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Bytownite I Structure refinement

Abstract. Bytownite (Cao.ssNao.l4AI1.83Si2.l60s) (a = 8.188A, b =
12.882A,c = 14.196A,1X = 93.37°,{3 = 116.04°,)' = 90.87°) from a satellite
dyke of the Traversella stock (Italian Western Alps) showing only 'a' and 'b'
type reflections was refined in space group II using 3756 diffractometer
measured intensities. An anisotropic refinement carried out with only CajNa
split half-atoms gave R = 0.034; an alternative model with T and

°
atoms

also treated as isotropic split half-atoms gave R = 0.038. Both refinements
confirm, in general, the results of the isotropic refinement (R = 0.118) by
Fleet et al. (1966). The more accurate definition of the atomic coordinates
permits discussion of the variations in the CajNa cation positions for the
average structures oflow-temperature calcic plagioclases in the range Anso-
AnlOO' The mean T - °

distances in the non-split model (R = 0.034) are:
Tl(OO)= 1.622,Tl(OZ)= 1.746,Tl(mO) = 1.729,Tl(mz) = 1.615,TiOO) =
1.721, T2(Oz) = 1.618, TimO) = 1.622, Tirnz) = 1.735A. The AI,Si
configuration shows a significantly larger degree of order with respect to the
Anss bytownite thermally treated at 1450°C (Facchinelli et aI., 1979), but if
the 7 A average structure is considered, the degree of order appears identical.

Introduction

The structures of numerous low-temperature calcic plagioclases are known.
There are many refinements in the range Ango - Anloo (Kempster et aI.,
1962; Megaw et aI., 1962; Wainwright and Starkey, 1971; Czank, 1973;
Berking, 1976) and in the labradorite range (Anso - An7o) (Klein and
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Korekawa, 1976; Wenk et aI., 1980; Tagai et aI., 1980). But in the range
An70 - An90 for bytownite compositions, the only refinement fully published
is the one for An80 composition by Fleet et al. (1966), who visually estimated
the intensities collected using a Weissenberg multiple-film technique. The
final R value was, for isotropic refinement, 0.118, perhaps not sufficiently
accurate by modern standards. To obtain the structural data for a bytownite
with the same accuracy as other feldspars we thought it convenient to refine
the structure of a plagioclase An85' This refinement should give accurate
information in order to allow an interpretation of the structural variations
occurring in the range An50-AnlOO in the average structures.

The crystal used in this work has the same composition (An85) and comes
from the same satellite dyke of the Traversella stock (Italian Western Alps) as
the one thermally treated at 1450°C, whose structure was refined by
Facchinelli et ai. (1979). The present refinement permits an accurate
comparison of the structures before and after heating.

Hereafter the plagioclase structures to which we more frequently refer will
be quoted in the following way: "low" plagioclases: AnWS: AnlOO
(Wainwright and Starkey, 1971); BytLow: An85 (this work); BytL: Anso
(Fleet et aI., 1966); An66: An66 (Tagai et aI., 1980); "high" plagioclases:
AnQ: An98 (Bruno et aI., 1976; Chiari et aI., 1978) thermally treated at
1530°C; BytQ: An8S (Facchinelli et aI., 1979) thermally treated at 1450°C.

Experimental details and structure refmement

The chemical composition, determined by microprobe analysis (Facchinelli
et aI., 1979) is CaO.85Nao.14AI1.83Si2.1608' The cell parameters refined from
46 reflections measured on a powder pattern (Guinier camera, CuKa
radiation, A = 1.54178A) are: a = 8.188(1)A, b = 12.882(2)A, c =
14.196(2)A, (X= 93.37(2t, f3 = 116.04(2)°, y = 90.87(1)°. Long-exposure
precession and Weissenberg photographs only showed 'a' (h + k = even,
I = even) and 'b' (h + k = odd, I = odd) reflections. The space group was
assumed to be If. The crystal dimensions are 0.10 x 0.20 x 0.35 mm.

The intensities were coltected using a Nicotet R3 four-circle diffractometer, with graphite.
monochromatized MoKiX radiation. The w-scan technique was used with the scanning speed
varied from 1.50 min - 1 for the weakest to 150 min -

1 for the strongest reflections. The scan range

was 1.4 0 a,nd the background was measured in a stationary mode for half the length of time as the
peak was scanned. Two standard reflections were remeasured every 50 observations with no

significant variations. An empirical absorption correction based on the ljI-scan method (N orth et
aI., 1968) was applied using 4 reflections distributed over the range 120 :S 2 fI :S 53"; the applied
absorption coefficients were 1.00 -1.26. The reciprocal lattice sphere was explored up to 2 e

=
650; 4918 reflections were coltected, 3756 of which with I;:> 3 0'[ were considered as observed

and used for the refinement; 2196 of these were 'a' type, 1564 were 'b' type reflections; the

absence of 'c' (h + k = even, I = odd) and 'd' (h + k = odd, I = even) type reflections was

confirmed by careful diffractometer measurements. The data were corrected for background and
the Lorentz-polarization effect using SHELXTL system (Sheldrick, 1981). Scattering factors
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were taken from International Tables for X-ray Crystallography (1968), For non-tetrahedral
cations, each atom was assumed to be 85 % Ca and 15 % N a, refining the same positional and

thermal parameters by use of the "free variables" provided by the SHELXTL program, In the
last cycles of refinement scattering factors for Si and Al were assigned to Si- and AI-rich sites,
respectively, obtaining better agreement factors and thermal parameters more similar to one
another. For all refinements a weighting scheme was introduced for the final cycles with

w = 1/[0'2(F.;) + G (F.;)2], where 0' is the standard deviation of Fo based on counting statistics and
Gwas refined in order to keep LW (F.;/F,y values as constant as possible overranges of sine /A and
(F,/Fo ma.)1121.

It is known that in bytownite (Fleet et aI., 1966) the presence of pf
antiphase microdomains, related by the body-centring vector t(a + b + c),
causes the absence of 'c' and 'd' type reflections and simulates the body
centred space group.

The average If structure of BytQ was used as starting model. The
refinement gave R = 0.177 and very pronounced anisotropy of thermal
parameters of the two non-tetrahedral cations CaIN a(O) and CajN a(z). The
splitting of CajNa(O) into two "half-atoms", CajNa(OOO) and CajNa(OiO),
gave'R = 0.064. The further splitting of CajNa(z) into two "half-atoms",
CajNa(zOO)and CajNa(ziO), (with all atoms treated anisotropically), led to R

= 0.034, Rw = 0.036, goodness of fit = 2.04, G = 0.00015 for 3756 Ca' and
'b')reflections and 253 least -squares parameters; the maximum residual peak
inthe difference Fourier map was 0.75 eA - 3.The R value for the 2192 'a' type
reflections was 0.027 and for the 1564 'b' type reflections was 0.060.
Therefore in this model (called the "non-split model" hereafter), the CajNa
atoms obey pf symmetry whereas the framework is body-centred (If).
Table1 list the atomic coordinates and the anisotropic thermal parameters
obtained for this refinement.

A second model (called the "split model" hereafter) with T and 0 "half-
atoms" was refined using isotropic thermal parameters for these atoms,
starting from the coordinates of BytQ split model (see discussion in
Facchinelli et aI., 1979, for the choice of one of the 225 pf 'whole atoms'
possible configurations). This model gave: R=0.038, Rw=0.042, goodness
of fit=2.21, G=0.00017. Table 2 lists atomic fractional coordinates, an-
isotropic thermal parameters for CajNa atoms and isotropic thermal param-
eters for T and 0 atoms in the pI model.

As seen in AnQ (Bruno et aI., 1976), the two models are substantially
equivalent from the refinement point of view. The split model should be more
realisticsince to propose a split configuration for the non-tetrahedral cations
and a non-split configuration for the T and 0 atoms would imply that the
framework is not at all influenced by the CajNa atoms. In Table 3 are listed

1 A list of structure factors can be ordered referring to the no. CSD 51047, names of the
authors and citation of the paper at the Fachinformationszentrum Energie-Physik-Mathematik,

D-7514 Eggenstein-Leopoldshafen 2, FRG



Table 1. Atomic fractional coordinates ( x 104), isotropic temperature factors a ( X 103) and anisotropic temperature factors b ( x 103)in the non-split model
w
00

x y z U (A2) Ull U22 U33 U23 U13 Ul2

Ca/Na(OOO) 2669( 1) 9838(1) 876(1) 20 11(1) 34(1) 15(1) -9(1) 7(1) - 5(1)
Ca/Na(OiO) 7741(2) 5336(1) 5460( 1) 24 14(1) 30(1) 24(1) -9(1) 4(1) 5(1)
Ca/Na(zOO) 2679(4) 310(2) 5435(2) 8 9(1) 9(1) 5(1) 4(1) 3(1) 4(1)
Ca/Na(ziO) 7650(4) 5146(2) 642(2) 42 7(1) 64(2) 41(1) -38(1) 1(1) 5(1)
Ti(OooO) 74(1) 1585(1) 1042(1) 9 9(1) 10(1) 8(1) 1(1) 4(1) -1(1)

Ti (Ozoo) 27(1) 1648(1) 6114(1) 8 9(1) 9(1) 8(1) 1(1) 4(1) -1(1)
Ti(mOOO) -4(1) 8154(1) 1189(1) 9 10(1) 9(1) 7(1) 1(1) 4(1) 2(1)
Ti(mzOO) 54(1) 8175(1) 6124(1) 9 10(1) 11(1) 7(1) 1(1) 4(1) 3(1)
TiOOOO) 6877(1) 1119(1) 1574(1) 10 8(1) 8(1) 12(1) 1(1) 4(1) 0(1)
T2(OzOO) 6776(1) 1058(1) 6590(1) 11 9(1) 8(1) 14(1) 0(1) 4(1) 0(1)
TimOOO) 6770( 1) 8817(1) 1820(1) 10 9(1) 8(1) 13(1) 3(1) 4(1) 2(1)
T2(rnzOO) 6832(1) 8752(1) 6759(1) 9 9(1) 9(1) 11(1) 3(1) 5(1) 1(1)
OA(1000) 98(2) 1259(1) 9916(1) 18 28(1) 18(1) 10(1) 2(1) 11(1) 0(1) P
OA(lz00) - 78(2) 1259(1) 4876(1) 18 30(1) 17(1) 13(1) 3(1) 14(1) 4(1) (")

::r
OA(2000) 5771(2) 9904( 1) 1401(1) 13 11(1) 11(1) 15(1) 4(1) 5(1) 3(1) S;'

::l.
OA(2z00) 5730(2) 9915(1) 6373(1) 12 1O(1) 10(1) 16(1) 2(1) 4(1) 0(1)
~On(OOOO) 8191(2) 1010(1) 897(1) 19 15(1) 15(1) 29(1) -4(1) 14(1) - 5(1)
~On(OzOO) 8019(2) 1015(1) 5960(1) 19 17(1) 15(1) 32(1) -2(1) 16(1) - 3(1) ..

On(mOOO) 8107(3) 8550(1) 1294(2) 29 20(1) 21(1) 54(1) -5(1) 24(1) 2(1)
....,
::r

On(mzOO) 8193(2) 8554(1) 6122(2) 24 19(1) 22(1) 38(1) 2(1) 20(1) 5(1)
,.,

'"OcC°OOO) 126(2) 2800(1 ) 1357(1) 16 16(1) 12(1) 20(1) -1(1) 9(1) -2(1) 2'
OcC°zOO) 142(2) 2948(1) 6479(1) 16 16(1) 13(1) 18(1) -0(1) 7(1) - 3(1) '"2
°cCmOOO) 87(2) 6807(1) 1083(1) 15 13(1) 13(1) 15(1) 1(1) 4(1) 4(1)

...,,.,

OcCrnzOO) 84(2) 6919(1) 6001(1) 16 18(1) 13(1) 15(1) -0(1) 4(1) 4(1) 0..,

OD(OOOO) 1894(2) 1063(1) 1881(1) 18 15(1) 17(1) 14(1) 2(1) -0(1) 3(1) cr
'<

OD(OzOO) 2041(2) 1040( 1) 6903(1) 20 18(1) 14(1) 16(1) 2(1) -2(1) 2(1) 0

~OD(mOOO) 2000(2) 8690( 1) 2177(1) 24 16(1) 20(1) 21(1) -6(1) - 5(1) 2(1) ::3

°D(rnzOO) 1833(3) 8620(1) 7128(1) 29 23(1) 23(1) 22(1) -7(1) -8(1) 4(1)
~.

">
a Equivalent isotropic U defined as one third of the trace of the orthogonalised U'j tensor~b

The anisotropic temperature ('actor exponent takes the form.;
-

2 n2(h2a*2 U11 + Jc2b*2 022 -+-12c*2V33 -I- 2Jc{i?*c* V23 -I- 2h/a*c* V13 -+- 2hka*b* V12)



.....able2.. Atomic fraction~l coordinates (>< 104'), anisotropic temperature factors (x 103) of Ca/Na atoms and isotropic tem.perature ("actors (x 103) of
T and 0 atoms in the PI model (;)

y z V(AZ) Vll Vn V33 VZ3 V13 V12
nX ::r
j;;'
::!.

Ca/Na(OOO) 2669(2) 9838(2) 876(1) 20( 1) 10(1) 34(1) 15(1) -10(1) 7(1) - 5(1)
~Ca/Na(OiO) 7742(2) 5336(1) 5460(1) 24(1) 13(1) 29(1) 24(1) -9(1) 4(1) 5(1)
~Ca/Na(zOO) 2680(4) 310(2) 5436(2) 8(1) 9(1) 9(1) 5(1) 4(1) 3(1) 4(1)

...,
Ca/Na(ziO) 7648(4) 5146(3) 641(2) 42(1) 6(1) 62(2) 41(2) - 38(1) 1(1) 5(1) ::r(1)

'"
....

V(AZ) V(AZ)
...,

x y z X y Z
'"
~'"...,

T,(OOOO) 30(5) 1624(3) 1035(3) 14(1 ) OB(OOOO) 8103(4) 1041 (3) 804(3) 13(1)
(1)

0
T, (OOiO) 5107(1) 6555(1) 6046( 1) 3(1) 0B( OOi0) 3279(4) 5980(3) 5988(3) 12(1) -,

OJ'T,(OzOO) 63(5) 1614(3) 6110(3) 8(1) OB(OZOO) 8110(6) 995(4) 6057(4) 10(1) '<0-
T, (OziO) 4992( 5) 6681(3) 1118(3) 6(1) OB(OziO) 2918(7) 6039(4) 852(4) 15( 1) :!1
T,(mOOO) 9929( 5) 8119(3) 1178(3) 9(1) OB(mOOO) 8206(5) 8522(3) 1426(3) 14(1) g.

T,(mOiO) 5057(4) 3187(3) 6199(3) 5(1) OB(mOiO) 3003(5) 3579(3) 6156(3) 18( 1)
(1)

'>T,(mzOO) 114(2) 8217(1) 6133(1) 7(1) OB(mzOO) 8095(4) 8545(3) 6023(3) 12(1) :f
T,(mziO) 4992(2) 3132(1) 1114(1) 8(1) °B(mziO) 3309(5) 3566(3) 1239(3) 20(1)
~~T2(OOOO) 6876(4) 1109(2) 1524(2) 7(1) OdOOOO) 57(4) 2819(2) 1298(2) 1O(1)
T2(00iO) 1877(4) 6128(2) 6625(2) 8(1) OdOOiO) 5204(5) 7781(3) 6423(3) 17(1)
T2(OzOO) 6790(4) 1053(2) 6645(2) 8(1) OdOzOO) 189(5) 2927(3) 6455(3) 16(1)
Tz(OziO) 1762(4) 6064(2) 1532(2) 9(1) OdOziO) 5098(11) 7969(7) 1503(7) 13(2)
Tz(mOOO) 6769(2) 8831(1) 1875(1) 9(1) OdmOOO) 24(4) 6773(3) 1110(3) 13(1)
T2(mOiO) 1771(2) 3803(1) 6767(1) 7(1) OdmOiO) 5148(4) 1841(2) 6054(2) 11(1)
Tz(mzOO) 6801(5) 8727(3) 6714(3) 8(1) OdmzOO) 183(5) 6955(3) 5976(3) 14(1)
Tz(mziO) 1862(5) 3777(3) 1804(3) 7(1) OdmziO) 4992(4) 1886(2) 1023(2) 10(1)
OA(1000) 250(4) 1250(2) 9950(2) 11(1) 00(0000) 1811(4) 1053(3) 1922(3) 13(1)
OA(10iO) 4935( 5) 6270(3) 4881(3) 14(1) Oo(OOiO) 6979(5) 6075(3) 6839(3) 14(1)
o A(lz00) 9756(4) 1237(3) 4830(3) 12(1) OdOzOO) 2142(4) 1044(2) 6852(2) 10(1)
o A(lziO) 5086(4) 6281(3) 9922(3) 13(1) Oo(OziO) 6930(5) 6035(3) 1959(3) 15(1)
OA(2000) 5774(4) 9924(2) 1455(2) 8(1) Oo(mOOO) 2079(4) 8722(2) 2108(2) 11(1)

°A(20iO) 768(4) 4883(3) 6341(3) 13(1) Oo(mOiO) 6908(5) 3653(3) 7254(3) 18(1)
o A(2z00) 5736(4) 9901(3) 6311(3) 13(1) Oo(mzOO) 1721(4) 8581(3) 7197(3) 12(1) w

\D
OA(2ziO) 727(4) 4928(2) 1425(2) 7(1) 00 (mziO) 6966(5) 3662(3) 2051(3) 19(1)
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Table 3. Split lengths between the two half-atoms obtained applying the body-centring vector to
one atom of the pair in BytLow (split model) and in An WS. For T andD atoms the mean values
are reported

Ca/Na(OOO) Ca/Na(zOO) Tl

BytLow 0.915

An WS 0.953
0.379
0.586

0.121 0.145 0.241 0.167 0.291 0.175 0.294
0.087 0.188 0.280 0.082 0.371 0.103 0.395

the values of the split between atoms related by the pseudo-symmetry vector
!(a + b + c) for BytLow, together with the corresponding values for AnWS
for comparison. From Table 3 the following variations of the splits of
BytLow with respect to AnWS can be evinced:

a) a drastic decrease in the CajNa(zOO) -CajNa(ziO) split;
b) an increase of the split for the Tl sites and decrease for the T2 sites;
c) a decrease of the split values for OA(l), OD and OD and a significant

increase for OA(2) and Oc atoms.
The split for T and 0 atoms are, in general, of the same order of

magnitude for the two structures. This should favour the choice of a split
model for BytLow. However, the choice of a pf configuration, done on the
basis of the analogy with An WS, leads to tetrahedra showing a very
pronounced degree of distortion. Furthermore, the sum of AI-occupancies of
the T sites obtained for the non-split model is closer to the results of the
microprobe analysis. This is probably related to the ambiguity of the choice
for those atoms for which either the split is small or is oriented in a different
way with respect to An WS. Not being positive about the choice of a unique
pf configuration, we adopted the model with T and 0 atoms in the non-split
configuration. On the basis of these observations the choice of the split model
made by Facchinelli et al. (1979) for BytQ can be challenged as well. The
model used in the next paragraphs is therefore represented by an II average
framework configuration and by a pf configuration for the non-tetrahedral
cations. The thermal ellipsoids for the T and 0 atoms of this model are, at
least in part, average in space of the two close half-atoms related by the
pseudo-symmetry vector. Table 4 shows the root-mean-square displacements.
Table 5 - 8 show the relevant distances and angles. E.s.d.'s are 0.001 and
0.002 A for CajNa-O and T -0 lengths, respectively and 0.10 for 0- T-O
and T - 0 - Tangles.

Discussion

CajNa environment

In order to compare the CajNa positions determined in the four sub-cells of
BytLow with the corresponding ones in the structures of the low calcic
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Table4. Root-mean-square displacements (x 103A)

2 3 2 3

CajNa(OOO) 101 199 93 °A(2000) 111 129 89
CajNa(OiO) 127 207 105 OA(2z00) 99 129 96
CajNa(zOO) 85 110 54 OB(OOOO) 124 176 88
CajNa(ziO) 105 329 76 °B(OZOO) 121 182 97
T1(OOOO) 91 104 82 OB(mOOO) 143 235 92
T1(OzOO) 111 120 100 OB(mzOO) 150 194 92
T1(mOOO) 108 125 102 OdOOOO) 123 144 101
T1(mzOO) 86 110 82 Oc(OzOO) 132 133 101
T2(OOOO) 110 130 106 OdmOOO) 118 139 95
TiOzOO) 91 119 87 OdmzOO) 114 156 103
T2(mOOO) 95 119 80 00(0000) 129 161 96
T2(rnzOO) 110 126 106 °o(OzOO) 116 187 94
OA(1000) 131 165 81 °o(mOOO) 133 211 89
OA(lz00) 129 173 85 Oo(rnzOO) 141 238 95

TableS. CajNa-O interatomic distances (A)

CajNa(OOO) CajNa(OiO) CajNa(zOO) CajNa(ziO)

OA(1000) 2.745 2.327 OA(lz00) 2.418 2.525
OA(100e) 2.424 2.924 OA(lz0c) 2.785 2.573
OA(2000) 2.310 2.338 OA(2z00) 2.339 2.299
OA(2zOe) 3.525* >4* OA(2z0e) 3.351

*
3.641*

OA(200c) 3.991
*

3.362* °A(200e) >4* >4*
OB(OOOe) 2.474 2.362 OB(OzOe) 2.397 2.489
°B(mOOe) 3.644* 2.771 °B(mzOe) 2.562 2.926
0c(OzOO) 3.103 3.691 * OdOOOO) 3.817* 3.607*
OcCmzOO) 3.256* 2.614 OdmOOO) 2.557 2.751
00(0000) 2.344 2.541 Oo(OzOO) 2.499 2.311
Oo(mOOO) 2.661 3.559 Oo(mzOO) 3.609* 3.232*

*
Assumed to be non bonded

plagioclases available today the y and z coordinates of the non-tetrahedral
cations are plotted in Figure 1 in the range Anso - An100, The shift of
CajNa(ziO) is the most meaningful; this site progressively moves from Anl00
to AIlt;6, to join the location of the (zOO)site for this last composition. The
joint position for (zOO)and (ziO) further merges with the (OiO)site for AnS2.
The decrease in the CajNa(zOO)-CajNa(ziO) split from 0.586 A in AnWS to
0.379A in BytLow (see Table 3) is therefore ascribable to the shift of the (ziO)
site. The open symbols in Figure 1, referring to BytL, were not considered in
the drawing of the lines joining the points, since the y coordinate of the (OiO)
and (zOO)sites results inverted with respect to the general trend of the other
plagioclases. This disagreement may be due to the high R value of the
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Table 6. T -0 bond length (A) and LI'eta( x 102)

T1(OOOO) - OA(1000) 1.637 T1(OzOO) - OA(lz00) 1.763
OB(OOOO) 1.624 OB(OZOO) 1.743
Oc(OOOO) 1.597 OcCOzOO) 1.713
OD(OOOO) 1. 631 OD(OZOO) 1.763

Mean 1.622 Mean 1.746

Atet 0.009 ,dtet 0.014

T1(mOOO) - OA(1000) 1.753 T1(mzOO) - OA(lz00) 1.641

°B(mOOO) 1.701 OB(mzOO) 1.607
OcCmOOO) 1.738 Oc(mzOO) 1.619
°D(mOOO) 1. 723 OD(mzOO) 1.593

Mean 1.729 Mean 1.615
;Jtet 0.012 Litet 0.012

T2(0000) - OA(2000) 1.745 T2(OzOO) - OA(2z00) 1.636
OB(OOOO) 1.732 OB(OZOO) 1.622
Oc(mzOO) 1.725 OcCmOOO) 1.616
°D(mzOO) 1.683 OD(mOOO) 1.599

Mean 1.721 Mean 1.618

Atet 0.018 Litet 0.007

T2(mOOO) - OA(2000) 1.640 T2(mzOO) - OA(2z00) 1.750

°B(mOOO) 1.604 OB(mzOO) 1.729
OcCOzOO) 1.609 OcCOOOO) 1.716
OD(OZOO) 1.634 OD(OOOO) 1.744

Mean 1.622 Mean 1.735

Atet 0.009 .dtet 0.006

a
Lltet=1 .rf~l [(Ii_l)jl]2 (Brown and Shannon, 1973)

Table 7. Bond angles at tetrahedral T atoms CO)

OA - OB OA - Oc OA -OD OB - Oc OB -OD Oc - OD

T1(OOOO) 102.1 117.0 102.6 111.1 113.5 110.2
T1(OzOO) 98.4 119.2 98.2 112.9 115.1 111.9

T1(mOOO) 104.2 113.0 102.3 112.9 113.7 110.2
T1(mzOO) 102.3 113.1 105.8 112.1 113.6 109.7
T2(0000) 106.4 102.4 107.5 112.5 111.7 115.4
TiOzOO) 106.9 101.7 110.0 112.6 111.1 113.9

TimOOO) 109.9 105.3 109.0 111.9 109.0 111.7
T2(mzOO) 108.1 105.5 105.4 111.0 112.0 114.4

Table 8. Bond angles at oxygen atoms CO)

OA OB Oc OD

1000 139.4 0000 133.8 131.9 133.3
lz00 137.2 OzOO 135.4 131.1 128.1
2000 125.5 mOOO 159.2 130.9 147.7
2z00 124.3 mzOO 150.3 129.3 154.1
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Fig. 1. (a) y and (b) z coordinates of the CaiN a atoms in the range Anso - An1oo. AnS2: Klein
and Korekawa (1976); An66: An66; Anso: BytL [square: Ca/Na(zOO), rhomb: Ca/Na(OiO)];

Anss: BytLow; Ango: Berking (1976); An1oo: AnWS

refinement of BytL. The coordinates of the other sites agree with the general
trend displayed in Figure 1.

The most significant difference between BytLow and BytQ introduced by
the thermal treatment is the non-convergence of the (ziO)site for BytQ toward
the single average position observed in Figure 1 for the low-temperature
plagioclases. New data on the positions of the non-tetrahedral sites in the
more Na-rich plagioclases are necessary to define the trend for the high-
temperature series.

In Figure 2 the non-tetrahedral cations and the OR and OD atoms are
projected onto the plane (100) along a*. Data for An66, for BytLow and for
AnWS are shown. The body-centering vector was applied to the CajNa
atoms in Figure 2b and also to the oxygen atoms in Figure 2c. The
displacement of the (ziO) site in the An66 - AntOO range also explains the
electron density distribution around the non-tetrahedral cations found in
An66 by Wenk et al. (1980). The position of the (ziO)site close to the (zOO)and
(OiO)sites may explain, in a 7 A average structure, the existence in the Fourier
map of a larger peak with coordinates y ~ 0.03, z ~ 0.10 and a smaller peak
with coordinates y ~ 0.98, z ~ 0.16. Therefore the first of the two split
positions refined by Wenk et al. (1980) corresponds to the average position of
the (zOO),(ziO) and (OiO)sites; the second one to the (000) site alone.

Since the configuration of the oxygen atoms around the (000) site in calcic
plagioclases is very similar to the one around the Na atom in low albite, one
may suspect that there is a tendency for the Na atom to preferencially
concentrate in this site, even though no clear suggestions in this sense can be
inferred from the refinements. Although unproven, this hypothesis is
attractive since it may explain the fact that the (000) site does not merge with
the other non-tetrahedral sites for the composition Ans2.
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Fig. 2. Projection down a* in the yz plane of Ca/Na, OD and OR atoms. The origin of the drawing is: x=0.65, y=0.50, z=O. (a) An66:
Ca/Na(z); (b) BytLow: 1 = Ca/Na(zOO), 2 = Ca/Na(ziO); (c) An Ws: 1 = Ca(zOO), 2 = Ca(ziO). The body-centering vector was applied when necessary
to one sub-cell to compare the three structures
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BytQ BytLow

11(0000) 0.19 0.05

11(OzOO) 0.89 1.00

<11(0» 0.54 0.52

11(mOOO) 0.74 0.87

11(mzOO) 0.14 0.00

<11(m» 0.44 0.43

12(0000) 0.74 0.81
Iz(OZOO) 0.12 0.02

<1z(0» 0.43 0.41

12(mOOO) 0.13 0.05
12(mzOO) 0.76 0.91

<12(m» 0.45 0.48

L1Alb 0.10 0.08
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Table9. AI-occupancies (I)" in the tetrahedral sites in BytQ and BytLow

" Ii = 0.25 (1 + nAn)+ (Ti-O) - ~ T -Op )/0.13 (KroH and Ribbe, 1983)
b L1Al = 11(0) - 1/3 [11(m) + IzCO)+ IzCm)J (Ribbe, 1975b)

Al,Si configurations

The AI-occupancies of the T sites, calculated according to Kroll and Ribbe
(1983) and reported in Table 9, are not significantly different from those
obtained from the dimensions of the tetrahedra of BytL. It is interesting to
speculate whether or not the degree of order observed in BytLow is the
maximum observable in a low temperature plagioclase of composition AnS5'
If the plagioclases are considered as a "mechanical mixture" of low albite-
and anorthite-like domains (Smith and Ribbe, 1969), the AI,Si distribution
expected for the AnS5 composition in the 7 A average structure (Ribbe,
1975a) is t1(0) = 0.575, t1(m) = t2(0) = tzCm) = 0.425 and LlAI (Ribbe,
1975b)= t1(0)-1/3 [t1(m) + t2(0) + tzCm)]= 0.15, while in BytLow LlAI

= 0.08.
H is well known that the ordering schemes of albite and anorthite are

topochemically incompatible in a single continuous framework without
interposing disordered boundaries between An and Ab domains (Rib be,
1975a). These disordered boundaries explain the lower degree of order found
in BytLow and in all structures of low plagioclases in the whole range
Ab- An with respect to that expected from the mechanical mixture model.
Moreover the good agreement of the AI-occupancies observed in BytLow
with those obtained for BytL, may suggest that in these two plagioclases the
observed distributions correspond to the maximum possible order for these
compositions. If not, the two plagioclases under examination, coming from
different geological environments would show, by chance, the same degree of
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c

3.45 3.55
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Fig. 3. CaiN a - 0 bond-strength sums to the four 0 atoms of each tetrahedron plotted versus
T - 0 bond strength sums for BytLow. The T atoms internal to the tetrahedron are considered in
(a), the T atoms of neighbouring tetrahedra in (b) and all T atoms in (c). Each point represents

the average of the four tetrahedra of the average site: T!(O) triangles, T2(O) circles, T2(m) squares,

T! (m) rhombs. Open symbols: undistorted tetrahedra; filled symbols: actual tetrahedra

order, and therefore, an identical thermal history. This cannot, of course, be
excluded in principle, but seems unlikely.

Table 9 allows a comparison among the different AI,Si configurations in
BytLow and in BytQ. If the individual tetrahedra of the 14A structures are
considered, a larger degree of order in BytLow appears. On the contrary, if
the 7 A average structures are considered, the AI-occupancies in the four T
sites and the L1AIvalue are almost identical for BytLow and BytQ. This
identity is a consequence of the averaging. On the other hand, it is known that
the variation of the cell angle y (and y-related parameters) in a low and high
plagioclases is related to the degree of order in the 7 A average structure (i.e.
L1Al)(Kroll, 1978; Bruno and Facchinelli, 1979; Kroll and Ribbe, 1980). The
similar L1AIvalues in BytLow and BytQ confirm the interpretation given by
Bruno and Facchinelli (1979) to the variations of the cell parameters in low-
and high-temperature plagioclases in the An70 - Anl00 range.

Facchinelli et al. (1979) emphasize the correlation between the AI-
occupancies and the CajNa-O bond strengths in BytQ. It could be
interesting to compare the role played by AI-occupancies in BytLow and
BytQ for the achievement of the charge balance. The CajNa-O bond
strengths versus T -0 bond strengths for BytLow and BytQ (non-split
model) are plotted in Figure 3 and Figure 4 respectively.

The parameters are the same already used in previous papers (Chiari et aI., 1978; F acchinelli

et aI., 1979) and are only summarized here, since a more detailed explanation is given in the
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Fig.4. Ca/Na - 0 bond-strength sums to the four 0 atoms of each tetrahedron plotted versus
T~o bond-strength sums for BytQ (non-split model). (See Fig. 3 caption)

quoted papers: Ls(Ca/Na-O) = bond strengths sums from CaiN a atoms; Ls(T -0)'0 = bond
strength sums from T atoms inside the tetrahedron; Ls(T -O)OUI = bond strength sums from
T atoms outside the tetrahedron; Ls(T - 0)'0' = Ls(T ~ 0)'0 + Ls(T - O)ou" The bond strengths
werecalculated following Brown and Wu (1976), using the actual T - 0 distances (distorted) and
the average T -0 for a given tetrahedron (undistorted).

Figure 3 shows that:
3c: the global contribution to the bond strengths from the T cations

[Es(T - O\ot] is strongly correlated (r~istorted= 0.94) with the l:s(Ca/Na - 0)
and therefore the charge balance can be considered satisfactory;

3b: the good correlation (r~istorted=0.89) of l:s(T -O)out with
Es(Ca/Na-O) can be explained on the basis of the distortion of the
tetrahedra;

3a: the correlation of the l:s(T - O)in (i.e. AI-occupancy) with the
Es(Ca/Na - 0) is moderate (r~ndistorted= 0.78), but significant.

In BytQ (Fig.4) the trend is almost the same and the correlation
coefficients are: 4c) distorted = 0.97; 4b) rLtorted = 0.78; 4a) r~ndistorted =
0.92. Therefore the AI-occupancy and the distortion of the tetrahedra
contribute together to the achievement of the charge balance.

The correlations reported in Figure 3 and 4 can lead to conclude that the
different Ca/Na-O bond strengths on the oxygen atoms of the different
tetrahedra control the average AI,Si configuration in the 7 A average
structures. The identity of LlAIvalues could appear, in this way, justified and
one could therefore conclude that the thermal treatment does not modify the
Al,si distribution. As already pointed out, this identity is due to the
averaging. Actually the thermal treatment induces a considerable degree of



48 G. Chiari et al.: The structure of bytownite (Anss)

disorder, if the 14A structure is considered. As mentioned above, in the low-
temperature structure the AI-occupancies in the T sites represent the average
of the AI,Si configurations in the low albite-like domains, in the anorthite-
like domains as well as in the disordered boundaries. The modification
induced by the thermal treatment on this configuration is significant and the
high-temperature structure can be considered as a compromise between the
AI,Si disorder required at high temperature [with the limit imposed by the
Loewenstein's (1954) AI-avoidance rule] and the AI,Si configuration required
to balance the different Ca/Na-O bond strength contributions to the
tetrahedra.
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