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AI-Si ORDER-DISORDER AND CELL PARAMETERS 
IN CALCIC PLAGIOCLASES 

RIASSUNTO. - I paramelri delle celle dei plagioclasi permettono di distinguerc una setie 
di -le alta .. ed una di «bassa tempera Iura .. anche nell'intervallo An,..-An,,,,,, a condizione che i 
termini di alta siano equilibrati a temperature ptossime alia T •• " •••. Di particolare interesse 
si e dimostralO il diagramma y/composizione in cui le due curve di alta e di bassa si intersecano 
per una composizione di circa An... Per spiegarc questo comportamento sono stati analizzati i 
dati relalivi a stn,illure di plagioclasi di alIa e di bassa e ne sono state tratte le seguenti 
conclusioni; 
1) le variazioni di y indone dal trattamento termico trovano piena spiegazione nd grado d'or

dine Al-Si; 
2) un lieve ma significalivo grado d'ordine e presente nei plagioclasi di alta, ad oo:ezione che 

nell'inlervallo An...An ... 
I1 contributo dilIerenziale dei iegami Ca/Na·Q sugli ossigeni dei diversi tetraedri olIre 

un'interrretazione cristallochimica del grado d'ordine presente nei plagioclasi equilibrati ad aids
sima temperatura. 

ASSTRACT. - Unit<ell parameters of plagioclases allow to distinguish a .. high .. and a 
.. low temperature.. series in the range An,..-An,oo, on condition that the high samples be 
equilibrated at tt:mperatures near the T •• " •••. Particular concern is taken in the plot y versus 
An content, that shows the high and the low curves to intersect at about AI1oo. In order to 
explain this behaviour, the structural data of high and low plagioclases are analyzed and the 
following conclusions are drawn: 
1) the variations of r induced by thermal treatment afe explained in terms of AI-Si order degree; 
2) a significant amount of order is present in the high plagioclases, with the exception the 

sodic portion (Ano-An..). 
The dilIerrn.t amount of the Ca/Na-O bond strengths on the oxygen atoms of the different 

tetrahedra olIen a crystal chemical interpretation of the order degree present in plagioclases 
equilibrated at very high temperature. 

It is weH known that unit-eeH dimensions in plagioclases are controHed by 
the AI-Si configuration and therefore by the structural state, that in turn depends 
upon the thermal history of the plagioclase. y and y-related parameters in particular 
are highly correlated to the structural state, i.e. to the AI-Si order degree. T his cor
relation has been exhaustively interpreted (RIBBI': et aI., 1970; KROlL, 1971; BRUNO & 

F ACCHINELLI, 1974b). Therefore in a plot y versus An content is possible to distinguish 
a series of f: high ) (disordered) and a · series of f: low :. (ordered) plagioclases. Of 
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course imermediate structural states can exist. The distinction between the two 
series however is . not possible in the whole range of composition of plagioclases; 
indeed it is very strong for albite but decreases with increasi ng An content and 
disappears at a composition around A010. In the range An1o-An loo neither thermal 
treatments nor very peculiar geological environments (lavas or blocks ejected from 
volcanoes) could give plagioclase specimens with unit cell dimensions distinguishable 
from the c low ) isochemical terms (WVES & GOLDSMITII, 1954; RIBBE & MEGAW, 

1962). It has been commonly accepted, on the basis of the above observations, that 
in this range two thermal series ace impossible to be distinguished by mea ns of 
the cell parameters. 

Recently, significant modifications of the cell di mensions could be induced in 
an anonhite specimen by means of a thermal treatment near the melting point 
followed by a quenching (BRUNO & FACCH INELLI, 1974 a). Similar results have 
been observed by L.WES & GOI.DSM ITII (1955) and by KROLL (1971) in the products 
of a short devetrification at 1430~ C of a glass of anorthitic composition, but the 
c anomalous:J anonhite had been considered metastable by these authors. The results 
of BRUNO & F ACCHINF.LLI (1974 a), on the contrary, as the starting material was a 
natural anorthite, allow to reject the hypothesis of metastability and probably reAcx:t 
a structural state in equilibrium at very high temperature. The refinement of the 
structure of the above quoted quenched anorthite has been carried out (BR UNO et aI., 
1976; CHIAR I et aI., 1978) and the results have shown an Al-Si configuration not 
strictly controlled by the c Loewenstein rule :J (LoEWENSTEIN, 1954), that is a non 
perfect Al-Si alternation. This Al-Si configuration can explain the observed unit-cell 
dimensions. 

The above results have lead the authors to analyze more in detail the modi
fications of the cell parameters of pJagioclases in the calcic portion. Further results 
(FACCH lNELLI & BRUNO, 1977) have shown that in the range An1(1-AnlOO a high 
temperature series, distinct by the low one, can be identified by means of the cell 
parameters only if specimens heated at temperature near the melting point are 
considered. Thermal treatments at lower temperature, even if very high in absolute 
(e.g. 1430° C fo r the term Anloo), are not able to ind uce variations in the AI-Si 
distribution and therefore in the unit-cell dimensions. T his last observation is in 
agreement with the non-occurence in nature of c high :J calcic plagioclases with 
unit-cells different from the c 10w :J ones. 

Aim of this work is to determine the variatiotls of the unit-cells of the c high ) 
plagioclases in the range An~o-An l oo and to give a structural explanation of the 
observed variations. 

Unit-cell parameters 

Unit-cells of plagiodases from different sources, partly original and partly offered 
from the literature, have been used to gefine the variations of unit-cell dimensions 
in plagioclases An~(l-AnlOo. Two calcic plagioclases from basic granulites of Jvrea-
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-Verhano Zone (Western Italian Alps) 
have been selected. Crystals have picked 
at the microscope and some of them have 
been heated for 16-18 hours at a tem~ 
rature of about 30" C below the T oolltluo. 

Chemical ana lyses have been carried out 
both on the treated and on the untreated 
crystals; the results are given in table I. 
The analyses were carried out III the 
wavelength-dispersive mode on a full y 
automated ARL-SEMQ instrument opc:
rated at 15 kV, 0.15 IJ.A beam current 
and a defocused beam (spot size = 50 
IJ.m). Under these conditions no appre
ciable loss of N:l counts was detected 
during three successive analyses on the 
same specimen point. Counting times 
were 2, 20, 2 s for high background, 
peak and low background respectively. 
On-line data reduction was based on the 

TABLE 2 
Unit-all param~t"s 0/ low plagioclas~s 
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ZIEBOLO & QcILVIE (1964) method by the use of ALBa & RAY (1970) correction 
f:Jctors. Synthetic plagiodase glasses and natural microcline w(:re used as standards 
for Si, AI, Ca, Na and K; natural olivin(: for F (: and Mg. 

X-my powder spectra of both treat(:d and untreated speci m(:ns have been obtain(:d 
with a Gui ner-De Wolf! camera, using the CuKa radiation and an inlernal standard. 
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Unit-<:ell parameters have been refined 
by least-squares. Data concerning 9 pla
gioclases chemically analyzed and as
sumed to be of low thermal state have 
been also chosen from literature. Crystal
lographic parameters, chemical compo
sition and sources of low plagioclases are 
given in table 2 .As fa r as the c high ,. 
series is concerned, both synthetic ma
terials (KROLL, 1971) and natural heated 
samples (KRou., 1978; BRUNO et aI., 1976) 
have been used. Nature of starting ma
terials, compositions, conditions of ther
mal treatment and sources are given in 
table 3; unit-eell dimensions in table 4. 
a and y show the most marked and 
interesting variations in fu nction of ther
mal state and therefore these angular pa
rameters and the Tr [110] C), a para
meter strongly related to y (KJtClLl., 1971), 
have been ploued versus An content 
(figg. 1, 2, 3). From inspection of these 
figures two distinct trends of the t: high :t 
and t: low:t series are well identifiable in 
the whole range taken in consideration 
even if the best fit curves are only ten
tative ones. These results are in agree
ment with the curves proposed by F AC

CHINULI & BRUNO, 1977. The two curves, 
markedly separate at composition around 
Ans!)' converge and then intersect with 
increasing An content. Therefore in the 
calcic portion of the diagram the two 
curves are separate again but the rela
tionships between thermal state and mo
difications of the crystallographic pa
rameters are inverse with respect to the 
sodic portion. The point of intersection 
can only approxi mately be placed 
around Anijo because of the uncertainty 

(1) Tt [1I0} = y'g' + b' + 2 ab cosy 
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in the position of the curves and their similar slopes, in particular in the a plot_ 
As predictable, the Tr [110] plot is closely analogous to the r plot. 

To sum up, in the range An1o-Anloo c high , and c law, series can be distin
guished but on condition that high plagioclases be equilibrated at temperatures near 
the T ... lIduo_ 

TABLE 3 
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AI-Si order-di.sorder 

Among the results given in the last 
paragraph, the variation of r is parti
cularly interesting because of its abaved 
emphasized structural meaning. The 
observed va riations of this angular pa
rameter put the question of wich are 
the structural modifications induced by 
the thermal treatment in plagioclases of 
composition rangmg from Anso to 
Anll)n. By extrapolating the relationships 
betw~n r and structural state valid in 
alkali feldspars and socIic plagioclases, 
one should infer, paradoxically, that a 
thermal treatment induces an increase of 
the Al-Si order degree, inasmuch as r 
decreases. The problem can be directly 
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fig. 4. - .:l. AI ploucd versus 
0: low terms; 0 high terms. 

cOO1poo;tion. 

approached by analyzing the data on the structures of high and low plagioclases 
available in literature. In table 5 are listed 1) the average T-O band lengths of 
individual tetrahedra A; 2) the .dAi of each structure, calculated as .dAl = 
= t\(0)-1/3 [h(m) + t~(O) + t2(m)] (R[88E., 1972, 1975). The last parameter 

(2) In 14 A plagioclases 16 independent tetrahedral si tes exist. In order to make possible 
the comparison with 7 A pIagioclase, the 4 sites related by the pseudo-symmetty vectors 
[ 1/2, 1/2,0) and [0, 0, 1/2] have been averaged so to obtain 4 independent sites. 
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TABLE 4 
Unit-cell parameters 0/ high plagioclases 
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Units as iD table 2. 
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I) PRSWITT ~l al. (1976); 2) KROL.L. ( 1978); 3) FAOC'''N~L.L.1 ct al. (1979); 4) nR,UNO cl ~1. ( 1976); 
5) W,\INW R" CHT & ST ..... KEY (1968); 6) PHll..l..lPS ~t al. ( 1971); 7) TO~"'N & Fww (1973); R) FLEET 

ct al. (1976); 9) WAlNWklCl'T & STARKH (1971). 

IS a measure of the Al concentration in TJ (0) sites, therefore a measure of the 
Al-Si order degree. T he .1Al values are ploued versus An content in fig. 4, wich 
displays two curves clearly analogous to the y curves. From inspection of this 
figure the following conclusions can be drawn: 
1) thermal treatment increases tbe AI-Si order degree in the range Anso-Anloo, 

decreases it in the range AnoAnso; 
2) at a composition about Anso the order degree is not affected by thermal treatment; 
3) in the whole range of composition, with the possible exception of the portion 

Ano-An2o, the high plagioclases never reaches the perfect disorder (.1Al = 0.(0). 
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Fig. 5. - Ca-o bond strength sums on the oxygens of tetrahedra plotted vusus Al occupancies (41) 
and versus T -O bond strength sums (b) in the structural of a quenched anorthite. <>: T, (O): 0 : T~(O); 
~ : T~( ", ) : 0 T,( ,.,). 
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Fig. 6. - Ca/ Na-O bond strength sums on the oxygens of tClrahedra plotted vu. us Al occupansic:s (a) 
and versus T·O bond strenglh sums (h) in the structure of a quc:nched bytownite. Symbols as in 6g. 5. 

To throw light on the apparent contradiction of point 1) it is necessary to con
sider that in the low anorthite structure the Al-Si configuration is controlled by 
the wwenstein rule. which imposes a perfect AI-Si alternation and is incompatible 
with an Al segregation in T I (0) sites. It follows that L1Al = 0, but in this case 
it is not indicative of a perfect disorder. rather of an ordering scheme different 
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from the albite scbeme. Thermal treatment induces a certain degree of Al-Si diffusion 
that destroys the perfect alternation and allows an Al segregation in T l(O) sites 
(L1Al = 0.08). The forces driving this segregation will be discussed in the next 
paragraphs. The same behaviour as in anorthite is observable in the range An86-
.Anl(lo, where the structure is dominated by the anorthite scheme. In the range 
Ano·Ans(I, with the possible exception of the albitic portion, the thermal treatment 
leaves a residual amount of order, the extent of which (.1Al = 0.1) is approx imately 
the same as observed in the high ca lcic plagioclases. 
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Fig. 7. - 0.·0 bolld strength sums On the 
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Fig. 8. - Na_O bond strength sums on the 
oxygen. of tetrahedra plotted versus tem~rarure 

in the structure of high albite. Symbnls as III hg. 5. 

To sum up, the proposed cu rves of y versus composition can be explained 
tn terms of AI-Si configu ration. 

Crystalchemical discussion 

The results given in the last paragraph open a question: why plagioclases 
equilibrated at extremely high temperature display a significant degree of Al con
centration in T l(O) sites and not a fully disordered structure? A tentative answer, 
proposed and discussed in a previous paper concerning anorthite (CHIARI et aI., 1978), 
is that during the dynamic disorder occurring at high temperature the ~ lenght of 
stay ,. of AI and Si in the different T sites is controlled by different bond strength 
contributions from Ca/Na to the oxygen atoms of each tetrahedron. The higher 
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bond strenh>th sum from non tetrahedral cations to the oxygens of the T I(O) 
tetrahedra favours the presence in these sites of a trivalent cation (AI) rather than 
a tetravalent one (Si). According to this model the ultimate cause of the AI-Si 
configuration is therefore the charge balance requirement. T he quenching freezes 
the dynamic equilibrium and tu rns a time average into a space average. Relevant 
to this problem are the data on the structures of an anorthite quenched from 1530~ C 
(BR UNO et al., 1976; CHl"RI et al., 1978) and of a bytownite quenched from 1450' C 
(F"CCHlNE.LLI et al., 1979). The values of the bond strength sums of Ca/Na-O bonds 
for each tetrahedron, calculated with the bond length-bond strength curves proposed 
by BROWN' & K"NG KUN Wu (1976), are plotted versus tetrahedral Al content for 
the two structure in fig. 5 a and 6 a. A good correlation is observed for anorthite 
and a rough one fo r bytownite. In order to check the charge balance of the two 
structures, however, it is necessary to take into account all the T-O bonds involving 
each tetrahedron, whereas the AI occupancies are directly related only to the T-O 
honds from the T atoms inside the tetrahedra. 

In fig. 5 band 6 b the Ca/Na-O bond strength sum is plotted against the 
sum of all the T-O bond strengths on the oxygen of a tetrahedron. The correlations 
displayed by these figures show the atleinment of charge balance in the two structu
res; the comparison with fig. 5 a and 6 a shows that the Al occupancies play a 
.o;ignificam role in the achievement of the balance . For a more detailed discussion 
see F"ccHINE.LLI et al. (1979). 

T he above considerations have been inferred from data of structural investi
gations carried on at room temperature on quenched specimens. Nevertheless these 
strUClUres are believed to reAeet closely the high temperature situation not only as 
for Al-Si configuration, that can be changed only through very sluggish diffusive 
transformation, but also as for the Ca/Na-O contribution. The structures of anor
thites refined on data collected at high temperature by FaiT & PUCOR (1973) and 
Cz"NK (1973) demonstrate that no significant modification affects the environment 
of the non tetrahedral cation during the heating (sce fig. 7). A different behaviour 
is displayed by the high albite: in this structure the unit<ell moves towards mono
clinic symmetry and the Na environment undergo<=s drastical modifications with 
increasing temperature (PREW1IT et aI., 1976). When equilibrated at temperature 
above 1000' C, the unit<ell of albite exhibits a monoclinic metric. In these conditions 
the preferential contribution of Na-O bonds to the oxygens of Tl(O) tetrahedra, 
which is the cause of the Al segregation in Tl (0). is missi ng (see fig. 8). Consequently 
the tlAl approaches the value of 0.00 withi n the limits of significance. Unfortunately 
structures of high plagioclases, of intermediate composition, refined with data. col
lected at high temperature, are not available. It has been observed however, that 
the transition triclinic-monoclinic is possible only in the range Ano-An2o (KRou ... 
1971). It is therefore justifiable to infer that only within these limits a perfect disorder 
can take pbce in high temperature plagioclases. 
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