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Ansrnlcr
Full structure refinements,based upon single-crystalX-ray diffraction data, have been
completed upon a suite of natural and heat-treatedanorthite-rich feldsparswith compositions between AnurAb., and An,oo.The complete set of twenty refinementsprovides an
internally consistentdatabasefor the detailed charucleization of the structural variations
arising from changesin composition and cation order. Some of the structural effectsreported in the literature are shown to be dependentupon the model chosen to represent
the anorthite structure.
Multiple regressionanalysis has been used to demonstrate how observed tetrahedral
T-O bond lengthsreflect not only (Al,Si) occupancies,but are perturbed by M-O bonding,
T-O-T bond angles,and a linkage factor dependent upon neighboring tetrahedral sites.
When the influence of these external factors is removed, the sizes of the tetrahedra, as
measuredby the mean bond lengths(T-O), exhibit significantly different trends from those
associatedwith uncorrectedraw (T-O) bond lengths;previous interpretations of the structures of 1I feldspars in terms of "anorthitelike" and "albite-like" portions of structure
are shown to be simplifications.
Differences in mean bond lengths between tetrahedra are used to define a thermodynamic order parameter, Qoo, for the CI-II transition. This order parameter can be put
on an absolute scaleby use of data from end-member albites and anorthites and is used
to characterizethe statesof order of all of the samplesstudied. Refined thermal parameters
of both the large cation sitesand those atoms forming the tetrahedral framework result in
probability ellipsoids that are oriented in the same way as those obtained from average
structure determinations of PI structures, even at compositions for which the c and d
reflections characteristic of PI symmetry are either very diffuse or absent. Whether this
implies that all 11 structureshave local PI symmetry and a spaceaverageis observedby
X-ray diffraction, or whether the more albite-rich crystals are displaying large-amplitude
vibrational modes that parallel the displacementsassociatedwith a II-PI transition (a
time average),cannot be determined by X-ray diffraction experiments.

theory (e.g.,Salje, 1985, 1987;Saljeet al., 1985;Redfern
and Salje, 1987; Redfern et al., 1988; Carpenter,1988)
Plagioclase feldspars are among the most abundant have provided a theoretical framework that should allow
mineralswithin the Earth'scrust and are involved in many a proper thermodynamic description of these order-disimportant igneousand metamorphic reactions.Their un- order processesto be made. The essentialfeature of the
doubted potential for geothermometryand geobarometry Landau approach is the use of macroscopicorder paramhas not yet been fully realized, however, becauseof the eters to charucteize the degree of structural change asremarkably diverse and complex subsolidus behaviour sociatedwith individual phasetransitions, and the identhat they exhibit. In particular, natural crystals can de- tification of the manner in which order parameters
velop five distinct diffraction symmetries arising from four
associatedwith different phase transitions can interact.
commensuratephasesand two incommensurate phases, In principal, theseorder parametersmay be definedwitheach of which can display a variable degree of (Al,Si) out knowledgeof the details of how the structuresevolve
order. Recent developmentsin the application of Landau on an atomic scale.In practice, however, detailed struc0003404x/90/0l 024 I 50$02.00
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800 'C. The remaining crystals (Val Pasmeda/3-/8 and
Monte Somma/6-l8) were heat treated specificallyfor this
study at temperaturesof l35G-1535 .C, following the same
procedureas for the calorimetry samples,exceptthat only
a few milligrams of each powder were used. Nominal
compositions and annealing conditions are specified in
Table l. It should be noted, however, that each powder
showed a small range of composition (see Carpenter et
al., 1985).In terms of the simple classificationof structural state_(Kroll, 1983), most of the natural samplesare
"low," whereastheir heat-treatedequivalents are "high"
(seeFig. 2 ofCarpenter et al., 1985).
Single crystals free of inclusions and obvious twinning
were selectedfrom each sampleand were mounted in the
conventional manner for X-ray diffraction. Prior to data
collection, eachcrystal was checkedfor diffraction quality
and absenceoftwinning on the basisofar scansofseveral
diffraction maxima. Severalcrystalswere rejectedon this
criterion, even though no twinning was detectableoptically. It should be noted that even the best crystals from
the heat-treatedsamplesexhibited noticeably poorer diffraction quality in terms of peak widths than those of the
natural samples,as predicted from Landau theory (Salje
and Wruck, 1988).
All of the crystalsexhibited sharp reflectionsof classa
(h + k even,/even) and classb (h + k odd, /odd), which
alone are indicative of /-lattice symmetry. In addition,
the three most anorthite-rich natural samples (Val Pasmeda, Monte Somma,and I 15082a)possessIhe c and d
reflections characteristic of PT symmetry. A number of
the other samplesshow diffuse intensities at the positions
of c reflectionsin electron-diffraction patterns (Carpenter
et al., 1985),but theseproved to be too diffuse and weak
to be collected by conventional diffractometer techniques. Data collections were carried out with a Rigaku
ercs diffractometer equipped with a rotating anode X-ray
sourcethat provided MoKa radiation, operatedtypically
at 50 kV and 180 mA. Data were collected in a
constant-precisionmode with continuous (,) - 20 scans
and with a scan width determined empirically from observed diffraction profiles from each crystal. Intensities
were corrected for Lp effects and absorption (p, ranged
ExponrlrnNTAr, DETATLs
from l4 to 16 cm-') and reducedto structurefactors with
All of the feldspars used in this study were separated a modified version of the program of Burnham (1966).
from natural rocks and have beendescribedby Carpenter After data collection, each crystal was transferred to a
et al. (1985). Some of the singlecrystalswere taken from Picker four-circle diffractometer equippedwith a conventhe actual powders used by Carpenter et al. (Val Pasme- tional Mo X-ray tube [I(Ka,) : 0.7093 A]. Unit-cell pada, Monte Somma,Monte Somma,/I,115082a11,87975a, rameters (Table l) were determined by vector least81975a/1,21704a,21704a/
l, 101377a,l0l377a/1, Crys- squaresfit to the positions ofbetween 15 and 20 reflectal Bay, Lake Co.). Each of these sampleswas subjected tions in the range 35 < 20 < 45o centeredby using the
to heatingin air for -12hat -800'C during the process eight-position technique of King and Finger (1979) to
of purification for the calorimetric measurements.The eliminate zero and centering errors.
high-temperatureannealing was carried out upon -0.4 g
Structure refinements were carried out with the leastof powder wrapped in Pt foil sitting in a Pt bucket, and squaresprogmm RFINE88,
a development version of nrnrs+
quenchingwas achievedby manually removing the buck- (Finger and Prince, 1975).Each reflection was assigneda
et from the furnace and allowing it to cool in air. Sample weight of w : lo-'(F")], where o({) is the error derived
I 15082awas from the same density separateas the ma- from counting statistics,and the function minimized was
terial used for calorimetry, but had not been heated at > w(lF"l - lf"l)'. Reflectionswith ,F. < 3o. were exture observations can be highly informative as to the
mechanisms of the atomic processesinvolved and may
also be essentialfor placing the macroscopic order parameters on an absolute scale.
Progressin dealing with the thermodynamics of the
plagioclasefeldspar solid solution is being achieved by
first treating each structural phase transition separately.
In this context the Cl-1I transition, which is due primarily to (Al,Si) ordering, is perhapsthe most important
as it divides the solid solution into two separatesegments
over a very wide temperature range (Carpenter and
McConnell, 1984).Until now, the order parametersfor
1l crystalshave only been determined indirectly through
lattice-parameter measurementsand calorimetric determinations of the enthalpy changesassociatedwith ordering (Carpenteret al., 1985;Carpenter,1988).Suchmeasurements provide a relative measure of the order
parameter, Qoo, and although 2eSiNun results (Kirkpatrick et al., 1987)placesomeconstraintson its magnitude,
only determinations of the structures of feldspars can
provide numerical valuesthat are sufficientlyaccuratefor
testing the Landau approach. Unfortunately, the uncertainties introduced into the structural data by differences
in data collection and refinement proceduresin different
laboratories are sufficient to confuse the trends in Qo,
values that may be derived from published structure refinements. We have therefore undertaken an X-ray diffraction study ofa suite ofnatural anorthite-rich plagioclase feldsparsranging in composition from An,ooAboto
AnurAbrr. In addition to following structural variations
with composition, the effect of temperature has been investigatedby refining the structuresof some of thesecrystals after they had beenannealedat temperaturesbetween
-1300 "C and -1535 "C to induce partial (Al,Si) disorder. The resulting databaseof 20 refined structures presented in this paper provides the high internal precision
necessaryto determine absolute measuresof Qoo and to
evaluate variations in the state of order of -II feldspars.
In subsequentpapers, these evaluations of Qoo will be
used to analyzethe thermodynamics of ordering within
the 1l solid solution.
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Crystaldata for anorthitesrefinedin this study (see Carpenteret al., 1985,for furtherdescription)
Val Pasmeda

no"(mol%An)
a (A)
D(A)
c (A)
a (')

pf)
z (')
v(4")
Space group
P1 refinements
R

&

N"",
N.o.
,1 refinements
R
R*

100
8.175(1)
12.873(1)
1 41 7 0 ( 1 )
9 3 . 1 1)0
115.89(1)
91.28(1)
1337.8(2)
Pl

98
8.1796(5)
12.8747(81
14.172('tl
93.134(6)
115.88s(s)
91.236(s)
1339.0(2)

3.4
2.8
470
3257

6.9
4.7
470
4333

4.8
ea

1.3
257
2716

Lake Co
nA. (mol% An)

7"...",fc)
Annealtime(d)
a (A)
b (A)
c (A)
4

(')

BC)
7 (')

v(A")
Space group

R
R.

4 (')

Bf)
? (")

v(A1
Space group

n
FI
9nr

N"",
N.o"

n

c,4

3.8
1.4
257
2611

Val Pasmeda/3

68
8.173(1)
12.869(1)
14.2000)
93.46(1)
11 6 . 0 6 ( 1 )
90.54(1)
1338.1(1)

1 3 5 0+ 5
21
8.177(1)
12.867(2\
14.170(2)
93.19(1)
11 5 . 8 3 ( 1 )
9 1. 2 4 ( 1 )
1338.1(3)

n

t1
4.8
3.9
1.7
257
2497

Monte
SommalT

7"..",,fc)
Annealtime(d)
a (A)
b (A)
c (A)

Monte Somma-

1 4 7 1+ 3
8.186(1)
12 870(1)
14.175(21
93.26(1)
11 s . 8 0 ( 1 )
9 1. 1 6 ( 1 )
1340.8(2)

6.1
4.7
1.3
257
2235

256
2441

96
8.178(2)
12.870(3)
14.175(3)
93.17(2)
11 5 . 9 7 ()1
9 1. 1 5 ( 2 )
1337.7(5)

n

87975a
89
8 . 17 8 ( 1 )
12.869(1)
14.178(1)
s3.30(1)
116.02(1)
90 97(1)
13 3 7 . 1 ()1

n

4.4
4.O
18
257
2975

Val Pasmeda/6
1 5 3 3+ 5
2.74
8 . 18 1 ( 1 )
12.864(2)
14.167(2\
93.26(1)
115.77(11
9 1. 1 8 ( 1 )
1338.7(3)

n
6.2
4.6
1.4
256
2136

5.0
4.2
1.4
257
2480

Val PasmedalT
1 4 7 1+ 3
7
8.182(1)
12.869(1)
14 . 16 9 ( 1)
93.24(1)
115.77(11
9 1. 2 1 ( 1 )
1339.6(2)

n
RI

4.0
IQ

256
2476

115082a/1

87975a11

1413 + 4
30.71'.
I 174(4)
12.860(3)
14.166(4)
93.21(2)
115.80(2)
91.17(4)
1336.8(8)

1 3 0 6+ 4
21
8.176(2)
12.867(3)
14.170(2)
93.22(1)
115.83(1)
9 1. 1 9 ( 2 )
1337.9(5)

1 3 0 0+ 1 0
21
8.175(2)
12.854(3)
14.163(3)

n
5.4
4.2
le

256
2457

21704a

101377a

78
86
8.174(2)
8.1824(5)
12.866(3)
12.8740(6)
14.187(3)
14.192(1)
93.43(2)
e3.335(4)
116.0s7(4) 116.04(1)
90.69(2)
90.860(4)
1337.0(5)
1339.4(1)
l'l

11

CrystalBaY
72
8.174(4)
12.880(6)
14.200(5)
93.s0(3)
116.1
1(3)
90.55(4)
1338.8(9)
11

o.4
7.9
470
4939

Monte
Somma/8

n
5.7
4.3
'l.4

115082a

n
4.9
3.4
1.4
256
2574

s3.32(2)
11s.90(1
)
90.97(2)
(5)
1335.1

n
5.8
4.3
1.3
257
2223

5.1
3.9
1.5
2s6
2688

Val Pasmeda/8
1413 + 4
30.71',8 . 18 0 ( 1)
12.873(2)
14.167(21
93.21(1)
11 5 . 7 9 ( 1 )
91.25(1)
1339.3(4)
t1
4.9
3.8
1.3
257
2591

21704a11

3.7
3.0
1.6
256
3008

Monte
Somma/1.
1 3 0 6+ 4
21
8.183(1)
12.874(1)
14.176(1)
93.17(1)
11 5 . 8 s ( 1 )
9 1. 2 3 ( 1 )
1340.1(2)
t1
4.4
3.1
1.5
256
2889

6.9
5.3
1.3
257
1951

Monte
Somma/6

1533+ 5
2.74
8.18s(1)
12.869(1)
14.173(1
)
93.25(1
)
11s.78(1)
9 1. 1 s 0)
1340.5(2)
t1
5.3
3.6
1.4
256
2530

101377a|1

8.174(2',)
8.1808(4)
12 870(3)
12.8740(7)
14.184(3)
14.1895(8)
93.45(2)
$.37q5)
115.96(1
115.926(3)
)
90.67(2)
90.837(4)
1337.s(5)
1340.q1)
n
t1
5.3
4.2
1.6
256
2435

4.8
3.3
1.6
256
2245

/Vote;Nominalcomposition: n^.. Numbersin parenthesesare the estimatedstandard deviations(1o) in the last decimalplace given' This convention
applies to all subsequenttables.
-Two typographicalerrors are present in Carpenter et al. (1985): In Table 3 (lattice parameters)the labels Monte-Somma and Monte Somma/2
should be bicianged, and in Table 4 the annealingtemperatureof Monte Somma/1 should be 1306 € rather than 1360 rc as given.
" lncludes a brief sDellat room temperatureafter -10 d, due to furnace failure.
t Samplesannealedat 1366 + 8'C for 23 d, followedby 21 d at 1306 + 4'C.
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cluded from the refinements.Complex atomic scattering
factors for neutral atoms were taken from the International Tablesfor X-ray Crystallography (197Q. Extinction effectswere corrected with the Becker and Coppens
(1974) formalism (isotropic Lorentzian type I distribution); when g refined to less than its esd, its value was
fixed at zero. The details of the structure models that were
refined are described and discussedin detail in the following sections.Final agreementindices from all of the
refinementsare reported in Table I, atomic coordinates
and temperature factors in Table 2, bond lengths in Tables 3 and 4, and bond anglesin Table 5.'
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The feldspar structure consistsof a framework of corner-linked tetrahedrathat contain Al and Si atoms. Outside of this framework there are sitesfor larger alkali and
alkaline-earth cations. These extraframework sites are
designated"M" sites ("A" sites in some papers),and in
end-member anorthite they are exclusively occupied by
Ca. The coordination polyhedra of these sites resemble
cubes with a corner missing (two in the case of Mooo),
and although the large cations are often regardedas residing in a large cavity, the M-O distancesare comparable to other, more regular environments, and the cations
are quite tightly bound (Megaw et al., 1962).Indeed, the
cageof oxygen atoms around each of the M sites is sufRnsur,rs
ficiently collapsed to make the transfer of any M cation
Extensive reviews of the structuresof plagioclasefeld- to a position z * t/2.sleically impossible.
sparscan be found in Ribbe (1983) and Smith and Brown
A number of models for the M sites have been used in
(1988).It is usefulto recall that the site nomenclatureof previous refinements.Kempster et al. (1962), in the origMegaw (1956) (here modified in the manner of Prewitt inal determination of the PI structure, chose to model
et al., 1976, for easeoftypesetting) was devised to indi- each M site as a single isotropic Ca atom, an approach
cate which setsof sitesbecome symmetrically equivalent subsequentlyused(with anisotropic atoms) both here and
in higher-symmetry feldspar structures. For example, by Wainwright and Starkey(1971). Such models result in
those sites whose labels differ by the symbol "i" in the highly anisotropic thermal ellipsoids for the cations in the
Pl structure become equivalent under 1I symmetry, Mooo and Mzio cavities; this result has led some workers
whereasthose whose labels differ by "2" become equiv- either to refine these two sites alone as split positions
alent on further increaseof symmetry to CI (with the c (Smyth, 1986)or to split all four M positions(Wenk and
axis = 7 A).
Kroll, 1984). We found that refinementsof the Val PasThe purpose of this study was to provide a structural meda anorthite that treated the Mooo and Mzio sites as
databasefor the examination of the cation ordering<at- isotropic split atoms convergedto slightly better R values
ion disordering behavior of feldsparswith 11 symmetry. than the anisotropic single sites. However, all split-site
However, anorthite-rich feldspars undergo a displacive refinementssuffer from such severecorrelations between
phase transition at low temperaturesand pressuresto a positional parameters,occupancies,and thermal paramstructure with fl symmetry. In our study, the three most eters that it is difficult to interpret the results in any reanorthite-rich natural crystals exhibited Pl diffraction liable way, except to say that all of the various models
symmetry at room temperature and pressure, and, for reflect some smearing-out of the potential well of these
reasonsthat will become apparent, our discussionof the sites. This problem is exacerbatedin refinements of anstructural variation in the 1I phase must start with an orthites with an albite component in solid solution, and
analysis of the Pl structures.
by the additional possibility of the presenceof M site
vacancies (Smyth, 1986). We believe that the resultant
Pl structures
correlations between (Ca,Na) occupancyparametersand
The structure of a PI anorthite was first determined by other structural variables make the direct determination
Kempster et al. (1962), who analyzeddata collectedfrom of (Ca,Na)distribution unreliable.Neither do the site sizes
a sample from Monte Somma (Annr-An,oo).The features provide an unambiguous guide. All three of our refineof the structure were subsequentlyconfirmed in an anal- mentsshowthe meanM-O bond lengthofeachsite, (M-O),
ysis of end-member Val Pasmeda anorthite by Wain- to increase in the order Mooo, Mzoo, Moio, Mzio
wright and Starkey (1971). Other data sets have since (Table 4), in common with the results of Wainwright and
been collected on samplesof varying compositions with Starkey(1971),and also with thoseof Smyth (1986)and
up to 6 molo/oalbite component (Wenk and Kroll, 1984; Wenk and Ikoll (1984)when the split-site(M-O) values
Smyth, 1986).Beyond this composition the c and d re- are suitably averaged.This might suggestthat the larger
flections characteristic of PI symmetry become too dif- Na would preferentially occupy Mzio (as Smyth, 1986,
fuse to collect reliably by diffractometer methods (Berk- suggested),
but no significantincreasein (Mzio-O) is either
ing, 1976), although attempts have been made to refine observed or expected considering the low Na:Ca ratio.
Pl structures to data setswith a and b reflections alone. Smyth (1986) also proposed that further cation ordering
These will be reviewed in a later section.
among the split positions was possible and that, in the
absenceof extra diffraction maxima, this would reduce
' Copies of Tables 2, 3, 4, and 5 may be ordered as Document the symmetry to Pl with the same size cell. Given the
pseudosymmetry of the structure, the statistical tests
ANI-90-426 from the BusinessOfrce, Mineralogical Society of
America, 1625 I Street,N.W., Suite 414, Washington,D.C. commonly used to detect the presenceor absenceof a
20006, U.S.A. Pleaseremit $5.00 in advancefor the microfiche. center of symmetry are not valid, and direct refinement
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of a Pl structure is somewhatcumbersome.It would perhaps be better to test the suggestionby way of direct
probes of the local M-site environment such as Na Nvrn
and to conclude that for current purposesthe structures
are suitably approximated by centric symmetries.
Before examining the structural trends within the tetrahedral frameworks of ttre pT structures,it is worthwhile
considering the uncertainties that arise from interlaboratory comparisons as opposed to the experimental uncertainties present in results from suites of structuresrefined in an identical manner to data collected on a single
diffractometer.Wenk and Kroll (1984)and Smyth (1986)
both refined Ann, anorthites, and the current study duplicates refinements on crystals from the Val Pasmeda
(Wainwrightand Starkey,l97l; Kalus, 1978)and Monte
Somma (Kempster et al., 1962; Czank, 1973) localities.
Comparison of the final structures shows that the determinations of individual T-O bond lengthscan vary up to
0.02 A betweenrefinements,which amounts to 3-4 times
the combined esd's. Mean values of the four T-O bond
lengths in each tetrahedron, (T-O), typically differ by
0.005 A, with a maximum recordeddifferenceof 0.015
A. When converted to tetrahedral site occupanciesvia,
for example,the equationof Kroll and Ribbe (1983),this
discrepancycorrespondsto a difference in the predicted
Al-site population of 0.15. These large differencesbetween refinement results can presumably be attributed to
different structural models, especially as already discussedfor the M sites,different correctionsfor absorption
and extinction, and different experimental techniquesof
measuringunit-cell parameters.
There are some features of the tetrahedral framework
that are common to all of the published refinements.In
PI anorthites the Al:Si ratio is closeto 2:2, which allows,
in principle, almost complete ordering of Al and Si. As a
first approximation one would thereforeexpectthat there
would be two types of tetrahedra, one containing Al, the
other Si, and that within these two groups there should
be very little variation in size as measuredby (T-O). In
addition, since diffusion rates at temperaturesbelow the
1I-PI transition (-240 oC for An,ooand decreasingwith
increasingalbite content) are extremely slow, redistribution of Al and Si under Pl- symmetry is extremely unlikely. Pairs of tetrahedra within the Pl structure that
would be equivalent in 11 should thereforehave identical
occupanciesand thus the same (T-O) values. However,
differencesbetween these/I-related pairs are always observed and can be largely attributed to different bonding
environments of the oxygen atoms (Megaw et al., 1962;
Phillips et al., 1973; Wenk and Kroll, 1984).However,
this does not account for all of the variation in either
individual T-O bond lengths or the (T-O) values of the
Al and Si sites, and two further factors appear to be involved. First, the tetrahedralsitesmay have slightly mixed
(Al,Si) occupancies,and indeed some partial disordering
is required by thermodynamics. Second, in the case of
oxygen atoms bonded to the more diffuse M sites, the
refined position may representan averageof two or more

real positions and thus not result in any real T-O bond
length at all. This certainly seemsto be true for the Tlozi
tetrahedron (Smyth, 1986),which is by far the largestsite
in all published refinements.
Over the small composition rangespannedby our three
PI samples,the effect of bonding environment and other
factors may not differ by a large amount between corresponding sites in different crystals. It may therefore be
significant to note the following structural trends as a
function of increasing albite content. Six of the Al-rich
in (T-O), whereasthe Tlozo
tetrahedrashow decreases
and Tlozi (Al-rich sites)and all eight of the Si-rich tetrahedra remain the same size.Thesetrends are also reflected in a decreasein the grand mean of the T-O bond
lengthsof the Al-rich sites, ((Al-O)), and in the grand
mean of all of the sites,((T-O)). There are no significant
changesin the internal geometry (O-T-O angles)of the
various tetrahedra, but there is a perceptible decreasein
the differencebetweenT-O-T anglesthat would be equivalent in 1I, especially those whose difference is largest
(Obmo, Obmz, Odmo, Odmz pairs). These three Pl
structures therefore show an approach toward 1l symmetry with increasingalbite content, which is consistent
with the decreasingtemperature of the 1I to PI transition, and the observed diminution of the intensities of
thecanddreflections.
11 structure models
Two basic types of 1I structural model may be refined
to the a and D reflections alone. Both types have been
used in the literature in refinementsof those crystalswith
albite contents in excessof around l0 molo/othat exhibit
1I diffraction symmetry. Although comparisonshave frequently beenmade betweenthe resultsfrom the two types
of model, tests have not been performed to determine
either how well each reflects the true nature of the structure, or whether the resultsfrom the two models are really
compatible. We have thereforecarried out refinementsof
both of the structural models to the a and b reflections
collectedfrom the ll5082a crystal. Comparisonof the
resulting 1I structureswith the PI structure obtained by
refinement to all four classesofreflections provides a test
of the 11 models and givesus a basisfor an understanding
of the structures of those more albite-rich crystals that
exhibit 11 diffraction symmetry.
In the "split-atom" 1I model, each atom of the PI
structure is replacedby a half-atom, and thesehalf-atoms
are then refined subject to /1 symmetry. In the present
study, large correlations were found to develop between
the positional parametersof related half-atoms in the refinement that made it totally unstable.Progresscould only
be achieved by refining half of the atoms (one of each
pair) on alternate cycles. Convergence was still not
achieved, with positional parameters oscillating on the
last cycles by up to 0.5 esd. The (T-O) values from this
refinement are compared in Table 6 with those from the
full PI refinement to all four classesof reflections.Individual (T-O) valuesdiffer by up to 0.019 A betweenthe
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split-atom model and the PI structure,but the combined TreLe 6. Comparisonof T-O bond lengths from differentrefinement modelsof 115082a
means of eachpair of tetrahedra do agreequite well. Errors
in individual positional parametersof each half-atom in
Pl model
/1 split-atom.
fi singlethe split model are thereforebeing partially compensated
ol
alom
by the opposite error in the same parametersof its pair,
1 . 6 3 1 ( 6 ) 1 . 6 3 5 ( 6 ) 1.645 1.636
1.634(3)
as would be expectedfrom the patterns of high correla- Tloo-Oa1o
-Oboo
1 . 6 2 7 ( 6 ) 1 . 6 1 2 ( 6 ) 1.639
1.606
1.616(3)
tions betweenparameterswithin the refinements.The re-Ocoo
1 591(6) 1 584(6)
1.545
1.614
1.587(3)
-Odoo
sulting split vectors2are consequentlylarger than those
1-627(6) 1.637(6)
1.661
1.613
1.627(31
1. 6 1 7
1. 6 1 9
1.623
1.617
1.616
in the PI structure, and the split-atom 1I structure also Avg
1.770(6) 1.771(61 1 . 7 8 7 1 . 7 5 2 1 . 7 6 2 ( 3 1
has extremely distorted tetrahedra. For example, the Tloz-Oa1z
-Oboz
1.740(6) 1.758(6)
1.736
1.768
1.744(31
shortestSi-O bond is 1.545 A comparedto 1.583 A in
-Ocoz
1.713(6) 1.713(6) 1 . 7 2 2 1 6 9 9
1.711(3)
-Odoz
the Pl structure,and correspondingindividual T-O bonds
1.759(6) 1.767(6) 1 . 7 4 2 1 7 8 2
1.761(3)
1.746
1. 7 5 2
1.747 1.750 1.74s
in the two refinementsdiffer by up to 0.046 A. Overall, Avg.
1 778(61 1 763(6)
1.768 1.768
1.765(3)
the split-atom model gives a poor representationof the T l m o - O a 1 o
-Obmo
1.698(6) 1.740(6)
1.696
1.743
1.708(3)
true structure of a PT crystal and makes refinementsun-Ocmo
1.728(61 1.762(6)
1.729 1.760
1.744(3)
-Odmo
reliable and slow through high correlations between pa1.745(6) 1.698(6)
1.798
1.659
1.712(3)
1.737
1. 7 4 1
1.748
1.733
1.732
rameters.The interpretation of such a model is also com- Avg
1.645(6) 1.647(6) 1 . 6 6 5 1 . 6 5 3 1 . 6 4 6 ( 3 )
plicated by the necessarytask of the assignment of the Ilmz-Oa1z
-Obmz
1 . 6 1 6 ( 6 ) 1 . 5 9 2 ( 6 ) 1. 6 1 1 1. 6 0 1
1.600(3)
members of atom pairs to one half or the other of the
-Ocmz
1.616(6) 1.622(6)
1.595
1 637
1.619(3)
-Odmz
unit cell, which can only be done by analogywith a known
1.586(6) 1.611(6)
1.624 1581
1.590(3)
Avg.
1.616
1 618
1.624 1.618 1.614
Pl structure.
1 7s6(6) 1.754(6)
1.744
1.769
1.748(3)
By contrast, the "single-atom" 11 model consists of T2oo-Oa2o
-Oboo
1.757(6) 1.741(6)
1 . 7 4 1 1. 7 5 5
1.747(3\
replacing each atom pair of the tetrahedral framework
-Ocmz
1 . 7 1 4 ( 6 ) 1 . 7 5 4 ( 6 ) 1.730
1.748
1.734(3)
-Odmz
with a single anisotropic atom, and the resultant aver1.687(6) 1.698(6)
1.694 1.699 1.688(4)
1.729
1.737
1.727 1.743 1.729
aging manifests itself in the form of large "thermal ellip- Avg.
1.643(6) 1.628(6) 1 . 6 4 5 1 . 6 4 3 1 . 6 3 5 ( 3 )
soids." For thoseatoms correspondingto pairs in PI with f2oz-Oa2z
-Oboz
1.620(6) 1.633(6) 1.625
1 630
1.624(3)
large split vectors, the major axis of the thermal ellipsoid
-Ocmo
1.s97(6) 1.627(6) 1.684
1.547
1.613(3)
-Odmo
is oriented parallel (within a few degrees)to the split vec1.622(6) 1.s74(6)
1.606
1.590
1.601(3)
1. 6 2 1
1. 6 1 6
1 . 6 4 0 1 . 6 0 3 1. 6 1 8
tor, and the rms displacement corresponding to this Avg.
1.630(6) 1.648(6)
1.638 1.633
1.639(3)
"thermal" ellipsoid reflectsits magnitude (Fig. l; seealso T2mo-Oa2o
-Obmo
1.583(6) 1.617(6)
1.592 1.622
1.603(3)
Bruno et al., 1976). The magnitudes of the split vectors
-Ocoz
1.593(6) 1.607(6)
1.602 1.610 1.604(3)
-Odoz
1 . 6 5 0 ( 6 ) 1 . 6 2 1 ( 6 ) 1.629
1.629
1.631(3)
for the M sites in PI anorthites are so great that if re1. 6 1 4
1. 6 2 3
1.615 1.624 1.619
finements are attempted in 1I without modeling each of Avg1.744(6) 1.765(6)
1.758 1.752
1 754(3)
them as a pair ofpartially occupied sites,reasonablecon- f2mz-Oa2z
-Obmz
1.745(6) 1.700(6)
1.757
1.695
1.725(3)
vergencecannot be obtained. Examination ofthe refined
-Ocoo
1 . 7 1 1 ( 6 ) 1 . 7 3 3 ( 6 ) 1 . 6 7 4 1. 7 6 8
1.721(31
-Odoo
positions of these M-site half-atoms in this 1I model
1.739(6) 1.751(6) 1.756 1.751 1.748(3)
1.737
1.735
1 . 7 3 6 1. 7 4 2
1.737
shows that they are within 0.03 A (i.e., within the com- Avg.
(si,bh-o)
1. 6 1 8
1. 6 2 0
1.617
bined esd's) of the corresponding positions in PI, with
(Al,bh-o)
1.739
1 . 7 4 1 1. 7 3 6
the exception of the Mzio site, which is shifted by some (r-o)
1.679
1 . 6 8 1 1. 6 7 6

0.23A.

By its nature as an averagestructure, the single-atom
1l model cannot be expectedto reproducethe framework
geometry of the full PI structure. In particular, (T-O)
values from this model (Table 6) are generally less than
those calculated from the pair of correspondingtetrahedra in Pl. Figure 2 demonstratesthat this arisesfrom the
nature ofthe averaging.The diferences apparentin Table
6 between various models (seealso Bruno et al., 1976)
also demonstrate that the evaluation of trends in bond
lengths, or any other structural parameters,should only
'?For each atom in the unit cell of a PI feldspar al
x, y, z,
there is a secondatom at approximately r/zf- x, t/z + y, t/2+ z
to which it would be symmetrically equivalent under 1I symmetry. The deviation of the vector betweensuch a pair of atoms
from t/2,t/2,r/zis termed the "split vector" and gives a measure
of the deviation of the structure from 1I symmetry. Analogous
split vectors can be defined for atom pairs in 1l structures to
describethe deviation from CI svmmetrv.

'Estimated standard deviations for T-O bond lengths cannot be evaluated tor the /1 split-atom model because only one half of the atom positions were refined on each cycle.

be made betweenstructuresrefined in the sameway. For
example,the discontinuityin ((T-O)) with composition
noted by Kroll and Ribbe (1983,their Fig. l) resultsfrom
the comparisonof data from Pl- and 1I split-atom models
for anorthite-rich crystalswith data from single-atom 11
models for crystalswith higher albite contents.This discontinuity is clearly not due to some bonding effect involving Ca as Kroll and Ribbe (1983) have suggested.
In the main part of this study, the results of which are
describedbelow, the single-atom 11 model was preferred
over the split-atom model becauseit resultsin a structure
model with fewer parameters,refinement of which converges rapidly. A further advantageis that no prior assumptions need be made concerning the type of averag-
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Fig.2. The relationshipbetweenthe refinedpositionsand
modelsis illustrated
bondlengthsof the PI and 1I single-atom
by the exampleof the Tlmz-Odmz bond. The crosseson the
plan, projectedonto (010),indicatethe positionsof the atoms
Y). Note that
in thePl model(with onesettranslatedbyt/2,72,
the positionsof the two tetrahedralsitesare indistinguishable
both from one anotherand from the positiongivenin the 1l
TheOdmzpositionin the1I rnodelliesbetweenthe
refinement.
two oxygenpositionsfrom thePI model;theresultingT-O bond
length(dashedline)is clearlyshorterthanthosegivenby thePl
model(two solidlines).

Fig. 1. Comparison
of themagnitudeof thesplit vectors(dewith the
finedin footnote2) for atom pairsin PI refinements
maximumrms amplitudeof the apparentthermalellipsoidof
to assess.Certainly the distribution of scatterThe linesaredrawn is difrcult
thecorresponding
atomsin 1I refinements.
ing power betweenthe two split sitesof eachcavity is not
in to emphasize
the generaltrendsin the results.
deemedto be interpretable especiallyin view of the high
correlations in the refinementsbetween the occupancies,
ing. Although this averagingis clearly spatial in nature in positions, and thermal parametersof the sites.The trends
crystals that exhibit sharp c and d reflections,it could be in the averageM-O bond lengths are much clearer. As
either a spaceor time (i.e., dynamic) averagein crystals noted by Wenk and Kroll (1984),the (M-O) distancesof
all four sites decreasewith increasing anorthite content,
where thesereflectionsare absent.
irrespective of the thermal history and state of (Al, Si)
1l structures
order in the sample. Overlain upon this trend is a small
The twenty data sets collected (Table l) were refined increasein (Mooo-O) and (Mzoo-O) after annealingat
to the single-atom 11 model described above, including elevated temperatures (Table 4). The most remarkable
those from the three anorthite-rich crystalsthat exhibited feature of the M sites is that the refined positions of all
Pl diffraction symmetry. Even in the l7 samplesthat did four sites remain almost the same,independentof either
not display sharp c and dreflections and that might there- composition or thermal history. The split vectors before be assumedto possesstrue 1l symmetry, the large tween both "PI pairs" (e.g.,Mooo and Moio) and "11"
cation sites still display a split character and have to be pairs (e.g., Mooo and Mzoo) therefore remain constant
modeled as split sitesin order to achievereasonablecon- in both magnitude and orientation. The thermal paramvergenceof the refinements. The refinement and inter- eters of all four sites (in the form of,B*) do increase
pretation of these sites are further complicated by the significantly with both increasingalbite content and after
possibility of (Ca,Na) ordering among them. In this study heat treatment (Table 2), and the major axesof the therit was found to be impossible to achieve convergencein mal ellipsoids of at least three of the sites(not Mooo) are
refinements of models using separate Na and Ca oc- oriented parallel to the Mooo-Mzoo and Mooo-Moio split
cupancies. Therefore Ca scattering factors were used vectors. Taken together, these observations suggestthat
throughout for these sites, but with a total population the major minima in the potentials of the M sites, repconstrainedto give a total number of electrons(assuming resentedby the refined positions, remain the same, but
Ca2+ and Na+) appropriate to the composition. These that the potential becomessmeared out with increasing
pseudo-Caoccupaniceswere then refined, and a (Ca,Na) disorder of the tetrahedral framework induced by either
distribution back-calculatedby assuming that each pair thermal treatment or an (Al:Si) ratio that differs from 2:2.
of sites was fully occupied.
Over the rangesof composition and state of order that
The results are given in the supplement to Table 2. we have studied there is very little change,in terms of
They indicate that, in the relatively well ordered natural bond angles,in the overall geometry of the tetrahedral
samples, the Na content of the Mooo + Moio cavity framework. Significant variations are restricted to T-O
tends to be greater than that of Mzoo + Mzio. On an- bond lengths and their means,which are believed to prinealing at elevated temperatures,some redistribution of marily reflect variations in the (Al,Si) occupanciesof the
Na betweenthe two cavities takesplace,but whether this various tetrahedra. The grand mean for each structure,
is significant given the crudenessof our structural model ((T-O)), appearsto vary smoothlywith composition,but
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Fig. 3. Grand-mean tetrahedral bond distances,((T-O)), in
plagioclasefeldspars.Squaresare data from the 20 11 structures
refined in this work, and the triangles are values from 19 CI
structurestabulated by Kroll and Ribbe (1983). The line is that
described by Equation 2 in the text. Also shown are ((Al-O))
and ((Si-O)) from this work for the natural 1I crystals (open
symbols) and for those annealedat 1300-1370 .C (filled symbols). The trends drawn through these data follow a linear dependenceof (((Al-O)) - ((Si-O)))" on composition.

to be invariant with the state of order (Fig. 3). A linear
fit to the 20 data points yields the relation

( ( T - O ) ) : 0 . 0 3 5 7 ( 9 ) n " ,+ 1 . 6 4 1 9 ( 8 ) .

(l)

In particular it should be noted that our data do not show
the discontinuity around Anro reported by Kroll and Ribbe
(1983), which arisesfrom differencesin the nature ofthe
averagingin various structural models as discussedabove.
Furthermore, this trend of grand-meantetrahedral bond
lengthsin the 11 structuresis continuous with that of the
Cl structurescompiled by Kroll and Ribbe ( I 983). When
the 19 CI data points (those specimensreported to exhibit a schiller were excluded)are combined with our 1ldata, a linear regressionyields
((T-O)) : 0.0338(6)n^"
+ r.6436(4)

(2)

with a correlation coefficient,p, of 0.997. The most sig-
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The factors affecting individual T-O bond lengths in
aluminosilicates have been well documented. The primary factor is, of course, the (Al,Si) content of the site
(e.g.,Smith, 1954; Smith and Bailey, 1963).A number
ofsecondary factors have also been shown to be significant:
1. T-O bond lengthsare influenced by the (Al,Si) content of the secondtetrahedral site to which the oxygenis
bonded. Si-O - Si bonds are 0.03 A longer than Si-O Al bonds in albites (Phillips and Ribbe, 1973).However,
the fact that ((T-O)) is invariant with QoDdemonstrates
that in 11 feldsparsthis linkage factor is internally compensatedwithin each individual tetrahedron, as it is in
CI albites.

1300-1370 C Samples

660

1.64

Interpretation of T-O bond lengths

"

na-o
Qoo

9 r.72
G

nificant deviations from this overall trend occur for one
high albite with 7.5 molo/oorthoclasecomponent and four
end-member low albites. These suggestthat at the extreme end of the CI solid solution there are some additional factors that perturb the ((T-O)) values.
In the natural 11 samplesequilibrated at low temperatures, there are two notable trends in the (T-O) of individual tetrahedra over the composition range studied.
In the larger Al-rich tetrahedra, all but (Tloz-O) distances decreasecontinuously with increasingalbite content, whereasamong the Si-rich tetrahedrathe Tloo site
exhibits much more expansionthan the other three (Fig.
4). The heatedsamplesshow a distinctly different pattern;
all four Si-rich tetrahedra expand by about the same
amount whereasT2oo exhibits significantly less contraction after heating than do the other three Al-rich sites.
The Tloz site remains the largestin all of the structures,
however.An indication ofwhether thesechangesin (T-O)
are due to changingoccupanyalone, or whether they arise
as a result of secondaryeffects such as changesin averaging within the model or other factors, may be obtained
by detailed examination of trends in individual T-O bond
distancesand the factors that contribute to them.
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Fig. 4. Variation of mean tetrahedral bond lengths, (T-O), with composition and heat treatment. (A, B) Trends in natural
samples.(C, D) Trends in samplesheat treated at l30G-1370 qC. (E, F) Variation of (T-O) with annealing temperature for Val
Pasmedaand Monte Somma samples.Symbols distinguish the different T sitesas follows: tr Tlo, a Tlm, Q T2o, O T2m.

158

ANGEL ET AL.: ANORTHITE-RICH FELDSPARS

TABLET. Regression-analysis
results
Coefficient

42 - (2)l
- (sec(T-O-T))
sec(T-O-T)
4sec(T-O-T)- (sec(T-O-T))l
(T,-O) -

((Tj-O))

trl

28.4
0.0952(34)
0.0168(47)
3.6
-0.0203(24)
I 6
-0.0174(34)
s1
0.2199(604) 3.6

Note; > is the bond-strengthsum from the M cation sites to the oxygen
atom calculatedin the mannerof Wenk and Kroll(1984)and weightedby
the (Na,Ca)occupanciesgiven in the supplementto Table 2. (>) is the
mean of the four values of > over a TOntetrahedron.
Z is a dummy variable,value zero for Si-richtetrahedra,unity for Al-rich
tetrahedra.Thus, for example,the coefficientof ) - (>) is 0.0952 for Si-O
bonds and 0.0952 + 0.0168 : 0.1120 tor Al-O bonds.
The term sec(T-O-T)is the secant of the T-O-T bond angle; (seqT-OT)), the mean of four valuesover a tetrahedron.
(Ti-O) is the mean bond length of the second tetrahedronbondedto the
oxygen atom; ((Tj-O)), the mean o./erthe four neighboringtetrahedra.
I fl is the statistic for testing the null hypothesisthat the corresponding
coefficientis zero. lt follows Student's t distribution.

2. The bonding of extraframeworkcations to the bridging oxygentends to increasethe T-O bond lengths.Brown
et al. (1969) demonstratedthat T-O bond lengthswere
correlatedwith the number of such cations bonded to the
oxygen,and Fleet et al. (1966) demonstrateda dependence
of T-O bond lengthsupon M-O distances.Thesetwo terms
are often combined in a sum to characterizethe total
bond-strengthsum to the oxygen(e.g.,Phillipset al., 1973;
Wenk and Kroll, 1984;Geisingeret al., 1985).
3. An inverse correlation of T-O bond lengths with
T-O-T angleshas been demonstrated in framework silicates(e.g.,Phillips et al., 1973; Wenk and Kroll, 1984;
Geisingeret al., 1985),usuallylinearizedby a function of
the secantof the T-O-T angle.
4. Analysesof fully ordered framework structureshave
also suggestedthat a function of O-T-O angles is also
correlatedwith T-O distances(Geisingeret al., 1985).
Wenk and Kroll (1984) improved the fit of calculated
to observedT-O bond lengths by considering the deviation of individual distancesfrom the mean valuesfor each
tetrahedron in four anorthites (Ann,-An,oo). This approach has the advantageof eliminating the effectsof (Al,
Si)-siteoccupanciesfrom the analysis,whereasPhillips et
al. (1973) had considered anorthite to be fully ordered.
However, becausethey only considered anorthites with
up to 9 molo/oalbite component, Wenk and Kroll (1984)
were able to ignore the linkage factor (factor I in the
previous section) in their analysis. Our more extensive
databaseof 11 structures,including both orderedand partially ordered anorthites with up to 32 molo/oalbite component, allows us to include this factor. Building on the
previous work, we therefore chose the same dependent
variable, (T-O)-(T-O), as Wenk and Kroll (1984) in a
series of regressionanalysesthat were used to evaluate
the significanceofpreviously mentioned factors I through
4 in the refined 11 structures.
Initial analysesof the T-O bond lengths from the 1l

refinementsduplicatedthose of Wenk and Kroll (1984).
When all 640 observationswere treated as a single population, the estimated coemcients are within an esd of
thosefound by Wenk and Kroll (1984).However, as the
results reported in Table 7 demonstrate, the separate
treatment of Al-rich and Si-rich tetrahedra(by the method of dummy variables) in this analysis results in a significant improvement in the fit of the regression.As previously demonstratedby Geisinger et al. (1985), we
therefore conclude that these two populations of T-O
bonds respond differently to both changesin the T-O-T
angle and the bonding of other cations to the bridging
oxygen,with the SiOotetrahedrabeing the lessresponsive
(i.e., stiffer). We then explored two further factors previously reported to be significant. The I G) term of Geisinger et al. (1985)(equivalentto factor 4 previouslymentioned) was found to be insignificant in the presenceof
the other terms, a result we attribute to the small range
of O-T-O anglesarising from averaging in the 1l structures. The significanceofthe linkage factor was explored
by the addition to the analysisofan independentvariable
of the form (Tj-O) - ((Tj-O)), where (T,-O) is the mean
bond length ofthe secondtetrahedron to which the oxygen in question is bonded, and the secondterm is a mean
taken over the four neighboring tetrahedra.It is interesting to note that this last is found to be statistically the
same for both Al and Si tetrahedra, as was suggestedby
the results of MO calculations on HrTrOr clusters
(Geisingeret al., 1985).The magnitudeof the coefficient
is equivalent to an individual T-O - Si bond being
0.30(l) A longer than a T-O - Al bond in the 1l structures. The net result of this analysis is that 840/oof the
deviations of individual T-O bond lengths from (T-O)
values in 1I anorthites can be accountedfor by an equation whose coefrcients are given in Table 7, with the
residualson the order ofthe esd'softhe observedbond
lengths.
The successof this regressionequation in accounting
for the factors that determine variations in T-O bond
lengthscan also be demonstratedby using the coefficients
determined by regressionanalysis to remove the influenceofthe factorsthat affectindividual T-O bond lengths.
ObservedT-O bond lengthswere adjustedby subtracting
the calculatedeffectsof M-O bonding, T-O-T bond angle,
and the occupancyofneighboring tetrahedraas measured
by the (l-O) - ((Tr-O)) term alreadydefined.The adjusted T-O bond lengths show greatly reduced variation
within eachtetrahedron compared to the variation in observed bond lengths. Root-mean-square deviations of
bond lengthsfrom (T-O) values,y4(>l(T-O) - (T-O) l)',
are reducedfrom a rangeof 0.013-0.030A for observed
of 0.002-0.011A lwltn the mabond lengthsto a range_
jority less than 0.006 A) for the adjusted ones. Indeed,
the differencesbetween individual bond lengths within a
tetrahedron are now comparable to the combined esd's
associatedwith the experimental determination of a pair
of individual bond lengths.
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Fig. 5. The variation of adjusted mean tetrahedral bond distances,(T-O)".i, with composition and annealingtemperature. (A,
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temperatures.Symbols as for Fig. 4.

The mean adjusted bond lengths of the tetrahedra,
(T-O)"0r,should reflectthe effectof (Al, Si) site occupancy
alone. It is therefore interesting to compare the trends in
these corrected values with those already noted in the
observed values. First, the grand structure means of the
adjustedbond lengths,((T-O)).ar,are, like the observed
values, invariant with the state of order and appear to
vary linearly with bulk composition of the crystal. A linear regressionyields the relationship
((T-O))"or: 0.0212(12)no.
+ 1.5935(ll).

(3)

It should be noted that the slope of this line is only two
thirds of the slope of the similar analysis of the uncorrected bond lengths(Eqs. I and 2). One third ofthe variation in observedgrand mean bond lengthsin 11 feldspar
structures is therefore attributable to factors other than
variation in (Al,Si) content of the structure. Since the
linkage factor is compensatedinternally within each tetrahedron, this differencemust be due to efects related to
(Ca,Na) substitution.
The variations of (T-O)*, are presentedas a function
of composition in Figure 5. Comparison with the plot of
uncorrected(T-O) values(Fig.4) showsseveralsignificant
differences.In the natural samples, only the T2oo site
shows significant change in size from An,- to Anru; at
more albite-rich compositions,all of the Si-rich sitesshow
a small increasein size, whereasall of the Al-rich sites
show varying degreesof contraction. These are different
trends from those displayed by the uncorrected (T-O),
and they would suggestan initial substitution of Si into
the T2oo tetrahedronalone asthe (Si:Al) ratio is increased
from that in anorthite, followed by a generalincreasein
(Al,Si) disorder beyond Anru. Preferential substitution of
Si for Al on T2 sites has also been inferred from Nr,rn
measurementson thesesame samples(Kirkpatrick et al.,
1987). The idea that increasingalbite component is accommodated within 11 structuresby appropriate (Al,Si)
exchangewithin the "An-like" portions of the plagioclase

structure(e.g.,Tagai et al., 1980;Wenk and Kroll, 1984)
is therefore a simplification.
In the samples annealed at -1300 oC, the difference
between (Tloz-O)"o, and the remaining Al-rich tetrahedra (Fig. 5C) is much lesspronouncedthan in the uncorrected (T-O) values, an effect also apparent in the hightemperature series of Val Pasmeda and Monte Somma
samples (Fig. 5E). This may be attributed to the large
effect,now corrected,that a changein the (Ca,Na) distribution has on the bonding environment of the Oalz oxygen. From the samples annealed at different temperatures, it also appears that the Tloz and T2oo sites are
slightly smaller, and hence less Al-rich, than Tlmo and
T2mz and,that the Tlmz and T2mo sitesare enriched in
Al relative to Tloo andT2oz.
States of order: Qoo
The calibration of (T-O)"a, to give absolute (Al,Si)-site
populations is beset by many of the same problems already noted by those attempting to derive (Al,Si) distributions from observedT-O bond lengths(e.g.,Smith and
Brown, 1988;Harlow and Brown, 1980;Ituoll and Ribbe,
1983). Either the sizesof pure AlOo and pure SiOotetrahedra must be known for the structure type under consideration, or some independentdetermination of (Al,Si)
occupanciesis needed.The only available neutron refinement of an /I feldspar that might give the required information about site occupanciesis that of Tagai et al.
(1980). Unfortunately, in this refinement, the (Al,Si) site
occupancieswere not constrained to correspond to the
known composition; a cation-deficient microprobe analysis gave Anuu, yet the refined site occupanciescorrespond to an overall composition of Anrr.
By contrast, the evaluation of the state of order within
thesefeldsparsonly requires an estimate of the dffirence
in size between a pure Al site and a pure Si site. The
linear dependenceof ((T-O))o on compositionimplies
that there is a linear relationship betweenmean T-O bond
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Trele 8. Order parameters for /1 feldspars
Sample

( ( A l - O ) )- ( ( S i - O ) )

0.124
0118
0 . 11 5
0.11
0.106
0.123
0 . 11 8
o.112
o.112
0.108
0 . 11 9
0.117
0 . 11 5
0.103
0 . 11 5
0.092
0.097
0.065
0.087
0.075

Val Pasmeda
Val Pasmeda/3
Val Pasmeda/8
Val Pasmeda/7
Val Pasmeda/6
Monte Somma
Monte Somma/1
Monte Somma/8
Monte Somma/7
Monte Somma/6
115082a
115082a11
87975a
87975a11
217O4a
21704a11
101377a
101377al1
CrystalBay
Lake Co

ooo

0.92
0.87
0.85
o.82
0.78
0.91
0.87
0.83
0.83
0.80
0.88
o.87
0.85
0.76
0.85
0.68
0.72
0.48
0.6s
0.56

0.92
0.87
0.85
o.82
o.78
o.92
0.88
0.84
0.84
0.81
0.90
0.89
0.90
0.81
0.92
0.73
0.81
0.55
0.75
u,o,

Note: The first value of Qoofor each sample is with respect to O"o : 1
The second value is with resepct to Ooo: 1 for the
for fully ordered An1oo.
maximum possible order at each composition.

lengths adjusted for external influencesand mean (Al,Si)
occupancies.The compositional range from albite to anorthite correspondsto a changein mean occupanciesfrom
Al025si0r5to AloroSioro,so the differencebetweenfully
orderedAl and Si sites,(Al-O)* - (Si-O)*, is four times
the slope of the regressionline, or 0.0848(48;A. fne
adjustmentsto T-O bond lengthscalculatedfrom the parametersderived in the regressionsdescribedabove were
found to be not applicable to CI structures,so the data
for the regressionof ((T-O)),o, versuscompositiononly
spansAnu,to An,-. The precisionin an estimateof (Al-O)*
- (Si-O)* can be improved by using the observation that
the trend in ( (T-O) ) is also linear with composition and
spansthe entire plagioclasesolid solution. (Becauseboth
are linear with composition, the use of observed,rather
than adjusted, bond lengths makes no differenceto final
estimatesof Ooo.) The estimate of (Al-O)* - (Si-O)*
derived from the slope of Eq. 2 is thus 4 x 0.0338 :
0 . 1 3 5 ( 2A
).
A thermodynamic order parameter, Qoo, for (Al, SD
ordering in pure anorthite (An,oo)can be defined in terms
ofactual site occupanciesin the usual way:
0oo:

(Al)o, - (Al).',

(4)

where (Al)^, is the averagefractional occupancyby Al of
the Al-rich sites and (Al)., is the averagefractional occupancyby Al ofthe Si-rich sites(seeCarpenter,1988).
If a linear relationship between (T-O) and site occupancies is assumed,Qoo may be given directly in terms of
the bond lengths:
- ((Si-O11;,
(5)
Qoo: K-'((\AI-O))
where ((Al-O)) is the mean bond length of the four Al-

rich sitesin the 11 structure,((Si-O)) is the mean bond
length of the four Si-rich siteS,and K: (Al-O)* - (Si-O)*
: 0.135 A. Qoo is thus normalized to vary betweenzero
for a Cl structure and unity for a fully ordered 11 crystal.
The effect of composition can be incorporated into the
definition of Qoo in two alternative ways, depending on
how the value for completeorder is normalized.The same
definition as used for pure anorthite, with K: 0.135 A
and observed (T-O) values, gives Qo" with respect to
complete order in An,oocrystals. Crystals with intermediate compositions will have, as their maximum degree
of order, all Si-rich sites fully occupied by Si and the
remaining sites filled by Al + Si, giving Qoo < l. In the
seconddescription, these fully ordered statesmay be renormalized to Qoo: I by making K dependentupon
composition:
1(: 0.0676(1t no).

(6)

(The coefrcientof 0.0676 is merely 2 x 0'0338' so as to
still give K: 0.135 A for An,oo.)Values for Qoo calculated in both ways for the full set of refined structuresare
given in Table 8. Contributions to the uncertainties in
the estimatesof Qoo come from two sources.The esd of
the constant K derived from the esd ofthe slope ofthe
regressionline, amounts to about 0.04Q"", or 0.02 to
0.035 for the values of Qoo in these samples.The contribution from ((Al-O)) and ((Si-O)) is more difficult to
assess,becauseit is not clear how the esd'sofindividual
bond lengthsshould be propagatedinto mean values(see,
for example, the discussionin Hazen and Finger, 1982).
Ifwe assignan esd typical ofindividual T-O bond lengths,
0.005 A, to both ((Al-O)) and ((Si-O)) values,the net
uncertainty in the order parametersis -0.06 Qoo. However, it is clear from examination of the values in Table
8 that the internal consistencyin, for example, the two
seriesof annealedsamples,is of the order of 0.03 Q"".
Three qualitative conclusions may immediately be
drawn from the observed((Al-O)) - ((Si-O)) variations
(Fig. 3) and the Qoo values calculated from them (Table
8). First, the degreeof order clearly diminishes systematically as albite is added in solid solution, both for the
natural crystals and their heat-treated equivalents. The
value of ((Al-O)) - ((Si-O)) extrapolatesto zero, i.e.,
to Qoo: 0, in Figure 3 at compositionsthat are consistent with the position of the CI-II transition line determined experimentally by Carpenter and McConnell
(1984).Second,Val Pasmedaanorthite,with Oo" :0'92,
has some (Al,Si) disorder betweentetrahedral sitesand is
not fully ordered as is commonly assumed(e.g.,Phillips
et al., 1973). Finally, heat treatmentsat I 300'C and above
induce significantdisorder, consistentwith previous crystallographic studies of annealed crystals (Bruno et al.,
19761Facchinelliet al., 1979;Chiai et al., 1984).
Carpenter(1988) has outlined a preliminary thermodynamic description of the CI-II transition. A more rigorous analysis,basedupon the new data set, will be presented elsewhere.For present pulposes, it may be of
interest to compare the estimatesof Qoo from previously
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published refinements(Table I of Carpenter, 1988) with
the values given here (Table 8). The definition of eoo
used by Carpenter (1988) correspondsto the seconddefinition above, namely Qoo: I for maximum order at
eachcomposition.The valuesarebroadly similar but show
numerical discrepancies.
A limitation of the use of a fixed value for (Al-O)* (Si-O)* in describing Qoo is illustrated by estimating the
degreeof order in albite with our value. Following Carpenter (1988), Qoo for ordering under CI symmetry in
albite may be expressedas

vector of the corresponding atom pairs in the true PI
structures. These ellipsoids retain the same orientation
acrossthe entire composition rangethat we have studied.
Whether this implies that all 1I structureshave local PI
symmetry and one observes a space average by X-ray
diffraction, or whether the more albite-rich crystals are
displayinglarge-amplitudevibrational modesthat parallel
the displacementsassociatedwith a I7-PT transition (a
time average),cannot be determined by X-ray diftaction
experiments.
4. The observedmean tetrahedralbond lengths,(T-O),
not reflect (Al,Si) occupanciesalone, but are perturbed
do
(7)
Oo": K-,((T1o-O) (Tlm - O)).
by M-O bonding, T-O-T bond angles,and a linkage factor
With K:0.135 A, Equation7 givesQoo from 0.97 to dependentupon neighboring tetrahedral sites.When cor1.01 for the four low albite structurestabulated by Kroll
rectedfor theseexternalfactors,the sizesofthe tetrahedra
and Ribbe (1983).An independentvalue for Amelia al- show significantly different trends from those associated
bite has been obtained from neutron-diffraction data and with uncorrectedraw (T-O) bond lengths.The previously
is 0.92 + 0.04 (Harlow and Brown, 1980; and seeCar- proposed model of the substitution of Si into, and redispenter, 1988).At the sametime, Qoois 0.05 and 0.07 for tribution of Al within "anorthite-like" portions of the l1
two end-member high albite structures listed by Kroll
structure is thus seento be a simplification arising from
and Ribbe (1983),whereasboth should probably display the interpretation of (T-O) data perturbedby factorsother
Qoo: 0. At high temperature,Qoo definedin the same than (Al,Si) occupancies.
way can appear to vary even though kinetic consider5. The stateof order within the 1I phase,measuredby
ations suggestthat there was insufficient time during ex- Qoo, mN be obtained from the difference between the
periments for reordering to occur (seehigh-temperature mean bond lengths of all of the Al-rich and all of the Sidata of Prewitt et al., 1976, on a high albite). It is clear rich tetrahedra.The resultsindicate that the best-ordered
again,therefore,that while grand-meanvaluesof the bond anorthite still contains some 80/o(Al, Si) disorder.
Iengthsmay vary systematically,the mean values for individual tetrahedra are modified significantly by effects
AcxNowr-nocMENTs
other than (Al,Si) content. In this case,distortions assoX-ray diffraction experimentswere supported by NSF grants EAR86ciated with the C2/m-Cl displacive transition may be a
18649to C. T. Prewitt and L.W.F., by EAR86-18602to C. T. Prewitr,
contributing factor.
and by EAR84-19982 to L.W.F. and R. M. Hazen. R.J.A. gratefully acCoNcr,usroNs
By collecting data from a suite of well-characterized
anorthite-rich plagioclasefeldsparswe have been able to
demonstrate several important trends and reach conclusionsabout the 11 feldsparstructurespreviously obscured
by problems associatedwith interlaboratory comparisons:
l. Careful study of the relationship between various
structure-refinement models for 1I feldspars demonstratesthat the results obtained for bond lengths and angles are model dependent. Comparisons cannot confidently be made between structural parameters obtained
from different models. In particular, previously reported
discontinuities in grand-mean tetrahedral bond lengths,
( (T-O) ), with composition have beenshown to arisefrom
just such a comparison.
2. The large-cationsites occupied by Na and Ca show
a split characterapparently identical to that observed in
averagestructure determinations of PI structures, even
at compositions for which the c and d reflections characteristicofPI symmetry are either very diffuseor absent.
3. The orientation of many of the "thermal ellipsoids"
of the framework atoms in 11 averagestructures of anorthite-rich crystals reflects the orientation of the split
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