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RIASSUNTO. - AlIo scopo di indagare I'influenza
della presem.a .di AllY sulla geomenia dei siti te.
traeddd ed ollaedrici dei c1inopirosseni, e stato
intrapreso uno studio nistallochimico mediante djf·
frallomettia a cristallo singolo su sei fassaiti a
diverso tenore di AllY provenienti dalla zona
Predazzo...Monzoni. La serie di campioni si presenta
partkolarmente interessame in quanto il sito M2
risuha quasi oompletamente occupato da Ca ed il
oontenuto di Ti ~ est~mamente basso. I risuhati
dei raffinamenti cristallografici, terminati oon fattod
di disoordanza compresi fra 1,2 e 1,9 %, per i
riflessi con I > } f1 (I), e delle analisi con la micro
sonda elettronica eseguite sugH stessi nistalli usati
per le riprese, permellono di trar~ alcune interes.
santi oonclusioni: per quanto riguarda il sito re
ttaedrico, viene proposta una nuovll. ~lazione per
il caloolo del contenuto di AI'Y; per quanlO riguudll.
il site Ml, sembra di poler concludere che Ill. pre.
senza di AllY induca delle deformazioni anche nello
strato ollaedrico: vengono quindi ptoposre nuove
distanze per gli «end·members .. utilizzll.bili per il
Ql.lcolo dellll. composizione di M 1 ne! caso di dino
pirosseni oontenenti AllY.

ABSTRACT. - In order to evalull.re the consequences
of the Si·AI'" substitution in c1inopyroxenes, a
cryslal-chemical study by single crystal X.ray dif
fuctometry of six fassaires from the Predazzo
Monzoni area has been undenaken.

The crystll.llographic refinement yielded ll.greement
factors between 0.012 and 0.019. Some considerll.tions
on the geomenical ll.lterations of the tetrahedral
and octll.hedral sites are reported, together with a
new equation which allows to evaluate the AllY
content in Ca-clinopyroxenes.

Introduction

Fassaites are AI'Y·rich clinopyroxenes,
space group C2/c, which are particularly
suitable for the investigation of the influence
of the Si.Al'Y substitution in the geometrical
features of the tetrahedral and octahedral
sites. They present the peculiarity that the

M2 site is almost completely filled with
Ca, with negligible amounts of Na and
Fe~' + Mg. Therefore the geometry of the
tetrahedral and octahedral sites is not af·
fected by changes in the population of the
eight·coordinated sire.

Few and heterogeneous crystal-chemical
data on fassaites were up to now available:
among the three specimens reported so far,
only one was of terrestrial origin (PEACOR,
1967); one of the remaining (DowTY and
CLARK, 1973) is particularly rich of titanium
(0.5 atoms per f.u.).

Six fassaite specimens were selected,
owing to their homogeneously increasing
AI'Y content, among those available in the
Istituto di Mineralogia of Bologna, coming
from the triassic calcareous and dolomitic
rocks thermally metamorphosed at the
COntact with the dioritic intrusion of Monti
Monzoni, Val di Fiemme, Italy. Their
mineralogical characterizations have been
throughout reported elsewhere (MINGUZZI
et al., 1976) and the labels of the samples
have been mantained in this work. All the
specimens have a low Ti~' content and are
therefore an almost ideal set of samples for
a crystal-chemical study of the solid solutions
of diopside and hedenbergite with the Al·
and Fe~··Ca.Tschermak pyroxenes.

Experimental

A) X.ray single crystal diOractometry
The data collections were performed for

the six specimens on a Philips PW 1100 four
circle diffractometer in the b range 2.300

•

MoKa graphite monochromatized radiation
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TABLE 1
5~I~c/~d crystal dala

,,","

! (A)

~.OOl

! (A)

to· DOl
~ lA)

!CI.oo1

'(O)

!O.D1

n. of n. of

I{obs}

bo3oo(1)

Ry!; Robs R"I\
.100 doo dOO .,..

"'m 9.741 8.893 ,.... 105.88 438.93 '" ... 1.40 , .m 1.61 0.161

056/01 '.HI 8.895 S.V4 105.87 439.86 ,~ '" If 1.16 2.16 0.430

"'''' 9.138 8.819 5.278 105.91 438.87 '" '" L" 1.24 I .51 0.'"

011/04 9.142 '.080 '.m 105.80 439.76 '" ... 2.8(1 1.45 1.65 1.461

012/03 9.134 8.859 5.286 105.9. 438.29 '" .., 1.80 1.41 LOO LOO'

071/01 9.746 8.8~ ..,00 105.9) 439.n '" '" // 1.89 2.13 0.2«1

R.... refers '0 ,h, agreement between ,..., intensity measurements of equivalent reflections "d i.
:llptesscd as: • I I (hkl), - I (bkl) I / I: •

t t t I (bkl).... '-' ... ,..
w,~ I (hkll. i. ,..., ;'. measurement 01 ,..., reflection hid 'M I(bkll , ,...,

~ value: 01 ,..., N
cquiV1llmt rdkctiom, K••• ood R... ,~

,..., final ron~nlional -discrepancy indices expressed u,
t I I F. I - ,F. I I I I: F•.

was used. The (,,).-scan technique was
employ«i and twO equivalent monoclinic
reflections were collected, except for 0'6/01
and 071/01.

Unit cdl dimensions were measured using
the standard PW 1100 LAT routine. In
tensities were corrected for Lorentz and
polarization factors so as for absorption fol
lowing the method of NORTH et al. (1968)
and then merged. Technical details are given
in Table 1.

The refinements have been carried out
without chemical constraints with the full
matrix least-squares method using a locally
modified version of the program ORFLS
(BUSING et al., 1962): only reflections with
I > 3 (1 (I) were regarded as observed. The
initial atomic coordinates were those of
diopside (SASAKY et al., 1980). Ionized scat
tering factors (International Tables for X-ray
Crystallography, 1974; ToxONAMI et al.,
196.5) were used; during the refinement it
was assumed thar the M1 site was occupied
only by Fe:' and Mr'; as for the M2 site,
Ca!· and Na' were considered at the begin
ning; Fe2 ' was then suhstitued for Na'

when the numhe.r of electrons turned out to
be greater than 20.0.

As for the tetf':lhedron, partiaUy ionized
scattering factors were used: 1..5 positive
charges were assumed for Si and 1..5 negative
charges for 0 (Rossl et al., 1983). The
refinement of the occupancy factors was
performed with the constraint of the full
occupancy of the site. The Al'v content was
calculated after the isotropic refinement,
starting from the average T·O bond distance,
according to the equation: «T-O>
-1.634)/0.117 = Al'v (a.f.u.) (HAZEN and
FINGER, 1977) and was kept fixed in the
anisotropic refinement. All the parameters
were varied simultaneously: no correlation
greater than 0.6 was observed. Also the se
condary extinction coefficient (CoPPENS and
HAMILTON, 1970) was allowed to vary.

A 6nal Fourier difference map did not
rev.eal relevant peaks besides those midway
the silicon and the non bridging oxygens.

TIle agreement factors after the anisotropic
refinement are reported in Table I. Atomic
coordinates, isotropic equivalent tempera
ture factors and various geometrical pa-
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TABLE 2
Positional parameters (X 101) and thermal isotropic equivalent factors

for the six lamrire crystals
The ITUIJl.imum v.lue of e.s.d. is 0.0002

062/02

056/01

054/02

T 2866 934 2211

01 1145 871 13i9

02 3615 2516 3187

lD 3512 181 • 67

Ml 0 9080 2500

"2 0 3028 2500

T 2861 934 2278

01 1143 870 1402
02 3613 2521 3189

03 3514 183 - 67

"1 0 9075 2500

M2 0 3029 2500

T 2868 935 2268

01 1131 868 1386

02 3617 2530 3185

03 3Sl1 183 - 74

Ml 0 9076 2500

IQ 0 3035 2500

....
0."
0.54

0.66

0.61

0.43
0.65

0.37

0.56

0.70
0.64

0.43
0.65

0.36
0.58

0.74

0.66
0.44

0.66

SUpll

071/04

072/03

071/01

T 2870 934 2268

01 1138 869 1386

02 3620 2531 3192

03 3518 186 - 75

Ml 0 9012 2500

IQ 0 3037 2S00

T 2869 935 2259

01 1130 867 1372

02 3620 2540 3187

03 3520 187 - 86

"1 0 9076 2Son

M2 0 3042 2SOO

T 2873 934 2259

01 1129 869 1372

02 3621 2547 3189

03 3523 190 • 88

K1 0 9068 2500

"2 0 3050 2SOO

....
0.33

0.57

0.73
0.66
0.41

0.63

0.38

0.64

0.75

0.67

0.42

0.66

0.34

0.63

0.76

0.67

0.36

0.63

rameters a~ reponed in Tables 2 and 3.
ListS of observed and calculated structu~

factors and of anisotropic thermal parameu=rs
are available on request from one of the
authors (R.Q.).

B) Electroll microprobe analyses

The averaged chemical analyses and atomic
formulae of fassaites are reported in Table 4.

The same crystal used for X·ray data col
leClion was analized by the electron micro
probe. The analyses were carried out in the
wavelength dispersive mode on a fully
automated ARL-SEMQ instrument operated
at 1.5 kv, 0.2 ~A beam current. On-line
data reduction was based on the ZIEBOLD
and OGILVtE method (1964) by the use of
ALBEE and RAy correction factors (1970).

The agrttment between X-ray and electron
microprobe results is quite satisfactory: the
number of electrons in the Ml and M2 sites
obtained independently from X-ray re6ne-

ment and from EMP analyse; are reported
in Table 5. This concordance is a reliable
starting point for the crystal-chemical
discussion.

Di8CU88ion

A) The T site
The linear relationship between T-O

distances and AI'Y content in pyroxenes
whose M2 sites are almost filled wiih Ca
is nowadays a common knowledge. HAZEN
and FINGER (977) suggested thrtt equa·
tions for T· 0 bridging, non-bridging and
mean distances respectively (Table 6); they
were calculated on the basis of the old
crystallographic re6nement of diopside
(CURK et al., 1969), of the Quebec fassaite
(PEACOR, 1967) and of the Ti-rich Allende
fassaite (DowTY and CURK, 1973).

By using the AIIV percentages from EMP
analyse; and the T· 0 distances from the
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TABLE 3

Geometrical parameters from X-ray refinement
Standard deviations in parenrh=

062/02 056/01 O~/02 011/001 012/03 071/01

1·01 1.6131 (8) 1.6170(6} 1.6222(8) 1.6248(11) 1.6Z89(9} 1.6353(14)
-", 1.5971(9) 1.6(l()(6} 1.6057(9) 1.6006(12) 1.6121(IO} 1.6176(15)
-03A1 1.6718(8) 1.6133(6) 1.6139(8) 1.6731(11) 1.6163(9) 1.6781{l4)
-03A2 1.6899(8) l.B916(6} 1.6932(8} l.E9S4{ll) 1.6941(10) 1.6971(14)

Averl'8 1.6430 1.6456 '""'" 1.6505 1.6528 1.6510

'" 1.0065 '""'" .."'" ,."'" '""'" 1.0061

'" 21.65 26.% 27.35 27.37 21.11 26.00
TILT 2.43 2.36 2.34 2.41 2.35 2.32

T-QJ-U2 135.74(5) 135.10(4) 1l5.51{S) 135.65(7) 135.S2{6) 135.53(9)
03A2-03A1-03"2 166.06(7) 165.95(5) 165.92(7) \65.76(9) 165.72(8) 155.53{H)

1I1-01Al,B1 2.1147(8) 2.1168(6) 2.1119(8) 2.1158(11) 2.1080(10) 2.114~(14)

·01A2,B2 2.0520(7) 2.0554(5) 2.0470(7) 2.0511(10) 2.0409(9) l.C14SB(13)
-02C1 ,01 2.0378(9) 2.11345(6) 2.0240(9) 2.0206(12} 2.0139(10) 2.0053(14)

Average 2.0681 2.0689 2.0609 2.0625 2.0543 2.0552

." 11.694 11.7113 11.563 11.588 11.413 11.453

." 1.0060 1.0062 L'" 1.0061 1.0071 1.0076

." 19.29 20.00 21.17 21.30 22.49 23.74

foIl-01Al,Bl 2.3694(B) 2.3709(6} 2.3732(8) 2.3742(11} 2.3740(9} 2.3190(14)
-Olt2.02 2.3536(B) 2.3570(6) 2.3602(B) 2.3611(11) 2.3635(9) 2.3709(13)
-OlCl.01 2.5540(B) 2.5549(6) 2.5483(B) 2.5506(11} 2.5443(10) 2.&414(14)
'OlC2,02 2.7013(8) 2.7003(6} 2.690S(8) 2.6815(11) 2.6188(9) 2.6129(13)

Avera9. 2.4946 2.4958 2.4930 2.4934 2.4902 2.4911

'0' 25.682 25.732 25.648 25.663 25.512 25.629

TQE = Tetrahedral quadratic elongation (ROBINSON et aI., 1971); TAV = Tetrahedral angle variance
(ROBINSON et aI., 1971); TILT = Out<lf-plane tilting of the basal face of the telrahedron (CAMEItON
et aI., 1973); OQE = Octahedral quadratic elongation (ROBINSON et aI., 1971).

crystallographic refinements of five samples
of fassaite, together with the new distances
for diopside from a X-ray refinement at
0.4 A resolution (Rossl et aI., 1982), new
coefficients were found for those relation
ships. They seem to be more reliable due to
the accuracy of the refinements, to the homo
geneity of the samples and to the fact that
no interferences of unusual (e.g. Ti) elements
are· present. The change in the slope of the
straight lines trends always towards the
parameters reported for Ca-Ts (OKAMURA

et al., 1974), even if its mean bridging T- 0
distance is much shorter than expected (fig.
1). This fact may be explained in terms of
short range AI-Si ordering (GROVE and
BURNHAM, 1974). A minor dispersion due
to the heterogeneity of 5amples is present
along the T- 0 mean straight line. Therefore,

it is probably reasonable to use this equation
to evaluate the Al'v content in samples which
are nOt in the very conditions in which the
plot has been set up. The relationship
between T-O non bridging and Al'v may be
more profitably used expedally for samples
with a low AI'v content. However, the
evaluations of Al'v content for the specimen
which had not been probed varied from
0.092 (T-O mean) and 0.096 (T-O non
bridging) atoms per tetrahedron. It must
be pointed out that these equations hold
only for Ca dinopyroxenes.

Correlations between cell parameters or
combinations of cell parameters and Al'v
content were thereafter investigated. The
best results were obtained with the relation
ship between b/c sin !3 vs. Al'v (fig. 2): this
one can be very useful for the determination
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o/c sin f3
1·110

_ Thl. wo,k
____ Haza" a"d F1"ll.'

1.640

1-0
(A)

3•••••••••••
@ _.'

1.680 l_~"",;..-...~·._,__o------
....

Fig. 2. - The besl correlation found between a
combination of cell parameters and Al'Y contents
in the letrahe<!llI. The use of symbols is the same
as in fig. I. The equation is: h/e sin p = 1.766
-0.072 AllY.

However, even if the M1-0 average distance
of Al in CaTs and of Fe·- in Fes-_CaTs
(GHOSE et aI., 1975; deduced on t~ basis
of cell parameters) are used together with
those of Mg in diopside and of Fe!' in
hedenbergite, I~ usual procedure of deriving
the M I site population from the number of
electrons and from bond lengths considera
tions (see below), proved to be unsuccessful.
The possible explanation is that the di
mensions of the Ml octahedron in fassaites
are not a linear function of its site popula
tion. This hypothesis is supported by the
fact that the OQE of MI is correlated more
strongly (R = 0.999) to Al'Y than to the
Mg content in the octahedron (R = 0.971).

This fact means that the distorsion produttd
by AllY in t~ octahedron obscures in some
way t~ correlation between bond. lengths
and site population.

Founding on t~ agreement between the
number of electrons in the M I site from
the two kinds of analyses, a system of five
equations of the type:

Fig. I. - T-0 non bridging ("), mnn (b) and
bridging (cl distances vs. AllY content per one
letlllhedron for clinopyroxenes along the join
diopside·CaTs. Black circles refer 10 the fusaite
and diopside samples used to calculate the regres
sion line; open circles refer to sample 0'6/01.
Squares refer to samples reporled in the literature:
I = HAZEN and FINGI!a (1977); 2 = PEACOll (1967);
3 = DoWTY and CLAlIK (1973).

of t~ AllY content in a crystal without or
before collecting X-ray diffraction data. Cell
parameters -may be in fact easily measured
in any laooratory. This relationship holds also
for t~ fassaite samples in the literature
(which were nOt used for the calculation
of t~ coefficients). The Quebec fassaite
deviates from the line; its cell parameters
were however determined some years ago
on the basis of O-Ievel Weissenberg photo
graphs and cannot therefore be considered
accurate.

B) Th~ Ml site

I t has not been possible to detennine t~

site population of the Ml sites by using
t~ M1-0 average bond distances pf octa
hedra containing AI, Mg, Fe~' and Fe3' of
the common end-member pyroxenes. As a
matter of fact, t~ AI-O mean distance in
CaTs (1.947 A> is much larger than the cor
responding one 10 jadeite (1.929 A).

1.710

••• •••

3

,..
AI IV (a.t.u.)
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TABLE 4

Ch~mico/ analyse$ and site populotions based
on six oxygens from etu/ran microprobe data

TABLE 5
Comparison bt/wun X-ray refinements

and electron microprobe analyus

'0,
'0,.........
'.....
'......
••
Of,..
"'

•

- - ~~ .- ~~

M.K n." M.K •.n M.•

'.M .n •.•t ••• •••
••• '.M ••• 11.11 11.'1

'.M '.D '.n '.M '.D
'.H ,.. '.M ••• •••
'.M ,.. l.lI '.D 1.14

•.u '.D '.11 '.M 0.11

lI.n ll.11 11.10 1~ .11 11.10

fol.71 2•• 11 10•• K.U ".15

'.M ••• '.D '.M '.D
'.H .." tt.l1 ".n D'

u ,.,~ 1.'to '.m 1.'" ,.~

" 0.1" •. m 0.H1 O.J16 ..~
M" 0."1 '.Ill 0."' Mlr •••". '.Oll ..~ 0.•1 ..~ '.GlI1

,," ..~ 0.11G •. IRI 1.111 '.11',," •.0" ..~ '.1)$ 0.111 •.m

." '.001 1.001 ..- •.m ..-
u· •.- ..- ..- O.tll ..-... •.m ..~ ..~ .m ..~
•• •.m ..- •.m ..~ •.m.' .- ..~ •.m •.m •.m

". ..- ..m •.m •.m .-

If. lE nEtT. 111111 If. lE nECT. ''''
""" X-RAY '" .-. ""
"V" 1].26 11.00 20.16 20.1]

.,,,., 14.04 13.54 m.m 20.21

011/04 15.29 15.29 m." m.'"
012/03 14.21 14.28 m.m m."
011/01 16.16 16.45 m." m."

TABLE 6
Coefficients of the regression equations and multiple
correlation coefficients for the rela/ionrhips be/wten

T-O bond dis/anctJ and AI'" conttnl

T..{I",,~ IIrldfl",
, T.V. ,. 1.ID, 0.171 • • • 0.1199

M.f. ,. 1.~' O.uul • • 0.1199

'..{I-- T.V. , • 1.635 • 0.110 I • • 0.1199

M.f • , • 1.6l'I • 0.117 I • • 1.000

T-oarldgl., ,.v. , • l.ut. 0.0'9 I • • 0._

M.f • , * 1.'75 ' 0.065 I • • 0."7

H.F. = HAZEN and Fll'iCu (1977); T.W. = this
work.

• = TOIII Fe lIS FeO p2nitioned llCCOrding 10
P"'IICE et .1. (1974).

The results, together with the condition
of the full occupancy of the site, of charge

A\X, + A~XJ + A1XJ + A\X, = m~..
has been tCnl3tivdy set Up. in which Alt
are the known fractional quantities of Fe2 ',

Fe3 >, Mg2
' and AP' in the Ml site, D~b••

are the mean MI-O distances from the
X-ray refinement for the ;'h specimen and
XN src the unknown values for the MI-0
mean distances of the hypothetical pyroxenes
containing only the above mentioned cations.
The small quantities of Ti~', C~· and Mn2 '

from EMP analyses were considered together
with Fe3'. The following MI-0 mean
distan~s were obtained:

AIl' = 1.9565 A
Fe'- = 2.0163 A

= 2.1666 A
2.0814 A

balan~ and of the number of electrons in
the Ml site may be used to calculate the MI
site population of other Ca·pyroxenes con·
taining AI'''. The system of equations to be
solved is:

t
f;:::ZA~ W

26 X + 26 Y + 12 Z + 13 W = ZMI

2.1666 X + 2.0163 Y + 2.0184 Z +
+ 1.9363 W = Ml,O

were ZMI is the number of electrons in the
Ml site obtained from the X-ray refinement,
AI'" is evaluated from the relationship
betw~n the T-O non bridging dista~ and
AI'" content, and X, Y, Z, Ware the
fractional occupancies of Fe2 <, Fel <, Mg2 <
and All' ~p«tively.
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It is appropriate 10 remember Ihat tho~

results may be u~ful only for the crystal
chemical study of a panicular class of
pyroxenes, in which a similar patlern of
chemical substitmions and geometrical
distorsions can be recognised. However, it
is quite reasonable Ihat, in some cases, the
fearu~ of a solid solution may nor be a
linear combination of lhe corresponding

ones of the end member components.
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