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The structures of two sodium aluminum-gallium feldspars [Na(Al;-,Ga,)Si;Og] have been synthesized
hydrothermally, and refined at room temperature with single-crystal X-ray intensities. Tetrahedral-site
occupancies for gallilum have been obtained by direct refinement and for aluminum by analysis of
partial T-O distances (T = Si, Al, Ga). For x = 0.1, 630°C, 1.3 kbar, R = 0.031, gallium occupancies
for the four tetrahedral positions are #,0 = 0.070, t;m = 0.000(1), 7,0 = 0.014(1), r,;n = 0.014(1), and
aluminum occupancies are 0.35, 0.19, 0.18, 0.18, respectively. For x = 0.3, 631°C, 1.3 kbar, R = 0.032,
gallium occupancies are ;0 = 0.168, r;m = 0.016(1), £,0 = 0.053(1), t,m = 0.063(1), and aluminum
occupancies are 0.27, 0.13, 0.14, 0.15, respectively. The site preference of gallium is not significantly
modified by change in the extended feldspar structure; gallium remains largely ordered with the site
preference sequence #0 > 1,0 = t,m > t;m — 0.0. It does not appear that the ordering of gallium is
influenced to any significant degree at the experimental temperatures by coupling with the lattice strain

of the disordered host crystal.

Introduction

In recent studies (I, 2), the substitution
of gallium and germanium into the structure
of sodium feldspar (NaAISi;Og) was used as
an additional (chemical) dimension in the
study of order—disorder in alkali feldspar.
The structures of triclinic alkali feldspars
(space group C1) have four nonequivalent
tetrahedral sites for silicon and aluminum,
designated by 70, Tym, 150, and T, m, with
occupancies of aluminum (or trivalent at-
oms) designated by 1,0, tym, 1,0, and t,m,
respectively [e.g., (3)]. The study of the or-
dering of aluminum and silicon among these
tetrahedral sites is complicated by the slug-
gishness of the ordering process and small
differences in X-ray scattering efficiencies
of aluminum and silicon. Throughout this
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paper, ‘‘albite’” is sodium feldspar, ‘‘gal-
lium albite” is synthetic NaGaSi;Oz with
the albite structure, ‘‘low albite’” has a
largely ordered structure, and ‘high albite™
has a largely disordered structure.

As reviewed in Fleet (2), tetrahedral-site
ordering closely approximates to ;0 > tym
=~ 1,0 = t,m < 0.25 in high albite [e.g., (4,
N, 0= 1, tym = 0 = tpm — 0 in low
albite [e.g., (5-8)],and 1,0 — 1, tym = 1,0 =
tam — 0 in triclinic K-rich feldspars (5, 8).

There have been several X-ray powder
and single-crystal studies on gallinum-substi-
tuted sodium feldspar (I, 2, 9-11). The or-
der—disorder transformation in gallium al-
bite is continuous (I) with a well-defined
region of intermediate structure and an or-
deringpathof t,0—> 1, tym=1,0=t;m— 0,
with some tendency for t,m + 0. Fleet (2)
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investigated the crystal structure of low gal-
lium albite, synthesized hydrothermally at
600°C, 1.3 kbar, and reported gallium occu-
pancies of £,0 = 0.935, r,m = 0.016, 1,0 =
0.025, t,m = 0.025.

The behavior of gallium in aluminum-gal-
lium albite solid solutions, and particularly
within a matrix of (disordered) high albite
structure, is of interest because of the pos-
sibility of the high albite-type lattice induc-
ing disorder in the distribution of gallium,
and to further understand the controls on
order—disorder of tetrahedral cations in al-
kali feldspars. The present paper reports on
tetrahedral-site occupanies in two alumi-
num-gallium albites with about 10 and 30
mole% NaGaSi;Oz. Gallium occupancies
are obtained by direct X-ray structure re-
finement, making use of the large difference
in X-ray scattering efficiency between gal-
lium and aluminum/silicon. Aluminum oc-
cupancies are deduced from analysis of par-
tial tetrahedral bond distances, and silicon
occupancies are obtained by difference.

Experimental Procedures

Single crystals with about 10 and 30
mole% NaGaSi;Og (hereafter referred to as
Al90Gal0 and Al70Ga30, respectively)
were grown from a melt using a standard
cold-seal hydrothermal reaction vessel.
Starting materials were in the form of
glasses of nominal composition Al90Gal0
and Al150Ga50, respectively, and prepared
from purified Ga,O; and SiO, and analytical
grade Na,COj;. Charges consisted of 0.065 g
of glass, 0.05 g of Na,COs, and 0.02 cm? of
deionized water contained in a sealed gold
capsule about 4 cm in length. They were
heated to 840-850°C at 2 kbar for 1 hr,
cooled stepwise, and maintained at about
650°C overnight, and then cooled further
stepwise and maintained at 630°C, 1.3 kbar
for 10 days for Al90Gal0 and 631°C, 1.3
kbar for 9 days for Al70Ga30, and
quenched in air and water. By electron mi-
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croprobe analysis, the crystals used for re-
flection intensities were essentially homo-
geneous (for AI90GalQ, the variation in
Ga,03 was from 2.94 to 3.97 wt%, and, for
Al70Ga30, it was from 9.45 to 11.16 wt%),
and contained 9.8 and 30.1 mole% NaGa-
Si;04, respectively.

All single-crystal measurements, made
with an Enraf-Nonius CAD-4F diffractom-
eter and graphite-monochromatized MoK«
X-radiation, and structure refinements
closely followed earlier procedures for gal-
lium albite (2). Both single crystals investi-
gated had about 0.5% of an albite-twin com-
ponent (3), which was ignored. Intensity
data were collected in the @ scan mode.
Scattering factors for neutral atomic spe-
cies and f', f” were taken from Ref. (/12).
All computations were carried out with
DATAP77 and LINEX77 (State University
of New York at Buffalo). Further experi-
mental details are given below, and the
results are summarized in Tables I-V.!

Al90Gal0. Unit-cell parameters are a =
8.149(3), b = 12.870(2), ¢ = 7.127() A, . =
93.76(2), B = 116.48(2), v = 89.75(2)°, V =
667.3 A3; 3891 reflections out to 26 = 60°
were measured. Transmission factors var-
1ed from 0.797 for 0, —2, 0 to 0.848 for -5,
—1, 10 (crystal volume = 3.35 X 1072 mm?,
w = 13.3 cm™"). There were 1946 unique
reflections, with 395 considered unob-
served on the basis of I < 30(I). Refine-
ment in C 1 used weighted averaged scatter-
ing factors for aluminum and silicon, and

I'See NAPS document No. 04843 for 28 pages of
supplementary material. Order from ASIS/NAPS, Mi-
crofiche Publications, P.O. Box 3513, Grand Central
Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20
pages plus $.30 for each additional page. All orders
must be prepaid. Institutions and Organizations may
order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign
orders add $4.50 for postage and handling, for the first
20 pages, and $1.00 for additional 10 pages of material,
$1.50 for postage of any microfiche orders.



TETRAHEDRAL-SITE OCCUPANCIES IN [Na(Al,_,G2,)Si;04] 297

TABLE I

POSITIONAL AND IsOTROPIC THERMAL PARAMETERS
(AY) B, =3 P 2j Bija: - a

converged to R = 0.031, R, = 0.029 [for
reflections with I = 3a(I), S = 1.618, g =
0.092) x 1074, Ap = —0.70 to 0.63 eA3
(both near Na)].

* Y z B Al70Ga30. Unit-cell parameters are a =
A190Ga10, 10 mole% NaGaSi;Oj 8.1;3(2), b= 12~87:(22)’ c= 75313(5);2)21?’ o=
Na  0.2727(2)  0.0036(2)  0.1366(3)  7.20(7) 229 g(?‘; _B3§9é16'ﬂ8( t‘)’ Y= t9 ; (2 0) ,—VG(;’
T,O0  0.0085(1) 0.1656(1)  0.2130(1)  1.02(1) , ; retiections out 1o 26 =
Tym 0.0043(1)  0.8153(1)  0.2306(1)  0.74(1) Were measured. Transmission factors var-
T0 0.6906(1)  0.1082(1) 0.3187(1) 0.77(1) ied from 0.726 for 0, —2, 0 to 0.869 for 2, 0,
T,m  0.6838(1)  0.8783(1)  03551(1)  0.74() 2 (crystal volume = 1.54 X 1073 mm?, p =
0,1 0.0056(3) 0.1343(2)  0.9801(3)  1.64(5) -1 : )
O 059202 099181  02913) 12765 o> O til' Ezhsere We,ge 19;9 unLque re(?ec
0,0  081923) 0.10792) 0.19633) 1.67G) tons, wi considercd unobserved on
Osm  0.81843) 0.84692) 0.24873) 1.85(5) the basis of / < 3o(). Refinement in C1
00  0.01513) 0.2924(1) 0.27633) 1.55¢5) used weighted averaged scattering factors
8c(r)n g-OZZg?) 0-688§(1) 0-2200?) 1.53(5)  for aluminum and silicon, and converged to
p0  0.19853)  0.1115()  03878C)  1.4665) R = 0,032, R,, = 0.029 [for reflections with I
Opm  0.1868(3) 0.8672(2) 0.42953) 1.65(5) 30(), S = 1259, g = 0.020) X 104, Ap
AI70Ga30, 30 mole% NaGaSi;Oy = —0.68 to 0.59 eA3 (both near Na)].
Na  0.2729(2) 0.00242) 0.13793) 7.37(7)
TO  0.0080(1) 0.1662(1) 0.21152) 0.982) Results and Discussion
Tim  0.0038(1)  0.8155(1)  0.2313(1)  0.75(1)
T0 0.6910(1)  0.1084(1)  0.3178(1)  0.79(2) Tetrahedral-site occupancies. Direct re-
82’;’ 8‘(6)3?;8; 8'?;858 g-gggigg ?-;g% finement of the tetrahedral-site occupancies
A - » . . . .
02 059163) 099242) 027923) 14005 of gallium [ti(Qa), Table 11I] was facﬂltat'ed
0:0  081863) 0.1076(2) 0.1930(4) 1.79¢6) DY the appreciably greater X-ray scattering
Opm  0.8188(3) 0.8465(2) 0.2497(4) 1.996) efficiency of gallium (Z = 31) compared to
Oc0 0.0145(3)  0.2932(2)  0.2766(3)  1.73(6) aluminum and silicon (Z = 13 and 14, re-
80(')" 8-0222(3) 8-689(2)(2) 0.22003) 1'66(6) spectively). T,0-site occupancies were ob-
Gy ig‘;’ZEB; 0;;98 gjﬁgﬁgg 123% tained by difference (f,m + £,0 + t,m) from
0.098 for Al90Gal0 and from 0.300 for
TABLE II
TETRAHEDRAL (7-O) BOND DISTANCES (A)
Al90Gal0 A170G230 Al90Gal0 Al70Ga30
T,0-0,1 1.67202) 1.683(2) T,0-042 1.651(2) 1.652(2)
T,0-040 1.667(1) 1.675(2) T,0-030 1.635Q2) 1.645(2)
T,0-0c0 1.659(2) 1.665(2) T,0-Ocm 1.630(1) 1.636(2)
T,0-0p0 1.679(1) 1.693(2) T,0-Opm 1.627(2) 1.628(2)
Average 1.669 1.679 Average 1.636 1.640
T;m-041 1.644(2) 1.633(2) Tym—-042 1.650(2) 1.654(2)
Tym-Ogm 1.624(1) 1.619(2) Tym-Ogm 1.624(2) 1.634(2)
Tim—Ocm 1.641Q2) 1.634(2) Tym—0c0 1.634(1) 1.635(2)
Tym-Opm 1.635(1) 1.634(2) T, m—Op0 1.642(2) 1.648(2)
Average 1.636 1.630 Average 1.637 1.643
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TABLE III
TETRAHEDRAL-SITE OCCUPANCIES (#;) AND 7-O BOND DISTANCES (A)

ti(Ga)
Ga-0 Al, Si-O -0 [l(Al) t 4
Refined Normalized 7-0 partial  normalized  high albite = normalized (Al (Si)
Site 1 2 3 4 5 6 7 8 9
Al90Gal0, 10 mole% NaGaSi;Oq
7,0 0.070 0.712 1.669 0.126 1.659 1.646 0.39 0.35 0.58
Tym  0.000(1) 0.004 1.636 0.000 1.636 1.641 0.21 0.19 0.81
T,0 0.014(1) 0.139 1.636 0.025 1.634 1.641 0.20 0.18 0.81
T,m  0.014(1) 0.145 1.637 0.025 1.635 1.642 0.20 0.18  0.81
Al70Ga30, 30 mole% NaGaSi;Oq
T,0 0.168 0.558 1.679 0.304 1.653 1.646 0.38 0.27 0.57
Tim  0.016(1) 0.055 1.630 0.029 1.627 1.641 0.18 0.13 0.86
7,0 0.053(1) 0.177 1.640 0.096 1.630 1.641 0.20 0.14 0.81
I,m 0.063(1) 0.211 1.643 0.114 1.632 1.642 0.22 0.15 0.78

Note. 1, By direct refinement; 2, normalized to >t = 1.0; 3, Table II; 4, £(Ga) x 1.807 A; 5, derived from
columns 1, 3, and 4, on Ga-free basis; 6, (I3); 7, derived using # = 0.25 — (T:-0) — (T-0)))/0.130 (8) and

column 5.

Al70Ga30. In Al90Gal0, gallium is strongly
partitioned into 7;0. Relative gallium site
occupancies are 10 > £,0 =~ tbm > tym =
0.0, and the normalized occupancies for
equivalent end-member NaGaSi;Og compo-
sition (Table III) correspond to a low gal-
lium albite configuration. In Al170Ga30, gal-
lium again favors 7,0, with relative gallium
site occupancies of 10 > 1,0 = t,m > t;m.
However, the normalized occupancies now
correspond to an intermediate ordered con-
figuration. These results are consistent with
the ordering observed in low gallium albite
(2) and confirm the strong preference of gal-
lium for 770, the subordinate and approxi-
mately equal preference of gallium for 7,0
and T,m, and the lack of preference of gal-
lium for T;m. The latter feature was not
observed in the Rietveld refinements of
transformed gallium albite (I) and, in this
respect, the intermediate ordered configu-
ration of Al70Ga30 does not correspond to
the intermediate ordered gallium albite rec-
ognized in the earlier study. The weaker

preference of gallium for 7ym compared to
T,0 and T,m, which characterizes the sin-
gle-crystal X-ray structure refinements, is
in marked contrast to the one-step ordering
of albite (cf. 5), for which 1,0 > t;m =~ 1,0 =
am.

It is well known that tetrahedral (7-0)
bond lengths in aluminosilicate alkali feld-
spars primarily reflect tetrahedral-site oc-
cupancies [e.g., (8)]. Average T-O dis-
tances (Table II) for Al90Gal0 and
Al70Ga30 are in good qualitative agreement
with the refined gallium occupancies, (T,0—
0) being appreciably larger than the other
average distances ((T;m-0), (T,0-0), and
({T; m~0)), which, in turn, are similar to the
corresponding average distances in high al-
bite (13).

Further analysis of the average tetrahe-
dral bond distances, assuming that the con-
tributions of the individual Al-O, Ga-O,
and Si-O distances (hereafter referred to as
partial T-0O distances) may be summed lin-
early, allows aluminum site occupancies to
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be deduced and suggests fairly precise
agreement with both the refined gallium oc-
cupancies and the #;(Al) vs (T:-0) relation-
ship of Kroll and Ribbe (8). Partial Ga-O
distances (column 4 of Table III) have been
obtained from the product of £(Ga) and
1.807 A [the average T;0—O distance of low
gallium albite (2) not corrected for site-to-
site variation attributable to stereochemica
effects]. Subtraction of the partial Ga-O
distances from the observed average dis-
tances ((7-0)), with normalization to end-
member composition, yielded the normal-
ized Al, Si-O distances of column S (Table
III). These were used to derive £;(Al) from
the formula of Kroll and Ribbe [(8), given in
the footnote to Table III].

Relative to this formula, the high albite of
Prewitt et al. (13) is almost completely dis-
ordered (1,0 = 0.273). Thus, qualitative
comparison of columns 5 and 6 of Table III
clearly indicates a higher degree of order of
the aluminum/silicon distribution in both
Al90Gal0 and Al70Ga30 than in the high
albite of Prewitt ef al. (13). In fact, the nor-
malized aluminum occupancies in the two
present structures are very similar (identi-
cal within error of calculation), and are pre-
cisely consistent with a one-step ordering
model (z,0 > t;m = 1,0 = t,m).

Sodium feldspar solid solutions and con-
trols on ordering. In the two sodium alumi-
num-gallium feldspars (albites) investi-
gated, gallium remains ordered within a
matrix of high albite structure. These solid
solutions are basically mixtures of high alu-
minum/silicon and low or low—intermediate
gallium/silicon configurations. Compared
to the structure of gallium albite at the
same temperature, the site preference of
gallium in dilute solution is not significantly
modified by change in the extended feld-
spar structure. Site preference is deter-
mined largely by the stereochemical associ-
ation with nearest-neighboring (oxygen)
atoms. The effects of next-nearest neigh-
bors (Si, Al, Ga) and small changes in oxy-
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Fi1G. 1. Normalized gallium occupancies [#(Ga)] in
sodium aluminum-gallium feldspars (Al90Gal0,
Al70Ga30) compared with low gallium albite [NaGa-
Si30g; (2)], illustrating the trend toward intermediate
ordered states.

gen bond angles must be of subordinate im-
portance. However, there is a tendency for
the aluminum/silicon and gailium/silicon
ordering to approach intermediate configu-
rations, particularly at 30 mole% NaGa-
Si30g (Fig. 1, Table III), and this is evi-
dence for cooperative mixing effects.

Salje (/14) has emphasized the importance
of lattice strain in inducing order—disorder
in sodium feldspar. For the present alumi-
num-gallium feldspar solid solutions, how-
ever, it does not appear that the ordering of
gallium is influenced to any significant de-
gree at the experimental temperature
(about 630°C) by coupling with the lattice
strain of the disordered host crystal.

The present results for major amounts of
gallium in albite may be compared with the
behavior of minor and trace amounts of fer-
ric iren in albite (15). By electren paramag-
netic resonance spectroscopy, Fe3' re-
mained exclusively in the 770 site when
natural albite was incipiently disordered by
annealing. The tetrahedral-site preference
of Fe3* at higher degrees of aluminum/sili-
con disorder and higher concentrations of
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iron is unknown, but in light of the present
study would be of considerable interest.
Ferric iron is disordered over 7 and T
sites in sanidine [disordered KAISi;Og,
(16)] and ordered on the 7,0 site in micro-
cline [ordered KAISi;Og, (17)]. Fleet (2)
surmised that the T,0 site preference for tri-
valent cations in sodium feldspar decreases
in the sequence Fe?*™ > Ga > B > Al, but
this might have to be revised if trace and
minor amounts of Fe3* were disordered in a
high albite matrix. However, the present
study has not investigated the site prefer-
ence of trace and minor levels of gallium.
This could be quite different to that exhib-
ited by 10 and 30 mole% solid solutions.

Fleet (2) tentatively concluded that the

ordering scheme for Si, Al, Ga, Ge, B, and
Fe3* in sodium feldspar is determined by
the favorable charge balance or valence
electron distribution resulting when the tri-
valent cation is placed in the 7,0 site. The
present structural refinements do reveal a
marked difference in the preference of gal-
lium for T;m compared to 7,0 and T, m, but
opposite to that predicted (2) from the hy-
pothetical charge-balancing role of the oxy-
gen atom O4l; that is, in sodium aluminum-
gallium feldspar solid solutions, silicon
exhibits a weak preference for Tym. How-
ever, this could be a consequence of an ad-
ditional factor associated with the disor-
dered matrix promoting the preference of
gallium for T,0 and T, m. One final point, if
next-nearest-neighboring tetrahedral cat-
ions were a significant factor in determining
site preference in alkali feldspars, in or-
dered albite structures, silicon would ex-
hibit a stronger preference for T,m, which

MICHAEL E. FLEET

has two next-nearest-neighbor trivalent cat-
ions, than 7T,0.
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