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High-temperature in situ structural investigation on lead feldspar
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ABSTRACT

Single-crystal X-ray diffraction was performed in situ at T = 20, 230, 465, and 700 °C
on a partially ordered lead feldspar (PbAISI,O;, 12/c, a = 8.402, b = 13.043, ¢ = 14.308
A, B = 115.30°, V = 1417.6 A3; Q,, = 0.71). The unit-cell expansion (1.26 x 10-5 °C-?)
is close to that observed for other feldspars, sanidine in particular, and occurs predomi-
nantly along a*. The electron-density at the Pb site evolves with temperature toward a
bean-like configuration close to that observed in disordered lead feldspar. The average Pb
position approaches the c-glide plane with increasing temperature. Consequently the in-
tensity of the b-type reflections reduces dramatically without evidence of an increase of
Al-Si disorder. The evolution of atomic displacement parameters of the Pb atom with
temperature supports the view that at room temperature Pb shows considerable positional
disorder. Dark-field in situ TEM observations show that b antiphase domains (APD) persist
unchanged in shape and size up to T = 690 °C. No diffuse component appears in b-type
reflections in SAD patterns up to 935 °C, showing that the above changes in the Pb
configuration do not affect the APD. The results suggest that, at T > 700 °C, Pb reaches

the glide plane assuming a configuration that may favor the Al-Si disorder.

INTRODUCTION

Data on therma expansion and on phase transitions
with temperature are available on many natural and syn-
thetic feldspars (reviewed by Ribbe 1994), although full
structural determinations from in situ single-crystal data
collection are less common. High temperature (HT) struc-
tural investigations were done on high and low albite to
determine the presence of positional disorder of sodium
(Prewitt et a. 1976; Winter et a. 1977) and in anorthite
to clarify the average configurations of the framework
and the calcium after the PI-IT phase transition (Czank
1973; Foit and Peacor 1973; Ghose et al. 1993). HT in-
vestigations on sanidine were also performed by Ohashi
and Finger (1974, 1975) and most recently by Kimata et
al. (1996). No data are presently available on the HT
structures of feldspars other than the calcium, sodium,
and potassium end-members. In particular the thermal be-
havior of 12/c configurations in feldspars with an Al:Si
ratio of 1:1 is unknown.

Recent investigations revealed that Al-Si ordering be-
havior is significantly different in lead feldspar
(PbAILSI,O,) than in anorthite (CaAl,Si,Si,0;). Anorthite
retains an ordered Al-Si configuration up to atemperature
close to the melting point t,, = 1555 °C) and only limited
changes in Al-Si ordering can be achieved by extreme
heating (Benna et a. 1985; Carpenter 1992). A T, of
about 2100 °C was estimated for the 11-C1 phase tran-
sition induced by Al-Si disordering in anorthite. Conse-
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quently, the full Al-Si disorder can be obtained only at
temperatures that are beyond melting and therefore the
I 1-C1 transition cannot be achieved experimentally.
Lead feldspar was synthesized both in ordered (12/c)
and in disordered (C2/m) configurations (Benna et al.
1996). The transition from the ordered to the disordered
configuration can be experimentally bracketed at T, =~
1180 °C, and the evolution of the order parameter Q.
with thermal treatment could be retrieved (Tribaudino et
al. 1998). The observed transition temperature is lower
than in anorthite and in strontium feldspar (Benna et al.
1995); the obvious suggestion is that the difference relies
in the behavior of the non-tetrahedral cation. As a con-
sequence, in lead feldspar a completely disordered Al-Si
configuration (Q.,~ 0) was achieved at temperatures sig-
nificantly below melting. A similar occurrence was estab-
lished by Malcherek et al. (1995) in BaAl,Ge,O, feldspar,
showing as well asimilar evolution in the equilibrium Q.
vs. T plot, athough at higher temperatures (T, = 1417
°C). Room-temperature data indicate that thermal treat-
ment of lead feldspar induces, together with the changes
in Al-Si order, a significant evolution in the electron-den-
sity distribution and a remarkable shift of the average
position of the Pb site. With increasing Al-Si disorder the
electron density map near the Pb site becomes blurred
and the average Pb position moves toward the ¢ plane.
Significant changes in Al-Si order could be obtained in
air only after heating at T > 850 °C. However the Pb
position and the electron-density distribution are also ex-
pected to vary at lower temperatures as the movement of
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TaBLE 1. Single-crystal data at different temperatures (esd in brackets)
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T (°C) 20 230 465 700
a(A) 8.402(1) 8.422(2) 8.440(2) 8.448(2)
b(A) 13.043(2) 13.045(3) 13.051(3) 13.057(2)
c(A) 14.308(2) 14.310(4) 14.325(4) 14.332(3)
B(°) 115.30(1) 115.34(1) 115.33(2) 115.25(1)
V(A3?) 1417.6 1420.9 1426.2 1429.8
w (mm-1) 24.40 24.34 24.25 24.19
Refl. measured 6513 6502 6511 6509
Unique refl. 2934 2947 2953 2945
Refl. observed F, = 40(F,) 2092 1573 1365 1157
Refl. b type 814 474 319 241
No. refl. b/No. refl. a 0.637 0.431 0.305 0.263
SF23%F2. F, = 20(F,) 0.065 0.033 0.022 0.018
R 0.050 0.062 0.063 0.067
WR? 0.107 0.126 0.123 0.172
Goodness of fit 1.22 0.98 1.27 1.09

Note: w = 1/[o?(F2) + 0.1P?], where P = (F2 + 2F?)/3.

the Pb atom reflects the relaxation of the structure toward
a configuration favored by the existing constant Al-Si
configuration. This would not induce a variation in Al-Si
ordering, which is kinetically inhibited at low tempera-
ture, but may indicate an evolution of the Pb configura-
tion at constant Q,,. An investigation on this evolution
may give some information on the role played by the non-
tetrahedral cation during disordering in lead feldspar.

Furthermore, the large and asymmetric electron-density
distribution found at the Pb site in lead feldspar could
arise either from the large thermal motion of a single Pb
atom or by positional disorder on more than one Pb site.
The evolution of the atomic displacement parameters with
temperature should indicate in the case of positional dis-
order the presence of a significant residual at T = 0 K,
in the same manner as previously observed for high albite
(Prewitt et al. 1976).

A single-crystal in situ XRD study was therefore per-
formed at T < 850 °C to clarify the evolution of the
structural configurations of Pb and framework with tem-
perature and to elucidate the presence of positional dis-
order in the Pb configuration. The HT behavior of lead
feldspar was compared with that of other feldspars both
as concerns the unit-cell expansion and the structural de-
tails. TEM investigation was also carried out, to clarify
the effect of the evolution of the Pb configuration with
temperature on the size and shape of b antiphase
domains.

EXPERIMENTAL METHODS

The sample was synthesized by slow cooling from a
melt, with subsequent annealing at T = 950 °C for 192
h. As in Benna et a. (1996), a mixture of oxides was
used as starting material, with dlight excess in PbO to
compensate the loss in Pb during melting and cooling
from HT. The crystal chosen for data collection (0.15 mm
% 0.05 mm x 0.04 mm) was fixed to a quartz glass fiber
by GA-100 HT cement (Micro-Measurements Division,
Raleigh, North Carolina). The intensities were collected

with a Siemens P4 four-circle diffractometer, using graph-
ite-monochromatized MoKa radiation (A = 0.71073 A),
and the 0-26 scan-type technique. An A.E.T. thermal at-
tachment (Pt-PtRh 10% thermocouple) was employed for
the HT XRD (Argoud and Capponi 1984), with a stream
of hot N,. The same set of 30 reflections was used at the
different temperatures for cell parameter refinements. The
reciprocal lattice sphere was explored up to 20 = 70 °
and two sets of equivalent reflections were measured (h
+ k = |) at variable scanning speed (2—15 °C/min). The
heating attachment prevented measurements for applica-
tion of the empirical absorption correction at HT. An em-
pirical absorption correction based on the y-scan method
(North et a. 1968) was performed for the room temper-
ature measurement and applied aso for higher tempera-
tures. The data were corrected for background and Lor-
entz-polarization effect using the SHELXTL-Plus 1990
system. A weighting scheme was used for the data at the
end of the refinement cycles. In al the refinements a (h
+k=2nl=2nandbtype (h+k=2n+ 1,1 =2n
+ 1) reflections were found and the presence of a 12/c
space group was assumed. Reflections with F, = 4o(F,)
were regarded as observed and used for the 25, 230, and
465 °C refinements. In the refinement at 700 °C, to cope
with the low number of b observed reflections, all data
were used. The refinements were carried out according to
the procedure outlined in Tribaudino et a. (1998); a
“split-atom model” for the Pb site was used in al the
refinements, and an average single-Pb refinement (** non-
split model™) was done at the end of the split Pb cycles,
fixing the framework atoms.

In situ HT TEM investigations were performed on a
powdered sample, crushed in agate mortar, and dispersed
on a holey carbon film, using a Philips CM12 electron
microscope operating at 120 kV and equipped with a Ga-
tan 652 double tilt heating stage.

Unit-cell parameters, refinement data, atomic fractional
coordinates, and displacement parameters are given in Ta-
bles 1 and 2, and the relevant bond lengths are reported
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TABLE 2. Atomic fractional coordinatgs (X104, site occupation factors (s.o.f.), equivalent isotropic,* and anisotropict
displacement coefficients (A% X 103)

Site X y z s.o.f. U, U, U,, U, Uy, Uy, U,
T=20°C
Pb 2709(1) -80(1) 723(1) 33(0) 12(0) 55(0) 28(0) —4(0) 5(0) -2(0)
Pb’ 2698(2) —113(2) 730(1) 0.74 26(0) 12(0) 40(1) 23(1) —8(0) 5(0) —1(0)
Pb” 2768(10) 103(18) 687(6) 0.26 47(2) 11(1) 80(6) 47(2) 9(2) 8(1) 4(2)
T.(0) 62(3) 1767(1) 1097(2) 11(0) 9(1) 13(1) 10(1) -2(1) 4(1) —-0(0)
T.(2) 33(3) 1794(2) 6156(2) 8(0) 5(1) 12(1) 7(1) —2(1) 1(1) —0(1)
T,(0) 6950(3) 1192(2) 1717(2) 8(0) 4(1) 9(1) 8(1) 0(1) 0(1) 0(1)
T,(2) 6883(3) 1147(1) 6739(2) 9(0) 6(1) 10(1) 12(1) -0(1) 4(1) -1(2)
0,(1) 41(10) 1342(5) 12(5) 16(1) 18(2) 24(3) 6(2) —3(2) 5(2) —0(2)
0,(2) 5986(7) —11(4) 1470(1) 14(1) 8(2) 10(2) 20(2) -1(2) 1(2) 0(2)
0;(0) 8248(9) 1297(5) 1074(5) 19(1) 11(3) 22(3) 24(3) -3(2) 8(2) 0(2)
Ox(2) 8144(10) 1311(5) 6170(6) 22(1) 17(3) 25(3) 29(4) —5(2) 13(3) 1(2)
0.(0) 178(9) 3006(5) 1224(5) 18(1) 12(3) 22(3) 20(3) -5(2) 5(3) -3(2)
Oc(2) 183(10) 3103(4) 6323(5) 19(1) 21(3) 15(2) 18(3) -9(2) 5(3) -3(2)
0,(0) 1857(9) 1240(5) 1969(5) 19(1) 13(3) 26(3) 11(3) 1(2) -1(2) 2(2)
0p(2) 1987(9) 1212(4) 7010(5) 18(1) 14(3) 21(3) 13(3) -2(2) 0(2) 3(2)
T=230°C
Pb 2731(1) —63(1) 713(1) 51(0) 21(0) 84(1) 44(0) —6(1) 8(0) —4(1)
Pb’ 2705(5) —136(4) 726(3) 0.59 38(1) 21(1) 54(1) 34(1) —-13(2) 7(1) -1(1)
Pb” 2787(9) 89(13) 686(6) 0.41 55(2) 19(1) 81(5) 61(2) 6(2) 12(1) 5(2)
T.(0) 59(5) 1777(2) 1100(3) 16(1) 16(2) 19(1) 12(2) —4(1) 5(1) 1(1)
T.(2) 39(5) 1798(2) 6158(3) 14(1) 11(2) 17(2) 13(2) -3(1) 5(2) 1(1)
T,(0) 6959(6) 1194(3) 1714(3) 15(1) 13(2) 13(2) 15(2) 2(1) 2(2) 2(1)
T,(2) 6901(5) 1148(2) 6732(3) 15(1) 8(1) 18(1) 15(2) —3(1) 3(1) —3(1)
0,(1) 41(18) 1342(6) 11(8) 25(2) 29(4) 31(4) 14(3) —-1(4) 9(3) —1(4)
0,(2) 6023(9) —16(6) 1462(6) 24(2) 11(3) 16(3) 38(4) 0(3) 4(3) —1(4)
03(0) 8236(13) 1310(8) 1078(8) 28(2) 17(5) 37(5) 29(5) —8(4) 8(4) 1(4)
04(2) 8153(16) 1320(8) 6159(10) 37(3) 31(7) 39(6) 52(8) ~7(4) 28(6) 1(5)
0O.(0) 200(13) 3011(7) 1217(8) 25(2) 20(5) 32(5) 26(5) —8(4) 12(4) —-2(3)
Oc(2) 176(15) 3101(7) 6332(9) 30(2) 26(6) 27(5) 36(6) —10(4) 11(5) —6(4)
0,(0) 1815(16) 1252(8) 1976(8) 31(2) 28(6) 37(5) 22(5) 4(4) 5(5) —1(4)
0,(2) 1982(13) 1208(7) 7011(7) 23(2) 12(4) 35(5) 16(4) -1(3) —-2(4) 5(3)
T = 465 °C
Pb 2745(1) -50(1) 706(1) 65(0) 26(0)  104(1) 56(0) -9(1) 11(0) -7(1)
Pb’ 2703(8) —157(6) 717(4) 0.44 45(1) 24(1) 63(2) 43(2) -21(1) 10(1) —-5(1)
Pb” 2798(8) 68(11) 693(4) 0.56 67(2) 26(1) 98(4) 71(2) 4(2) 13(1) —0(2)
T,(0) 61(6) 1786(3) 1095(3) 21(1) 24(3) 24(2) 19(2) —4(1) 12(2) —-0(1)
T.(2) 39(6) 1802(3) 6160(3) 15(1) 11(2) 18(2) 14(2) —6(1) 3(2) -1(1)
T,(0) 6980(5) 1194(3) 1727(3) 15(1) 6(2) 18(2) 17(2) 1(1) 1(2) 2(1)
T,(2) 6890(7) 1152(3) 6726(3) 20(1) 19(2) 19(2) 24(2) —5(1) 10(2) —5(1)
0,(1) 28(20) 1347(7) 9(9) 30(2) 34(4) 41(4) 15(3) 1(6) 11(3) -7(5)
0,(2) 6037(9) —12(7) 1468(6) 30(2) 18(3) 19(3) 46(4) 15(5) 8(3) 0(5)
04(0) 8287(18) 1308(8) 1100(9) 38(3) 36(8) 43(6) 41(7) -12(5) 20(6) -7(4)
0;(2) 8128(17) 1329(9) 6134(10) 43(3) 22(6) 51(6) 62(9) —10(5) 24(6) 8(5)
0O.(0) 138(15) 3023(7) 1207(8) 30(2) 24(6) 40(5) 27(5) —5(4) 10(4) —10(4)
0.(2) 265(17) 3096(7) 6356(10) 40(3) 34(7) 20(4) 58(7) —19(4) 12(6) —6(4)
0,(0) 1789(19) 1261(9) 1969(9) 44(3) 42(8) 48(6) 36(7) 15(6) 10(6) —2(5)
O,(2) 1983(14) 1217(7) 7015(7) 28(2) 13(4) 46(5) 16(4) —2(4) —3(4) 8(4)
T=700°C
Pb 2759(1) -37(1) 702(1) 84(0) 38(0) 129(1) 76(0) —4(1) 16(0) —6(1)
Pb’ 2751(8) —170(4) 728(6) 0.5 65(1) 40(1) 80(2) 69(1) —19(2) 19(1) -1(2)
Pb” 2791(8) 120(4) 673(6) 0.5 77(1) 37(2) 99(3) 82(2) 10(2) 13(1) 7(2)
T.(0) 72(5) 1788(2) 1098(3) 30(1) 29(2) 31(1) 29(2) —4(1) 11(2) 1(1)
T.(2) 29(5) 1808(2) 6156(3) 26(1) 23(2) 28(2) 27(2) —5(1) 10(2) —1(1)
T,(0) 6985(5) 1194(3) 1728(3) 27(1) 18(2) 27(2) 32(2) —4(1) 7(2) -1(1)
T.(z) 6914(4) 1155(2) 6725(2) 28(1) 23(2) 26(1) 33(2) 1(1) 10(2) -1(2)
0,(1) 22(17) 1354(6) —1(8) 43(2) 51(4) 53(4) 31(3) —11(5) 23(3) —10(5)
0,(2) 6060(9) —20(6) 1459(6) 43(2) 32(3) 22(3) 68(5) —3(4) 14(3) —8(4)
04(0) 8274(14) 1336(7) 1107(8) 48(2) 39(6) 54(6) 47(6) —10(4) 14(5) —4(4)
Ox(2) 8141(16) 1334(9) 6138(10) 64(3) 40(6) 78(7) 84(9) —18(5) 37(7) 3(6)
0(0) 186(13) 3024(7) 1220(7) 43(2) 37(6) 47(5) 49(5) —16(4) 21(5) —11(4)
0O.(2) 243(14) 3119(6) 6343(9) 54(3) 42(6) 28(4) 81(8) —9(4) 16(6) —5(4)
0,(0) 1811(16) 1269(8) 1968(8) 56(3) 59(8) 60(6) 40(5) 14(5) 14(6) 6(5)
0p(2) 1962(12) 1224(7) 7016(7) 45(2) 27(5) 60(5) 34(5) 1(4) 1(4) 4(4)

Notes: Pb = non-split model. Pb’ and Pb” = split-model.

* U,, defined as ¥ of the trace of the orthogonalized U, tensor.
T The anisotropic displacement exponent takes the form: —2«w?( h?a-2U,, + k*b-2U,, + [2¢c-?U,; + 2hka-b-U,, + 2hla-c-U,; + 2kilb-c-U,,).
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TaBLE 3. T-O bond lengths (A)

T(C) 20 230 465 700
T.(0)-0.(1)  1.642(7) 1.652(11) 1.647(11) 1.657(10)
T,(0)-0,(0)  1.630(7) 1.640(11) 1.625(13) 1.635(11)
T,(0)-0(0)  1.624(6) 1.618(10) 1.621(10) 1.621(9)
T.(0)-05(0)  1.641(7) 1.625(12) 1.613(13) 1.616(11)
Mean 1.634 1.634 1.627 1.632
T.(2)-0,(1)  1.748(7) 1.750(11) 1.755(11) 1.742(10)
T.@)-0s(z)  1.716(7) 1.707(12) 1.713(12) 1.701(11)
T.(2)-0.(z)  1.721(6) 1.714(10) 1.708(10) 1.730(9)
T.(2)-0.(z)  1.747(7) 1.746(10) 1.748(11) 1.747(10)
Mean 1.733 1.729 1.731 1.730
T,(0-0.2)  1.732(5) 1.732(9) 1.731(10) 1.736(8)
T,(0-04(0)  1.707(7) 1.687(11) 1.701(13) 1.685(11)
T,(0)-0.(0)  1.706(7) 1.695(10) 1.739(12) 1.714(9)
T,(0-05(0)  1.712(7) 1.711(11) 1.708(13) 1.708(11)
Mean 1.714 1.706 1.720 1.711
T,(2)-0,(2)  1.632(6) 1.622(9) 1.625(9) 1.622(9)
T.(2)-0s(z)  1.603(7) 1.605(12) 1.620(12) 1.607(11)
T,(2)-0c(z)  1.620(7) 1.639(11) 1.582(11) 1.591(10)
T,(2)-0,(z)  1.630(7) 1.637(10) 1.642(10) 1.644(10)
Mean 1.621 1.626 1.617 1.616

in Tables 3 and 4. Table 5 contains the observed and
calculated structure factorst. A degree of Al-Si order (Q,.)
of 0.71 was calculated on the room-temperature data, us-
ing the equation of Angel et al. (1990).

RESULTS AND DISCUSSION

Unit-cell parameters and structure evolution with
temperature

The results obtained from the refinements show that:
(1) the average T-O bond lengths and therefore the Al,
Si site occupancies are not significantly changed at high
temperature (Table 3). It must however be stressed that
the large standard deviations on T and O atoms do not
enable an accurate determination of the Q,, a HT. (2)
The Fourier map near the Pb site shows a larger and more
symmetrical electron density with increasing temperature
(Fig. 1); the Fourier map has the same evolution with

*For a copy of Table 5, document item AM-98-002, contact
the Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. Deposit
items may also be available on the American Mineralogist web
site at http://www.minsocam.org.

TABLE 4. Pb-O bond lengths (A)

T (°C) 20 230 465 700
Pb-0,(1) 2.748(7) 2.749(11) 2.760(11) 2.770(10)
Pb-O,(1) 2.660(7) 2.690(11) 2.710(11) 2.733(10)
Pb-0,(2) 2.493(6) 2.509(8) 2.514(8) 2.525(8)
Pb-04-(0) 2.830(7) 2.845(11) 2.867(11) 2.904(10)
Pb-Og(2) 3.079(7) 3.046(13) 3.010(13) 3.004(13)
Pb-O.(0) 3.296(6) 3.274(10) 3.216(9) 3.220(9)
Pb-O(2) 3.025(6) 3.033(10) 3.091(10) 3.065(9)
Pb-0,(0) 2.784(7) 2.828(11) 2.846(13) 2.843(11)
Pb-0,(2) 2.626(7) 2.661(10) 2.699(11) 2.736(10)
<6IPb-O> 2.690 2.714 2.733 2.752
<Pb-O> 2.738 2.759 2.772 2.788
<EIPb-O> 2.838 2.848 2.857 2.867

Note: The distances were calculated using the Pb coordinates from the
Pb non-split model (Table 2).
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Ficure 1. Electron-density maps for the Pb site viewed
along the c axis; scde = 1 A. (&) T = 20 °C; (b) T = 230 °C;
(c) T =465°C; (d) T = 700 °C. Interval among contours is 30
e /A3. The coordinates of the center of the plots are: x = 0.27,
y =0, and z = 0.07.

temperature as was observed with decreasing Q,, in Tri-
baudino et a. (1998). (3) With increasing temperature the
average position of the Pb atom moves significantly to-
ward the glide plane (i.e., y/b = 0) (Fig. 2). (4) The Pb-
O distances undergo a significant increase with temper-
ature (Table 4). It appears that the bond lengths between
Pb and O atoms that are pseudosymmetric in |2/c become
progressively similar to one another (Fig. 3). This is
mainly due to the shift of Pb toward the glide plane as

y/bp, (x10™%)

0 1 L L 1 1 |
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T (°C)

Ficure 2. Absolute value of y/b fractional coordinate of the
Pb sitevs. T.
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Ficure 3. Pb-O distances vs. T for pseudosymmetrical O
atoms. Circles = OB; triangles = OC; squares = OD. Open
symbol = 0O; full symbol = z.
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the distance of the split vector of pseudosymmetric atoms
does not significantly reduce.

The thermal expansion of the unit-cell parameters fol-
lows the trend observed in monoclinic feldspars
(Oehlschlegel et al. 1974; Henderson and Ellis 1976;
Henderson 1984). The main expansion is observed along
the a direction, with a dlight decrease of the g angle,
whereas the expansion along b and c is rather small. The
overall volume expansion is 1.26 x 105 °C-! for the
investigated sample, and is close to that observed for
strontium, barium and calcium feldspars (1.35, 1.15, and
0.88 x 105 °C-1, Henderson 1984). The volume expan-
sion is lower in feldspars with divalent cation than in
alkali feldspars, mainly due to a lower expansion aong
a. The thermal expansion ellipsoid, calculated as in
Ohashi (1982), shows that in lead feldspar the main ex-
pansion occurs along a direction close to a* (Table 6), as
in al monoclinic feldspars.

In Figure 4 the main structural features adlong a* in
lead feldspar are considered. The OA2-OA2 distance
along the Pb polyhedron (AB) and the OA2-OA2 distance
along the tetrahedral cage (BC) are shown. In the Pb
polyhedron the Pb-OA2 distance expands significantly.
The expansion of the Pb-Pb distance, together with the
Pb-OAZ2 distance, accounts for the overall increase of the
distance between the two OA2 atoms aong the Pb poly-
hedron (AB). The above increase would be significantly
higher than the actual cell expansion along a*. In fact,
the size of the tetrahedral cage along a* (BC) decreases
with increasing temperature, thus partially compensating
the expansion of the polyhedron. The mechanism of ex-
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TaBLE 6. Principal axes of the strain ellipsoid (20—700 °C)
Angle with
Strain (X10-3) a b c
€ 5.9(3) 19 90 96
€ 1.6(3) 109 90 6
€ 1.1(2) 90 0 90

Note: The reference state is at T = 20 °C.

pansion with temperature in lead feldspar (Fig. 5a) is the
same as in sanidine (Fig. 5b) (Ohashi and Finger 1974,
1975), but the absolute value of partial contributions of
the tetrahedral cage and of the M polyhedron are higher
in sanidine than in lead feldspar and an higher expansion
along a* is observed in sanidine. This probably results
as an effect of the stronger bonding of the divalent lead
cation with O atoms in comparison with potassium.

Ficure 4. Partia projection aong the ¢ axis of the lead feld-
spar structure. T atoms are not labeled. AB = OA2-OA2 distance
along the Pb polyhedron; BC = OA2-OA2 distance along the
tetrahedral cage.
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Ficure 5. Differences of the main interatomic distances along a* (Al) in comparison with the 20 °C values vs. T for (a) lead
feldspar and (b) sanidine (Ohashi and Finger 1974, 1975). Triangles = OA2-OA2 distance along the M polyhedron; squares = M-
M distance; diamonds = OA2-OA2 distance along the tetrahedral cage (dotted line). Circles = 2 X d,q, distance (full line).

Evolution of b-type reflections with temperature

Tribaudino et a. (1998) observed that the intensity of
the b-type superstructure reflections arises in monoclinic
I2/c feldspars both from Al-Si ordering (i.e., framework
contribution) and from the displacement of the non-tet-
rahedral cation away from the glide plane (cation contri-
bution). The cation contribution in lead feldspar is sig-
nificantly higher than the framework contribution when it
is monitored by X-ray, due to the very strong scattering
power of lead. Indeed, the strong decrease in the b re-

TaBLE 7. Calculated framework and Pb contribution to

structure factors compared with the F_ values
obtained in the refinement for some b reflections

brefl Frane Foo Fuame * Fon P tnanens
121 —15.5 —58.4 —73.9 —71.2
031 15.3 425 57.8 52.0
141 -13 81.5 80.2 77.9
051 1.2 50.2 51.4 51.6
161 9.6 96.7 106.3 104.8
071 -0.1 50.3 50.2 54.4
181 —7.6 96.1 88.5 88.4
0111 10.3 47.0 57.3 53.8
213 -13.2 —25.8 —39.0 —37.3
053 5.6 106.5 112.7 110.0
473 4.1 69.6 73.7 73.4
093 -0.5 109.4 108.9 107.5
145 2.2 —63.7 —61.5 —60.1
055 11.0 70.6 81.6 81.1
165 13 —75.3 —74.0 —75.4
275 —18.0 —96.7 -114.7 —115.3
095 16.2 2.7 88.9 90.4

flections intensity with Al-Si disorder was mainly due to
the related approach of the average coordinate of Pb to
the glide plane.

Increasing temperature induces a significant decrease
in the intensity of the b reflections compared to the in-
tensity of a-type reflections (Table 1). The evolution of
the intensity of the b reflections with temperature is af-
fected by several factors. As shown above, both cation
and framework contribution may change their intensity;
moreover a decrease in the intensity, affecting also a re-
flections, comes from the increased atomic displacements
parameters (ADP) observed at HT. Following Foit and
Peacor (1973), the structure factors for the most intense
b reflections were separately calculated for T and O atoms
(framework contribution) and for Pb atom (Pb contribu-
tion) using positional and displacement parameters from
the refinement at T = 20 °C (Table 7). The framework
contribution (F,...) was calculated considering a fictive
structure with Pb placed onto the glide plane and T and
O atoms fixed as in the 20 °C refinement. The Pb contri-
bution (F,) was instead calculated in a 12/c model where
T and O sites, equivalent in C2/m space group, were fixed
in an averaged intermediate position and Pb was left in
the room temperature position (y/b = —0.008). From Ta-
ble 7, in most reflections, the Pb contribution accounts
almost completely to the value of the calculated structure
factors.

In Figure 6 the evolution of the calculated structure
factors of the b reflections 161 and 093 is shown vs. the
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Ficure 6. Calculated structure factors (F.) vs. y/b fractional
coordinate of the Pb site for the b reflections 161 (a) and 093
(b). Model 1 (triangles) = coordinates of Pb at the different T;
ADP of Pb, coordinates, and ADP of framework atoms at T =
20 °C. Model 2 (squares) = coordinates and ADP of Pb at the
different T; coordinates and ADP of framework atomsat T = 20
°C. Model 3 (circles) = actua refinements at different T.

shift away from the plane of the Pb atom, observed at
different temperatures. Three models were reported start-
ing from the F_ obtained at 20 °C (y/b,, = —0.008). In
the first model the coordinates of Pb retained the values
obtained at the different temperatures, whereas the ADP
of Pb and the coordinates and the ADP of the framework
atoms were fixed to the values obtained at 20 °C. In the
second model both the coordinates and the ADP of Pb
had the refined value for each temperature, whereas the
framework atoms had the coordinates and ADP fixed to
the 20 °C value. In the third model the actual values of
coordinates and of ADP for al the atoms were used for
the calculation. The striking similarity of the second mod-
el with the third model results (actua refinements) shows
that the reduction with temperature of the b reflection
intensity is almost completely due to changes in the po-
sitional and atomic displacement parameters of Pb. This
behavior is observed in most of the b reflections.

The low contribution of the framework to the b reflec-
tions makes it difficult to evaluate any possible change
of the order parameter (Q,,) with temperature. This is a
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Ficure 7. Dark field images of b antiphase domains in PbF
at different T; g = 031.

problem at HT where the enlargement of thermal param-
eters further decreases the b reflections intensity. The di-
rect measurement of Q,, at HT is therefore questionable.
However some evidence exists that Q,, did not change
significantly during the HT collection. A change in Q.
was observed only after thermal treatment at temperatures
higher than the experimental conditions of this work (T
> 850 °C, Tribaudino et al. 1998) or in long duration
hydrothermal runs (Bruno and Facchinelli 1972); more-
over a data collection and refinement was performed on
the sample at room temperature after the heating run, with
no significant change concerning Q., in comparison with
the results obtained before heating.

In situ TEM observation up to about 690 °C (Fig. 7)
did not show changes in size and shape in the b antiphase
domains, neither did a diffuse component appear in the
relevant diffraction patterns up to 935 °C (Fig. 8). It can
therefore be assumed that the change of the Pb configu-
ration, does not change the domain structure of the feld-
spar; this instead seems mainly related to the Al-Si or-
dering, which is assumed constant within the examined
temperature range.
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T =690°C

Displacement parameters and lead electron-density

Previously the electron-density distribution observed
around the Pb site was assumed to be an effect of posi-
tional disorder, rather than due to dynamical effects. The
vibrational component of the displacement parameters, at

T=935"C

Ficure 8. SAD pattern of PbF along [313] at different T. Both a and b type reflections are present.

a temperature sufficiently high that the zero-point motion
effects are negligible, is expected to increase linearly with
temperature, with an intercept at T = 0 K that goes
through the origin if the vibration is only due to a thermal
motion component. If the displacement parameters are af-
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Ficure 9. Equivalent isotropic displacement factors B, vs.
T. Triangles = Pb; squares = O atoms; diamonds = T atoms.
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fected also by positional disorder a significant intercept
at 0 K isinstead expected (Smith et a. 1986; Pavese et
al. 1995). The temperature at which the zero-point motion
is no longer negligible cannot be simply predicted in the
absence of low temperature refinements, athough previ-
ous refinements for low albite (Smith et al. 1986) suggest
that in feldspar the zero-point contribution is not signifi-
cant at least down to room temperature.

In Figure 9 the evolution with temperature of the
equivalent displacement parameters in the refined sample
are given for Pb and for an average of O and T atoms.
The ““non-split model”” was used for Pb. An extrapolation
to T = 0 K for the higher temperature data shows the
presence of a significant residual for the Pb and for O
atoms [respectively, B,, = 0.94(23) and 0.40(21) A2] thus
indicating the presence of positional disorder. The 0 K
intercept does not result in a significant residual for the
T atoms [B,, = 0.09(21) A2] This suggests that positional
disorder in Pb induces a significant disorder in the O at-
oms, which are nearest neighbors with Pb, but not in T
atoms that are coordinated by O atoms.

The evolution of the electron-density distribution
around the Pb site with temperature (Fig. 1) shows a re-
markable similarity to that observed for increasing Al-Si
disorder: at low temperature atail is observed in the elec-
tron-density, which increases with temperature, whereas
the 700 °C electron-density map is not far from the bean-
like appearance found in the most disordered samples at
room temperature (Tribaudino et a. 1998). The HT con-
figuration is induced by increased thermal vibration, at
constant Q,,, Whereas the electron-density observed at
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room temperature in samples with high Al-Si disorder is
interpreted as induced by increased static positional dis-
order of the Pb atom, that occurs as a consegquence of
varying local Al-Si configurations (Benna et a. 1996).
The presence of a smeared electron-density and the ap-
proach to the glide plane of the average position of Pb
are observed both with increased Al-Si disorder and at
HT. As a consequence, the intensity of the b reflections
reduces dramatically, despite the apparent lack of signif-
icant Al-Si disordering at the investigated temperatures.

The approach of the average coordinate of Pb to the
glide plane is linear with temperature in the investigated
range (Fig. 2). If the approach is still linear at higher
temperatures, at T ~ 1300 °C the Pb lies on the glide
plane. This temperature is not far from that found for the
C2/m-12/c phase transition (1180 °C, Tribaudino et al.
1998). It appears therefore that at a temperature close to
the transition Pb assumes, at constant Q,,, the same po-
sition and the same electron-density distribution which is
observed at room temperature in the disordered sample.
The average Pb position on the m plane would be that
present in C2/m symmetry, in a configuration obviously
more regular than the 12/c configuration at room temper-
ature (Benna et a. 1996). This suggests that at HT the
Pb atom has a configuration that may favor Al-Si
disorder.
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