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Order-disorder process in the tetrahedral sites of albite

ELISABETTA  MENEGHINELLO ,* ALBERTO  ALBERTI , AND GIUSEPPE CRUCIANI
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INTRODUCTION

The unit-cell content of sodium feldspars can be represented
schematically as Na4Al 4Si12O32. The topological symmetry is
monoclinic C2/m, whereas the real symmetry is either mono-
clinic C2/m or triclinic C1

–
. In the monoclinic feldspars, there

are only two symmetrically non-equivalent tetrahedral sites,
T1 and T2, thus complete ordering is prohibited. When the
symmetry is lowered to triclinic, T1 and T2 split to T1o and
T1m, and to T2o and T2m, respectively, enabling complete
ordering (with Al in T1o). In sodium feldspars both displacive
and diffusive transformations occur, which can result in changes
of symmetry. To facilitate discussion of the various possible
combinations of symmetry and structural states, the following
nomenclature (Griffen 1992) is used.

Monalbite is the monoclinic polymorph that can exist only
at temperatures above the displacive transformation. Follow-
ing Kroll and Ribbe (1983), ti (where ti = Al / Al + Si) indicates
the probability of occupying a tetrahedral Ti site with Al; thus,
in monalbite t1o = t1m ≥ t2o = t2m, with t1o equal to or slightly
greater than 0.25; monalbite is therefore “metrically” and
“topochemically” monoclinic. Analbite is the high-tempera-
ture triclinic phase, essentially completely disordered, which
inverts to monalbite on heating; analbite is “topochemically”
monoclinic but “metrically” triclinic. High albite is the triclinic
polymorph resulting from diffusive transformation in the (Si-
Al) distribution. According to Ribbe (1983), this name should
be reserved for highly disordered sodium feldspar in which
the (Si-Al) distribution is “topochemically” triclinic and which
cannot invert to monalbite on heating. Low albite is the low-
temperature fully ordered polymorph with t1o = 1.0 and t1m =
t2o = t2m = 0.0. Triclinic structural states with t1o > 0.25 but
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Al, and T2o and T2m by 20% of Al. No evidence of complete disorder in T1 and T2 sites has been
experimentally found to date. The (Si-Al) disordering process induces a clockwise rotation of the
four-membered rings of tetrahedra parallel to the (100) plane. An inverse linear relationship between
the isotropic equivalent displacement parameter of the Na atom, Beq(Na), and S is interpreted as
positional disorder of Na. The variations in the Na-O bond lengths with increasing disorder are ex-
plained by the related variations in the bond strengths of tetrahedral cations.

less than 1.0 are usually called intermediate albites.
A long-standing problem of alkali feldspars concerns the

determination of (Si-Al) order-disorder processes. These pro-
cesses in alkali feldspars are usually explained by two differ-
ent schemes, known as “one-step” and “two-step” paths of or-
dering. In the “one-step” process Al atoms migrate at the same
time and at an equal rate from T1m, T2o, and T2m into T1o.
The “two-step” process exhibits an initial stage with the segre-
gation of Al in the T1 sites, followed by the ordering of Al
from T1m to T1o, which causes the symmetry reduction. How-
ever, the many potassium feldspar structure refinements seem
to indicate that the disordering process differs from both these
schemes (Alberti and Meneghinello, in preparation).

As far as sodium feldspar is concerned, the “one-step” path
of ordering is commonly accepted (Smith and Brown 1988;
Ribbe 1994 and related literature), but nearly all refinements
have been carried out in completely ordered low albites or
strongly disordered high albites (only one intermediate albite
is described in literature, Phillips et al. 1989). The lack of in-
termediate albite structure refinements does not therefore al-
low us to follow this order-disorder process.

To verify whether this process in sodium feldspars closely
follows one of these two ideal trends, or else deviates mark-
edly, a series of single-crystal X-ray structure refinements was
performed. A natural, pure sodium feldspar was heat-treated
to obtain different degrees of (Si-Al) disorder in only low al-
bite and intermediate albites

EXPERIMENTAL  PROCEDURE

Sample description and treatment

This study of the disordering process was carried out on
single crystals of albite from a green-schist meta-arenite found
at Stintino, Sardinia, Italy.

The chemical analyses of Stintino albite were performed*E-mail: mne@dns.unife.it
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with an ARL-SEMQ electron microprobe operating in wave-
length dispersive mode at 15 kV, with a 20 nA sample current,
using a beam of 12 µm diameter. The standards used were:
Amelia albite (Si, Al, Na), microcline (K), paracelsian (Ba),
and synthetic An70 glass (Ca); data acquisition and processing
were performed by the PROBE program (Donovan 1995). Six
analyses were performed on 5 different crystals; the mean
chemical formula was K0.004Ca0.010Na0.996Al 1.002Si2.994O8, with a
narrow variability range around these values. E = [Al – (Na +
K + 2Ca)]/(Na + K + 2Ca) is –1.8%.

Single crystals of Stintino albite were heated in the 1050–
1090 °C range for different periods between 3 and 12 days.
The temperature of the furnace was measured with an accu-
racy of ±5.0 °C.

In our experiments no clear relationship appeared to exist
between the experimental conditions (temperature and dura-
tion of heating) and the degree of disorder reached by crystals.
An obvious explanation lies in the fact that the treated samples
never reached equilibrium states of order, so that factors such
as crystal dimensions, presence of defects and the thermal gra-
dient in the furnace determined the degree of disorder of the
single crystals. This fact, however, did not affect our purpose,
as our aim was to study the disordering process in albites rather
than the equilibrium conditions for this degree of disorder.

Data collection

Single-crystal data were collected at room temperature us-
ing graphite monochromated MoKα radiation on a CAD-4 Enraf
Nonius diffractometer in ω/2θ scan mode, with a scan speed of
1.65° per min. The non-standard space group C1

–
 was used (with

Z = 4) to allow comparision with literature data. Cell param-
eters, as refined from 25 reflections with 8° < θ < 30°, are listed
in Table 1.

The SHELX76 computer program (Sheldrick 1976) was
used for the structure analysis. Atomic scattering factors for
neutral atoms were used. The intensity data were corrected for
absorption, using the DIFABS method (Walker and Stuart

1983). F(000) is 520. Refinement used a full-matrix least square
fit to F with a weighing scheme of k/σ2(F). The number of pa-
rameters fit was 118. Refinement with anisotropic displace-
ment factors gave a discrepancy factor wR between 3.0 and
4.5%. Corrections were made for anomalous scattering, but not
extinction. Details of structure refinements for Stintino albites
are reported in Table 2. After initial convergence, mean T-O
bond lengths were used to estimate the Al/(Al+Si) contents for
each tetrahedral site. These values were then used to adjust the
scattering factors in the final stages of the refinement.

Final atomic coordinates and equivalent isotropic tempera-
ture factors are listed in Table 3. Table 41 contains the anisotro-
pic displacement parameters Uij (Å2), while Table 51 contains
the structure factors and parameters from the last cycle of each
refinement series. Finally, Table 6 reports T-O and Na-O dis-
tances (Å).

Line-broadening analysis

The occurrence of a fine-scale cross-hatched microstruc-
ture (“tweed pattern”) in kinetically disordered materials has
been predicted theoretically (Salje 1988) and observed on dark
field images of albite samples annealed at 1080 °C for times
exceeding 12 h but less than 144 h (Wruck et al. 1991). This
was interpreted by an intra-crystalline inhomogeneity arising
from local fluctuations of the degree of order within a crystal.
Wruck et al. (1991) associated the development of the “tweed”
structure to the line broadening of the 13

–
1 reflection as ob-

served in synchrotron X-ray powder diffraction patterns. We
collected X-ray powder patterns on the same polycrystalline
material from which the crystals used for structural refinements

TABLE  1.  Cell parameters of Stintino albites

Sample no. a b c α β γ V
(Å) (Å) (Å) (°) (°) (°) (Å3)

untreated 8.133(1) 12.773(5) 7.159(5) 94.23(4) 116.64(4) 87.72(2) 662.9(5)
1050-3d 8.141(2) 12.795(4) 7.145(1) 94.04(2) 116.56(2) 87.98(2) 664.1(5)
1060-6d 8.170(2) 12.811(4) 7.141(2) 93.79(3) 116.53(2) 88.09(2) 667.3(7)
1070-7d 8.140(2) 12.791(2) 7.132(1) 93.94(1) 116.54(1) 88.46(1) 662.7(2)
1080-7d 8.142(1) 12.782(2) 7.136(1) 94.00(1) 116.51(1) 88.13(1) 662.9(2)
1080-10d 8.154(2) 12.794(3) 7.129(2) 93.81(2) 116.54(2) 88.48(2) 663.9(3)
1090-7d 8.160(2) 12.802(3) 7.130(2) 93.72(2) 116.42(2) 88.61(2) 665.6(3)
1090-12d 8.152(3) 12.831(4) 7.110(2) 93.46(2) 116.52(3) 89.72(3) 663.9(4)
Note: the suffixes 3d, 6d, 7d, 10d, and 12d indicate the days of heating. Standard deviations in parentheses refer to the last digit.

TABLE 2.  Details for structure refinements for Stintino albites

Samples Temp. θ max. No. unique reflections R wR
(°C) (°)  Fo>6σ(Fo) [Fo>6σ(Fo)] [Fo>6σ(Fo)]

Untreated 24 48 5742 3980 0.044 0.036
1050-3d 1050 40 3844 3039 0.036 0.031
1060-6d 1060 40 3678 2416 0.048 0.038
1070-7d 1070 40 3780 2804 0.044 0.034
1080-7d 1080 43 4787 4220 0.036 0.030
1080-10d 1080 42 4326 3316 0.056 0.045
1090-7d 1090 42 4660 2968 0.048 0.039
1090-12d 1090 42 4257 2970 0.060 0.044

1For a copy of Table 4 and Table 5, Document AM-99-015,
contact the Business Office of the Mineralogical Society of
America (see inside front cover of recent issue) for price infor-
mation. Deposit items may also be available on the American
Mineralogist web site (http://www.minsocam.org or current web
address).



MENEGHINELLO ET AL.: ORDER-DISORDER IN ALBITE1146

TABLE  3.  Atomic coordinates and Beq for Stintino albites

x  y z Beq (Å**2) x y z Beq (Å**2)
untreated 1050-3d

T1o 0.0090(1) 0.1684(1) 0.2085(1) 0.61 0.0088(1) 0.1690(0) 0.2090(1) 0.72
T1m 0.0039(1) 0.8205(0) 0.2373(1) 0.55 0.0039(1) 0.8200(0) 0.2366(1) 0.65
T2o 0.6917(1) 0.1103(0) 0.3150(1) 0.59 0.6921(1) 0.1104(0) 0.3159(1) 0.70
T2m 0.6815(1) 0.8818(0) 0.3608(1) 0.56 0.6825(1) 0.8816(0) 0.3600(1) 0.69
OA1 0.0045(2) 0.1310(1) 0.9663(2) 0.97 0.0048(2) 0.1320(1) 0.9681(2) 1.15
OA2 0.5912(2) 0.9973(1) 0.2805(2) 0.69 0.5935(2) 0.9971(1) 0.2807(2) 0.88
OBo 0.8126(2) 0.1095(1) 0.1907(3) 1.05 0.8134(2) 0.1108(1) 0.1911(2) 1.23
OBm 0.8201(2) 0.8509(1) 0.2591(3) 1.30 0.8205(2) 0.8513(1) 0.2573(3) 1.44
OCo 0.0131(2) 0.3021(1) 0.2698(3) 0.92 0.0142(2) 0.3017(1) 0.2705(2) 1.08
OCm 0.0239(2) 0.6937(1) 0.2288(3) 0.94 0.0240(2) 0.6933(1) 0.2296(2) 1.07
ODo 0.2074(2) 0.1091(1) 0.3891(2) 0.97 0.2059(2) 0.1094(1) 0.3885(2) 1.15
ODm 0.1832(2) 0.8678(1) 0.4365(3) 1.16 0.1833(2) 0.8684(1) 0.4345(2) 1.30
Na 0.2681(1) 0.9888(1) 0.1462(2) 2.63 0.2691(1) 0.9898(1) 0.1460(2) 3.08

1060-6d 1070-7d
T1o 0.0091(1) 0.1692(1) 0.2102(2) 0.79 0.0089(1) 0.1681(1) 0.2105(1) 0.78
T1m 0.0042(1) 0.8194(1) 0.2356(1) 0.74 0.0039(1) 0.8185(1) 0.2348(1) 0.74
T2o 0.6930(1) 0.1109(1) 0.3179(1) 0.77 0.6921(1) 0.1100(1) 0.3172(1) 0.77
T2m 0.6842(1) 0.8815(1) 0.3588(1) 0.77 0.6837(1) 0.8807(1) 0.3585(1) 0.75
OA1 0.0046(3) 0.1335(2) 0.9711(4) 1.33 0.0057(3) 0.1331(1) 0.9728(3) 1.38
OA2 0.5944(3) 0.9964(2) 0.2813(4) 1.03 0.5930(2) 0.9955(1) 0.2803(3) 1.01
OBo 0.8144(3) 0.1126(2) 0.1936(4) 1.44 0.8153(2) 0.1109(1) 0.1933(3) 1.45
OBm 0.8211(3) 0.8515(2) 0.2553(4) 1.64 0.8206(3) 0.8501(1) 0.2546(3) 1.56
OCo 0.0154(3) 0.3013(2) 0.2697(4) 1.27 0.0140(2) 0.2992(1) 0.2720(3) 1.28
OCm 0.0244(3) 0.6926(2) 0.2308(4) 1.22 0.0237(2) 0.6920(1) 0.2279(3) 1.24
ODo 0.2036(3) 0.1111(2) 0.3900(4) 1.27 0.2035(2) 0.1102(1) 0.3882(3) 1.26
ODm 0.1830(3) 0.8683(2) 0.4330(4) 1.33 0.1842(2) 0.8682(1) 0.4324(3) 1.42
Na 0.2706(2) 0.9912(1) 0.1456(3) 3.46 0.2704(2) 0.9937(1) 0.1441(2) 4.11

1080-7d 1090-12d
T1o 0.0089(1) 0.1687(0) 0.2098(1) 0.66 0.0091(1) 0.1667(1) 0.2135(1) 0.89
T1m 0.0041(1) 0.8193(0) 0.2357(1) 0.61 0.0049(1) 0.8159(1) 0.2307(1) 0.86
T2o 0.6923(1) 0.1103(0) 0.3167(1) 0.64 0.6914(1) 0.1089(1) 0.3203(1) 0.89
T2m 0.6833(1) 0.8812(0) 0.3593(1) 0.63 0.6851(1) 0.8787(1) 0.3549(1) 0.88
OA1 0.0048(1) 0.1323(1) 0.9700(2) 1.16 0.0048(3) 0.1349(2) 0.9810(4) 1.56
OA2 0.5941(1) 0.9966(1) 0.2812(2) 0.86 0.5944(3) 0.9929(2) 0.2795(4) 1.26
OBo 0.8138(1) 0.1112(1) 0.1923(2) 1.24 0.8196(3) 0.1094(2) 0.1976(4) 1.75
OBm 0.8203(1) 0.8504(1) 0.2558(2) 1.44 0.8183(3) 0.8487(2) 0.2475(4) 1.91
OCo 0.0149(1) 0.3010(1) 0.2708(2) 1.09 0.0177(3) 0.2929(2) 0.2740(4) 1.50
OCm 0.0237(1) 0.6928(1) 0.2291(2) 1.08 0.0218(3) 0.6895(2) 0.2223(4) 1.48
ODo 0.2045(1) 0.1103(1) 0.3888(2) 1.16 0.1983(3) 0.1113(2) 0.3889(4) 1.45
ODm 0.1839(1) 0.8682(1) 0.4335(2) 1.24 0.1872(3) 0.8681(2) 0.4282(4) 1.55
Na 0.2699(1) 0.9911(1) 0.1453(1) 3.37 0.2727(2) 1.0020(2) 0.1373(3) 6.18

1080-10d 1090-7d
T1o 0.0095(1) 0.1685(1) 0.2109(1) 0.76 0.0088(1) 0.1691(1) 0.2112(1) 0.86
T1m 0.0045(1) 0.8186(1) 0.2343(1) 0.73 0.0043(1) 0.8182(1) 0.2340(1) 0.81
T2o 0.6922(1) 0.1102(1) 0.3180(1) 0.75 0.6927(1) 0.1104(1) 0.3191(1) 0.83
T2m 0.6843(1) 0.8808(1) 0.3581(1) 0.74 0.6850(1) 0.8807(1) 0.3573(1) 0.82
OA1 0.0052(3) 0.1337(2) 0.9735(4) 1.35 0.0051(3) 0.1339(1) 0.9752(3) 1.54
OA2 0.5937(3) 0.9953(2) 0.2805(4) 1.02 0.5950(2) 0.9956(1) 0.2807(3) 1.14
OBo 0.8154(3) 0.1113(2) 0.1942(4) 1.48 0.8158(2) 0.1123(2) 0.1952(3) 1.60
OBm 0.8199(3) 0.8504(2) 0.2527(4) 1.68 0.8204(2) 0.8510(2) 0.2519(3) 1.69
OCo 0.0151(3) 0.2993(2) 0.2705(4) 1.34 0.0162(2) 0.2993(1) 0.2710(3) 1.37
OCm 0.0247(3) 0.6920(2) 0.2284(4) 1.27 0.0236(2) 0.6920(1) 0.2292(3) 1.30
ODo 0.2027(3) 0.1110(2) 0.3891(4) 1.22 0.2021(2) 0.1107(1) 0.3894(3) 1.40
ODm 0.1848(3) 0.8686(2) 0.4315(4) 1.34 0.1840(2) 0.8682(1) 0.4308(3) 1.47
Na 0.2705(2) 0.9932(2) 0.1441(3) 4.07 0.2711(2) 0.9946(1) 0.1432(2) 4.09

were extracted. In particular, sample 1050-3d was selected since
its annealing time (72 h) suggested a possible occurrence of
the tweed microstructure, according to Wruck et al. (1991). It
is noteworthy that all other samples in this study were annealed
for times exceeding 144 h. Diffraction profiles of several re-
flections, including the 13

–
1, were also recorded by ω-scans on

single crystals used for refinements. The full width at half maxi-
mum (FWHM) of selected peaks, both from powder and single-
crystal measurements, were obtained by fitting with a Pearson
VII curve. As expected, we found that anisotropic line broad-

ening of powder profiles increases as a function of the degree
of disorder, the increased FWHM of each peak being roughly
proportional to the variation of corresponding d-spacing. The
anisotropic broadening of the 13–1 peak is particularly striking
since its d-spacing variation on disordering is one of the larg-
est; the same extent of anisotropic broadening was not observed
in the single-crystal profile data. This suggests that, for our
samples, the line broadening observed in powder patterns is
mostly caused by inter-crystalline inhomogeneity (i.e., inter-
nally homogeneous crystals with different degrees of disorder
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→coexisting in the polycrystalline sample), instead of intra-crys-
talline inhomogeneity as previously reported. The absence of a
strongly developed microstructure in the single crystal used is
also supported by the accuracy of our structural refinement re-
sults (i.e., low wR values and low errors on coordinates com-
parable with those of our untreated sample, and thermal pa-
rameters physically related to the degree of disorder).

DETERMINATION  OF (SI-AL) DISTRIBUTION

It is crucial to determine the aluminum content in the tetra-
hedral sites once the structural refinement is available. As early
as 1954, Smith proposed a linear relationship between the av-
erage T-O distance of the tetrahedron and Al content of the
tetrahedron itself. This relationship was subsequently imple-
mented by Smith and Bailey (1963), Jones (1968), and Ribbe
and Gibbs (1969). Ribbe (1975), Kroll and Ribbe (1983) and
Ribbe (1984) devised a new linear equation, involving the in-
dividual average <Ti-O> distances and the “grand mean” <<T-
O>>. The linear relationship of Smith (1954) was revised by
Smith (1974) and by Blasi and De Pol Blasi (1994), who sub-
stituted a single straight line with a couple of straight lines with
different slopes. Both Blasi and De Pol Blasi’s method (1994)
and that proposed by Smith (1974) originate from the evidence
that the <<T-O>> distance is less in the disordered phases than
in the ordered phases. This was interpreted by Alberti and
Gottardi (1985) as indicating that, in the presence of disorder,
the T-O distances (determined by structural refinement) are
underestimated with respect to their true value. This means that:

| ( ) | / | ( ) | /d n d nj
j

n

j
j

n

= =
∑ − ≥ −∑

1 1
T O T O . (1)

This difference increases as the T-O-T angle increases, hence
the error varies from one tetrahedron to another. As a result,
any linear relationship will underestimate the aluminum con-
tent in the disordered situations. Moreover the Si-O distances
depend on numerous factors (e.g., Alberti 1996 and related lit-
erature). Hence, to calculate Al content, we use a program by
Alberti and Gottardi (1988) and Alberti et al. (1990) that pro-
vides for T-O distances depending on order and other factors.

The T-O distances are calculated using

Si-O = 1.527 + 0.068[–sec(Si-O-Si)] (2)

and

Al-O = 1.675 + 0.048[–sec(Al-O-Si)]. (3)

In these equations, the intercepts were adjusted in such a way
that the calculated mean distances <<Si-O>> and <<Al-O>>
corresponded to the values found by the structural refinements
of ordered albites (Wenk and Kroll 1984; Harlow and Brown
1980; Armbruster et al. 1990).

According to Alberti and Gottardi (unpublished data), the
e.s.d. on the intercept and on the slope of regression Equation 3
was about 0.003. An analogous e.s.d. was found by Hill and Gibbs
(1979) for the slope of Equation 2, but they did not report the

TABLE 6.  T-O and Na-O distances (Å) as a function of disorder

untreated 1050-3d 1060-6d 1070-7d 1080-7d 108010d 1090-7d 1090-12d
T1o-OA1 1.748(2) 1.739(2) 1.723(2) 1.712(2) 1.727(1) 1.706(2) 1.701(2) 1.664(3)
T1o-OBo 1.742(1) 1.729(2) 1.722(2) 1.706(2) 1.721(1) 1.714(2) 1.705(2) 1.669(2)
T1o-OCo 1.729(1) 1.721(2) 1.715(2) 1.701(2) 1.714(1) 1.697(2) 1.690(2) 1.643(2)
T1o-ODo 1.740(1) 1.735(2) 1.718(2) 1.713(2) 1.722(1) 1.706(2) 1.715(2) 1.679(2)
mean 1.740 1.731 1.719 1.708 1.721 1.706 1.703 1.664

T1m-OA1 1.598(2) 1.598(2) 1.602(2) 1.614(2) 1.604(1) 1.609(2) 1.619(2) 1.636(2)
T1m-OBm 1.601(1) 1.599(2) 1.602(2) 1.599(2) 1.601(1) 1.607(2) 1.606(2) 1.630(2)
T1m-OCm 1.621(1) 1.624(1) 1.627(2) 1.622(2) 1.619(1) 1.624(2) 1.619(2) 1.627(2)
T1m-ODm 1.614(1) 1.615(2) 1.617(2) 1.620(2) 1.618(1) 1.622(2) 1.620(2) 1.632(2)
mean 1.609 1.609 1.612 1.614 1.611 1.616 1.616 1.631

T2o-OA2  1.635(1) 1.631(1) 1.646(2) 1.639(2) 1.630(1) 1.642(2) 1.637(2) 1.638(2)
T2o-OBo 1.593(1) 1.599(2) 1.601(2) 1.606(2) 1.598(1) 1.607(2) 1.608(2) 1.634(2)
T2o-OCm 1.614(2) 1.616(2) 1.614(2) 1.618(2) 1.618(1) 1.613(2) 1.623(2) 1.637(2)
T2o-ODm 1.614(2) 1.618(2) 1.615(2) 1.619(2) 1.617(1) 1.618(2) 1.619(2) 1.619(2)
mean 1.614 1.616 1.619 1.621 1.616 1.620 1.622 1.632

T2m-OA2 1.645(1) 1.645(1) 1.639(1) 1.643(1) 1.642(1) 1.639(2) 1.642(2) 1.646(2)
T2m-OBm 1.617(2) 1.618(2) 1.618(2) 1.618(2) 1.616(1) 1.618(2) 1.616(2) 1.616(2)
T2m-OCo 1.597(2) 1.598(2) 1.607(2) 1.613(2) 1.600(1) 1.612(2) 1.610(2) 1.626(2)
T2m-ODo 1.601(2) 1.608(2) 1.607(2) 1.617(2) 1.610(1) 1.614(2) 1.619(2) 1.632(2)
mean 1.615 1.617 1.618 1.623 1.617 1.621 1.622 1.630

Na-OA2 2.363(2) 2.376(2) 2.377(2) 2.358(2) 2.373(1) 2.367(2) 2.375(2) 2.357(2)
Na-ODo 2.438(2) 2.444(2) 2.480(2) 2.449(2) 2.455(1) 2.469(3) 2.472(2) 2.489(3)
Na-OBo 2.455(2) 2.468(2) 2.500(2) 2.484(2) 2.477(1) 2.491(2) 2.508(2) 2.506(2)
Na-OA1 2.529(2) 2.550(2) 2.587(2) 2.590(2) 2.564(1) 2.592(2) 2.609(2) 2.634(3)
Na-OA1 2.667(2) 2.675(2) 2.687(2) 2.657(2) 2.670(1) 2.669(3) 2.665(2) 2.660(2)
Na-OCm 3.260(2) 3.239(2) 3.217(2) 3.164(2) 3.210(1) 3.177(2) 3.151(2) 3.009(2)
Na-ODm 3.005(2) 2.995(2) 3.003(2) 3.016(2) 2.999(2) 2.999(3) 3.019(2) 3.073(4)
Na-OCo 2.965(2) 2.990(2) 3.013(2) 3.062(2) 3.014(2) 3.061(2) 3.084(2) 3.266(2)
Na-OBm 3.466(2) 3.436(2) 3.401(2) 3.383(2) 3.417(1) 3.371(2) 3.344(2) 3.242(2)

→
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e.s.d. of the intercept. If we assume an e.s.d. of 0.003 for the
intercept, similar to that found for the Al-O regression equation,
the error propagation based on errors in the T-O distances and T-
O-T angles gives an e.s.d. on ti of about 5–6% in Al.

The aluminum content calculated in this way varies between
0.93 and 1.05; the lowest values are obtained in the phases of
greatest disorder. The Al content, deduced by the linear equa-
tion of Jones (1968), varies between 0.91 and 1.07, whereas,
when the method of Smith (1974) is applied, it varies between
0.85 and 0.98. The Al content obtained by Kroll and Ribbe
(1983) equals 1.0 by definition. To compare the results from
different methods, all these values were normalized to 1.0, and
the results are reported in Table 7.

Smith and Brown (1988) defined the degree of disorder of
an alkali feldspar in terms of an “average long-range order co-
efficient” S:

S p P Pj j
j

j= −∑ −
=

[( ) / ( )] /
1

4

1 4 (4)

where pj is the fractional frequency of an atom in the j th lattice
node, obtained by structural refinement [i.e., Al for j = 1 (T1o
site) and Si for j = 2, 3, 4 (T1m, T2o, T2m sites)], and Pj is the
occupancy of the same atom in the hypothesis of a perfect dis-
order (i.e., in our case, P1 = 0.25, and P2 = P3 = P4 = 0.75). S
therefore has values between 1.0 (complete order) and 0.0 (per-
fect disorder); this coefficient has the merit of expressing with
a single number the degree of disorder of a phase, and is re-
ported in Table 7.

Salje (1985) and Carpenter and Salje (1994), applying
Landau’s theory, introduced an “order parameter”, Qod:

Qod = (t1o – t1m)/(t1o + t1m) (5)

where t1o and t1m represent the Al contents of T1o and T1m

sites. The order parameter Qod also varies between 1.0 and 0.0.
Qod is therefore comparable with the “average long-range or-
der coefficient” S, which will be assumed to state the degree of
(Si-Al) disorder.

DISORDERING PROCESS IN ALBITE

Comparison of the data in Table 7 reveals considerable dif-
ferences between the Al contents in the tetrahedral sites, de-
pending on which method was used to calculate them. The
methods of Kroll and Ribbe (1983) and Smith (1974) indicate,
at high degrees of order, more order than is indicated by the
method of Alberti and Gottardi (1988), or by that of Jones
(1968). Jones’ method, in particular, tends to show a low Al
content in T1o. Methods Jones, Smith, and Kroll and Ribbe
show a higher Al content in T2 sites than method Alberti and
Gottardi, especially at high order, and a lower Al content in the
T1m site at low order. In particular, this implies that, at the
transition from monoclinic to triclinic albite, methods Jones,
Smith, and Kroll and Ribbe give a sharp decrease of Al content
in the T1m site: such an occurrence appears rather unlikely
from a physical point of view. Hence, the remainder of the pa-
per uses data obtained by method Alberti and Gottardi.

In the most ordered phase (low albite), aluminum is almost
entirely concentrated in T1o, and only small percentages of Al
are more or less equally distributed in the other three sites. When
the disordering process begins, we can follow the migration of
aluminum from T1o to the other sites (T1m, T2o, and T2m). It
is evident that Al enriches T1m more than it does T2o and T2m,
and that this difference increases proportionally with the in-
crease of the aluminum migration from T1o. The intermediate
state of disordering is reached in the so-called intermediate al-
bite (see also Phillips et al. 1989). In this phase about 45%Al is
concentrated in T1o, whereas about 25% Al is found in T1m,
and about 16% Al in T2o and T2m. The triclinic symmetry of

TABLE  7.  Al-content [Al/(Al+Si)] in tetrahedral sites of albites

A&G A&G A&G A&G J J J J Sm Sm Sm Sm K&R K&R K&R K&R S
t1o t1m t2o t2m t1o t1m t2o t2m t1o t1m t2o t2m t1o t1m t2o t2m

Low Albite* 0.93 0.04 0.01 0.02 0.81 0.04 0.07 0.08 0.97 –0.02 0.02 0.03 0.98 –0.02 0.01 0.03 0.91
Low Albite† 0.95 0.02 0.01 0.02 0.83 0.02 0.07 0.08 0.98 –0.04 0.02 0.03 1.00 –0.04 0.02 0.02 0.93
Low Albite‡ 0.93 0.04 0.01 0.02 0.81 0.04 0.07 0.08 0.97 –0.02 0.02 0.03 0.98 –0.02 0.01 0.03 0.91
Untreated 0.96 0.03 0.00 0.01 0.83 0.04 0.06 0.07 0.99 –0.02 0.01 0.02 0.98 –0.01 0.01 0.02 0.93
1050-3d 0.91 0.04 0.02 0.03 0.80 0.03 0.08 0.09 0.95 –0.02 0.03 0.04 0.92 –0.01 0.04 0.05 0.88
1060-6d 0.84 0.07 0.05 0.04 0.75 0.06 0.10 0.09 0.89 0.00 0.06 0.05 0.85 0.02 0.07 0.06 0.79
1070-7d 0.78 0.08 0.06 0.08 0.69 0.07 0.11 0.13 0.82 0.01 0.08 0.09 0.76 0.04 0.09 0.11 0.71
1080-7d 0.90 0.05 0.02 0.03 0.78 0.05 0.08 0.09 0.93 –0.01 0.03 0.04 0.86 0.02 0.06 0.06 0.87
1080-10d 0.78 0.10 0.06 0.06 0.69 0.08 0.11 0.12 0.82 0.03 0.07 0.08 0.75 0.06 0.09 0.10 0.71
1090-7d 0.75 0.10 0.08 0.07 0.67 0.09 0.12 0.12 0.78 0.04 0.09 0.09 0.73 0.06 0.11 0.10 0.66
1090-12d 0.43 0.25 0.17 0.15 0.42 0.19 0.20 0.19 0.47 0.18 0.19 0.16 0.44 0.19 0.19 0.18 0.24
Int. Albite§ 0.46 0.23 0.15 0.16 0.46 0.17 0.18 0.19 0.51 0.15 0.16 0.17 0.51 0.15 0.16 0.17 0.28
High Albite|| 0.26 0.30 0.22 0.22 0.27 0.24 0.24 0.25 0.28 0.24 0.24 0.24 0.28 0.24 0.24 0.24 0.08
High Albite# 0.27 0.30 0.21 0.22 0.29 0.24 0.23 0.24 0.30 0.24 0.23 0.24 0.30 0.24 0.22 0.24 0.09
Monalbite# 0.30 0.20 0.28 0.22 0.29 0.21 0.29 0.21
Notes: A&G: Alberti and Gottardi (1988); J: Jones (1968); Sm: Smith (1974); K&R: Kroll and Ribbe (1983).
S: average long-range order coefficient (Smith and Brown, 1988); Al content from A&G method was used to calculate S. The esd on ti is 5–6%  of Al
using the A&G method.
* Wenk and Kroll (1984).
† Harlow and Brown (1980).
‡ Armbruster et al. (1990).
§ Phillips et al. (1989).
|| Prewitt et al. (1976).
#Winter et al. (1979).
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albite is maintained as long as up to about 30% Al is present in
T1o and T1m, and about 20% Al in T2o and T2m (high albite).
Monalbite also (Winter et al. 1979) shows 30% Al in the T1
site and 20% Al in the T2 site, and that no experimental evi-
dence exists of complete disorder in sodium feldspar. From
Figure 1 the T1m tetrahedron follows a different trend with
respect to T2o and T2m: in fact, Al enriches the T1m site more
than the T2 sites.

Kunz and Armbruster (1990) showed that difference values
<∆U> along the (Si-Al)-O vector in alkali feldspar tetrahedra,
calculated by anisotropic mean-square displacement parameters,
provide information on static and dynamic (Si-Al) disorder. They
thus derived a theoretical model that correlates <T-O> and <∆U>,
and showed that theoretically predicted <∆U> values are in
good agreement with those observed. The close correspondence
between our data and those reported by Kunz and Armbruster
(1990) is evident in Figure 2, confirming the dependence of
<∆U> on the degree of (Si-Al) disorder, as well as the pres-
ence of static disorder of oxygen atoms when (Si-Al) substitu-
tion occurs in alkali feldspars.

These variations of the x atomic coordinate with degree of
disorder tend to be small (Fig. 32), but the other two are mark-
edly greater, often reaching high levels (as much as 50–60 σ).
The shifts of tetrahedral atoms indicate that a clockwise rota-
tion of the four-membered tetrahedral rings, in a manner es-
sentially parallel to the (100) plane as depicted in Figure 4,
occurs during the disordering process.

Disorder leads to a normalization of the bond strength on O
atoms (Table 8). The standard deviation ∆ on anions, which for
low temperature albite is 0.073, descends gradually to as little
as 0.027 in the strongly disordered phases. Hence, OCo moves
away from sodium in the order-disorder transformation, due to

the increase of the tetrahedral charge on OCo itself from 1.75
to 1.875, whereas OBm and OCm approach Na, as the charge
acting on these O atoms varies from 2.0 to 1.875. Similar pat-
terns are also found for the other O atoms, although the varia-
tions in Na-O distances are less pronounced.

EFFECTS OF DISORDER ON THE SODIUM ATOM

Beq(Na) as a function of disorder

The isotropic thermal parameters, Beq(Na) (Table 3), increase
as the degree of disorder rises. Because all the data collections
were performed at room temperature, such an increase must be
attributed to positional disorder connected with (Si-Al) substi-
tution in the tetrahedral sites, which is in turn also reflected in
a positional disorder of the framework O atoms (Alberti and

FIGURE 1. Disordering process in sodium feldspars. Solid lines
represent the ideal “two-step” path, while the long dashed line
represents the “one-step.” Dotted lines report the disorder trend derived
from our method. Empty symbols indicate our albites, while filled
symbols represent samples taken from literature (squares = T1m,
diamonds = T2o, and circles = T2m).

2For a copy of Figure 3, Document AM-99-016, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. De-
posit items may also be available on the American Mineralo-
gist web site (http://www.minsocam.org or current web address).

FIGURE 2. Variation of <∆U> (Å2) as a function of <T-O> (Å) in
our albite samples with varying (Si, Al) occupation. The heavy solid
curve through the data represents the theoretical curve. The dashed
curve results from a quadratic regression. The upper dotted curve shows
the quadratic regression reported by Kunz and Armbruster (1990). Error
bars represent 2σ<∆U>.

TABLE 8.  Bond strength on O atoms for different S values

untreated 1070-7d 1090-12d High Albite*
(S = 0.93) (S = 0.71) (S = 0.24) (S = 0.08)

OA1 2.00 2.02 2.07 2.08
OA2 2.08 2.07 2.04 2.02
OBo 1.92 1.94 1.98 2.01
OBm 2.07 2.06 1.99 1.99
OCo 1.88 1.89 1.96 1.96
OCm 2.06 2.04 1.99 1.97
ODo 1.91 1.93 1.97 2.00
ODm 2.08 2.05 2.00 1.97
∆ 0.073 0.052 0.027 0.027
Notes: Calculated according to Ferguson (1974).
* Prewitt et al. 1976.



MENEGHINELLO ET AL.: ORDER-DISORDER IN ALBITE1150

FIGURE 6. Plot of the single Na-O distances vs. the order coefficient S.

FIGURE 5. Plot of the isotropic equivalent thermal parameter of Na
(Å2) vs. the order coefficient, S. Circles are for Stintino albites, triangles
for low albites (1 = Harlow and Brown 1980; 2 = Armbruster et al. 1990),
and squares for high albites (3 = Prewitt et al. 1976; 4 = Winter et al.
1979) measured at room T conditions. The diamond refers to the
intermediate albite from Phillips et al. (1989), measured at non ambient
conditions. This data has not been included in the regression analysis.

FIGURE 4. Polyhedral projection on the (100) plane of the low
albite structure showing the clockwise rotations of the four-membered
tetrahedral rings in the (100) plane. Selected Na-O distances as refined
for untreated albite are also shown.

Gottardi 1988). The positional disorder of the oxygen atoms
evidently influences the position of sodium too, which varies
according to the first neighbors coordinated to it. The increase
of Beq(Na) linearly depends on S (Fig. 5). The regression line
is:

Beq (Na) = 8.01 – 5.73.S (6)

The Beq(Na) obtained by Phillips et al. (1989) for an inter-
mediate albite with S = 0.28 is equal to 6.82 Å2, greater than
the value of 6.18 Å2 obtained for our sample 1090-12d, whose
degree of disorder is slightly greater (S = 0.24). This occurs
because the structural refinement of Phillips et al. (1989) was
performed at a temperature of 1050 K and pressure of 1.7 GPa.
The value of Beq for the disorder found by Phillips et al. (1989)
should be around 6.3–6.4 Å2. The difference between this value
and the experimental one is probably due to the effective in-
crease in the thermal motion, whereas the difference between
the values of Beq for our untreated sample and number 1090-
12d can be attributed to the positional disorder of sodium.

Na-O distances as a function of disorder

Some of the Na-O distances (OA2, OBo, ODo) are practi-
cally unaffected by the increasing degree of disorder (Fig. 6),
whereas others (OBm, OCm, OCo) vary considerably. In par-
ticular, Na-OCm is shortened while the Na-OCo is elongated;
the average of these two distances, which become equivalent
in the monoclinic phase, is always very close to the value which
was reported for the Na-OC distance (3.13 Å) in monalbite
(Winter et al. 1979). The same behavior can be recognized,
although with a less pronounced variation, for the Na-OBm
and Na-OBo couple. In contrast, both the Na-ODm and Na-
ODo distances increase; in this case, the average is signifi-
cantly less than the corresponding distance in monalbite (Na-
OD = 2.83 Å). Such an increase therefore reflects a clear ten-
dency of the average distance to approach the Na-OD distance
in monalbite. A likely explanation for the entire process, ac-
counting for geometric constraints and local charge balance
requirements, is as follows. The progressive depletion of Al
atoms from the T1o sites and their enrichment in the other tet-
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rahedral sites causes both a decrease in the T1o polyhedral
volume, and an increase of charge on the OCo oxygen. Both
these mechanisms are capable of inducing the clockwise shifts
of tetrahedral atoms, as shown in Figure 4. The re-distribution
of charge on the O atoms, caused by the disordering process,
explains the increased regularity of the coordination environ-
ment of Na as observed in monalbite. Within this context, one
would expect that, when the average distance of each couple
(i.e., Na-OCo vs. Na-Ocm, etc...) has reached the correspond-
ing value in monalbite, the displacement of the involved atoms
would stop. A similar process can be inferred also from the
temperature-dependent variations of coordinates in high albite
(cf. Fig. 5 in Winter et al. 1979). However, in our case it can be
seen that the elongation and shortening of Na-OCo and Na-
OCm distances, respectively, goes beyond the crossing point
representing their average distance at about S = 0.6 (see Fig.
6). It can be observed that the clockwise shift of OCo oxygen
causes an out-of-(100) plane tilt of the T2m tetrahedron; this
favors a better coordination between OBm and the Na atom
located in the adjacent cage. This tilting may well be respon-
sible for the additional elongation of Na-OCo and shortening
of Na-OCm observed in our samples with respect to monalbite.
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