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RIJlSSUNTO. - Lo studio namite dilIraltomenia a
cristaUo singolo delle dnetiche dei fenomeni di
ordine.Jisordine nei minerali delle rocce ha reso
sempre piu inclispensabile una rapida ed accurata
determinazione di alcuni parametri cristallochimici,
r.eccssari per seguire !'andamento della transizione.
Questa csigenza era del resto gia avvenita neU'am
bim del10 slUclio cristallochimico clegli stessi mine
rali, per evitare di sprecare tempo di dilIranometro
e di calcolo su crislalli simili a quel1i gill studiali.
A quesm scopo, mediante it procedimcnlO gia pro
posto per i clinoanfiboli, sono stati messi a pumo
due programmi FORTRAN, uno (ORTHOPYRj per
gli orlOpirosseni e uno (CLlNOPYR) per le onfacili.
Questi programmi, mediante la misura rispettiva
mentc di IH e 116 riflessi, particolarmente sensibili
alle variazioni di composizione, permellono di cal·
colare con un alto livello di attendibilita le distanze
medie e il numero atomioo medio di ogni silO
cationioo, senza ricorrere ad un raffinamento con
dati oomplctl. I due programmi, che si riduoono al
calcolo di combinazioni Hneari conlenenti non piu
di 40 termini ciascunn (ogni termine consta di
un'intensitil misurala mohiplicala per un opportuno
coefficiente), possono essere utilizzati su un qual
siasi "personal computer» 0 essere direnamente
inseriti ne! ., soflware» di oontrollo del dillralto
metro.

ABSTRACT. - By applying the same principle used
for the clino-amphiboles, two FORTRAN .programs
have been set up, one for onho- (ORTHOPYR)
and onc for P2/n dinopyroxenes (CLINOPYR).
The measuremenl of 133 and 116 reflections
respectively, which are particularly sensitive 10 the
cryslaJ.chemical variations, allows to calculate the
mean bond distances and the mean alomic number
of the octahedral sites. The great accuracy of the
crystal-chemical results allows to avoid complele
X·ray data collection and refinement. The two
programs, which consist in the calculation of linear

combinations of no more than 40 terms, may be
performed on any personal computer or be inserted
in the standard software of a singllXrystal dif
fractometer.

Introduction

The crystal·chemical investigation of the
rock-forming minerals - which has been the
main research program at the Centro di Stu
dio per la Cristallografia Strutturale of Pavia
in the last five years - yielded a great deal
of X-ray crystal structure refinements of
amphiboles, orthopyroxenes and dino
pyroxenes. The procedures of data collection,
data reduction and least-squares refinement
(UNGARETTI, 1980) have been optimized so
that highly accurate crystal-chemical infor
mation is always achieved: the final
discrepancy indices are usually between 1.2
and 2.0 %, while rhe e.s.d. on the calculated
bond lengths are near ± 0.001 A.

Recently, a new kind of experiments has
been set up, in order to study the kinetics
of the order-disorder phenomena in ompha
cites and in onhopyroxenes: rhis implies that
the X-ray structure determination must be
worked OUt at first on the natural specimen
and then on the same crystal after anneaHng
it for different times. The whole sequence
has to be carried our for different tempe
ratures and for crystals of different com
position. Tens of X-ray data collections and
structure refinements are the basis of this
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kind of investigation and this is a lime
consuming and expensive procedure. On the
other hand, only (he accurate delermination
of the mean atomic number in the oclahedral
sites is needed [Q follow the order-disorder
transformation. If a check of rhe self
consislcncy of rhe results is wanted. a limited
number of geometric parameters, like the
mean dislances between the ttntral atom and
the coordinated oxygens has 10 be calculated.
Moreover the Si-O non bridging mean
dislance is useful to evaluate the AI" coment.

Previous experiences on amphiboles of
wide-ranging crystal<hemical composilions
have shown that the various isomorphous
substitutions occurring in the amphibolc
structure determine large intensity changes
only in a small number of reflections (CAN
NILLO and UNGARETT1, 1983). The inten
sities of the reflections which are more
sensitive to the chemical composition were
therefore correlated, by using a stepwise
multiple regression procedure, 10 the
geometric and chemical parameters which
are needed to calculate the crystal-chemical
formula of an amphibole. A similar approach
has been applied to orthopyroxenes and
to primitive omphacites, in order to follow
the order.aisorder transformation without
performing complete X-ray data collections
and least-squares refinements.

MClhod

The first step was to recognize the
reflections which are more sensitive IQ the
site popul:llion changes and those which are
quite constant and can therefore be used
to put the intensities on absolute scale. In
orthopyroxenes - unlike amphiboles - all
the rcfle<:tions are very sensitive IQ crystal
chemical variations. Because of the lacking
of individual reflections with constant inten
sities, it has been looked for sets of a small
number of reflections in which the sum
of the intensities was constant. To get this
goal it was necessary ro sum up six reflections
selected among the 190 more intense ones.
Their indices are reported in table 1. The
complete diffraction data of 48 ortha
pyroxenes were then compared, and 250
strong reflections with the largest intensity
changes were selected among the 1400 in-

dependent reflections in the it range 2"·30".
A stepwise multiple regression procedure
was then applied to these 250 reOections, in
order to correlate the changes in the inten
sities and the unit-eell paramerers with the
number of electrons in the M 1 and M2
sires, the mean <MI·O>, <M2·0>.
<SiA-O>, <SiB-O>, and <SiB-O> •.b<.

distances.

Because of the need of accurate deter
mination of these parameters, which could
substitute fdr the results of a complete X-ray
crystal·structure refinement. a great care
\Vas taken in checking the reliability of the
results. Therefore the number of the terms
in the final linear combinations was enlarged
with respect to the case of amphiboles. The
final set of equations, which allows to cal.
culate the crystal.chemical paramerers is
reported in table 1, together with the mul
tiple correlation coefficients: 133 independent
reflections were used. An evaluation of the
accuracy of the results obrained in this way
is reported in fig. I, where the calculated
values are compared with rhose obtained
from the complete X-ray crystal-structure re
finements. Obviously, these plots refer to
cryStals which were not used for the cal
culation of the coefficients of the equations
reported in table 1.

The same procedure has been followed
for the P2/n clinopyroxenes. In this case
the intensity data collected from 37 crystals
were used, each set of data consisting of
around 1500 independent reflections in the
it range 2"·30". Because of the intrinsic
weakness of the h+k odd reflections. the
search for sensitive reflections was carried out
separately for the h+k odd and h+k even
sets: at the end, for the stepwise multiple
regression procedure the 134 and 104
strongest reflections with the largest changes
in intensities were raken into consideration.
The scale factor was calculated in the same
way as in orthopyroxenes using the 77
strongest reflections wirh h+k even: a
combination of the intensities of only four re
flections was found to be sufficiently accurate.

The final equations for the calculation of
crystal-chemical parameters in P2/n dina
pyroxenes arc reported in table 2: 116
independent rel1ections were used. The range
of chemical variation in omphacites is
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TABLE

Regression equations relating the intensities (011 absolute scalel 0/ J3J re/lectiotlS and
the unit-cell dimensions 10 the crystal-chemical parametas ill orthopyroxelles

K 2'164 I C( 51') • ( 7 1') (15')' ( .31) (. 3 0) • (lE 1 2)]

<;111-0> 0.llI089 b .39170 8 l) 0.70369 04 3) 1.13122 4 I 2) 0.14192 ( 4 3 Ol
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1.21055 ( 93 5l
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1.02560
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0.23286 110 3 3)
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0.53275 (20 Ii 0)

1.60519 ( 651)

0.11)904 ( 4 I 1)
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1.30035 ( 156)

0.21353 e
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6.47788 I 6 3)

'.40716 (IS 2 I)
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1.89669

R _ 0.998
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-323 "10274 (10 5 0) _189.70334.( 7 1l 35.27938 52 I) _140.95"120 (15 3) .533.24409 92 5)
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_136.19481 (14 9 3) 86.48540 5 5 1) .294.595~9 (1283) .IH.3U41 (1502) -'93.44464 ( • 8 5)

,101.70656 3 3) -25B.973l>1 (223 II .lI3.49328 ( 15<» .4.0.2.....9 (21 3 1) _188.5034~ (10 ~ 0)
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,132.13412 78 1l _ 35.07591 7 I 1) .54.91606 (Ill 2 0) • :J.4.32759 ( 783) 17.63304 (21 33)

• 13.17188 R. 0.'*99

Ihkl) means ifJIensity of lhe hki reflection. K is the multiplier 10 pll! the imensili<.'S on lhe absolule sealt':o

rather small (from roughly Jdu,~"Di(I.f>o to
.Jdo.f,,,Dio ~'" disregarding few percents of

acmite). Thus plots like those showed in
fig. 1 are not useful to monitor the accuraq'
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TA'BLE 2

Regression equations relating the intensifies (on absolute scale) 0/ 116 reflections and
the unil-cell dimensions to the crystal-chemical parameters in P2/n clinopyroxenes
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•.••n. 112
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(hkl) means intensity of the hkl reflection. K is the multiplier 10 pUI the intenshics on the absolute scale

of the results. As a demonstration of the
reliability of the calculated values, two
examples are given in table 3, in which the
comparison with the values obtained from the
complere crystal·structure refinement is
shown. These examples refer to the most
ordered and the least ordered among the
available samples.

Conclusion

The results described in the previous
section were used to write two FORTRAN
programs, one for the onhopyroxenes
(ORTHOPYR) and one for the elino
pyroxenes (CLINOPYR). Because of their
simpliCity, they can be processed with any
kind of available personal computer, or be



FAST DETERMINATION OF THE CRYSTAL-CHEMICAL COMPOSITION ETC. 10;
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~oftware. To enhance the accuracy of lhe
results, a routine for the absorption cor
rection based upon me melhod of NORTH,
PHILLlPS and MATHEWS (1968) was also
inserted in the ca1cularion. To summarize,
a standard procedure for lhe fast deler
mination of the crysta1<hemical variations
of orthopyroxenes and omphacites consisls
in the accurate measuremenr of the unit-cell
parameters and of 133 and 116 independent
reflections respectively. By using the proper
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TABLE 3
Compariwn between the cryrlal-cbemicaf parameters
calcu/aled by the CLlNOPYR program and thQJC
obtained al {he end 0/ the refinemenu of two

P2/n dinopyroxenl's

,., .," cale ...
<1111 _ n> 1.933 1.93. 2.011 2.01.0

<"I _ 0> 2.076 2.076 2.049 2.0!oO

", •.n, MU 13.4$ 13,51 13.83 13.'6

••••n. III 13.3& 13.~ 13.40 13.03

•.•.n. If2 13.2~ 13.29 ".98 14.95

•.•.n. M.I 18.Q.4 18.00 16.99 l' .01

program, the imensities are experimentally
corrected for absorption and put on the
absolute scale; the resulting set is then used
to solve the group of linear combinations by
means of the coefficients reported in tables

and 2.

This method is completely satisfactory for
the goal of this work. The whole procedure
can be carried in two or three hours and the
resulting crystal-chemical parameters allow
either to monitor the order-disorder transfor
mation, or to calculate the degree of order
in a natural omphacite. They are also
extremely useful whenever the investigation
of a complex rock sample is needed, because
of the possibility of quickly evidenti:lting the
crystals which show significam crystal
chemical variations.
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