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ABSTRACT

We have determined the modal proportions and structural details of known fine-grained mixtures of olivine and pyroxene
by Rietveld structure refinement using CuKo X-rays. The crystal strucfures of the constituent phases were refined to ft indices
of 2-37o by single-crystal methods using MoKcr X-rays. The structures were also refiaed by the Rieweld method as single
phases using CuKa X-rays. Comparison of the results of these experiments allows the accuracy of the procedure to be
evaluated for use in typical mineral-synthesis and phase-perology studies. Modal proportions were determined with an
accuracy of.0.9Vo absolute arLd 3.07o relative, and the refined modal proporrions are independent of step width in the rauge
0.02-0.1 0' 20 step-size. Site populations and bulk compositions are accruate to within their assigned level of precision. Where
the phase is minor (<llVa), the assigned precision can be too large for the results to be useful; however, for major constituents
(>llVo), site populations and bulk compositions can be determined accurately and precisely. Stereochemical details are
accurate, but are determined to a useful precision only where the phase is a major constituent (2307o) of the mixture. This work
shows that Rietveld structure-refinement with X rays can give accurate and precise unit-cell dimensions, site populations
(structural skte) and composition, modal proportion and stereochemical details for (binary) mixtures of rock-forming minerals.

Keywords: Rieweld, mixtures, modal proportions, structure refinement, olivine, pyroxene.

Soldlaarns

Nous avons d6termin6 la proportion mode'le et les d6tails structuraux de mglanges connus d'olivine et de pyroxbne par
affinement des structures selon la m6thode de Rieweld, en utilisant un rayonnement CuKa. La structure des deux min6raux
utilis6s dans notre 6tude a 6td affin6e sur cristal unique jusqu'i un r6sidu R dans f intervalle 2-3Vo en utilisant un rayonnement
MoKcr. l,es strucflres ont aussi 6t6 affindes par la m6thode de Rieweld sur dchantillons monocristallins des deux min6raux en
utilisant un rayonnement CuKcr. Une comparaison des r6sultats de ces exp6riences mbne h une 6valuation de la justesse du
protocole i utiliser pour fins de caractdrisation des produits de synthbse et d'6tudes des dquilibres de phases. l,es proportions
modales ont 6te ddtermin6es avec une justesse de 0.9/o en termes absolus, et de 3.0Vo en tennes relatifs. Les proportions
modales semblent ind6pendantes de l'intervalle de comptage, compris entre 0.02 et 0.10'20. La population des sites et la
composition globale calcul6es sont correctes, compte tenu du niveau de pr6cision qui leur est assign6. Dans les cas of une des
deux phases est mineure (<10%o),1a pr6cision assign6e peut €tre trop dlev6e pour que les r6sultats soientjug6s utiles. Toutefois,
dans le cas de proportions majeures (>I07o), la population des sites et les compositions globales peuvent Ctre d6termin6es avec
pr6cision et justesse. Les d6tails d'ordre st6r6ochimique sont reproduits justement, mais ne sont 6va1u6s avec une pr6cision
utile que si une phase constitue un composant majeur (X07o) du m6lange. Ce travail montre que l'affinement des structures
par diffraction X avec la m6thode de Rieweld peut mener tr une 6valuation juste et pr6cise des paramdtres rdticulaires, de
I'occupation des sites structuraux, de la composition, de proportions modales et de d6tails stdr6ochimiques dans le cas
de m6langes binaires de mindraux importants en p€trologie.

(Iraduit par la R6daction)

Mots-cl6s: Rieweld, m6langes, proportions modales, affinement de la strucfure, olivine, plroxbne.

INTRoDUCTIoN

The characterization of fine-$ained run-products in
mineral synthesis and stability studies is a significant
problem. Hawthorne (1983a), Hawthorne et aI. (1984\
and Raudsepp et al. (1984) advocated the use of
Rietveld structure refinement for tlis purpose, and

Raudsepp et al. (1987a, b, 1990a, b) have shown that,
in optimum circumstances, one can derive modal pro-
portions, structural state and composition of both
phases in fine-grained binary mixtures.

Details of the Rietveld method were reviewed by
Young (1980, 1993) and Post & Bish (1989). The
work of Hill and coworkers (Hill & Flack 1987, Hill
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& Howard 1986,1987, Hill & Madsen 1984, 1986)
and Bish and coworkers (Bish & Chipera 1988, Bish
& Howard 1988, Snyder & Bish 1989, Bish & Post
1993) is of particular importance to the use of the
Rietveld method for analysis of mixfures of complex
minerals. In particular, Hill & Howard (1987) showed
how the modal proportions of phases in a mixture can
be determined from the Rietveld scale-factors. They
further showed that the resulting values are both pre-
cise and accurate, provided that the relative X-ray
absorption coefficients of the phases are similar. Most
of the subsequent work on mixtures has involved
fairly simFle phases @ish & Post 1993)" and the inten-
tion of the work has been to derive modal proportions
(O'Connor & Raven 1988, Snyder & Bish 1989). The
principal aim of run-product characterization is
usually different; the main interest focuses on degrees
of order and composition of the individual phases. Of
course, Rietveld structure refinement offers the possi-
bility of determining both sttuctwal state (+ bulk
composition) and modal proportions quite accurately
and precisely. However, although the method has been
used for complex run-products (Raudsepp el al.
L987a, b, Della Ventura et al. 1993a, b, Robert et al.
1993), the accuracy of the method has not been tested
for mixtures of such complex structures; this is the
object of the present work.

E>ennnumNrel

Materials

An olivine separate was produced by magnetic
separation and hand picking from a dunite (volcanic
bomb) from Hawaii. The pyroxene sample is from
Laurel, Argenteuil Co., Quebec. It is a diopside and
occurs intimately mixed with calcite; euhedral pgo-
xene crystals were easily detached, crushed and
washed in dilute HCl to remove calcite impurities.

TABLE 1. CHEMICAL COMPOSIT|ON
AND UN'T FORMULAE OF
OUVINE AND PYROXENE

Olivine Pyroxane

SiO2 wt% 39,47

ArO" A.O2

Tio, o.o1
Cr2O3 O.Oz
FeO 1 1.36
MnO 0 .19
Nio 0.36
MsO 47.51

CaO o.2o
Na2O
Total  99.14

53.04
1 .84
o .10
o.o2
1 ,24
o.04
o.o3

17,44
25.58
o.o5

99.82

Si
AI

Ti

Fo
Mn
Ni

Mg

Ca
Na

o

0.987
o.oo1

o,zsz
o.004
o.007
1.770

o.oo5

4

1.932
o.o79

o.oo3
o.o01
0.039
o.oo1
0.oo1
0,969

0,999
o.oo4

6

Binary mixtures of olivine and pyroxene were pre-
pared at l0 wt%o intervals.

EI ectron-mic rop robe analy s is

Crystals of olivine and pyroxene were analyzed
by electron microprobe using a CAMECA SX-50

TABLE 2. DFTAILS OF STRUCTURE REFINEMENT WITH POWDER X.MY DATA

Olivin€ Fyrc,xeno p' pz
(Oll {Px}

Ranse (0201 16-136 18-138 l6 -136 16-136 19-139 19-139 19-139 16-136 16-136 19- '139 19-139

.sF 0r 13.7(21 1 .211t 2,4121
Px 6.2{11 5.21171 4.67171

3.7(1f 7.6|.21 t0.0(3) 11.5(31 18.1(4) 22.Ol4l 19.3(31
3.60(61 5.36(6) 4.8St9l 3.77t7]. 3.711) 2.7117' 1,21(71

'N-p

Re(%)
R

Rr Ol

PX

1111 2367 2343 2343

8.7 9.3 9,4 9.4
11.9 12.9 12.5 12.4

3 ,7  4 .1  3 .6

3.6 4.5 4.9

1 . 0 8

2343 2343 2343
7.5 7.6 8.0

10.3 10.1 13.8
2.8 2.9 3.0
3.7 3.6 6.3

2343 2343
9.7 7.1

r3.0 9.6
3.8 2.6
4.4 2.5

2344
4,7
8.8
J . l

3.0

1.04

2344
7.2
9.8
2.O

1,21" "D-W 1 .26  1 .19  0 .86 1 .25 1 .38 1 ,32 1.20 2.04

" SF = scale factor (x 10fl
* N-p = number of obsruations - numbor ol variablsi Fe - R indsx for pattgm, Rs = w€ishtad R indsx for pattsm; Re = R lndex for sttucture (1,0. lol

tho Bragg poak3).
'r D-W = Durbin-Watson statislic



operating in the wavelength-dispersion mode. Back-
scattered electron images showed no discernable
2sning in either mineral. Experimental details are as
described by Hawthorne et al. (L993). Mean compos!
tions and unit formulae are given in Table 1.

Collection of X-ray data

A Philips 1710 powder diffractometer was used in
the collection of the powder-diffraction intensity data;
details of the experimental procedure are given by
Raudsepp et al. (1990a). The step-width increment
was 0.05o 20. For the 1:1 mixture" we also collected
data with a step width of 0.01' 20 to examine the
effect of step-width variation on the results of
the refinement. The count time at each steD was
between 2-3 s, with a maximum intensiiy of
2000-3000 counts. Other experimental details are
given in Table 2.

Rieneld structure refinement

Structures were refined using the program LIIPM1
foriginally written as DBW3.2 by Wiles & Young
(1981) and modified by Hill & Howard (1986)1. A
pseudo-Voigt peak-shape was used (with variable-
percentage Lorentzian character), the FWHM (full
peak-width at half-maximum height) was varied as a
function of 20 using the expression of Cagliotr et al.
(1958), and the peak asymmetry was corrected using
the function of Rietveld (1969). Structural variables
included atomic coordinates, M-site occupancies, and
an overall isotropic-displacement factor; nonstructural
variables were scale factor(s) and parameters for back-
ground correction, peak shape and asymmetry, and a
preferred-orientation correction. Single-phase refine-
ments of olivine and pyroxene were done as a measure
of the optimal agreement to be expected between the
Rietveld and single-crystal refinements. Individual
isotropic-displacement parameters were fixed at

RIETVELD REFINEMENT OF MXTURES OF MINERALS

a (A)
b

p e l
vtA"t
Space grup
z
Crystal size (mm)
R€diation
Mon6hromator
F(azimuthal) %
Total no. lFl
No. o i  lF l&
Ro

wBe Vo

n - : ( l r l - l r l ) / : l r l

TABLE 3. SINGLE.CRYSTAL X.RAY DIFFRACTION DATA COLT-ECNON
AND REFINEMENT INFORMATION FOR OLIVINE AND PYROXENE

Pyroxena

543

4.764(11
10.224|31

6.O04(21

292.6(11
Pbnm

4

0,28xO.31 xO,32

MoKo
Graphh€

1,74

442
458
2.4
2 ,4

9.743121
8.916(2)

5.256(11
1 06.88(1 )
439.1  (1  )

C2lc

O.32x 0.26 x O.22

MoKa
Graphita

1.34

649
648
3,2
3 .6

wa = Itw(lFl-lFll ' lzvvF2lo's w=1

"reasonable" values (i.e., the relative sizes of the
parameters were taken from single-crystal work on
analogous crystals) and an overall displacement-
parameter was refined to scale the individual values.
Those site occupancies taken as variable were refined
without constraints of any sort. Refinement was termi-
nated when the maximum parameter-shift or error was
less than 0.01 .

For refinement of the mixtures. there were 58 vari-
able parameters. Otherwise, refinement was similar to
the single-phase refinements except for the presence
oftwo structures and two scale factors. Again, refine-
ment was terrninated when the maximum shift or error
was less than 0.01. Details of structure refinements are
given in Table2.

Two additional phases of refinement were done
to investigate the effect of two specific factors on
the refinement results. The 1:1 mixture was refined

TABLE 4. REFINED CELL.DIMENSIONS FOR OUVINE AND PYROXENE

Sample Olivine
no, wtoh

Ollvino Pyfoxsn6

a A ) 6 (A) c tAt v tA"t a (A) , (A) c (A) B (o) vtAl

D L

sPh

P1
P2
P3
P4
P5
P6
P7
P8
P9

4,7642114',
100 4.7649(3)

9.9 4,7g73211
19.9 4.7669(121
30.6 4.7664(4)
39.7 4.74524l
49.9 4.7651(4)
59.9 4,7644131
70.0 4,7849(41
79.9 4.7659(3)
89.6 4.7660(3)

10.2258(28], 6,0045(18) 292.63
1O.2376t6) 5.9986(4) 292.A1

10.244W1 5.9996(20) 293.14
10,2414120i, 5.9983(12) 292.76
10,2396(13) 5.9984(8) 292.66
10.2388(81 5.9992(5) 292.68
10.2385(81 5.9983{5) 292.61
10.2370(6) 5.9976(4) 292,52
10.2370(71 6.9980(4) 292,58
10.2396(61 s.9993(21 292.77
10.2379(5) 6.9992(3) 292.72

s,7429t19t  8.9161{15)
9.747616]. 8.917414')

9.7601(8) 8,9207(7',
9.74S7tSt 8.9189(7)
9.7489t9) 8.9181(81
9.7489(71 8.9184(61
9.7485(8t 8,9179(71
9,7464(9) 8.9163(81
9.7 49311 41 8.91 4211 z',)
9.7498(161 8.9160(15)
9.74714t 8.9r4(3)

5.2557(101 105.880fl4) 439.14
5,2573(3) J06.900(41 439.49

6.2693(41 105.897(5)
s.2576(4t 105.903(5)
5.2574(6) 105.888(61
e.2577(31 105.896(61
5,2686(4t 105.894(6)
6,2562(5) 105.897(7)
6.2504(81 106.893(11)
5.2686(9) 105.872(13)
6,2690(24t 105.90(3'

439.94
439,68
439.A2
439.65
439,62
rxlg.30

439.36
439,70
439,48
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TABLE 6. ATOMIC POSITIONS FOR OLIVINE AND PYROXENE

13 P6P2sc
Ollvlne

M(1 )  x

z
B(A,I

M(2) x

v
2

E(A,}

t x

z

B6r)

O ( l l  x

v
2

B(4,)

O(2) x

2

B(42}

o(3) x

Y
z

BIA,}

0.40(1)

0.98978(1 8)
o,27774t81

114
o.41(21

0.42667|.141
0.09441(7)

1t4
0,39(2)

0.7666(4)
0.091 7(1 9)

'v4

0,60(4)

0,21 S9(41
0.44788(1 8)

1t4
0.48(4)

o.27883(28)
0,1 6332(1 2t
0.03370(221
0.52(3)

0.990(101 0.990(21
0.278(3) 0.278(1,

114 114

o.427Bl 0.428(1t
0.095(31 0.096(1)

1t4 1t4

0.789(41 0,708(31
0.095(2) 0,os2t2l

1t4 1t4

o.20714t o.217t31
0.2146(31 0,443121

. . 1 t4  1 t4

0.278131 0.273(31
0.164(2,  0.183(11
0.030(31 o.o32l.2l

0
0
o

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
o
0

0
0
o

o
0
0

0,9924(12t 0.998(10) 0,990(5)
0.2769{4t 0.273(3) O,277121

1t4 1t4 1t4

0.4288(6) O,4280t 0.420(4)
0.0949(51 0.107(3) 0.096(21

1t4 1t4 ',v4

0,7665(18t 0.782(18) 0.780(81
0.0896t121 0.081(8) 0.0s3(4)

1t4 1t4 1t4

0,2197(19) 0.196(16) 0.223(81
0.44771121 O,439t8t, 0.443(31

1t4 1t4 1t4

o.2784114t O.2O2t12l 0,284161
0.103s(81 0.r83(5t  0.r67(3t
0.o318(131 0.017(9) 0.023(6t

0.988(21 0.S88rl 0.990(1t 0.990(1t 0.990(1)
0.277 tlt 0,277 llt 0,277 l1t 0,277 4t3t 0,277 8t4l

1t4 1t4 1t4 1t4 1t4

0.427t1t O,42711t 0,427t11 0.428(1' 0.428(1)
0.0s6(11 0.0e8(1t 0.095(1t 0.096(4) 0.0s5(41

1t4 1t4 1t4 1t4 1t4

0.709(3t 0.763(2t 0.785(2) O.78712t 0.788121
0.090(2t 0,091(11 0.091{1} 0.090(11 0.089(1}

1t4 114 1t4 1t4 1t4

0.220(3t 0.216(21 0.218{2) O.21A|.,'l. 0,217121
0,rt46(2) 0.440(1! 0.446(1) 0.rt40(11 0.446(11

1r4 ',U4 114 114 114

0.272t2t O.27512t 0,278121 0.279(1) 0.278(11
0 .163 (11  0 .182 (11  0 .163 (11  0 .102 (11  0 ,181 (11
0.031(21 0.031( ' r l  0.032(11 0.030(1) 0.032(1)

Pyrox6ns

M ( 1 )  x

z

B6r)

M(2) x

v
2

Bdt)

O(1 )  x

, z
B(4,}

O(2) x
Y
z
Bdrl

0.90818(14) 0.908(1)
1t4 1t4

0.38(31

0 0
0.30152(91 0.301(11

1t4 1t4
0,67(2)

0 .11633 (22 )  0 .115 (11
0.08722(22) 0.088(11
0.14135(381 0.1€(21
0.60(4,

0.36138(211 0.383(1)
0.25015(231 O.262(3)
0.31912(381 0.320(2)
o.70(41

T x 0.28646(71 0,288(61
y 0.09328(81 0.094(11
z 0.22934114) 0.230(1)
86'z) o,42l1l

0 0 0
0.906(1) 0.908(r)  0.908(1t

1t4 1t4 1t4

0 0 0
0.302(11 0.301(11 0.302(11

1t4 1t4 1t4

0.287(11 0.288(1) 0.287(11
0,094(11 0.09411) 0.093(1)
o.232|.1t 0.233t1) 0.231(1)

0 .116 (11  0 .113 (11  0 ,114 (1 )
0.091r1 0,089(1) 0.089(1)
0,138(2) 0.140(21 0.135(21

0,363(1t  0.365(1) 0.38bt11
o.250(1) 0.25O(r) O.260(11
o.32212t 0.321(2t 0.3r8(2t

0,362t1) 0.349t11 0.350(11
0,018f l !  0.020(1) 0.020(1)
0.004(2) 0.003(2t 0.s98(31

0 0
o,9o7(11 0.907(1)

1t4 1t4

0 o
0.302(11 0.302(11

1t4 114

0.287(11 0.288(1t
0,0s3lr l  0.0s4(11
0.231(1) 0.23r(11

0 .1 r0 (1 )  0 .115n )
0.090(1) 0.089(2)
0.140(2) 0.140(21

0.384(1t 0.384(11
0.250{1} 0.261(1}
0.31S(2t  0.321(2)

0.362{1} 0.352(21
0.021(11 0.019(11
0.oo0(21 o.oo7(3)

0 0 0 0
0.907(1t o.907(2) 0,90s(21 0.898(5)

1t4 1t4 1t4 1t4

0 0 0 0
0.300(11 0.300(r) 0.302(2) 0.299(31

1t4 1t4 1t4 114

0.287(1) 0.288(1) 0.287(1t  0.293(1)
0.092(1) 0.091(11 0.092(2) 0.090(31
0,23411', O,229Q) 0.230(21 0.234(41

0.113( i l  0.113(21 0.111(2) 0,118(6)
0,090(21 0.08s(31 0.089(31 0.080(8)
0.137(3t  0.136(4) 0.137(6) 0.145(11)

0.340{1} 0.366(3} 0.368(3) 0.386(8t
0,263(21 O.261(3) 0.250(3) 0.250(Al
o,32613t O.327(41 0.327(4) 0.320t91

0.363(21 0.355(3) 0,368(3) 0.368(5)
0.023(2t 0.025(3) 0.021(2t 0.028(6)
0.005(31 0.010(61 0.010(51 0.023(12t

o(3) x 0.36086(201 0,363(l)
y 0.01806(221 0.019(l)
z 0.996191371 0,S9942)
B(A.l 0.62(4t
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TABLE O. REFINED M.SITE POPULANONS FOR OUVINE AND PYROXENE

545

Pil P8

M2

Mg 0,904131 0.924171 0.62(6t 0.8il(281 O.g72n4l
F€ 0.098(3, 0,076(71 0.18t0t o.t4ot28t o.i2gil4l

M9 0.912131 0.896t61 0.902(4il O.goo(zu O.goottgt
F€ 0.088131 0,102(Bl 0.098(4il o..t0o(2il O.too{rgl

0.918('t0t 0.s02l1tl 0.so6{71
0.082(r0l 0.098t1r1 0.094171

0.899t10t 0.902t10t 0.894(71
0.102(10t 0.0s8{10t 0,106rt

o.902t81 0.9r0t6t 0.902(81
0,088t8t 0.090(61 0.098(61

0,898171 0.900t6t 0.900(01
o.1o2t7t 0.100(0t 0.100t0)

Pyroreng

M1 Ms 0.992t41 0.992t7) 0,984(Bl O.g7otg!
Fs 0.008{41 0,008(7} 0.016(9) 0.OgOtB)

Mz Ms 0.000(381 0.038t7) 0.0i6trol 0.024(i0l
Fs 0.0291381 -0.008t7) 0.008t10t 0.0oOIOl

0.9821101 0.9.18(81 0,976(1tl o.egorjt 0.992t171
0.018110t 0.052t81 0.024(1 il O.OtO(1 rl 0.o08tr?l

0.020tr3t
0.004(13t

0.o40t101
-0.01zfi01

0,008(r3l
0.0201131

0.020t141
0.004(141

o,o22l21l
0.008(211

0.998t201 0.e62(411
0.002(201 0.038(411

-0.0r6t20) 0.04t61
0,a44t2al 0.@(0t

at different step-intervals from 0.02-0.10o 20 in
order to test whether the step interval has a significant
effect on the accuracy of the results (we know it
has a significant effect on the precision via serial
correlation). In addition, we also refined the
mixtures with all structural parameters for both

olivine and pyroxene fixed at their single-crystal
values in order to see if there was an inter-
action between the scale factor and the structural
parameters, such that compensating errors in both
could give a good fit to the pattern but inaccurate
results.

TABLE t. SELECTED AroMlc orsrANcEs tAt tru ouvtrur eltD pyRoxENE
Samplo No. P I P3 P8
Ollvlm wr% r9.9 30.6 39.9 49.9 59.9 70.0 79.9 89.6

Ofivins

T-Ol

T-02

T-O3

m8an

Mt-or 2.090t21
Mr-o2 2.078121
Ml-o3 2. t43t2t
mean 2.104(tl

Mz-Ol 2.179t21
M2-O2 2.058t2t
M2-O3s 2.225|,21
M2-O3b 2.088t21
moan 2.l37lll

1.603t6t t.7rtgl
'r.063(r2t r.02t3l
1 .847|| 71 t.88t4l
1.038(7t t.80t3t

2.08404t 2.00t6t
2.079f13t 2.18t71
2.'.t47n2t r.93tst
2.103(8t 2.04t31

2.20ilt6t 2.22t81
2.058[4t r.94(9t
2.2171t3t 2.23t5t
2.O87ltzt 2.05t5t
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2.49017t
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2.290t211
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2.09t51
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r.96t7t
2.06(3t

2.4r (61
2.32141
2.53t51
2.66(71
2.48(31
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Collection and refinement of single-crystal
X-ray intensity data

Single crystals of olivine and pyroxene were
ground to spheres and mounted on a Nicolet R3m
automated four-circle diffractometer. Cell dimensions
(Table 3) were refined from the setting angles of
25 automatically aligned intense reflections. Intensity

data were collected according to the procedure of
Hawthorne & Groat (1985). Absorption corrections
were done with the psi-scan method, modeling the
crystal shape as a triaxial ellipsoid of variable shape
and orientation. Intensities were corected for back-
ground, absorption, Lorena and polarization effects,
and reduced to structure factors. Details concerning
these procedures are given in Table 3.

o 2000

o
1000

.r,

! zooo

20 3o 40 50 60 70 80 90 100 l l0 l2o 1J0

2e c)
Ftc. 1. Observed (upper), calculated (middle) and difference (lower) X-ray powder-

diffraction pattemi from each single-phase refinement: (a) olivine; (b) pyroxene; the
observed and calculated patterns are displaced vertically (by adding 2000 and
600 counts to every data point in each respective pattem) to avoid pattem overlap.



Crystal structures were refined usine the
SHELXTL-PC system of programs; R indices-are of
the form given in Table 3. Full-matrix least-squares
refinement converged to R indices of 2-37o ior an
anisotropic displacement model in which the site
occupancies were refined unconstrained.

Rrsulrs

Cell dimensions are given in Table 4, positional
par.rmeters in Table 5, site populations in Table 6, and
selected interatomic distances in Table 7. Structure-
factor tables and powder-diffraction step-scan inten-
sit ies may be obtained from The Depository of
Unpublished Data, CISTI, National Research Council
of Canada, Ottawa, Ontario K1A 0S2.

S ingle - c ry stal refinements

The results of the single-crystal structure refine-
ments agree closely with the results of previous refine-
ments of olivine and calcic pyroxene structures, The
refined site-populations (Table 6) agree almost exactly
with the bulk compositions of the crystals as deter-
mined by EMPA (electron-microprobe analysis) and
SREF (single-crystal site-scattering refinement):
olivine: EMPA: Mg,.r7 Fe[.r, SiOa; SREF: Mg,.r,
!e0.13 SiOa; pyroxene: EMPA: Car.oo Mgo.sz Fe;.04 Si2
06 ; SREF: Can.ee Mge.ee Fe0.03 Si2 06 (Fe* = Fe + Ni +.
Mn).
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Sing le -phas e Ri etv e ld refinements

Figure I shows the observed, calculated and
difference X-ray powder-diffraction patterns from
each single-phase refinement. As shown in Table 6,
the site populations from the single-phase Rietveld
refinements are statistically identical with the values
from the single-crystal refinement. The single-crystal
and Rietveld positional parameters can be compared
using half-normal probability analysis (Abrahams &
Keve 1971). If the data sets contain random normal
distributions of errors, a half-nortnal probability plot
should give a linear plot of unit slope with zero
intercept, provided that the standard deviations are
correct. We know that serial correlation in the powder-
diffraction data leads to incorrect standard deviations,
a measure of which is the Durbin-Watson statistic
(Hill & Flack 1987). This problem was corrected
using the procedure of B6rar & Lelann (1991); the
assigned standard deviations given in the Tables are
the corrected values.

Muhiphas e Rie tv e ld refinement s

Figure 2 shows a typical observed, calculated and
difference X-ray powder-diffraction paftern for a mul-
tiphase refinement. The modal percentages of olivine
and pyroxene were calculated from the followinp
equation (Hill & Howard 1987):

J000

o

-Q 2ooo

!u ts 60 90 loo tto 120 130

20(1

Frc. 2. Typical observed (upper, plus 2000 counts), calculated (middle, plus 600 counts)
and difference (lower) X-ray powder-diffraction patterns for a multiphase refinement
of the 50:50 olivine:pyroxene mixture.
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TABLE 8. MODAL pROPoRTION OF OLIVINE (wt7o) lN THE OLIVINE-PYROXENE MIXTURES BY RIETVELD REFINEMENT

P6P4P2P1

' (1 )  9 ,3 (3)

Rofined l2I 8.8(3)
(3 )  9 .1 (6)

19.7(3) 33.8(4) 39.8(4)

19.2@t 33.8(5) 39.5(5)

18 .7o t  31  .7 (10)  39 .1(10)

50.s(s) 59.4(61 69'6(9! 80.0(14) 90.3(1 5l

49.8(7) 59.3(8) 69.2(9) 79.5(1 1) 88.3(13)

49.7(15) 68.0(16) 68,8(251 78,71221 89.9(28)

o o 1 9 . 9 30.6 39.9 49.9 59.9 70.0 79.9 89.6

*(1) Background and scalo factor only refined; structural parametors fixed at single-crystal valuos, instrumont paramoters

fixed at singte-phase refinement values,
(2) Background, scale factor and instrumsnt parametors refined; structural parameters fixed at single'crystal valuos'

(3}Ful|mu|t i .phasorefingmentwithal lpossib|evariab|eparametersrel ined.

SeqMv)e+ Sq(ruv)q

in which S is the refined scale-factor, Z is the number
of formula units per unit cell (Z = 4 for both olivine
and C2lm pyroxene), M is the mass of the formula
unit, and V is the unit-cell volume; p and q represent
the phases in the mixture. The values f.or M and V
were those determined from the multiphase refine-
ments, thus simulating the normal experimental situa-
tion in which M and V are determined from the refine-
ment that also determines the values of S; Table 8
shows the calculated modal proportions.

DISCUSSIoN

Modal proportions

A graphical comparison of the refined and known
modal proportion of olivine is given in Figure 3; the
refined modal proportions agree with the known val-
ues within the estimated standard deviations. The
mean value of the absolute accuracy across all compo-
sitions is 0.9Vo; the relanve value is 2.3Vo (omitting the
sample lowest in olivine) and 3.0Vo for all mixtures.
Thus the refined modal proportions are accurate to
within their assigned level of precision.

We also derived the modal proportions by refine-
ment with fixed structural and instrumental paraneters
(derived from the single-phase Rietveld refinements),
and with fixed structural and variable instrumental
parameters. The modal proportions calculated were
very similar to the full-refinement results, with mean
absolute deviations of 0.7 and 0.970, respectively,
compared to the full-refinement value of 0.9Vo
absolute.

Effeu of step width on modal values

Table 9 and Figure 3 show the variation in refined
modal proportion of olivine for the 1:1 mixture as a
function of step width from 0.02 to 0.10' 20. The

refined values (by all three different methods) do not
vary significantly with step width; accurate values are
obtained up to a step width of 0.1' 20. Of course, the
normally assigned standard deviations increase with
increasing step-width (because of decreasing serial
correlation); however, the variation disappears with
correction ula the method of B6rar & Lelann (1991).

Cell dimensions

The cell dimensions from the single-crystal refine-
ments and the single-phase and multiphase Rietveld
refinements are shown in Table 4. The values obtained

0 1 0 2 0 3 0 4 0 5 0 6 0 1 0 8 0 9 0

Nomlnal ollvlne wl%

Frc. 3. Modal proportion of olivine derived from Rietveld
structure refinement compared with the known modal
proportions (full circles), and values for the 1:l mixture
(full squares) as a function of step width; the diagonal
line is drawn through zero with a slope of 1; the horizon-
tal line is drawn tbrough 507o olivine with a slope of0.

sp(zMv)e
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TABLE 9. MODAL PROPORTION OF OLlvlNE (wt7o) lN THE 1:1 OLIVINE-PYROXENE MIXTURE FOR DIFFERENT STEP-WIDTHS

Step width (o)  O.O2 0.03 0.04 0.05 0.06 0.07 0.08 0,09  0 .10

549

' ( 1 )

Rofined l2l
(3)

Actual

49.4(4t 50.5(5)

49.6(6) 50.7(71

49.8(1 1)  49.4(121

49.9 49.9

50.2(61
50.0(71
49.6(1 4)

49.9

50,0(5) 49.9(51 49.9(6) s0.o(8) 49.7(8) s0,6(6)
49,8(7t 49.9(7) 49.8(7) 49.6(7) 49,417't 49,9(81
49.7(15) 49.4115]. 49.41161 49.9(16) 49.3(16) 50.1(171

49,9 49.9 49.9 49.9 49.9 49.9

'(1) Background and scale factor only rofined; structural parameters fixed at single.crystal valuas, insfumBnt parameters fixod
at single-phase rslinement values. The standard deviations w€re calculatsd solely from tho assignsd standard deviations for
the scala factorsi no allowance was mads for possible enors in composition and cell volumg,

(2) Background, scale factor and instrument paramsters refinad; structural parameters fixed at single-crystal values.
(3) Full multi-phase refinement with all possibls variable parameters refined.

from the single-phase and multiphase Rietveld refine-
ments are fairly consistent. Where the phase is minor
(i.e., ll%o of the mixture), the actual values can differ
more from the mean value than the rest of the values
(e.9., b for olivine in sample Pl, a for pyroxene in
sample P9); however, the assigned standard deviations
are also significantly larger in these caseso and these
larger discrepancies are actually not significant (r'.e.,
<2.5o). There are significant differences between the
cell dimensions derived for powder and single crys-
tals. In particulag b for olivine is - 0.012 A longer for
the Riefveld determinations, a difference of approxi-
mately four pooled standard deviations. We have
observed here and in previous work that cel dimen-
sions and bond lengths of single crystals do tend to be
slightly shorter than corresponding powder-diffraction
measuremenm.

Cell dimensions for the l:1 mixture (sample P5)
were measured at a series of step widths from 0.02 to
0.10' 2e. The values obtained were found to be inde-
pendent of step width in this interval. Of course, as the
step width approaches the peak width, information is
rapidly lost, and the refinement degrades. However,
when the step width is significantly nturower than the
peak width, the refinement results are not sensitive to
step width. This information is useful in optimizing
data-collection effi ciency.

Site populations and bulk compositions

Site populations are listed in Table 6. For the
olivine, there are no significant differences between
the values from the single-crystal and the single-phase
Rieweld refinements. Where olivine is a minor phase
(i.e., ll%o as in P1), there can be large differences
between the actual value (as determined by all of the
other refinements) and the refined value; the most
notable case is for Mg at Ml in mixture P1 (Table 6),
in which the relevant values are -0.90(6) and 0.82(8).
However, although tle difference is large, so are the
assigned standard deviations, and the value is accurate
although very imprecise. With similar amounts of both
phases, both accuracy and precision are good. The

situation is similar for pyroxene, although the devia-
tions at low amounts of the phase are actually less than
for olivine. Because there are three scattering species
(Ca,Fe,Mg) potentially occupying the M2 site in
pyroxene, the site populations cannot be determined
just from structure refinement (Hawthorne 1983b).
However, as the Ca content (ot MZl is known from the
electron-microprobe analysis, we can fix this value
and refine the Mg and Fe contents of. M2. The agree-
ment across the complete set of data is good (Table 6).
Thus for both olivine and pyroxene, we can accurately
determine the site occupancies, but we must pay atten-
tion to the variation in the magnitude of the standard
deviations, which vary significantly with the modal
proportion of each phase.

Atomic positions and interatomic distances

The half-normal probability analysis of the Rietveld
and single-crystal results for the atomic positions in
the olivine (Fig. 4a) shows a nearly linear distribution
with zero intercept and a slope of 1.3 (as compared to
the ideal value of 1.0). The linearity shows that there
is no systematic difference between the Rietveld and
the single-crystal refinements, but the slope of about
1.3 indicates that the standard deviations in the
Rietveld refinement are still slightly underestimated
(by a factor of 1.3) even after correction for serial cor-
relation. For the pyroxene (Fig. 2b), the distribution is
slightly nonlinear with a small non-zero intercept,
indicative of some error. However" omission of the
two largest deviations does result in a linear distribu-
tion with zero intercept, and a slope similar to that for
the olivine, indicating that two of the refined parame-
ters (.r coordinates at the Z and the 03 sites) are in
erTor.

Different sets of refinement of the same phase can
more easily be compared using the interatomic dis-
tances. For the olivine, there is very good agreement
between the important bond-lengths determined by
single-crystal refinement and by single-phase Riefveld
refinement ̂(Table 7). The maximum differences are
0.022(16) Afor M2-Ol and 0.017(6) A for Z-O1;
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these differences are not statistically significant. The
situation is the same for the pyroxene refinements
(Iable 7); the maximum differences are 0.021(8) A for
ML-OZ and 0.025(11) A for I-O3b; as with the
olivine, these differences rue not statistically signifi-
cant.

The situation for the multiphase Rietveld refine-
ments is less satisfactory, particularly where the
modal proportion of the phase is small. For the
olivine, there is reasonable agreement between the
single-crystal and single-phase refinement values and
the results of the multiphase refinements where the
modal proportion of olivine exceeds 307o. Below
this valuen the ordering of the bond lengths in terms of
relative size is maintained, but large deviations occur,
and these are significant where the modal proportion
of olivine is ljVo. Similar behavior also occurs for the
pyroxene results, although because of the slightly
larger standard deviations, the differences are not
statistically significant. To summarize, reasonably
accurate interatomic distances can be obtained
from Rietveld refinements of mixtures of olivine
and pyroxene. However, where the modal propor-
tion of either phase becomes small, the assigned
standard deviations become so large that the inter-
atomic distances are of no use for crystal-chemical
purposes.

The interatomic distances for the refinement of the
1:l mixture at a series of different step-widths from
0.02 to 0.10' 20 do not significantly differ from the
single-crystal values with increasing step-width. This
indicates that the larger step-widths (i.e., up to
0.10" 2e) do not lead to a loss of accuracv. at least in
the 1:1 mixture.

t.0 t.5 2.0

Expected Apla(Ap)

CoNcLUsIoNs

Rietveld refinement of known binary mixtures of
olivine and pyroxene have been used to determine the
accuracy of the method for the determination of modal
propofiion and structural details of complex minerals
in mixed powders. The following conclusions may be
drawn:
(1) The modal proportions can be determined with an
absolute accuracy of.0.9%o absolute and 3.0Vo relative;
this is within the level of the assigned precision.
(2) The refined modal proportions are independent of
step width over the range 0.02-0.10' 20.
(3) Accurate unit-cell dimensions are obtained except
where the phase is a relatively minor (< lOVo) compo-
nent of the mixture.
(4) Site populations (and bulk compositions) are accu-
rate to within their assigned level of precision. Where
the phase is a minor component (i.e., 40Vo), the
assigned precision can be large; however, where
the components are major (2l0%o), the site populations
and bulk compositions can be determined accurately
and precisely.
(5) The refinement procedure is less sensitive to stereo-
chemical details (1.e., atomic positions). Accurate
values are obtained, but where the proportion of the
phase is less than 307o,the standard deviations are too
large for the atomic positions to be useful.
(6) Finally, we note that the above conclusions were
obtained on a mixture of phases of similar X-ray
absorption coefficients. For cases in which the X-ray
absorption coefficients of the constituent phases are
distinctly different (Bish & Post 1993), errors due to
differential X-ray absorption can be significant.

F'tc. 4. Half-normal probability plots for the atomic positions derived from single-crystal and single-phase Rieweld refine-
ments: (a) olivine; (b) pyroxene.
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