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Riassunto. — Un'analisi di regressione multipla
stepwise applicata ai risultati del raffinamento cri-
stallografico di 182 clino-anfiboli ha permesso di
ottenere un insieme di equazioni che correlano le
intensita di 100 riflessi con la pépolazione dei siti,
le distanze medie di legame e I'eventuale sdoppia-
mento dei siti cationici. E stato quindi preparato
un programma (chiamato PREVEDI) che trasforma
i risultati dell’applicazione delle equazioni di re-
gressione alle intensita di qualunque anfibolo in
una formula cristallochimica. Con questa procedura
si ottiene un modello cristallochimico assai vicino
a quello corretto e utilizzabile senza ulteriori cam-
biamenti per il raffinamento cristallografico. E stata
inoltre preparata una versione ridotta del program-
ma che, utilizzando le intensitdi di solo 20 riflessi
e i parametri ¢ e f della cella elementare, riesce
a dare una formula cristallochimica sufficientemente
accurata per riconoscere variazioni cristallochimiche
significative fra diversi cristalli della stessa roccia
e scegliere quelli giudicati interessanti per un raffi-
namento cristallografico.

ABSTRACT. — Stepwise multiple regression analysis
applied to crystallographic refinement results of
182 C2/m amphiboles has allowed to obtain a
set of equations correlating the X-ray diffraction
intensity of 100 reflections with site population,
mean bond length and splitting features of the
cationic sites. A simple computer program
PREVEDI has been set up in order to transform
the results of the regression equations into a
crystal-chemical formula. In this way a crystal-
chemical model close to the correct-one can be
used without further changes in the course of the
refinement process. A reduced version has been
also set up which, using the X-ray intensities of
only 20 reflections and the unit cell parameters
¢ and f8, can give a crystal-chemical formula of suf-
ficient accuracy to recognize significant chemical
variations among crystals of the same rock and
to select those judged suitable for the crystallo-
graphic refinement.

Introduction

About two hundred structures of clino-
amphiboles from rocks of peculiar petro-

graphic and paragenetic interest and exhi-
biting wide chemical wvariations have been
refined during the last four years at the
Centro di Studio per la Cristallografia Strut-
turale (CSCS) of Pavia.

Data collection and refinement procedures
have been optimized so that a good deal of
crystal-chemical accuracy can be easily
achieved (UNGARETTI, 1980): the final
discrepancy index between observed and
calculated structure factors ranges in all
cases between 1.2 and 2.5 %; the e.s.d. of
interatomic distances — which accounts not
only for counting statistics but also for
discrepancy in the measurement of equivalent
reflections — is usually lower than 0.001 A;
the es.d. on the mean atomic number of
the atomic species present in the cationic
sites is always lower than 0.1 electrons.

The information obtained from X-ray re-
finements is elaborated by the computer
program CORANF (UNGARETTI, SMITH and
Rossi, 1981; Cannirro, OperTI and UNn-
GARETTI, 1981), which determines the
crystal-chemical formula of the amphibole
under investigation and calculates the cor-
relations between chemical, geometric and
crystallographic parameters for all the am-
phiboles so far refined.

As long as the number of investigated
crystals increased, the need of a quick pre-
ventive estimate of the crystal-chemical com-
position of a new specimen became more
and more crucial for two important and
distinct reasons: 4) to avoid to collect a
complete set of X-ray diffraction data for
amphiboles with crystal-chemical composi-
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TaBLE 1
Cation contents (in atoms per fu.) from X-ray
refinement for: a) three ampbhiboles baving similar
unit cell volume, b) two amphiboles baving similar
unit cell dimensions
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Observed unit cell parameters variations in 182
amphiboles refined at the CSCS: ¢ = 9.50-10.03 A:
b =1770-1820 A; ¢=527536 A; f=1035-
105.5"; V = 869935 A°

tions very similar to others already obtained;
b) to be able, if the diffraction data have been
collected, to start the refinement procedure
with a crystal-chemical model as much as
possible close to the correct one, in order
to save computing time and to avoid ope-
rator’s interventions.

It must be pointed out that the atomic
coordinates do not differ very much among
the various isomorphous members of the
C2/m amphibole family; moreover atomic
coordinates always converge to the right
values in a few cycles of least-squares refi-
nement. On the contrary, the chemical
composition of the cationic sites can differ
very much in different amphibole crystals;
this implies not only several cycles of
refinement due to correlation among scat-
tering power, thermal parameters, scale
factor, secondary extinction correction, etc.,
but also several operator’s interventions and
some caution, In fact the initial choice of
scattering factors often needs to be changed
in some cationic sites, according to the
observed bond lengths and to charge ba-
lance considerations. Moreover, only after
inspecting a good-quality difference Fourier
map, a clear picture of the positional di-
sorder around the M4 and A sites (Haw-
THORNE and Grunpy, 1978; Bocchuio, Un-
GARETTI and Rossi, 1978) can be obtained
and the required adjustements of the structu-
ral model have to be made before to continue
the refinement process.

On the other hand, as confirmed from the
structural refinements so far carried out at

L. UNGARETTI

TaBLE 2

Comparison between the cation contents (in atoms
per fu.) predicted by PREVEDI (P) and calculated
by CORANF (C) at the end of the refinement for
one alkali, one sodic-calcic and one calcic ampbibole
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the CSCS of Pavia, chemical and structural
informations cannot be directly obtained
from the unit cell parameters. In fact
in some cases, where a particular com-
bination of isomorphous substitutions gives
rise to contrasting geometric effects, large
crystal-chemical differences do not correspond
to significant variations in the unit cell pa-
rameters (see Table 1).

Therefore, the lack of crystal-chemical
information compels to carry out a preli-
minary refinement, to elaborate the results
so obtained, to modify accordingly the
crystal-chemical model (e.g. by changing
some atomic scattering factors, by including
some split sites, etc.), and then to perform
additional least-squares cycles. At the end
of this quite labourious work, it may happen
that the crystal-chemical composition so
obtained was already present in the file of
the refined clinoamphiboles.

Method

On the basis of previous experiences
performed on blue amphiboles (UNGARETTI,
DaL NEeGro, Mazzi and Rossi, 1977), a
more general treatment has been set up for
predetermining in a simple way a reliable
crystal-chemical composition of C2/m amphi-
boles from single-crystal X-ray diffraction
measurements, The method is based upon
the fact that the various isomorphous substi-
tutions occurring in amphiboles determine
large intensity changes only in a relatively
small group of reflections. By comparing the
diffraction data of 182 natural amphiboles
with widely different crystal-chemical com-
position so far refined at CSCS, 150 re-
flections, characterized by strong intensity
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TaBLE 3

Observed intensity variation (on absolute scale) for
182 C2/m ampbhiboles of the 20 reflections used
by PREVEDI to predict the chemical composition
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and by large intensity variations, have been
selected.

A stepwise multiple regression (SMR)
program has been employed in order to cor-
relate the intensity of the selected reflections
and the unit cell parameters with the mean
atomic number and the mean bond length
of each of the cationic sites T1, M1, M2,
M3, M4 and A. It came out that 100 out
of the 150 selected reflections were suf-
ficient to give very high correlation coef-
ficients for mean bond length and mean
atomic number not only of the conventional
sites, but also of the split sites A, Am, A2
.and M4, M4’. In particular the intensities of
11 reflections were used to determine at high
confidence level (R = 0.997) the mean
atomic number of the A(tot) site, 24 re-
flections plus b and V for the M4(tot) site
(R = 0.999), 9 reflections (R = 0.997) for
M1, 13 reflections for M2 (R = 0.997), 10
reflections (R = 0.994) for M3, 7 reflections
plus ¢ (R = 0.995) for the Al content in
the T1 -site.

A simple computer program PREVEDI
has been thereafter set up which applies on
the diffraction data collected with the single
crystal diffractometer the equations computed
by the SMR, determines the crystal-chemical
composition and indicates the kind and the
relative proportions of the scattering factors
to be used in the cationic sites. In this way
a very reliable crystal-chemical model can
be obtained and used without the need of
modifying it in the course of the refinement.
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TaBLE 4

Regression equations relating the intensity (on
absolute scale) of 20 selected reflections and unit
cell dimensions to the crystal-chemical parameters
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The equations are in the Parameter =

=C(I) + CUIDAIL) + . C(N]A{N), R is the
multiple correlation coefficient. n.el. = mean atomic
number in electrons.

Table 2 shows the comparison between the
crystal-chemical composition predicted by
PREVEDI and that given by CORANF at
the end of the refinement. As it can be seen
the agreement is excellent and the refine-
ment has very little modified the predeter-
mined chemical composition.

However since a too large number (100)
of reflections need to be measured to obtain
a highly reliable chemical formula, reduced
versions of the program PREVEDI have
been tested, which use only 20 or 38 re-
flections. Of course these reduced versions
are not able to predict fine-scale details like
the presence of split A and M4 sites, but are
of great usefulness in the preliminary steps,
when several crystals belonging to the same
rock are examined with the diffractometer.
Significant crystal-chemical variations are
easily detected by measuring the intensity of
a small number of reflections. Moreover,
deviations from the general behaviour shown
by the C2/m amphiboles can also be assessed
in this way: an example is illustrated in
Fig. 1, where the number of electrons pre-
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TABLE 5 80
Simplified  crystal-chemical procedure used by gz el
PREVEDI to convert the crystal-chemical para- Fe i
meters of Table 4 into a crystal-chemical formula p2s oY
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TABLE 6
Comparison between the crystal-chemical formula
of a C2/m amphibole elaborated by CORANF
(c) at the end of the refinement and that predicted
by PREVEDI without (a) and with (b) absorption
correction applied to the intensities of 20 reflections
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to be cautiously considered being due or
to dehydrogenation fenomena (UNGARETTI,
1980) or to the presence of strange crystallo-
graphic features which need to be examined
in details before starting the data collection.
In fact the refinement of the crystal repre-
sented with the open square in Fig. 1 did not
converge and gave an unaccettable R value
(~ 25 9%); a further examination of this
sample revealed twinning features which are
now under investigation.

o S i o Conclusions
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obtained by a complete crystallographic re-
finement (tables of coefficients of the com-
plete set of equations are available upon
request from the Authors). Additionally the
computer program PREVEDI gives a re-
liable and detailed crystal-chemical model
which can be used since the beginning in
the crystallographic refinement.

A reduced version has been also set up
which uses the intensities of 20 reflections
(see Table 3) for a preliminary rough esti-
mate of the crystal-chemical composition of
any C2/m amphibole. This reduced version
is particularly suitable for an immediate
check of the chemical composition of an
amphibole and to select the crystals whose
chemical composition worths to be studied
in more details by a complete crystallo-
graphic refinement. The program can operate
directly on the computer which controls the
single-crystal diffractometer in such a way
that, once the unit cell dimensions have been
measured, a quick collection of the selected
reflections can be carried out and the inten-
sity values can be immediately elaborated
to give the crystal-chemical composition.

In particular 3 reflections are used to put
the intensities on the absolute scale K, fol-
lowing the equation: K =37100/[I (442)+
+ I (533) + I (134)]; then six linear
regression equations (see Table 4) give
respectively the tetrahedral Al content (in
atoms per f.u.), and the scattering power
(in electrons) for the A, M4, M1, M2 and
M3 sites. A simplified crystal-chemical pro-
cedure, in respect to that used by CORANF
(see Table 5), has been adopted to transform
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the values given by the regression equations
into a chemical unit formula in terms of the
major elements which can be present in an
amphibole. To enhance the accuracy level,
an absorption correction based upon the
method of NorTH, PHiLLIPS and MATHEWS
(1968) can be easily applied.

A comparison between the refinement
results elaborated by CORANF and those
given by the reduced version of the PRE-
VEDI program (using 20 reflections), either
corrected or not for absorption, is reported
in Table 6. The example shown refers to
a crystal having relatively high shape
absorption coefficient (maximum value of
Kans. = 1.40); the predicted crystal-chemical
composition is in this case significantly af-
fected by the inclusion of absorption cor-
rection, which determines large intensity
changes. Actually the crystallographic re-
finement, based upon 1083 reflections (final
conventional discrepancy factor R = 1.42%)
has only slightly modified the chemical com-
position predicted by PREVEDI by using
the intensity, corrected for shape absorption,
of 20 reflections.

As soon as additional crystallographic
refinement will be carried out, their inclu-
sion in the multiple regression analysis
should enhance even more the accuracy and
the completness of the prediction made by
PREVEDI both in its largest and reduced

version.
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