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Abstract

Least-squares refinements of the structure of low albite from Amelia, Virginia with three-
dimensional neutron and X-ray diffraction intensity data sets yield weighted R factors of
0.024 and 0.035, respectively, with anisotropic thermal models. The two methods result in es-
sentially identical positional parameters, though slight differences in thermal parameters may
be due to the variation in relative scattering powers. Direct refinement of Al/Si occupancy of
tetrahedral sites was possible for the neutron data but not for the X-ray data, resulting in the
following values of (T-O) (in A) and Al occupancy (associated errors in parentheses): T,0
1.743(1)A, 0.97(2) AL; T;m 1.609(1)A, 0.04(2) AL T,O 1.614(1)A, 0.0 Al; T,m 1.616(1)A, 0.0
Al The difference between the refined T,0 occupancy and an Al-filled T,O site is significant
at a 90% confidence. When these data are combined with other neutron diffraction estimates
of order/disorder for a low sanidine and Himalaya orthoclase, a non-linear plot of (T-O) vs.
Al content results, which is best fit with a 3rd-order polynomial. This curve differs from the
linear plot by as much as 0.016A in the high-Al region. However, direct comparison of av-
erage T-O bond lengths between ordered and disordered tetrahedra includes an apparent
shortening in disordered feldspars (comparable to a thermal motion effect) which may
amount to 0.003A. Analysis of the apparent-thermal-motion anisotropy of the Na site with
displacive split-site models yields a splitting distance of 0.39A for both data sets, but a single-

Na, anisotropic thermal model is preferred.

Introduction

Since Barth (1934) first suggested that the poly-
morphism of K-feldspars resulted from order—dis-
order of Al and Si atoms, a considerable effort has
been made by crystallographers, mineralogists, and
petrologists to characterize Al-Si distributions in nat-
ural and synthetic feldspars. The primary reasons for
the intense interest in this subject are (1) the natural
abundance of alkali feldspars in the Earth’s crust and
(2) their potential for geothermometry from a de-
tailed knowledge of the composition-, temperature-,
and pressure-dependence of intracrystalline Al-Si
distributions. Smith’s (1954) important synthesis of
available structural data for feldspars provided the
basis for all subsequent optical and cell-parameter
methods for determining the degree of ordering of Al
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and Si among the tetrahedral sites. He used the
simple idea that Al-containing tetrahedra are larger
than Si-containing ones and correlated mean T-O
distances (T = Si,Al) with Al content of a tetrahe-
dron. Later revision of Smith’s study (Smith and Bai-
ley, 1963) and statistical analyses of the correlation
between mean T-O distance and % Al (Jones, 1968;
Ribbe and Gibbs, 1969) have provided linear regres-
sion equations for this correlation. However, serious
doubts about the linear relationship between mean
T-O distance and Al content of tetrahedra were
raised by Brown ef al. (1969) and Ribbe et al. (1974),
who pointed out a number of other factors which af-
fect individual T-O distances in framework alumino-
silicates. Because of these findings, the currently-used
feldspar structural-state indicators, such as the lat-
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tice-parameter method of Stewart and Wright (1974)
for alkali feldspars, are in need of revision when
enough new data become available. Ribbe (1975) has
since proposed a method for estimating approximate
Al contents of K-rich feldspars based on individual
bond-length differences and which, according to
Ribbe, climinates concern about whether the correct
Al content vs. T-O distance relationship is linear or
nonlinear. This problem could be eliminated entirely
if future structural-state determinations were based
on direct measurements of Al-Si site distributions.
However, such determinations have proven possible
only by neutron diffraction experiments (see Prince
et al., 1973; Brown et al., 1974), which are not fea-
sible for more than a few samples.

Our study of the structure of a low albite with both
X-ray and neutron-diffraction methods has been un-
dertaken to help elucidate the relationship between
Al-Si occupancy and T-O bond distances for this
important end-member feldspar composition. In ad-
dition, we have examined general structural features,
in particular the nature of apparent thermal motion
of the Na atom, and have compared results from our
independent X-ray and neutron structure refine-
ments.

Table 1. Composition and cell constants of Amelia low albite

s ——war——

Composition: wt.%1 2

cat./8 ox wt.?% cat./8 ox

S1'O2 69.4 3.024 68.06 2.976
A1203 19.0 0.976 20.00 1.031
Fe203 0.0 0.0 0.04 0.001
Ca0 0.02 0.001 0.15 0.007
Na20 11.5 0.969 11.49 0.974
K20 0.10 0.006 0.15 0.009

100.0 4,976 99.89 4,998
Ab 99.3 98.5
Or 6 0.7
An 1 0.8
Cell Constants:
a 8.142(2) & a 94.19(2) deg.
b 12.785{2) 116.61(2)
c 7.159(2) Y 87.68(2)
V. 664.5(9) R3
1 microprobe analysis

2 analysis of Morey and Fournier (1961)

Experimental technique

Samples

Samples of low albite from Amelia County, Vir-
ginia were obtained from the late D. R. Waldbaum
(for sample description see Waldbaum and Robie,
1971, sample no. 6306). For the neutron work a clear
glassy rhomb of cleavelandite habit with a volume of
15.4 mm® was selected from a larger piece; an alter-
nate crystal was chosen from a fragment cleaved
from the same large piece. The X-ray sample,
cleaved from the alternate neutron crystal, had a vol-
ume of 2.04 X 10> mm® with largest edge dimension
of 0.4 mm. Sample composition from wet-chemical
analysis and a microprobe analysis are listed in Table
1. Cell parameters were calculated with Burnham’s
LCLSQ IV least-squares program using X-ray powder
data collected with a powder diffractometer on mate-
rial identical to that examined in this experiment (see
Table 1).

Neutron experiment

Neutron diffraction data for a half sphere of recip-
rocal space with 0.15 < sinf/A =< 0.69 were collected
at the Brookhaven National Laboratories Hi Flux
Beam Reactor on an automated (Brookhaven Multi-
spectrometer Control System) four-circle diffrac-
tometer. The §-26 step incremental scan technique
with a BF, proportional counter was used. The reac-
tor had a thermal neutron flux of 7 X 10" neutron/
cm? sec at the end of the beam tube and a flux of
~10" neutron/cm?’ sec at the crystal (the low energy
flux relative to that used in X-ray diffraction necessi-
tates the large crystal size). A total of 1781 reflections
was measured and after correction for background
(by the method of Lehmann e al., 1972), absorption,
and dispersion (the last two both nil), averaging of
equivalent reflections, and examination of peak
shapes, 1633 reflections were selected for the initial
least-squares refinement. The initial refinement was
performed with a modified version of ORFLS on the
BNL computer system with constant scattering fac-
tors: Na, 0.362; K, 0.370; Ca, 0.466; Si, 0.415 Al
0.345; O, 0.5803; all X10~"> cm/atom. Further refine-
ments examining tetrahedral site occupancies and the
alkali site were performed on the Princeton IBM
360/91 computer system using L. W. Finger’s RFINE
and RFINE 1L

X-ray experiment

X-ray diffraction data for a half sphere of recipro-
cal space with 0.05 < sind/A =< 0.76 were collected on
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an automated Picker FACS-1 four-circle single-crystal
diffractometer with MoK« radiation (Zr filter). Data
were collected using §-28 scan with a scan speed of
1° 20 per minute, a 2° base width compensated for
dispersion; background was measured at high and
low 26 limits for a total of 20 seconds. The initial
data were corrected for background, set to a uniform
level relative to standard reflection intensities (2 mea-
sured every 20 reflections), corrected for Lorentz po-
larization and absorption, and their extinction fS’s
calculated by a modified version of C. T. Prewitt’s
ACACA that employed the Gaussian quadrature tech-
nique (4 X 4 X 4 grid) for absorption. A total of 2603
reflections were used for least-squares refinement, of
which 2441 were not rejected on the criterion of the
counting statistics standard deviation being less than
F,,.. RFINE II was used for the least-squares refine-
ments, refining on a single scale factor, isotropic ex-
tinction parameter (Zachariasen, 1967), positional
parameters, and first isotropic and then anisotropic
thermal parameters.

The neutron refinements, which preceded the X-
ray ones, yielded a weighted R factor (R,) and un-
weighted R factor (R,) of 0.076 and 0.069 for the iso-
tropic case and 0.024 and 0.021 for the anisotropic
case (standard deviation of a unit weight observation
= 1.29). We assumed fully ordered tetrahedral sites
(T, O occupied by Al, the excess in T,m); initial pa-
rameters were those of low albite from Ribbe ef al.
(1969). Positional parameters (Table 3), tetrahedral
bond lengths (Table 6), and O-T-O and T-O-T an-
gles (Table 7) were taken from the anisotropic case;
anisotropic f’s, isotropic B’s, and R.M.S. equivalent
amplitudes are listed in Tables 4 and 5. At this stage,
refinements on Al/Si occupancy of the four tetrahe-
dral sites were performed using various chemically
constrained and unconstrained models. The results
are noted in Table 2 with the weighted R factors for
each case.

The least-squares refinement of the X-ray data
yielded isotropic R factors of 0.053 R,, and 0.071 R,
and anisotropic R factors of 0.035 R, and 0.040 R,
(standard deviation of a unit weight observation =
5.36), with relativistic Dirac—Slater atomic scattering
factors calculated by Cromer and Waber (1965) for
neutral atoms and Al/Si ordering as determined in
the neutron refinements. Similar results were ob-
tained on fully ionized atoms (except oxygen—O")
with scattering factors calculated by Cromer and
Mann (1968); differences are noted in the text. The
scattering factor for the alkali site was a composition-
ally weighted average of the scattering factors for Na,
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Table 2. Results for T-site occupancy refinements including
significance levels

Model Variables Refinement Type Al in T Sites Rw
__T-_ 119 Occupancy 1 0.970 0.035 0.0 0.0 0.021367
(chemistry .019
constrained)
2 122 Occupancy 11 0.970 0.035 -0.003 -0.022 0.021342
(unconstrained) .027  .028 .028 .061
3 121 Occupancy III 0.975 0.03%9 0.021 -0.017 0.0213465
(chemistry .023 .023 .023
constrained)
4% 120 Occupancy 1V 0.973 0.00%3 0.0 0.0 0.021389
(chemistry 203! .04
constrained)
5 118 Constrained I 1.00 0.05 0.0 0.0 0.021384
{fully
ordered)
& 118 Constrained II 0.95 0.10 0.0 0.0 0.021373
(95% Al in T.,)
10
7 118 Constrained III 0.90 0.15 0.0 0.0 0.021467
(90% Al in T,,)
10
B 118 Constrained IV 0.80 0.25 0.0 0.0 0.021928
(80% A1 in T.,)
10
R Factor Significance Tests
Ri i R _ [_Jl. F " ]]g
123 = Rwi/ij N=mse = Lgmn - T on-mye
R5.1 = 1.000810 H1,15U4,0.005 = 1.00271
Re,1 = 1.000287 R1,1504,0.010 = 1.0022
R7,1 = 1.004393 R1,1504,0.10 = 1.00088
Rg,1 = 1.026279 R1,1504,0.25 = 1.00048
R1,3 = 1.00095 R1,1504,0.50 = 1.00016
R2.1501,O.75 = 1.00095

* Not totally converged

Ca, and K. Positional parameters (Table 3), tetrahe-
dral bond lengths (Table 6), and temperature factors
(Tables 4 and 5) are listed with the values from the
neutron refinements. An attempt to refine Al/Si oc-
cupancies of the tetrahedral sites resulted in unrealis-
tic total site occupancies for neutral atoms and realis-
tic occupancies but excessively large errors for
ionized atoms. Consequently only T occupancies as
determined by the neutron refinements are listed for
the X-ray refinement results.

Two models employing split isotropic Na sites
were refined for each data set; one uses two half
atoms and the other uses two partial atoms, with
one’s occupancy refined and the other’s occupancy
constrained so that the total occupancy of both sites
is equal to 1.0. The results are listed in Tables 3
and 8.

Results and discussion

General comparison of neutron and X-ray refinements

The two independently-derived sets of structural
parameters (positions and apparent thermal motions)
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Table 3. Atomic positional coordinates

Site Occupancy Spec. S e z

T10 neutron 0.030{20} Si 0.00901(10) 0.16862(6) 0.20806(11)
X-ray 0.030 Si 0.00878(11) 0.16864(6) 0.20805(13)
T1m neutron 0.965 Si 0.00386(8) 0.82062(5) 0.23728(9)
X-ray 0.965 Si 0.0N382{10 0.82064(5) 0.23734(11)
TZO neutron 1.0 Si 0.69209(8)  0.11026{5) 0.31508(9)
X-ray 1.0 Si 0.69210(10) 0.11040(5) 0.31507(12)
sz neutron 1.0 Si 0.68152(8)  0.83195(5) 0.36078(9)
X=Tay L Si o 0.68175(10) 0.88185(5) 0.36071(12)
Na neutron 0.986 Na  0.26849(13) 0.98870(10) 0.14672(18)
x-ray 0.26839(18) 0.98867(12) 0.14628(24)
Na1 neutron 0.526(17) "Na" 0.270Y8(28) 0.97765(36) 0.16218(55)
X-ray 0,533(26) "Na" 0.27033(45) 0.97800{57) 0.16219(92)
Na2 neutron 0.474 "Na"  0.26561(32) 0.00168(41) 0.12859(62)
X-ray 0.467 "Na"  0.26617(45) 0.00103(64) 0.12793(101)
04 meutron 1.0 0 0.00890(7) 0.12115(4) 0.96638(7)
x-ray 1.0 0 0.00481{27) 0.12120(14) 0.96610(30)
OAZ neutron 1.0 0 0.59229(6) 9.99755(4) 0.28053(7)
X-ray 1.0 0 0.59166(24) 0.99766{14) 0.27967(30)
050 neutron 1.0 0 0.81231(7) 0.11013(4) 0.19056(8)
X-ray 1.0 0 0.81285(26) 0.11039(15) 9.19124(32)
OBm neutron 1.0 9 0.82027(7)  0.85114(4) 0.25876(9)
X=ray 1.0 0 0,82061(27) 0.85121(15) 0.25942(34)
OCO neutron <0 0 0.01342(6)  0.30252(4) 0.27026(8)
X-ray 1.0 0 0.01348(25) 0.30276(14) 0.27023(31)
Ocm neutron 1.0 0 0.02398(7) 0.69389(4) 0.22991(8)
X-ray 1.0 0 0.02402(26) 0.69390(14) 0.22938(32)
ODO neutron 1.0 0 0.20770(7) 0.10901(4) 0.38910(7)
X-ray 10 ] 0.20765(26) 0.10922(15) 0.38898(30)
UDm neutron 1.0 0 0.18364(7)  0.86819(4) 0.43609(8)
Xx-ray 1.0 0 0.18316(27) 0.86825(15) 0.43555(31)

Estimated standard errcors in parentheses refer to the last digits.

have been compared for consistency of error by the
method of half-normal probability plot analysis
(Abrahams and Keve, 1971). Figure 1 shows two
plots of ranked observed-parameter deviates A; vs.
ranked normal deviates X for all parameters and po-
sitional parameters only, as determined from equa-
tions and tables in Section 4.3 of Volume IV of Inter-
national Tables for X-ray Crystallography (1974). The
treatment and results are similar to those of Higgins
and Ribbe (1979) for sapphirine. A scatter of points
about a line of unit slope would indicate a correct es-
timate of error with no obvious contributions due to
systematic error. The observed scatter approaching a
line with a slope of two for all parameters suggests
that there is little distinguishable systematic error but
an underestimation of pooled standard deviations by
a factor of about two. In the positional parameters
alone there is more scatter, which either is in-
significant and only a function of the small number
of points (39), or is an indication of compounded real
and systematic errors of roughly the same magnitude
(Abrahams and Keve, 1971). The slope of the trend

for positional parameters is about 1.2, which suggests
a realistic estimation of standard deviations. Hence,
as might be expected, the estimation of error is more
subject to bias and misevaluation for the anisotropic
temperature factors than for positional parameters
alone.

For the most part the refinements of the two data
sets are identical within 1 or 2 standard errors of all
parameters for the X-ray results. As indicated above,
the largest variations occur for the thermal parame-
ters. The neutron data, compared to the X-ray data,
yield larger values of equivalent isotropic temper-
ature factor (B) and anisotropic factor Bs; for T and
Na sites and yield smaller root-mean-squared
(R.M.S.) displacements for oxygen sites. This is
likely due in large part to the difference in relative
scattering powers of Si, Al, Na, and O between X-ray
and neutron diffraction. While it is tempting to use
differences in the nature of the diffraction interaction
between neutrons and X-rays to examine the asym-
metry of bonding-electron distributions relative to
nuclei, the variations in positional parameters and
bond lengths and the evaluation of pooled errors sug-
gest there are no measurable asymmetries.

Table 4. Thermal parameters

Equivalent

Site

R.M.S. Amplitudes in
o B _ Axis 1 Axis 2 Axis 3
T]O neutron 0.599(11) 0.0759(20) 0.0851(18) 0.0988(17)
X-ray 0.436(12) 0,0728(25) 0.0747(23) 0.0972(19)
T]m neutron 0,512(9) 0.0711(17) 0.0803(15) 0.0891(15)
X=-ray 0.436(12) 0.0759(24) 0.0659(25) 0.0892(18)
TZO neutron 0.532(9) 0.0768(15) 0.0792(15) 0.0898(15)
X-ray 0.464(12) 0.0615(24) 0.0772(21) 0.0889{19)
[Zm neutron 0.532(9) 0.0768(15) 0.0792(16) 0.0898(15)
X-ray 0.462(12) 0.0623(24) 0.0808(21) 0.0845(20)
Na neutron 2.663(20) 0.1221(16) 0.1311(15) 0.2628(15)
X-ray 2.529(29) 0.1169(28) 0,1306(25) 0.2557(2?2)
OA] neutron 0.946(7) 0.0739(13) 0.1149(9) 0.1314(8)
X-ray 0.917(30) 7.0733(58) 0,0987(43) 0.1404(35)
0A2 neutron 0.720(7) 0.0775(12) 0.0915(10) 0.113%(9)
X=ray 0.754(28) 0.0748(52) 0.0936(44) 0.1196(39)
OBO neutron 1.040(8) 0.0791(13) 0.1162(9) 0.1405(8)
X-ray 1.030(31) 0.0930(48) 0.1086(44) 0.1367(37)
OBm neutron 1.319(8) 0.0787(13) 0.1410(9) 0.1551(8)
X-ray 1.258(33) 0.0862(51) 0.1323(38) 0.1512(37)
OCO neutron 0.918(38) 0.0805(12) 0.1102{10) 0.1276(9)
X-ray 0.945(31) 0.0800(50} 0,1165(41) 0.1262(40)
Ocm neutron 0.935(8) 0.0823(12) 0.1087(10) 0.1302(9)
X-ray 0.981(31) 0.0776(52) 0.1083(42) 0.1397(37)
ODU neutron 1.020(8) 0.0868(12) 0.1180(9) 0.1316(9)
Xx-ray 1.051(31) 0,0824(54) 0.1091(42) 0.1458(36)
OEm neutron 1.153(8) 0.0868(12) 0.1180(9) 0.1316(9)
x-ray 1.190(33) 0.0842(53) 0.1152(41) 0.1517(36)

Estimated standard errors in parentheses refer to the last digits.
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Refinement of Al/Si order

As there is a uniform 18.5% difference in the scat-
tering power of Al and Si in neutron diffraction
(compared with an average 9% for X-rays) a mean-
ingful refinement of the occupancy of the four T sites
in low albite was possible. Many models involving ei-
ther unconstrained or constrained occupancy of the
T sites were refined (see Table 2). Those models in-
volving variation of T,0 and T,m occupancies led to
results requiring Si occupancies either in excess of or
insignificantly different from 1.0, as in model 2. Con-
sequently final tetrahedral occupancy refinements in-
volved variation in the T, sites only. However, it is
encouraging to note that cases like model 2 are essen-
tially identical to model 1 when errors are consid-
ered.

The R-factor ratio test of Hamilton (1965) was
used to examine the constrained and unconstrained
models of T,0 and T,m occupancy; the results are
shown in Table 2. The unconstrained case (model 1)
is shown to be superior at better than the 75% signifi-
cance level for all but model 6, which is within the
standard error of the refined occupancy. In Figure 2,
a diagrammatic curve has been drawn with the stan-
dard error in occupancy and the R-test significance
levels marked along the ordinate and the Al content
of the T,O site along the abscissa, to show the nature
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Table 6. T-O and tetrahedral O—-O bond distances

of the data refinements upon tetrahedral occu-
Table 5. Root-Mean-Square amplitudes of apparent thermal
vibration
8 X 10°
Site B By Bag B33 Biz B13 B23
*
T,0 n 0.597(36) 326(12) 98(4) 314(15) -29(5) 163(11) 10(6)
x 0.555(19) 333(14)  70(4) 263(17) -20(6) 128(13)  2(7)
Tymon o 0.601(31) 266(9)  87(3) 278(12)  15(4) 147(9)  14(5)
X 0.450(17) 277(12) 56(4) 219(15)  21(5) (14(11) 13(6)
T,0 n 0.607(31) 259(10) 73(3) 381{13) -12(4) 143(3)  19(5)
x 0.473(17) 246(12) 46(4) 306(15)  -2(5)  90(11)  0(6)
Tom o 0.636(31) 228(S)  79(3) 380(13) 5(4) 138(9)  25(5)
x 0.464(17) 250(12) 49(4) 318(16)  11(5) 116(11) 15(6)
Ma n 2.510(59) 580(15) 591(8) 1548(25) -100(9) 400(15) -515(1)
x 1.972(40) 620(24) 524{11) 1468(40) -80(12) 356(25) -516(1)
Nap n 1.356(64)
x 1.374(81)
lag n 1.413(71)
x 1.285(94)
Oq N 0.979(27) 641(8)  159(3)  368(10) -11(4) 304(7)  37(4)
x 0.974(4)  716(36) 121(31) 333(42)  27(15) 296(33) 23({17)
04 0 0.758(25) 311(7)  78(2) 581(10)  -5(3) 165(7)  43(4)
7°x 0.763(4)  336(30)  69(9) 585(44)  -4(13) 127(31) 28(16)
050 n 1.098(27) 461(8) 174(3) 805(11) -92(4) 419(8) -29(4)
x 1.083(5) 518(34) 146{11) 788(49) -67(15) 406(35) -31(1)
Ogn n 1.330(28) 542(8) 233(3) 1076(12)  89(4) 582(8)  40(5)
x 1.267(5) 593(36) 174(11) 1051(55)  97(16) 531(38) 28(20)
020 n 0.971(27) 4pA(8)  98{2) 734(11) -57{3) 237(8) -zo(4)
x 0.984(4) 523(34) 82{10) &61(47) -25(15) 217(38) -27(17)
Ocm n 0.995(26) 421(8}  92(2) 701(10]  39(3) 167(7)  33(4)
x 0.970(4) 485(33) 82(10) 672(47)  48{14) 128(3%) 14(17)
050 n 1.040(27) 476(8)  175(3) 409(10) 39E¢3 a4(7)  4a(4})
x 1.072(5) 564{35) 145(11) 403(45)  e6(15) &5(33) 47(18)
0gn n 1.177(27) 542(8) 15053} 431(10)  -55(4)  12{7) -~15{4)
x 1.213(5)  634{36) 152{11) 436{46] -20(16) -2(34) -26(18)
Estimated standard errors in parentheses refer to the last digits.

* n - neutron; x -

X-ray

T]O- 0 neutron x-ray T]m- 0 neutron x-ray

0A1 1.7472(9) 1.749(2) OA] 1.5955(8) 1.594(2)

OBO 1.7446(10) 1.739(2) OBm 1.6000(9) 1.599(2)

OCO 1.7348(9) 1.737(2) OCm 1.6214(8) 1.621(2)

ODO 1.7448(10) 1.744(2) ODm 1.6179(8) 1.614(2)
Average 1.7429 1.742 Average  1.6087 1.607
TZO- 0 neutron X-ray sz- 0 neutron X-ray

OAZ 1.6322(8) 1.633(2) OAZ 1,6448(8) 1,650(2)

OBO 1.5918(8) 1.592(2) OBrn 1.6205(8) 1.617(2)

OC'" 1.6171(8) 1.617(2) OCQ 1.5957(8) 1.594(2)

ODm 1.6152(8) 1.619(2) ODO 1.6015(8) 1.603(2)
Average 1.6141 1.615 Average 1.6156 1.616
T]O neutron X-ray T1m neutron X-ray

OA]' OBU 2.7310(9) 2.732(3) OAl' OBm 2.6010(9) 2.610(3)

- OCO 2.9528(10) 2.955(3) - Ocm 2.6747(8) 2.671(3)

- ODO 2.7525(8) 2.753(3) - ODm 2.5883(8) 2.583(3)

OBO- OCO 2.881(8) 2.886(3) OBm- OCm 2.6100(8) 2.612(3)

- ODU 2.8783(10) 2.874(3) - ODm 2.6570(10) 2.651(3)

0,0- ODG 2.8518(8) 2.852(3) OCm' ODm 2.6210(8) 2.620(3)
Average  2.8424 2.842 Average 2.6253 2.625
TZO neutron X-ray T2m neutron X-ray

OAZ' OBO 2.6595(9) 2.662(3) OAZ' OBm 2.6258(8) 2.631(3)

- Ocm 2.5653(7) 2.563(3) - OCQ 2.5875(7) 2.585(2)

- ODm 2.6115(8) 2.618(3) - ODO 2.6349(8) 2.543(3)

OBQ- Ocm 2.6612(9) 2.660(3) OBm- DCQ 2.6367(10) 2.636(3)

- ODm 2.6524(8) 2.652(3) - ODG 2.6428(8) 2.640(3)

Ocm- ODm 2.6533(9) 2.659(3) OCO- ODO 2.6884(9) 2.687(3)
Average  2.6339 2.636 Average 2.6365 2.637

standard errors in parentheses refer to the last digits.

Estimated

pancies. The results indicate that there is not much
difference between completely-ordered low albite
and the partially-disordered one achieved by refine-
ment with chemical constraints, but that in any case
there is a high degree of ordering.

T-0 bond distances and Al/Si ordering

With the completion of these refinements, four
more points are available for determination and re-
finement of the relationship between tetrahedral
bond distance and Al/Si occupancy in the alkali
feldspars. With values determined in other neutron
diffraction experiments for a Himalaya orthoclase
(Prince et al., 1973) and a low sanidine (Brown et al.,
1974) (see Table 8), least-squares refinements of the
data to fit polynomial curves of the form

Al/(Al + Si) = ' (T-O)’

i=0
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Table 7. O-T-O and T-O-T angles

0 -Tlf)—O neutron x-ray 0 -T]m—O neutron X-ray
OAI' OBO 102.91(5) 103.1(1) Om— -O 109.50(5) 109.6(1)
C0 115.99(5)  115.9(1) OC 12.50(5) 112.3{(1)
ODO 104.04(5) 104.0(1) OD 108.23(5) 108.4(1)
OBO- Oco 112.21(5)  112.3(1) OBm- -Ocm 108.23(5) 108.4(1)
OD 11.16(5)  111.2(1) —ODm 111.31(5)  111.2(1)
OCO- OD 110.08{5) 110.0(1} Ocm- -ODm 108.02(5) 108.2(1)
Average 109.40 109.4 Average 109.48 109.5
0 -T20-0 neutron X-ray 0 -T2m-0 reutron X-ray
0/-\2' -OBQ 111.15(5)  111.3(1) OAZ' OBm 107.21(4)  107.3(1)
-Ocm 104.23(4) 104.1(1) OCO 105.96(4)  105.7(1)
-ODm 107.06(4) 107.2(1) DO 108.51(4) 108.7(1)
Cﬁﬂ— -Ocm 112.06(5) 112.0(T) OBm- OCO 160.14(5) 110.3(1}
-ODm 111.60(5) 111.4(1) ODO 110.22(5) 110.2(1)
Ocm- -ODm 110.34(5) 110.6(1) Ocﬂ— ODO 114.46(5)  114.4(1)

Average 109.42 109.4

Average 109.42 109.4
neutron  x-ray
T1O OAl 1m 141.45(5) 141.5(1)

m=0,,-T,0 130.08(4) 129.7(1)
Tom=0p2"Tp

T]O—OBO-TZO 139.66(5) 129.8(1)

T]mOme 161.20(5) 161.5(2)

B
T.|0 OCO Tm 129.88(5) 129.8{1}
C

T.lm 0 m‘TZO 135.85(5) 135.8(1)

T1O-ODO-T2m 133.95(5) 133.9(1)

Tlm-ODm-TZO 151.84(5) 151.8(2)

Average 140.49

Estimated standard errors in parentheses refer to the last digits.

were performed, where Al/(Al + Si) is the fraction of
Al in a site and (T-O) is the average inter-atomic
distance between the T site and its surrounding four
oxygens. Though there was little difference between
the fully-ordered and partially-disordered low-albite
models refined, both were used in polynomial curve
fitting. Results are shown in Table 9 and Figure 3.
To test for the best fit, three criteria were used.
First, is the fit physically realistic? Fits with signifi-
cant negative curvatures or fits that require excess Al
or Si beyond known limits were considered unrealis-
tic and, hence, were discarded. Second, the standard
error of any of the polynomial coefficients must be
less than that coefficient itself. Third, a variance ratio
test (Hamilton, 1964) was used to discriminate
among polynomials of successive degrees. Con-
sequently, polynomials of degree three are preferred,
but the curve for the constrained model is more real-
istic as it does reach full Al occupancy [Al/(Al + Si)

= 1.0]. The results show that there can be a large dis-
crepancy in predicted bond lengths between linear
and non-linear models; there is a difference of
0.016A at Al/(Al + Si) = 0.9. The net effect is an in-
crease in the apparent amount of Al in a T site with
(T-O) lengths between 1.65 and 1.74A for the non-
linear model. However, these curves should not be
considered determinative and, hence, have not been
plotted. (T-O) and refined occupancy data for alkali
feldspars with a structural state between that of or-
thoclase and low albite are needed before determina-
tive plots may be usable. Even then, other factors
(Ribbe et al., 1974) must be considered. Presently,
the indication is that such plots may not be linear.
One important point that has been overlooked is
the effect of disorder on T-O distances. Examination
of the refinements of a number of feldspar structures
shows that disordered feldspars generally have
shorter grand-mean-average T-O bond lengths than
do ordered ones. In Table 9 the grand-mean-average
of T-O bond lengths for ordered alkali feldspar
structures are 0.001 to 0.003A longer than for the dis-
ordered ones. A comparison has also been made for
the (T—O) values calculated from the Ribbe-Gibbs
linear model and our 3rd-degree polynomial model;
the differences in average bond lengths are less for
the polynomial model but are still significant. The
displacement of the individual Al and Si atoms from

Table 8. Polynomial regressions for neutron-determined feldspar
occupancy data. Equations for the polynomial and the variance
ratio test (Vg) are listed

n :
AT/(AT4S1) = ¢ a].<T—0>1
i=0
A Partially Disordered (T 0=0.970A1; T m=0,035)
1st Order 2nd Order 3rd Order 4th Order

257089.983:5. 2x10*
-616138.02141_8x10°
553563,260+1. 6x10°

4115.563+8.0x10°
-7432.206+2. 6x10°
4467.47129.4 10°

ag  12.176+0.063
a 7.559+0.023

-45.493+130.0
47.393+186.0

ay - -11.895+ 16.6
ay = = -893.744+3.7x1 04 -220974.67846.1 x105
o - = 33069.047 1.3x10%
r‘:% 0.01197 0.00889 0.00379 0.00194
VR - 2.043 6.714 3.828
B Fully Ordered (T 0=1.0A1; T m=0.05}

1st Order 2nd Order 3rd Order

ag -12.619:0.203 -43.698+ 8.60
ay 7.828:0.124  44.986+10.30

3203.074+ 625.0
-5791.239+1120.0

a, - -11.095+ 3.07  3484.116+ 670.0
ay - 697.382+ 134.0
&? 0.00786 0.00517 0.00192

v 3 3.127 8.486

=8 (n-1)- 2 (n)
= (M) ——
%5(n)
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the averaged T sites yields an underestimate of the
T-O distances relative to a simple average of the in-
dividual Si-O and Al-O bond lengths. The effect is
much the same for evaluating the effect of thermal
motion on bond lengths. Consequently, since dis-
order displacements are included in the thermal pa-
rameter, (T—O) values should be corrected for some
model of thermal motion, probably something be-
tween riding motion and noncorrelated motion (see
Ohashi and Finger, 1974; Harlow, 1977). It would be
better to use some common correction scheme for
thermal (and disordering) effects in calculating a re-
gression against Al/(Al + Si), but this is not possible
for lack of such information on the other neutron re-
finements. However, it is likely that the points for
disordered feldspars would be increased to higher
(T-O) values relative to those of low albite in Fig-
ure 3.

Na site—anisotropy vs. splitting

The Na site in both low and high albite displays a
large apparent thermal motion anisotropy (e.g. Fer-
guson et al., 1958; Williams and Megaw, 1964; Ribbe
et al., 1969; Quareni and Taylor, 1971). Ribbe et al.
(1969) examined a model with two split isotropic
atoms to approximate the anisotropy, in order to see

-y

[+

X

20

(]

[Be]

Xi

EX)

Fig. 1. Half-normal probability plots comparing positional and
thermal (left) and only positional (right) parameters between the
X-ray and neutron refinements of low albite.

1010

1.005

— —50%

- I
k 2 %S E i

o

o

o
]

1.0 .9.5 .90 .85
Alin T,0 Site

Fig. 2. Plot of Ry;, the R-factor ratio between the fixed T-site
occupancy and refined occupancy models, and the amount of Al
in the T,O site. The significance levels and the standard error in
refined T,0 occupancy are shown with dashed lines.

whether there might really be two loci for Na in the
structure. Based on detailed calculations by Megaw
in their paper, they could not distinguish between the
time-average and the space-average models for their
data, because there was inadequate separation be-
tween the split atoms. We have used a similar ap-
proach for our data, as earlier described. These re-
sults are listed in Table 10 along with the significance
calculations for comparison of the various models.
Among the space-average models, the refined-oc-
cupancy model is preferred statistically for both neu-
tron and X-ray data, though there are not large dif-
ferences between the models. A direct comparison of
R factors can be made between the anisotropic (time-
average) model and the refined-occupancy split-atom
(space-average) model, as they have the same num-
ber of refineable parameters. For both the neutron
and X-ray data, the anisotropic model yields a
smaller weighted R factor and hence appears to be a
better model. In comparison with the Na-site mod-
elling for low albite of Ribbe et al. (1969), the ani-
sotropic models are very similar within the limits of
error, though errors here are lower. Differences for
the split-site modelling are greater, though not much
more than 1 or 2 standard errors; in particular the
Na-O distances are very similar though the Na,—Na,
splitting distances here are larger, 0.39 vs. 0.36A for
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Table 9. Comparison of T-O bond distances between ordered and disordered alkali feldspars

and differences (ax10%) in R

Total Al per or Observed and Calculated T-0
Formula Unit Content <W>8 <T:U>Cl 8 <W>C2 Ap
Ordered
Low Microcline 1.00 99. 1.6442  1.6430 12 1.6443 -1 Brown and Bailey (1964)
Low Microcline 1.00 100. 1.644 1.6430 10 1.6443 - 3 Finney and Bailey (1964)
Low Albite (X-ray) 1.001 0.6 1.6451  1.6430 21 1.6443 8 This study
Low Albite 1.00 0. 1.0444 1.6430 14 1.6443 | Wainwright and Starkey (1968)
Microcline {CATE) 1.015 88.6 1.6454  1.6436 18 1.6446 8 Dal Negro et al. (1978)
Microcline (RC20C) 1.012 88.5 1.6443  1.6434 9 1.6445 - 2 Dal Negro et al. (1978)
Av. 1.6446 Av. T Av. 2
Partially Disordered
Orthoclase (neutron) 0.99 90. 1.6419  1.6430 -11 1.6443 -23  Prince et al. (1973)
Orthoclase 1.012 90. 1.6419  1.6434 -15 1.6446 -27  Colville and Ribbe (1968)
Adularia 1.00 88.1 1.6433  1.6430 3 1.6443 -10  Phillips and Ribbe (1973)
Adularia 1.001 88. 1.6427 1.6430 -3 1.6443 -16  Harlow (unpublished)
Low Sanidine 1.00 85. 1.6431  1.6430 1 1.6443 -12  Phillips and Ribbe (1973)
Low Sanidine 1.00 85. 1.6408 1.6430 -22 1.6443 -35 Ohashi and Finger (1974)
Microcline (PiC) 1.012 90.0 1.6425 1.6434 -9 1.6445 -20  Dal Negro et al. (1978)
Microcline (CA1B) 1.015 88.6 1.6438  1.6436 | 1.6446 - #  Dal Negro et al. (1978)
Microcline (A1D) 1.011 90.4 1.6423  1.6434 -1 1.6445 -22  Dal Negro et al. (1978)
Microcline P17C) 1.001 87.1 1.6419  1.6430 -1 1.6443 -24  Dal Negro et al. (1978)
Microcline (CA1A) 1.015 88.6 1.6441 1.6436 5 1.6446 - 5 Dal Negro et al. E'IQ?B)
Microcline (P2A) 1.014 93.1 1.6443  1.6435 8 1.6446 -3 Dal Negro et al. (1978)
Microcline 1.014 84.6 1.6428 1.6435 -7 1.6446 -18  Bailey (1989)
Sanidine 1.018 87. 1.6438 1.6437 1 1.6447 -9 Weitz (1972)
Av. 1.6428 Av. - 5 Av. -1
Disordered
Sanidine (P2B) 1.014 93.1 1.6443  1.6435 8 1.6446 - 3 Dal Negro et al. (1978)
Heated Sanidine 1.018 87. 1.6428  1.6437 -9 1.6447 -19  Weitz %19725
High Sanidine
(heated orthoclase) 1.025 92. 1.6421  1.6439 -18 1.6449 -28  Ribbe (1963)
High Albite 1.007 1.6 1.6434  1.64333 1 1.6444 -10  Ribbe et al. (1969)
High Albite 1.00 0. 1.6434  1.6430 4 1.6443 - 9  Wainwright (see Smith, 1974)
Anorthoclase 1.008 32.5 1.6418 1.6433 -15 1.6445 -17  Harlow (in prep.)
Anorthoclase 1.069 22.3 1.6437  1.6456 -19 1.6460 -23  Harlow (in prep.}
Anorthoclase 1.025 13.8 1.6434  1.6439 -5 1.6449 -15  Harlow {in prep.)
Av. 1.6431 Av. - 7 Av. -17
*
0 Observed grand mean average .
C1 Calculated from total Al using <T-0> = A1/(4x6.58)+1.605 {Ribbe and Gibbs, 1969)

C2

Calculated using 3rd order polynomial (fully ordered

albite)

1.0

0.8

Al
Al+Si

00
1.60

.

2

Ist order

s

-

~ Ribbe - Gibbs (1969)

1.62 1. 1.66

1.68

1.70

(T-0) in R

Fig. 3. Plot of average tetrahedral bond lengths for individual tetrahedra vs. occupancy, Al/(Al+8i), of the site as determined by direct
refinement of neutron diffraction data. Points include low albite (constrained, full occupancy of T,0), Himalaya orthoclase (Prince et al.,
1973), and sanidine (Brown et al., 1974). A linear model for the data is shown.



994 HARLOW AND BROWN: LOW ALBITE

Table 10. Results for anisotropic and split-site modelling of Na
site including Na—O bond distances

" Direction of Splittiing®

L ._ Uccupancy Splitting

Mode1 Ry Na (1) to a to b to ¢

|t neutron 0.02138 101.0{8) 145.4(5) b51.9(5)
x-ray 0.03541 103.5(13) 142.9(5) 49.1(5)

2 neutron 0.02237 0.5 0.392(3) 101.1 145.3 I
X-ray 0.03599 0.5 0.387(4) 102.9 143.3 49.6

3 neutron [0.02235 0.526(17) 0.393(3) 101.2 145.3 87
Keray 0.533(26] 0.393 101 145.3 49.5 -
T-Anisot 2-5p1it half at |:1 it 8% H- Fefine oCcupancy

*for the anisotropic case this refers to the direction of the major
axis of the anisotropic ellipsoid

Significance Level
(90%) (75%)

= Ro/Rus F1on,0010 F1n,0.28
neutron (n=1515) 1.00083  1.00087 1.00048
Xx-ray (n=2322) 1.0004 1.0057 1.00031
Na - 0 Bond Distances (R)
Na(0000) Nal Na2
neutron  x-ray neutron  k-ray  neutron  x-ray

OA](OOOOJ 2.671(1) 2.671(2) 2.801(2) 2.797(4) 2.527{2) 2.535(4)
0,,(000C)  2.537(1) 2.537(2) 2.458(2) 2.456(4) 2.644(2) 2.643(4)
04,(0000)  2.372(1) 2.369(2) 2.380(2) 2.381(4) 2.381(2) 2.372(4)
OAZ(UUOC) 3.724(1) 3.719(3) 3.837(3) 3.837(5) 3.600(3) 3.590(5)
AZ(OOOC) 3.725(1) 3.733(3) 3.623(3) 3.627(5) 3.853(3) 3.863(5)
OB(OOOC) 2.461(1) 2.464(2) 2.492(2) 2.499(4) 2.442(2) 2.438(4)
04(M00C)  3.465(2) 3.466(3) 3.640(3) 3.641(5) 3.261(3) 3.265(5)
OC(Ozio) 2.961(L) 2.959(2) 2.835(2) 2.839(4) 3.116(2) 3.106(4)
Oc(mZTU) 3.266(1) 3.267(2) 3.390(3) 3.390(5) 3.127(3) 3.131(4)
OD(OOOO) 2.437(1) 2.440(2) 2.451(2) 2.447(4) 2.438(2) 2.449(4}
OD(NOOO) 2.996(2) 2.997(3) 2.835(3) 2.834(4) 3.188(3) 3.188(5)

Estimated errors in parentheses refer to last digits

the Ribbe ef al. model. With Megaw’s theoretical ap-
proach to distinguish the models, for our data the
lower limit for splitting is 0.36A for the neutron data
and 0.33A for the X-ray data; these limits are slightly
smaller than those for the refined splittings. These re-
sults tend to support the time-average position
model, though not with any great certainty. Using
data collected at 300° and 600°C, Quareni and Tay-
lor (1971) concluded that anisotropic thermal motion
was the correct solution for Na in low albite. More
recently Winter et al. (1977) examined the Na ani-
sotropy of a Tiburon, California low albite at various
elevated temperatures; they found that their mea-
sured apparent-thermal-motion magnitudes extrapo-
late to zero at OK, which indicates that real thermal
motion is the source of the large Na-site anisotropic
delocalization. Since our results agree, we conclude
that thermal motion is the most reasonable inter-
pretation for the Na-site anisotropy.
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