. )

99.80 l@.rl r00.oo 99.62 100.13 99.Q 99.93 L@.22 1@.16 99.rI

Ir g 51.* ,5.6' 6r.t 62.2 63.7 68.r ',13.9 ',16.\ '18.O @.6f SO'8

s1o2 )5.3L

TIA2 0.0O

E*) o.oo

rep) t.?o

F.o )6.91

!@ o.53

l{so 25.5,

cao 0.0o

H29* 0.0o

H2O- O.0O

6rf3 0.00

PpS ar<L

NarO \ 
'l

-  
l o . o o  (

K * J )

) r .4  t6 .25

o.@ o.oo

0.00 0.11.

L.99 o.54

35.18 12.&

0.60 0.26

26.J9 30.0r+

0.@ o.t2

0.@ 0.oo

o.00 0.00

0.00 B.d.

n.d .
o.o0

,6.2A 38.11

0.0O tr .

o.10 nll

0.@ 0.r5

32.90 3r.48

o.22 0.22

30.75 30.50

o.o5 o.o2

0.@ a.d.

O.0O n.d.

n.d. n.d.

n.d. n.d.

11,76 3'./.J3

0.@ 0.o9

0.o4 0.r8

0.40 r.60

27.66 4.58

0.ll o.27

3r..o5 Jg.r)

o.t6 0.36

0.@ 0.1?

0.oo o.o4

n . d .  n r d r

n.d. 0.o9

n.d. o.g)

n.d. o.o5

37.9) )8.o1

tr. O.07

o.L! O.03

o.o2 0.01

2L.?O L9.95

0.16 0.2'

ao.4o 4r.2O

0.r? o.27

n . d .  \

I o'o3
n.d .  J

n .d .  n .d .

n . d .  n . d .

n . d .  n . d .

n . d .  n . d '

t8.53

0.ol+

o.6'l

1.3.L'

o.00

0.oo

0.00

31.2t+

ntI

16.92

t3.88

t.26

IOO.OO IOO.OO r@.Ot loo.fo loo.l.8 too.18 99'94 lOO'49 99'e€ 10O'0O 99'iO



482 H. S. voDER, JR., AND TH. G. SAHAMA

T.rsr,n 4. Crmurc.lr, ANarysns ol Neru*er, Or,rvncs-(Ca ntinued,)

Fo
@l ft 85.6 87.L gt.e SS.4 8g.68 s9.f 9O.r

Theorct-
9l+,7 lcaf

L00.0
sto2

Tlo2

A,3

F.*j

1ft0

lteo

CaO

Hzo*

Hy'J'

F

c.*3

Ppj

N.f

K20

N10

CoO

Totsl-

39.L2

o.09

o ' 5 8

L.69

r0.76

o.,+8

o.o7

0 . 1 5

0.06

,+o.90 to.2\ tp.3o ?9.8L 1A.72 40.& 40.s7 t+t.32
O.0O O.OO 0.15 tr. O.I2 O.@ O.O2 O.Ot
o.25 0.oI o.2j nll O.@ O.2O o,o? o.oo
0.66 0.56 o.@ nil o.to 0.96 o.oo o.3o

rO.73 lo.9z LO,26 to.2o 9.t+S 5,35 a.1z ?.rt9
o.2o 0.28 o.o9 O.t3 o.L3 0.16 o.r, o.r,

16.96 48.od 4s.60 tg.o3 t+9.j2 49.& t+9.7e t+9.r6
o.14 0.00 o.vt o.7, o.oo o.oo o.o? o.29
0.06 0.oo ) n.a. o.oo o.oo r I

t  o . j j  I  o .o r  I  o .ao.0o o.0r. I o.or o.o2 o,o4 t 
---, 

I 
" '*

n.d .  n .d .  n .d .  n .d .  n .d .  n .d ,  n .d .  n .a l .

n .d .  0 .O7 O.O)  t r .d .  O.O3 O.Ol  O,O2 O,Ot

n . d .  n . d .  n . d .  n . d .  n . d ,  n . d .  n . d .  n . d .

n.d. 
I - ^^ o.or. n.d. ) t o.or o.ol

.  l o . m  | o . o o  [ o . o on.d .  J  o .o3  n .d .  J  J  
- - - -  

o .m o .m
n.d .  n .d ,  o . i l  n .d .  n .d .  o .3L  O.3 f

n .q .  n .d .  n .d .  n .d .  n ,d .  n .d .  O.OI3  o ,O l l

Lr.o1 12.69

o . 0 5

o ' 5 6

o . 6 5

) . ? 8

o.23

54.06 5?.3L

0.o0

0 . 0 5

0.00

o.00

99.9t Ioo,u 100.09 loo.L5 Loo.o

s. Corcetcd for an astlEted I, Epetite,

"' iny?i33;:T:T|Ti"'B*Iiil1.l!:"ifirur:.0:".fi1'or (was* and D6er, lere, p. ?3). s66 wsser and
c. Pattisl &alyslg.

d. Corrected for esti4ted O.?rU llenito &d Egnctit€.

e. corected for estl@ted ?i aElyzed titenoD8n.tlte.

f. Coftct.d for l.5S amlyz€d ctlnopyrcrsnc.

E.  SFct rcSraph lc  de tedmt lon .  in  p .p .D.  t l ven  by  S.  R.  Nocko la ls :  Cr ,  LOOO;  v ,  , ;  N1,  1750;  Co,  I2O,
h. VeLue fo. lI293 dsprlnted as O.90,

The following specimens were rejected on the basis of their chemicar
analyses:

Mol /6 Fo Locali.ty Basis for rejecti.on

99 8 Alice Springs, Australia low Si, high X
3?.1 Monroe, Orange County, N. y. high Mn
5.5 St. Utterviks Hage, Tunaberg, Sweden trigh nan

The rejected specimens will be reconsidered in the right of their (130)
spacing below.l
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RBsurrs lnou Naruner- SpBcrunNs

The r-ray data for the natural samples are given in Table 3 and the
average values (the mean of the average for those r-rayedby each writer)
are plotted in Fig. 1.

Two points in the figure, in addition to two of those rejected on the
basis of chemical analysis, are almost certainly subject to rarge error:

Mol /s Fo

40.0
63 .1

Locality

East Greenland 1907 (1800 meters)
East Greenland 4077 (500 meters)

The first of these has been reexamined optically by Dr. I. Muir and he
gives Fo:25-27 on the basis of indices of refraction (y:1.829) and
2V"(60'). The value obtained from the r-ray measurement is Fo:30.
Since there appears to be agreement between the new optical and. x-ray
determinations, the chemical analysis is believed to be in error and is re-
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Frc.1. olivine r-ray determinative curve (solid line). circlesrepresent average d136for
analyzed specimens used in calculation of determinative curve. Crosses represent those
points rejected for reasons given in text. Dashed line is assumed linear variation of ihao fot
synthetic olivines, usirg experimentally determined end points.



OLIVINE X-RAY DETERMINATIVE CT]RVE 485

jected. There are no obvious reasons for rejecting the chemical analysis

of th" .".orrd specimen. The writers have taken the liberty of excluding

this measurement from the calculation of the determinative curve for the

sole reason that it appears to be anomalous'

Other problems arose in fitting a curve to the data on the natural speci-

ln"rrr, uod the writers are indebted to Dr' Felix Chayes for suggesting the

following statistical analysis and making many of the computations'

The fiist problem to aiise involved the use of the data obtained by each

wr i t e ron thesamespec imen . I twasnecessa ry to lea rnwhe the re i t he r
group of averaged -.urrrr"rn",tts was biased before they could be com-

[ln.a. The spacing data for those compositions x-rayed by both writers

were plotted against each other. If there were no bias the best fitting

straig-ht line would be characterized.by a slope not difiering significantly

from"unity and an intercept not significantly different from- zero (see

Youden, 1951, p. 40-49). ihe fo[owing equations were obtained using

first the spacings of Yode, (dr) and then those of Sahama (d") as the in-

dependent variable:

d":1.0105 dry-O.00117
dg:0.9868 d"+0.00L42.

For the first equation the error of slope is 0'0140 and that of the inter-

cept 0.00130. th" 
"rro.. 

for the constants of the second equation are

O.O1SO and 0.00127, respectively' Departures of slopes and intercepts

from the expected .rulues are thus insignificant in relation to error, and

it is permissible to use the mean of the average d value of each writer'

Inabroadersense, thesmal ld i f ierencesbetweenthetwoequat ionsalso
indicate that analogous measurements by other investigators may be

compared with those presented here in estimating the composition of

unanalyzed olivines.
Next, it was necessary to choose the independent variable' ih|'o or

composition. The spacing wus .hote" as the independent variable for two

,"urotrt (1) in the opi.rlon of the writers the drso is known better than

the chemical .o*porition, which is based on only a single analysis of

each specim"rr, *rrd, (2) the spacing is to serve as the estimator of the

chemical composition in the application of the determinative curve'

The equation of the determinative curve for the data assembled in the

above-mentioned fashion is

Fo (mol 7d:a*3'91-1494'59 ihto'

The residual variance amounts toO'34/s, and, as there seems to be no

systematic distribution of deviations, higher order terms are not justified'
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The f ic t ive end points are drso (Fo:100) :2.7659 and 4ao (Fo=0):
2.8328.1

The upper and lower 95 per cent confidence limits are as follows:

d

2.8328
2.8194
2 .8061
2.7994
2 . 7 9 2 7
2 . 7 7 9 3
2.7659

True aalue, mol, /6 Fo

0
20
40
50
60
80

100

+ 9 5/s c onfiilmc e l,imit s
1 .65
I .23
0 .88
0.74
0.69
0 .76
1 . 0 8

Rpsur,rs r.nou SvNruETrc SpEcTMENS

Fo (mol 7o) : aa7 6.7 39 - lSB2.27 8 ihso.

- 
The validity of the assumption will be examined below. The curve is

plotted as a dashed line in Fig. 1.,

. 
The d'",s for synthetic tephroite is 2.g697 . The value is included for use

in determining the correction for olivines high in Mn.
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DrscussroN or RBsur,rs

Those samples rejected on the basis of their chemical analysis may

now be reexamined in the light of their (130) spacings. The Alice Springs,

Australia, specimen (Fo: S0.8) appears to have too small a spacing. The

discrepancy cannot be attributed to the Ca or Mn (not determined) con-

tent since the correction would have the wrong sign. The analysis is still

regarded as incorrect. The Monroe, Orange County, N' Y., specimen
(Fo:32.3) was considered to have too high an MnO content @.5a/);
however, the correction for Mn would be in the wrong direction' The

olivine occurs with magnetite, and it is possible that inclusions of that

mineral could account for too high an FeO content (FezOs was not deter-

mined). The St. Utterviks Hage, Tunaberg, Sweden, specimen (Fo:5.5)

u'as also believed to have too high an MnO content (4.40%) to be suit-

able for a determinative curve of the forsterite-fayalite series. When cor-

rected for Mn, however, the spacing still gives a reasonable estimate of the

Fo content.
The two additional specimens rejected, East Greenland 1907 (Fo:

40.0) and East Greenland 4077 (Fo:63.1), have (130) spacings which

indicate high Mn content. The chemical analyses do not support this

suggestion.
The difierence (0.0035 A) between the drao of synthetic fayalite and the

fictive drtofor pure natural fayalite lies outside the precision of measure-

ment and is of some concern. The fictive point represents a fayalite

having 8.7 mol per cent tephroite or 6.0 weight per cent MnO, on the

assumption that the (130) spacing of synthetic fayalite is correct. Since

the chemical analyses of the natural samples were chosen on the basis

of low MnO content, the source of the discrepancy must lie elsewhere.

One possible, but improbable, explanation is that two forms of fayalite
having slightly difierent properties exist (see Chudoba and Frechen,
1943). The most likely explanation is that the cell dimensions are a func-

tion of the temperature of formation. The synthetic fayalites were pro-

duced at temperatures over 1000o C. Olivines having a high iron content
are usually associated with lower temperatures. It is to be noted that
there is close agreement between the (130) spacing of synthetic forsterite

and the fictive (130) spacing for a pure natural forsterite.

TsronBrrcer, Rpr,.q,rroN or drao To CoMPosrrroN

The practical problem of estimating the composition of most natural

olivines by means of d13s appears to have been met. It is of interest to
examine qualitatively why dno varies linearly, within the limits of error,
with composition.
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The construction of a compositional determinative curve for solid
solution series from powder r-ray diffraction data was suggested and
applied to certain cubic systems by Vegard (1921) and further applied by
Vegard and Dale (1928). Vegard's "law" stated that the cell dimension,
o6, varied linearly with composition. Deviations from linearity were con-
sidered as a measure of the nonideality of the solid solution series. Grimm
and Herzfeld (1923,p.80) as well as Mehl and Mair (1928, footnote p. 65)
andZen (1956) pointed out that it is the atomic volume, as,3 which varies
linearly in id.eal, substitutional type solid solutions. Further complica-
tions arose when the "law" was applied to systems of lower symmetry
since two or more parameters had to be considered. For these reasons
Vegard's "law" is now used only in special cases as an approximation.

The forsterite-fayalite series has been shown in part to be thermo-
dynamically ideal within the error of measurement by Sahama and
Torgeson (I9+9) on the basis of heats-of-solution data. In addition, the
present writers find that the molar volumes of natural olivines calculated
from the density data of Bloss (1952, p. 97 +-97 5) are essentially additive.
(The molar volumes of synthetic forsterite and synthetic fayalite, 43.7 cc.
and,46.4 cc., respectively, calculated from the unit cell data of Tables 1
and. 2, difier by only a small amount.) These observations suggest that
the variation of cell parameters should not deviate greatly from the ideal
values.

There is, unfortunately, no unique way of predicting the changes of a
specific cell spacing solely from knowledge of the additivity of molar
volume. The cell volume, Z, is related to the molar volume V^by a con-
stant:

v  : oM :  hV - .
-l[06

where ra:molecules per unit cell, /y'o:flyogadro's number,6:density,
M:molecular weight; and is related to the three parameters of the or-
thorhombic cell by

V :  abe.

On the other hand, the spacing of any (hkl) is related to the ortho-
rhombic cell parameters as follows:

/  h2  k2  12  \ - r t2ao,"r :  \V + A+ a)
The relation of drao to the cell parameters would then be

/ l  9 \ - v 2
d."" :  

\ -  
- t  

* )

If one notes that a/b is approximately the same for the olivine end mem-
bers, then the change of drso with composition is essentially a linear func-
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tion of the parameters. It is presumed that the total change of each cell

parameter is sufficiently small over the composition range so that their

iunctions are closely approximated by straight lines. An examination of

the Bunn chart (Bunn,1946, p. 133) for indexing tetragonal powder pat-

terns indicates that the variation oI il*rt is essentially linear for small

changes in the axial ratio. On the basis of these qualitative arguments the

Iinear relation of drao vs. composition appears reasonable'

In conclusion, certain features of the r-ray method should be pointed

out. The peak observed on an rc-ray chart is a summation of the difirac-

tion of many crystals. If these crystals are variable in composition, as a

result of zoning, for example, then a broad peak or even a multiple peak

practical estimate of composition of the complex olivines.
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