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ABSTRACT

We evaluate the Rietveld method for determining mineral abundance in natural and synthetic wollastonite skarn using X-ray

powder-diffraction data. The results have promise for petrological applications that require modal analysis of large, heterogene-
ous samples and for mineral-exploration programs. Our main objective was to develop a practical procedure for rapid quantitative

modal analysis with the Rietveld method using a conventional Bragg-Brentano X-ray diffractometer. Simulated samples of

wollastonite ore were prepared from single-mineral powders, and the experimentally detemined modes were compared to the

nominal modes. For samples containing 30-99 wt.7o wollastonite, the relative error rzmges from 0.04 to l.3Vo. For phases other

than wollastonite, the relative error is generally dependent on the amount present. Above concentrations of 6 wt.qo, the relative

enor is 67o, decreasing at high concentrations to about l%o. Below concentrations of 6 wt.%, the relative error increases rapidly.

In addition, twenty drill-core samples from the Isk deposit, in northwestem British Columbia, containing up to thirteen phases,

were analyzed with the Rietveld method. The results were compared to mineral abundances determined with a whole-rock chemi-

cal analysis and projection method. Determinations of wollastonite abundance by the two methods are in excellent agreement,

except for certain samples with mineral assemblages atypical of the Isk wollastonite skarns. The discrepancy between the two

methods therefore most likely results from invalid assumptions in the projection method.

Kewords: Rietveld rehnement, modal analysis, X-ray powder-diffraction, wollastonite, skarn, Isk deposit, British Columbia.

Sourvtelnr

Nous 6valuons la m6thode de Rietveld afin d'6tablir la proportion des min6raux, dont la wollastonite, dans des 6chantillons

de skam naturels et synth6tiques en utilisant des donn6es de diffraction X sur poudre. Les r6sultats sont promettants pour les

applications p6trologiques exigeant des propoftions modales de min6raux de gros dchantillons h6t6rogdnes et pour les programmes

d'exploration min6rale. Notre objectif principal 6tait de d6velopper une proc6dure pratique d'analyser quantitativement et

rapidement la propoftion modale de min6raux d partir de la mdthode de Rietveld en utilisant un diffractomdtre conventionnel d

confrguration Bragg-Brentano. Des 6chantillons simul6s de minerai de wollastonite ont 6td pr6pards en m6langeant des poudres

monomin6rales, et les proportions modales d6termin6es exp6rimentalement ont 6t6 compardes avec les proportions nominales.

Dans le cas des 6chantillons contenant de 3O it 997o de wollastonite (base pond6rale), I'erreur relative varie entre O.O4 et 1 37o.

Pour les phases autres que la wollastonite, I'erreur relative est g6n6ralement d6pendante de la proportion. Dans le cas des concen-

trations d6passant 67o (poids), l'erreur relative est 670, diminuant aux concenffations 6lev6es d moins de l7o. En-dessous d'un

seiull de 6Vo,1'eneur relative augmente rapidement. En plus, vingt 6chantillons de carottes provenant du gisement de Isk, dans le

nord-ouest de la Colombie-Britannique, contenantjusqu'd treize phases, ont 6t6 trait6es de la mdme faEon. Les resultats sont
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compar6s aux abondances de min6raux d6termin6es selon la composition chimique globale et une m6thode de projection Les
r6sultats des deux m6thodes d'6valuer la teneur en wollastonite concordent 6troitement sauf dans le cas de certains 6chantillons
contenant des assemblages atypiques pour les skarns de ce gisement Le d6calage entre les deux m6thodes proviendrait de suppo-
sitions non valides dans la mdthode des projections.

(Traduit par la R6daction)

Mots-clis: affinement de Rietveld, analyse modale, diffraction X, m6thode des poudres, wollastonite, skarn, gisement de Isk,
Colombie-Britannique.

INrnooucrroN

Knowledge of the relative abundances of the con-
stituent minerals in a sample of rock is not only impor-
tant for purposes of classification and to determine
paragenesis, but is also essential to the characterization,
economic extraction and concentration of potentially
valuable ores. Traditionally, modal analysis has been
done in one of three ways: (1) point-counting of thin
sections or slabs of rock using an optical microscope,
scanning electron microscope or electron microprobe
(visual methods), (2) conventional X-ray powder-dif-
fraction measurements using integrated peak-intensities
and some scheme of external or internal calibration, and
(3) mass-balance calculations that convert a whole-rock
chemical composition into mineral abundances.

We have been developing techniques for the rapid,
inexpensive and accurate determination of wollastonite
content in skarn from the Isk deposit in norlhwestern
British Columbia. Delineation of wollastonite zones of
high purity is essential ro assess the economic potential
of the deposit. The exploration program produced large,
heterogeneous samples of skarn (two-m intervals of dia-
mond drill-core and bulk trench-samples), which re-
quired bulk crushing and thorough mixing prior to
analysis. Visual estimates have proven unreliable for
these disaggregated samples because of the acicular
nature of wollastonite and the preferential settling of
mineral grains other than wollastonite during the pre-
paration of sample mounts from powder. We have
therefore focused on X-ray powder-diffraction and
whole-rock chemical techniques. In this paper, we de-
scribe and evaluate two methods of determinins min-
eral abundance in wollastonite skarn: a Rietveta frethoO
that uses X-ray powder-diffraction data and a projec-
tion method that uses whole-rock chemical data. In a
companion paper, Gordon & Dipple (1999) describe a
linear programming formulation that uses whole-rock
chemical data and compare results of all three methods.

Cnorcs oF X-RAv Pownsn-DmrnAcrroN TEcHNTeTJE
ron Mooal ANer-ysrs

Conventional X-ray powder-diffraction measure-
ments of the integrated intensities of peaks using cali-
bration curves and internal standards are troublesome
because of the difficulty of obtaining and preparing

standa"rds with degrees of crystallinity, composition and
micro-absorption similar to those of the unknowns. In
addition, the X-ray-diffraction pattems of rocks (e.9.,
various types of skarns) can be extraordinarily complex,
with hundreds or even thousands of overlapping peaks
which make it difficult, if not impossible, to find any
peaks suitable for measuring integrated intensities. A
very comprehensive review ofthe relative merits ofeach
of the above methods is given by Hill et al. (1993).

For the purpose of this study, to overcome most of
the problems associated with traditional X-ray methods,
we used the Rietveld method, a full-profile approach to
quantitative phase-analysis. The Rietveld method gen-
erates a calculated diffraction-pattem that is compared
with the observed data; the structural parameters of each
mineral (atomic coordinates, site occupancies, displace-
ment parameters), together with various experimental
parameters affecting the pattern, are refined by least-
squares procedures to minimize the difference between
the complete observed and calculated diffraction-pat-
tems. From the refined site-occupancies at each atomic
position in the structure, accurate element-order param-
eters at each site and (in principle) the bulk composi-
tion of the material can be derived. Originally developed
for the refinement of relatively simple structures inves-
tigated with neutron-diffraction data (Rietveld 1967,
1969), the method was subsequently applied with X-ray-
diffraction data to crystal-structure refinements of
simple to complex rock-forming minerals and synthetic
equivalents (e.9., Young et al.  1977, Hi l l  1984,
Baerlocher & Schicker 1987, Raudsepp et al. l99},Bish
1993). A detailed summa.ry of crystal-structure applica-
tions of the Rietveld method is given by Post & Bish
(1989).

Of particular relevance to doing modal analysis of
rocks is the fact that the Rietveld refinement method can
be used to characterize more than one phase simultane-
ously, and more significantly, that the relative masses
of all phases contributing to the diffraction pattern can
be derived from the refinement usins the relationshiD
(Hill & Howard 1987):

W, = S, (ZMn, />t & (ZMnt

where W. is the relative weight fraction of phase r in a
mixture of I phases, S is the scale factor derived from
Rietveld refinement, Z is the number of formula units
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per unit cell, M is the mass of the formula unit (atomic
mass units), and V is the volume of the unit cell (A').
This relationship holds if all of the phases are well crys-
tallized and free ofpreferred orientation, and have simi-
lar degrees of micro-absorption of X-rays. Excellent
reviews and applications of the Rietveld method as a
technique for modal analysis have been published dur-
ing the past l0 years (e.9., Hill & Howard 1987, Bish &
Howard 1988, Hill 1991, Bish & Post 1993, Hlll et al.
1993, Mumme et al.  l996a,b).

All natural samples used in this study derive from
the Bril locality, one of five zones of wollastonite skam
located in the Iskut River map-area of northwestern
British Columbia, immediately east of the boundary
between the Coast and Intermontane belts. The skarns
are collectively known as the Isk deposit and are located
exclusively within limestone of the Stikine assemblage,
where it is in direct contact with the Zippa Mountain
syenite (Jaworski & Dipple 1996). The study was done
in three parts:

1 . A sample of >997o prxe Bil wollastonite concen-
trate was refined with the Rietveld method to check for
impurities, to assess the effects of potentially extreme
preferred orientation of a major phase with markedly
anisotropic shape of grains, and to determine if more
than one polytype is present.

2. Nine carefully prepared samples of simulated
wollastonite ore were aralyzed; the experimentally de-
termined modes were compared to the nominal modes
to test the validity of doing a modal analysis on these
samples with the Rietveld method.

3. Twenty natural drill-core samples from the Bril
locality were analyzed, and the results from the Rietveld
refinements were compared to modal analyses derived
from whole-rock chemical compositions.

This paper highlights our success in determining
mineral abundance in natural and synthetic skarn using
the Rietveld method with X-ray powder-diffraction data.
Our results have promise for petrological applications

thatrequire modal analysis oflarge, heterogeneous sam-
ples and for exploration programs.

ExpsnrNasNrAr- MBrsoos

Sample preparation

Simulated typical wollastonite ores spanning a range
of compositions were prepared by weighing out various
proportions of five components: wollastonite, quartz,
calcite, microcline, and almandine (Table 1). Quartz,
calcite and microcline were acquired from the M.Y.
Williams Geological Museum (The University of Brit-
ish Columbia), wollastonite from the Bril wollastonite
concentrate, Zippa Mountain, British Columbia, and
almandine from Gore Mountain, New York. All of the
components except microcline w erc >99Vo single-phase.
The microcline is perthitic and contains 5Vo albite; the
wollastonite contains trace amounts of quartz, albite,
and microcline. Chemical compositions of each phase
were determined either by electron-probe micro-analy-
sis or by energy-dispersion X-ray spectrometry (EDS)
(Table 1). The nominal amount of microcline weighed
was corrected to account for the amount of exsolved
albite (Table 1).

The particle size of each phase was reduced to less
than 0.5 mm in diameter using a steel ring mill. Final
grinding to the optimum grain-size range for X-ray
analysis (<10 pm) was done under ethanol in a vibra-
tory McCrone Micronising Mill (McCrone Scientific
Ltd., London, U.K.) for 20-30 minutes. Fine grain-size
is an important factor in reducing micro-absorption con-
trast between phases (Brindley 1945). After weighing,
the mixtures were further ground for about l0 minutes
to ensure complete mixing. Sample preparation for the
natural samples from the Bril drill core was similar to
that of the simulated samples except that the Bril sam-
ples had been previously ground to <200 mesh for
chemical analysis. Prior to collecting the X-ray-diffrac-

TABLE I NOMINAL MODAI COMPOSITION OF SIMULATED WOLLASTONITE ORES (WT,%)

Wollctonite' 79 79

autr# 8.00

calcite3 5.13

Almandine" 3.98

Microcline' 2.95

Albite6r 0.16

100.00

49.98 69 88
15 99 7.03
1203 8.00
4.03 3.03

t7.06 l t  46

0.90 0.60
100 00 100 00

89.94 98.84
1.03 0.13
4.96 0.30
2.03 0.40
1.93 0.32

0.10 0.02

100.00 100.00

30.45 30.10
15.01 4.00

6.96 19 95
7.98 42.96

37.6t 2.85

1.98 0.15

100.00 100.00

29.99 30.10
4.73 40.00

30.16 0.00

5.03 3.47
28.59 25. t1

1.50 t .32

100.00 100.00
Notes
1 Car edeoo2si2.@O3 (electon-probe micro-malysis, no. of mtions on the bmis of 3 O)
'? Pue quatz ftom cleil, colorless crystal
I Pue calcite (mergy-dispenion X-my malysis shom trace Fe, Mn, Mg)
4(Cao3zFerr6Mrb@Mg,or)Alr*Tio.,SirruO,, (XRFmalysis,no.ofcationsonthebmisof 12O)
5 Ko %Nao.eAlr @Sl2,O, (elmtrcn-probe micro-analysis, no. of cations on the bmis of 8 O)
6 NaojeA,lr msi3 0oO8 (electron-probe micro-analysis, no. of catiom on the basis of 8 O)
' Mode detemined by image malysis of perthite in thin section
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tion data, these powders were further ground in the
McCrone Micronising Mill for 20 minutes. A conse-
quence of grinding both the simulated and natural sam-
ples was the addition of corundum abraded from the
grinding elements; corundum contamination was heated
as an additional'ptrase in the Rietveld refinements.

Samples of the Bri l  wol lastonite concentrate
(Fig. lA) and eaeh simulated ore (e.g., Fig. 1B) were
examined for grain size and shape using a scanning elec-
tron microscope (SEM). In general, the grain size after
grinding varied from less than I pm to 20-30 pm, av-
eraging about 5 pm. Because of their acicular habit, a
few crystals of wollastonite measured up to about 50-
100 pm in length- The Bril drill core samples were ex-
amined also in the unground state using SEM-EDS to
check for grain size, shape and the presence ofminerals
in amounts too.small to be refined. Trace amounts of
hydroxylapatite, pyrite, zircon, barite and magnetite
were found to be present.

Collection of X-ray powder-dffiaction data

Samples were frrst pressed from the bottom of an
aluminum sample holder against a ground glass slide;
the cavity in the holder measures 43 x 24 x 1.5 mm.
The textured sur.fuce of the glass minimizes preferred
orientation of anisotropic grains in the part of the pow-
der that is pressed against the glass. Before collecting
X-ray-diffraction,data from the other samples, the pure
wollastonite concentrate was analyzed in detail to as-
sess the degree ofpreferred orientation and to check for
extraneous phases. Trial data-collections and refine-
ments showed that the above mounting procedure was
inadequate to overcome the severe preferred orientation
of wollastonite grains, and subsequent samples were
serrated with a razor blade in two directions, perpen-

dicular and parallel to the axis of the goniometer. This
treatment of the surface gave the least preferred orien-
tation, and all other samples (simulated and natural)
were subsequently prepared with two directions of ser-
rations. The disadvantages of serrating the surface of
the sample include a slight loss of overall diffraction-
intensity, broader peaks and degradation of displace-
ment parameters because of surface roughness;
however, these effects are insignificant compared to the
large errors introduced by preferred orientation.

Step-scan X-ray powder-diffraction data were col-
lected over a range 8-:70"20 with CuKct radiation on a
standard Siemens D5000 Bragg-Brentano diffracto-
meter equipped with a diffracted-beam graphite
monochromator crystal, 2 mm (1") divergence and
antiscatter slits, 0.6 mm receiving slit and incident-beam
Soller slit. The long sample holder used (43 mm) en-
sured that the area irradiated by the X-ray beam under
these conditions was completely contained within the
sample. The diffracted-beam Soller slit was removed,
as the intensity of the diffraction pattern was increased
three times, and no major phase has peaks at very low
angles of diffraction. The long fine-focus Cu X-ray tube
was operated at 40 kV and 30 mA, using a take-off angle
of 6". Although various step-sizes and counting times
were used for special refinements (Tables 2, 3 and see
below), the best compromise between acceptable preci-
sion and rapid collection of the data was a step size of
0.04"20 and a counting time of 2 s/step. Details of data
collection and Rietveld refinements are siven in Tables
2 and3.

Rietveld refinement and modnl analysis

X-ray powder-diffraction data were refined with the
Rietveld program DBWS-9411 (Young et al. 1994,

Frc. 1 A Back-scattered electron micrograph of Bril wollastonite concenfate after grinding. B. Back-cattered electron micro-
graph of typical sample of simulated wollastonite ore after grinding. Scale bar is 20 pm in both cases
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TABLE 2 DETAILS OF DATA COLLECTION AND RIETVELD REFINEMENT OF BRIL WOLLASTONITE AND

SIMULATED ORES

B r i l 1 A t B 2 3 4 5
wing rtuge ('20) 8-70 8-70

sep("20) 002 004

@utitrg time/step (s) 20 2

saming tihe (minutes) 1033 52
roo ofphces 4 7

RP

^exp

S (Goodness offit)

' includes 6mdM (mhimtion ftom grinding)

TABLE 3. DETAILS OF DATA COLLECTION AND RIETVELD REFINEMENT OF BRIL DRILLCORE SAMPLES

7 8  1 0 0

102 132

5 8  9 8

l E  1 3

t-?0 8-70
0 M  0 0 4

2 2
52 52
8 8
8 t  1 0 4

1 1 8  t 4 3
9 2  9 5
1 3  1 5

8-70 8-70 t-70
004 004 004

<)

7 7 8

100 t2 -2  89
1 3 4  t 6 1  l l 7
9 7  9 8  8 9
t 4  1 6  1 3

8-70 8-70 E-70
004 004 004

a 1 ,

52 52 52
7 t 1

1 0 7  9 5  8 0
142 125 11  0
1 0 4  9 7  8 5

t 4  1 3  1 3

t-70
008

2
26
7

1 4 7
1 9 9
t 1 2
1.1

3Er0 5270 2760 420 2610 4820 r27o 3395 579s 3410 2595 5360 3600 5000 4400 360 ,195 2'19s 4995 299s
Ino. of phmes

R.

R.P

R"rp

,S (Gmdness of Fit)

12 t2 12

9.3 9 E 9.4

12.5 t3.t t2.4

9 . 6  9 8  9 8

1 . 3  l 3  l 3

t2 l2 t2

9.1 9.2 t 6

tz.r t2.4 11.6

9.8 9.9 9.8

t 2  1 2  1 . 2

t2 t2 12 t2 l2 12 12 13 12

12 5 9.5 9.3 8.4 9.2 9 6 9.0 8.4 9 8

16 | 127 12.2 ll.l 12.3 12 6 11.8 11.1 127

9.E 10.1 10.0 9.7 10.5 9.E 10 I  8.6 f . i

t -6 1.2 1 2 1- l  |  2 1.3 1.2 1.3 1.4

t2 t2 t4 t2 14

94 9.:4 10.4 10.2 10.2

12.6 r2.4 1.3.7 13.6 13.6

10.2 9.9 9 E 10.3 9.9

1 .2  1 .2  1 .4  1  3  14

20 scan range, 8-59o; step interal, 0.04o20; integration time./step, 2 s; collection time, 43 min
'includes corodm (contamination from grinding)-

Young 1995) running on a Pentium Pro 200 MHz per-
sonal computer. Refinement times ranged from about
15 s/cycle (8 phases) to 45 s/cycle (14 phases). In gen-
eral, the following refinement procedure was used, but
it was slightly modified depending on the particular
composition of a sample. Peaks were defined as being
pseudo-Voigt with a variable percentage of Gaussian-
Lorentzian character. The peak full-width at half-maxi-
mum (FWHM) was varied as a function of 20 using the
expression Hr2 = Utanzo + Vtano +W of Caglloti et al.
(1958) for major phases, but only W was refined for
minor phases. The profile step-intensity was calculated
over an interval of 4-6 FWHM on either side of each
peak centroid, and peak asymmetry was corrected us-
ing the relation ofRietveld (1969). The background was
refined with a polynomial function. A correction for
preferred orientation (March-Dollase model) was re-
fined only for major phases of anisotropic habit (e.g.,
wollastonite, feldspar, pyroxene). Starting values for the
atomic positions and cell dimensions for each phase
were obtained from published crystal-structure refine-
ments of minerals with compositions similar to those in
the samples (Table 4). Isotropic displacement param-
eters of individual atoms were fixed at values exfracted
from single-crystal refinements of the structures.

The full 20-range (8-70") was used for 8-phase re-
finements of the simulated ores. As the number of peaks
in the diffraction pattem increases dramatically at high
angles of diffraction, the 2O-range for the natural sam-
ples was reduced to 8-59o. For example, atypical 12-
phase diffraction pattern of wollastonite ore contains
3,460 Ka1 + Ka2 peaks in the range 8-70"20; in the

range 8-59o2e, the number of peaks is reducedto2,20O.
This decrease in 20-range did not significantly change
the results, and had the additional benefit of reducing
the time required for collection of the X-ray data.

Refinements for quantitative phase-analysis were
done in the following general sequence: surface dis-
placement and zero-order background parameter, scale
factors for all major phases, the second- and third-order
background parameters, I{peak parameters for the ma-
jor phases, cell dimensions of the major phases, asym-
metry parameters for the major phases, pseudo-Voigt

TABLE 4 SOURCES OF CRYSTAI-STRUCTURE DATA AND STARTING
COMPOSITIONS OF MINERAI-S USED IN RIETVELD REFINEMENTS

Crystal Stluctue Stading Compositi@

Albile
Alrudire
Andradite
Apatite
Pblogopite

Calcite
Comdm
Dopsid€
Grossulu
I\6crocline
Pdgasite

Plagioclase

Quartz
Titdite
wollastonitell
Wollstonite2.i,l

Ambrustqeta/ (1990)

AmbNsIq et al (1992)

Lagq et al. (19E9)

Itugheseta/ (1989)

Brigatti & Davoli (1990)

Efelbqgs er d/. (1981)

l€ws et al. (1982)

Lfli6 & Prflitt (1981)

IIuo & Finga (1978)

DalNegroeta/ (1978)

MakiDo & Tomita (1989)

Pbillips elal (1971)

Le Page & Domy (1976)

HaMhome e, al (1991)

Ohdhi (19t4)

Ohashi (1984)

NaAlSijOr
FqAtSrrO"
Ca"Fe2SLOu
CaJ(PO)3(OID
K(Mg,Fe),(A[Fe)
si3o1o(oEF)'
CaCO3
ALo.
CaMgSirO6
C%AtSi3O'
KAlSi3os
Nao $Cat eM& rFer e
(Atrssi5Joz(oHl
Nao .Alr rSi'.O,
sio,
CaTiOt
CaSiOs
CaSiOt
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mixing parameter for the major phases, and preferred
orientation parameters for major phases with marked
grain-shape anisotropy. At this stage, the same param-
eters were successively refined for each minor phase to
the point where the least-squares procedure reiched a
minimum or became unstable; phases that could not be
successfully refined (generally those present in amounts
less than lva) were deleted from the refrnement.

The progress of the refinement was monitored
closely by examining the contribution of each phase to
the pattern on the difference plot. Phases in concentra-
tions greater than about 30-5OVo were also refined fur-
ther. For example, depending on the composition of the
sample, the remaining parameters in the Caglioti expres-
sion, asymmetry parameters, pseudo-Voigt mixing pa-
rameters, site occupancies, and overall displacement
parameters were refined if the refinement remained sta-
ble, and if the fit of the calculated to observed patterns
improved signifrcantly. Site occupancies were refined
only for the major phases; the compositions of minor
phases were fixed at the literature values. In the case of
the simulated wollastonite ores, the compositions of all
phases were previously known, and the site occupan-
cies were fixed at the nominal values. For the natural
samples, wollastonite, qtartz, calcite and corundum
were assumed to be close to their nominal compositions,
but the outcome of the refinements was much improved
by refining the site occupancies of the major phases with
variable cations. The quality of the ht between the cal-
culated and observed diffraction-profiles was evaluated
using standard indices ofagreemint, the profile R-fac-
tor Rp, the weighted profile R-factor R.r, the expected
R-factor R",o and the goodness-of-fit index .S, as defined
in Young et al. (1994). As the multiphase diffraction
profiles in these samples were severely overlapped and
as many of the constituent phases were present in very
low concentrations, we did not use the Rs index as a
numerical criterion of fit. Results of the Rietveld refine-
ments are given in Tables 5 and 6.

Modal analysis using a projection method
and whole-rock chemical data

Mineral abundance in drill-core samples from the
Bril skam was independently determined from whole-
rock chemical data. The major-element compositions of
the samples were determined by X-ray fluorescence
spectroscopy at the Cominco Exploration Laboratory m
Vancouver, B.C. The weight fractions of whole-rock
oxides were converted to mineral abundance through a
change of basis that invoked additive and exchange
components (Thompson 1982) on a molar basis. Addi-
tive components were chosen to be end-member com-
positions of minerals observed in the wollastonite skarn,
and exchange components were chosen to allow for
observed variation in mineral composition (Raudsepp,
unpublished electron-probe data). The basis-transforma-
tion does not yield a unique solution for each sample
because the new basis-set contains one more compo-
nent than the initial basis-set. The transformation was
therefore completed in two steps. The first transforma-
tion projects from titanite, hydroxylapatite, feldspar and
calcite:

Si

AI

Mg

Na

Mn

Fe

Ti

P

Ca

K

L.OJ.

0  0  0  0 0

1 0 0 0 0

0 1 0  0 0

0  0 1 0 0

0 0 0 1 0
- l  - l  0  - l  I

0  0  0  0 0

0 0 0 0 0

0 0 0 0 0

0  0  - 1  0  0

0  0  0  0 0

l  0  0 3

0  0  0 1

0  0  0 0

0  0  0 0

0  0  0 0

0  0  0 0

l  0  0 0

0  3  0 0

0  5  1 0

0  0  0 1

0 0.409 0 0

st
AlFe ,
MgFe-,

N*.

MnFe_1

Fe'

CaTiSiO,

Ca5PrO,,(OH)

Ca'

KAlSi3Os

CaCO,

where loss on ignition (L.O.I.) is equated to whole-rock
H2O and CO2 contained in hydroxylapatite and calcite,
respectively. In the projection, the abundance oftitanite,
hydroxylapatite, feldspar and calcite is uniquely deter-

TABLE 5 'RESIJLTS OF RIEryELD RXFINEMENT OF BRIL WOLLASTONITE AND SIMULA]ED ORES

B r i l l A l B 2 3 4 5 6 1

Wolldodte(fr%) 9914 7923 7E9E 4996 6909 8873 9806 304t Z96E 3016 2s77
':Relat iveenor(%) 003 OlI  I  0 004 12 I  3 074 008 I  09 052 I  1

Qudz 0 86 7 93 7 98 17 13 7 14 I  33 O 99 ls t9 49j 4 ' tE 407' l
R e l a t i v e e r o r ( % )  l l  0 8 2  0 2 5  7 t  1 9  3 3  8 9 3  1 3  2 4  1 6  1 9
Calcib 408 3 E0 11 33 E 25 37t 'nr 7 40 1966 31 09 000
Reldiveercr(yo) 20 26 5 8 31 26 37 |  4 29 O
Almmdine 411 466 39t 344 221 067 79E 43Ol 465 337
Relat iveeror(o/o) 32 17 29 14 tO 68 028 012 7 |  26
Micrccline 4 65 4 59 t5 25 9 87 4 03 O 2't 34 l7 2 69 2623 23 tE
Albire nr 243 222 nr nr 480 nr 3 lO 2gO
Feldspd(tobl) 465 459 t7 6E t2r' 403 027 38n 269 2933 2608
Relat iveenor(%) 50 56 16 025 9t 2t  16 tO 25 13
rRemmalire4 corudm-ft@
rReloive emr: Bril - e s.d from refinmen

- othes : [(lnominal abmdee - abmdd@ dehined by Rifield refinemenqynominal abudd@] x 100'nr trotrefin€d



MEASURING MINERAL ABUNDANCE IN SKARN

TABLE 6 
'ntsut 

ts oE nIEwELD REFINEMENT oF BRIL DRILL-CoRE SAMPLES

wT.yo 3810 5270 2760 420 2610 4E20 1270 3395 5795 34'10 2595 6360 3600 5000 4400 360 519s 2795 4995 2995

wol ld ton i te  90 .4  E l  9  E l  I  ' 165  75  1  701 655 582 55  I  545 434 367 316 2 ' ,7 .5

Ca lc i te  045 166 0 .45  1 .59  175 218 072 316 206 301 062 301 603 484

Grossu lu  006 389 517 944 I0 l  2 .63  I '17  002 088 370 103 621 l l .5  444

Andmdite 1.24 3.57 203 O.9'l 0.'17 '1.73 4.4'7 16.5 t.24 12.6 108 4.93 20.7 4 3E

Diopside 5 96 6.18 5.97 7 65 9.22 13 5 936 13.0 302 7 54 31.4 17.0 164 3.20

Titmite 0,00 0.15 0.01 0 04 0 03 0 56 0 49 5.50 0 15 0.93 | 25 0.21 1.34 0.50

Quartz 0.80 0.45 I 06 0 54 092 | 16 0.74 1.40 1.10 1.44 047 t.02 3.38 2-13

Microcline 0.59 2.16 2.63 247 l9E 1.59 0.92 0.59 1.87 144 094 3.27 692 2t.2

Apat i te  053 003 0 ;15  0 .67  010 047 0 .16  150 O37 O67 080 051 062 0 .36

Plagioclare 000 000 0.85 0-07 0.07 001 0.00 0.09 0.00 124 008 001 1.48 216

Pilg$ite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 00 0 00 0.00 0.00 0.00

Biotite 0.00 0 00 0.00 0.00 0 00 0 00 0 00 0.00 0 00 0 00 0.00 0.00 0.00 292

264 239 0 ;16

225 t .45  14 .8

5 3 0  6 3 7  0 4 2

5 . 6 9  1 9 6  l l . 5

17.2 40.5 614

2.43 2.13 | 72

r .64  101 696

264 261 0 ;75

0 13  1 .94  l . l8

12.4 0.4? 0.58

0.00 0.00 0 00

0 00 0.00 0.00

0 3 9  0 3 7  0 3 6

0 . 1 2  0 0 3  0 0 7

0.01 0.35 0.43

0.40 12.5 0.52

83.1 80 I 77 0

1.46 0.9 2 t5

0 93 0.79 0 E4

t82  260 281

5 1 1  l U  5 . 2 0

r 5 0  0 0 0  1 9 1

3.80 0 00 7.66

l .3 l  0  00  1 .07

MOLE% 3810 5270 2'760 420 2610 4820 1270 3395 5795 3470 2595 6360 3600 5000 4400 360 5195 2795 4995 2995

Wollstonite 93-'7

Calcite 0.54

Grossuld 0 02

Andmdite 0 3l

Diopside 3.41

Titanite 0 00

Quartz I 60

Microcline 0 26

Apatite 0 13

Plagioclase 0 00

Pilgasite 0 00

Biotite 0 00

902 89.8 E7 7

2  13  0 .58  2 . l l

l .1 l  t .49  2-65

0 90 0.54 0 26

3 6 5  3 5 7  4 7 1

0 l0 0.01 0 03

096 2 .26  119

0 99  t .2 r  l . l t

0  0 l  0 . t 9  0  1 8

0 00 0.40 0 03

0 00 0.00 0 00

0 00 0.00 0 00

86 0 El 8 79 0 73.4 69.9

232 296 2 .4 t  462 3 .03

2Er  075 7 .10  0 .0 r  0 .24

021 210 023 4.94 250

5 67 E.50 7-49 8.71 20 4

0  02  0 .39  0  46  4 . t t  0  t2

202 2.61 250 3.40 269

0.89  0  7E 070 032 099

0 . 0 3  0 t 3  0 0 5  0 4 4  0 l l

0 04 0.00 0.00 0.05 0.00

000 000 000 0 .00  000

0 00 0.00 0.00 0 00 0.00

7 1 8  6 3 5  4 2 2

4 6t 106 40.2

r.tE 3 87 r-'15

4  0 l  3  61  1 .33

5 20 24.7 10.5

0.74 I 08 0.15

3 66 | 31 2.26

7 93  0  57  t .56

0 2 0  0 2 E  0 1 4

0 70 0.05 0 00

0 0 0  0 0 0  0 0 0

0.00  000 000

4 7 8  4 3 4  4 2 6

106 E87 4 .22

4.36 | 82 221

7 44 1.65 2-18

13.2  271 14 .9

| 20 0 46 2.31

9 90 6 49 5.13

4 3 6  1 8 6  1 7 8

0 21 0.13 0.05

0.97 r4.8 8.69

0 00 0.00 0 00

0.00 l. l9 0.00

41.0 I l0 0.78 0;16 076

2.88 249 0.29 0 06 0.17

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

E.00 3 96 0.19 6 t0 026

368 47  6  86  s  85  7  83 .1

2 16 1.48 | 73 | 08 2.65

336 19 .6  359 3 t3  3 .39

I E6 0 45 | 52 222 2.45

0 7E 0 40 238 0.',1E 2.51

0-3s  0 .37  l  3 l  o00 172

0 00  0  00  1 .03  0  00  2 .15

0 00 0 00 0 69 0.00 0.5t

'Renomalized, 
comdum-free

mined. A second transformation produced minimum
and maximum estimates of quartz, pyroxene, garnet and
wollastonite content from the abundance of Si', Fe' and
Ca' of the first transformatron:

Si' - CaSiO: or SiOz
Fe' - CaFeSi2O6 or Ca3Fe2Si3Ol2
Ca' - CaSiO: or Ca3Fe2Si3Or2

The range of solutions colresponds to maximum for-
ward and reverse progress within each sample of the
reaction relationship:

CaSiO: + 2 CaFeSizOo + ll2 02 =
Ca3Fe2Si3O12 + 2 SiOz

Rssut-rs AND DrscussroN

Simulated wollastonite ores

Before analyzing the simulated wollastonite ores, a
highly precise set of data collected from the pure con-
centrate (Bril, Table 2) was refined in order to deter-
mine if more than one polytype of wollastonite is present
and if the traces of quartz, microcline and albite ob-

served by SEM could be detected. Two polytypes of
wollastonite were detected, wollastonite-lA and
wollastonite-2M. Microcline and albite were not de-
tected in the first round of refinement, and subsequent
refinements of the concentrate were done on the basis
of four phases: wollastonite- lA, wollastonite-2M, qrtafiz
and corundum (contamination from grinding). The re-
sults of the rehnement (Table 5, Fig. 2) showed that the
concentrate is essentially pure wollastonite (99.14 wt.Vo)
with a trace of quartz (0.86 wt.7o). About 0.1 wt.Vo co-
rundum was found to be present as contamination from
grinding. The presence of wollastonite-2M was con-
firmed both by comparing the fit of the calculated X-
ray patterns of wollastonite- 1A and wollastonite-2M to
the experimental pattern, and also pY the presence.of
the 2lI peak with d-vahte of 4.37 A (Heller & Taylor
r956).

At first, our attempts to refine wollastonite-l4 and
wollastonite-2M independently gave poor results; al-
though a fairly good fit of the calculated to the observed
patterns was obtained, many of the minor peaks of both
wollastonite polytypes were poorly fitted, the amount
of wollastonite -2M was overestimated, and the total pro-
portion of wollastonite was underestimated (Fig. 3A).
These discrepancies stem from the fact that all of the
major peaks of wollastonite-lA and wollastonite-2M
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FIc. 2. Rietveld refinement plot for Bril wollastonite concentrate (+: observed intensity at each step, solid line: calculated
pattern, solid line below: difference between observed and calculated intensities, vertical bars: positions of al1 Bragg reflec-
tions for (top to bottom) wollastonite-lA, wollastonite-2M, quartz, corundum).
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overlap almost exactly, and it is not possible to resolve
them with adequate precision. To overcome this prob-
lem, the relative amounts of the polytypes were refined
"manually" by adjusting the scale factor of wollastonite-
2M in the control file and refining only the scale factor
of wollastonite-lA until a satisfactory fit of the calcu-
lated patterns to the observed pattern for both 1A and
2M polytypes was obtained. As the 211 reflection of
wollastonite-2M is the only peak independent of
wollastonite-lA peaks, it was used in this way to cali-
brate the amount of wollastonite-2M present. The ratlo
of wollastonite-1.A to wollastonite-2M obtained was
6.4:7 by weight (scale-factor ratio of 25: l). Subsequent
refinement of the two wollastonite polytypes in all
samples was done by assigning the same position in the
refinement matrix to both scale-factors, and by con-
straining the calculated shifts during least-squares re-
finement to an amount proportional to the mass fractions
of the 1A and 2M polytypes previously obtained from
manually adjusting the scale-factors. Finally, the fit be-
tween the calculated and observed patterns was im-
proved sigificantly by refining the atomic position
parameters of wollastonite-lA. The refined positional

parameters are in good agreement with the published
values. This method gave superior agreement between
the refined and nominal amounts of the total wollast-
onite present (Fig. 3B).

Details of data collection and Rietveld refinement
of the simulated ores are summarized in Table 2; the
Rietveld refinement results are summarized in Table 5.
A comparison of the nominal abundance of each phase
versus the experimentally determined abundance is
given graphically in Figures 3B-F. In all cases, the
agreement between the nominal and experimental
values is excellent, and the numerical criteria of good-
ness of fit, Rp, R,p, R",o and S, uniformly show that the
fit of the calculated X-ray patterns to the observed
patterns is good. A typical Rietveld refinement plot
showing visually the quality of the fits is given in
Figure 4 (sample 6, Tables 2, 5).

As the amount of total wollastonite present is vital
to the evaluation and processing of such ores, the valid-
ity of the Rieweld method in determining its abundance
was our major concern in this study. As the estimated
standard deviations calculated from Rietveld refrnement
are unrealisticallv small (less than 0.17o relative). we
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used the "relative error" calculated from the deviation
of the Rietveld results from the nominal weights to
evaluate the precision ofthe refinements. Over the range
of 30-99 wt.7o wollastonite, the agreement between
nominal and experimental abundance is excellent
(Fig. 3B). The difference between the nominal and
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Frc. 3. Plot of nominal abundance of minerals in simulated wollastonite ores determined

by weighing versus toI:.l abundance determined by the Rietveld method' Solid lines

represent a 1:1 relationship. A. Wollastonite-lA and wollastonite-2M refined without

constraint. B. Wollastonite-1A and wollastonite-2M constrained to a ratio of 6-4:l
(wt.7o) during refinement C. Quartz. D. Calcite. E. Total feldspar. F' garnet.

experimentally derived amounts ranges from 0.04 to

1.3 wt.Vo relative (Table 5) and varies randomly. For
phases other than the wollastonite, the agreement
between nominal and experimental weights generally

depends on the amount present. Figure 5 shows the de-
pendence of the relative error in the experimentally de-
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FIc' 4. Rietveld refinement plot for simulated wollastonite ore (No. 6, Tables 2, 5) (+: observed intensity at each step, solid line:
calculated pattern, solid line below: difference between observed and calculated intensities, vertiial bars: positions of all
Bragg reflections for (top to bottom) wollastonite-lA, wollastonite-2M, quartz, calcite, almandine, miciocline, albite,
corundum).

16.0

rived weights of qtartz, calcite, almandine and total
feldspar on their concentration. For concentrations
above 6 wt.Vo, the difference between nominal and
experimental weights is less than 6Vo relative, and de-
creases at high concentrations to about 1 7o. For concen-
trations below 6 wt.Va, the relative error rises rapidly.

The collection time for each set of step-scan data for
the simulated ore samples was 52 minutes (Table 2). In
order to determine whether it was possible to get good
results in less time, the step interval was doubled to
0.08"20 at a counting time of 2 s/step for sample I (lB,
Tables 2, 5); the time for data collection was then 26
minutes. With the exception of almandine, the relative
errors for each of the minerals are close to those ob-
tained using a step interval of 0.04.20, showing that
satisfactory modal analyses of phases presJnt in
amounts greater than about 5 wt.Vo may be obtained in
relatively short periods of time. Attempts to decrease
collection times by reducing the counting time per step
to less than 2 s did not give satisfactory results. Simi-
larly, good results from using relatively short times for
data collection (large step-intervals) were obtained by

Farkas (1997) and by Raudsepp & Farkas (1997) for the
modal analysis of granitic rocks with the Rietveld
method and the same experimental conditions as for this
study.

Bril drill-core samples

The details of data collection and Rietveld refine-
ment of the drill-core samples from the Bril skarn are
summarized in Table 3; the Rietveld refinement results
are summarized in Table 6. As for refinements of the
simulated samples of ore, the numerical criteria of fit,
Rp, R.p, R""o and,S show that the ht of the calculated X-
ray patterns to the observed patterns is very good. A
typical Rietveld refinement plot showing visually the
quality of the fits is given in Figure 6 (sample 4820,
Tables 3,6).

Mineral abundances in Bril drill-core samples meas-
ured with a Rietveld refinement are compared to those
determined by projection in Figures 7A-F. Mineral
abundance is plotted as a single point for those phases
for which abundance can be uniquely determined by
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Frc. 5. Plot of nominal abundance of minerals in simulated
wollastonite ores determined by weighing versus relative
error. Relative 91161 = [(lnominal abundance - abundance
determined by Rietveld refinementl)l X 100. Point for
Sample 4, feldspar (arrow), is plotted off the scale (abun-
dance. 4.03 wI.%o: rclaive enor.98Vo\

projection methods (Figs. 7E, F). For minerals for which
no unique solution is possible, the range of abundance
is indicated by horizontal lines (Figs. 7A-D). The mis-
match between mineral abundance as determined by the
Rietveld method versus the projection method is sig-
nificant and indicated by the extent to which data fall
off the lines of slope = 1.0 in Figure 7. The mismatch
may derive from errors in either method, but given that
the Rietveld method was accurate in determining min-
eral abundance in synthetic skarn samples, we looked
first to errors or invalid assumptions in the projection
method to explain the discrepancy. For phases with
abundance greater than about 5 mole Vo, the mismatch
between the projection and Rietveld methods can be
attributed to shortcomings in the basis-transformation
or methods of whole-rock chemical analysis upon which
the projection is dependent.

Determinations of wollastonite abundance by the
two methods are in excellent agreement for samples
with wollastonite contents in excess of 40 mole Vo
(Fig. 7a). The two methods are also in excellent agree-
ment for samples with very small amounts of wollaston-
ite (<2 mole 7o) (4 samples; Fig. 7A, Table 6). For those
samples with a significant range in permitted wollaston-
ite content as determined by projection, measurements
by the Rietveld method generally lie at or near the maxi-
mum of that range. For several samples with intermedi-
ate contents of wollastonite, the projection method

consistently estimates lower contents of wollastonite
than the Rietveld method. These samples (6360, 5000
and 4400) contain mineral assemblages atypical for the
Isk wollastonite skarns (Table 6, Jaworski & Dipple
1996). The discrepancy between the two methods there-
fore most likely results from invalid assumptions in the
projection. For example, samples 5000 and 4400 both
contain a substantial proportion of plagioclase, which
the basis-transformation does not accommodate. The re-
maining sample (6360) contains an unusually large
amount of calcite, and the discrepancy in wollastonite
content is complemented by a mismatch in calcite con-
tent. This sample is discussed in more detail below.

The abundance of garnet, pyroxene and quartz, as
determined by the projection method, spans a signifr-
cant range (Figs. 7B-D). Mineral abundance as deter-
mined by Rietveld analysis generally falls at or near the
minimum level of garnet and quartz abundance and at
or near the maximum in pyroxene abundance. The re-
action relationship involving these minerals dictates that
as gamet and quartz content is minimized, the content
of pyroxene and wollastonite is maximized. It is there-
fore encouraging that the Rietveld estimates of wol-
lastonite abundance also fall at or near the maximum of
the range estimated from whole-rock composition.
These relationships are consistent with the field obser-
vations that diopside is much more abundant than gar-
net in the skam, and that skam zones are dissected by a
series of pyroxenite dikes from the Zippa syenite pluton
(Lueck & Russell 1995, Jaworski & Dipple 1996).

The abundances of titanite and apatite as measured
by the two methods are generally consistent, but exhibit
considerable scatter (Fig. 7E). We consider apatite
abundance measured by the projection method reliable
because it derives directly from the whole-rock phos-
phorus content as measured by X-ray-fluorescence
spectroscopy. The discrepancy between apatite abun-
dance measured by Rietveld and that measured by pro-
jection can be attributed to the imprecision of Rietveld
methods for low-abundance minerals (cl Figs. 5, 7E).
The Rietveld determination of titanite abundance also
is imprecise because of the low abundance of this min-
eral in the Isk skarn samples (Fig. 7E). However, titanite
abundance as measured by the projection method is
equally suspect because the basis-transformation does
not allow for the observed substitution of titanium into
garnet (Gordon & Dipple 1999). Neither method can be
relied upon to provide a precise determination oftitanite
content.

Calcite and feldspar abundance as measured by the
two methods is in good agreement, although there is a
systematic deviation between the projection and
Rietveld estimates that can be attributed to invalid as-
sumptions adopted in the projection method. The basis-
transformation assigns all K and Na to alkali feldspar.
However, pyroxene within the Isk deposits contains up
to 2 wt.Vo NazO (Raudsepp, unpubl. electron-probe
data). Attributing all Na to feldspar therefore leads to
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Frc. 6. Rietveld refrnement plot for wollastonite ore (No. 4820, Table 3, 6) (+: observed intensity at each step, solid line:
calculated pattern, solid line below: difference between observed and calculated intensities, vertical bars: positions of all
Bragg reflections for (top to bottom) wollastonite-lA, wollastonite-2M,calcite, grossular, andradite, pJ,Toxene, titanite, quartz,
microcline, apatite, plagioclase, corundum).

an overestimate of feldspar content in Bril samples. The
abundance of calcite determined by projection also is
systematically higher than measurements by the
Rietveld method. We assign this mismatch to the pro-
jection method because it must rely on L.O.I. for calcite
content. The error is largest in sample 6360, which con-
tains an unusually large amount of calcite and has a
L.O.I. of 15.74Vo. A more accurate determination of
calcite content by projection requires direct determina-
tion of the CO2 content. This error is also reflected in a
misrnatch in wollastonite abundance for this sample.

For phases with abundance greater than about
5 mole %, the discrepancies between mineral abundance
as estimated by Rietveld and projection methods can be
attributed to problems with the projection method. How-
ever, the errors that we have identified cannot be ac-
commodated with our basis-transformation formulation
and whole-rock analytical methods. In the companion
paper, a new whole-rock chemical method is described
that relies on linear programming to accommodate ad-
ditional variance in mineral composition (Gordon &
Dipple 1999). Despite its shortcomings, the projection

method accurately estimates wollastonite content
(Fig. 7A) and is being used by our industrial partner to
determine the economic potential of wollastonite in the
Isk skarns as an industrial mineral deposit.

CoNcr-usroNs

We have shown that accurate and precise abun-
dances of wollastonite and associated minerals in skarn
may be obtained with the Rietveld method and X-ray
powder-diffraction data from large, heterogeneous sam-
ples that contain up to 13 phases. We evaluated the po-
tential of the Rietveld method for this purpose by first
analyzing a suite of simulated wollastonite ores with
known mineral compositions and modes. The X-ray-
diffraction data were collected under conditions
optimized for measurement of wollastonite abundance
in the range of about 20-100 wt.Vo; in this regard, we
were able to measure wollastonite content with relative
error better than 7.3Vo. The abundance of associated
minerals was determined with a precision that depended
on their concentration. Typically, relative errors of less
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than 6Vo were obtained for concentrations greater than
about 6 wt.Vo: below this concentration, relative errors
increased to lO0Vo. Furthermore, accurate and precise
results for the major phases present were obtained us-
ing relatively short times for the acquisition of the X-
ray data; data-acquisition time for the simulated and
natural ores was 52 and 43 minutes, respectively, but
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data with not signifrcantly inferior precision can be ac-
quired in 26 minutes by doubling the step interval.

An evaluation of the accuracy and precision was
more difficult for the natural ores than for the simulated
samples, as the abundances ofreference minerals deter-
mined by the projection method were not accurate for
all of the unusually large range of rock compositions
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Frc. 7. Plot of nominal abundance of minerals in Bril drill-core samples determined by

the projection methodversus total abundance determined by the Rietveld method. Sin-
gle points indicate that abundance was uniquely determined by the projection method;
horizontal bars indicate that no unique solution was possible; they show the range. Solid
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analyzed. Wollastonite abundances measured with the
Rietveld method were found to be either in excellent
agreement with those determined by the projection
method (>40 mole Va, <2 mole Vo), or at or near the
maximum range of the calculated amounts. Agreement
between the two methods for the other minerals was not
as consistent as for the wollastonite, but generally
Rietveld-derived mineral abundances were near the
minimum or maximum estimates of those determined
by the projection method. For phases with an abundance
greater than about 5 mole Vo,we attibtte these discrep-
ancies between mineral abundance as estimated by the
Rietveld and projection methods to problems with the
whole-rock analytical methods or basis-transformation
used by the projection method. However, methods of
estimation based on whole-rock composition data pro-
vide more accurate determination of mineral abundance
than Rietveld methods for minor phases that accumu-
late incompatible elements. We are confident that our
estimates of mineral abundances in skarn from Rietveld
refinement of the natural ores are not signifrcantly dif-
ferent with regard to accuracy and precision from those
obtained for the simulated reference samoles.
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