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Abstract 

The paper reports results of X-ray and neutron structure refinements of four labradorites 
An 62-An 66 with different geological histories and different superstructures. A rapidly 

quenched crystal collected during the eruption of Surtsey (Iceland) is essentially disordered. 
Labradorite from massive lava flows of Lake County (Oregon) shows b reflections, and two 

metamorphic labradorites from the Central Alps display an intermediate plagioclase struc

ture withe reflections. The average structure (c = 7A) of all four samples converging at R 
factors of 3-6% are virtually identical with well-defined Si/ Al and smeared-out oxygen posi

tions. We interpret this as evidence that the different superstructures consist of periodic stack

ings of similar basic units probably resembling those in IT anorthite but with different stack

ing orders. The main intensity contribution to superstructure reflections comes from 

displacements of oxygens in the superstructures, probably caused by Al-Si ordering. 

Phase relations are illustrated in a hypothetical TTT diagram in which we summarize re

sults from structure refinements, microstructural observations and changes during experimen

tal heating. At high temperature (little undercooling below the critical temperature) ordering 

takes place by a nucleation and growth mechanism which produced IT domains separated by 

curved APB's (antiphase boundaries) (Lake County). At larger undercooling continuous or

dering prevails, giving rise to periodic APB's and satellites in the diffraction pattern. 

Introduction 

Calcic plagioclase shows considerable structural 
variation which is expressed in superstructures and 
documented by reflections which appear in addition 
to the basic reflections present in X-ray diffraction 
patterns of albite (for a review and references see 
Smith, 1974). While the low and high albite struc
tures are fairly well established (e .g. Harlow e t  al . , 
1973; Prewitt e t  al ., 1976; Winter e t  al ., 1977), all su
perstructures of plagioclase, including anorthite, are 
still open to debate. Structural changes in plagioclase 
are on one hand caused by variations in chemical 
composition, while on the other hand they are also a 
function of the history of formation. In this paper we 
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compare ave rage st ruc t ure s  derived from X-ray and 
neutron diffraction data of four specimens with al
most the same chemical composition, An 62-An 66, 
but of different geological origin. We discuss struc
tural features and relate them to microstructural 
characteristics as observed with X-ray and neutron 
film and diffractometer methods and electron micros
copy, hoping to gain further information about the 
geometry and stability of intermediate plagioclase. 

Material 

We chose four specimens of labradorite: two of 
volcanic origin but a different cooling history and 
two from regionally metamorphic marbles and am-
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Table l. Chemical and physical properties of labradorites 

Surtsey Lake County Verzasca 

Weight percent oxides 
s i02 53.23 52. 1 6  52 .  I 
Al z0 3 30.90 30.88 30.2 
CaO 1 3. I I  1 3.71  1 3.08 
NaO 3.51 3. 96 4.08 
KzO .II . 1 2  .07 
Fe203 . 36 . 44 .02 

Formula based on 8 oxygens 
Sl 2. 38 2. 35 2. 37 
AI I. 63 I. 64 1 . 62 
Ca . 63 . 66 .64 
Na . 304 . 35 • 36 
K . 006 . 007 .004 
Fe .014  . 0 17  .001 

Lattice parameters 
8.1 736 (5)2 8. 1 747 (9)2 8. 151 (3)' (�) 

(A) 
(A) 

1 2.8736 (5) 12.8706 (6) 1 2.829 (5) 
7.1 022 (2) 7. 1 0 1 4  (3) 7 .I 03 (4) 

(l (deg) 93.462 (6) 93.461 (5) 93.62 (3) 
s (deg) 1 1 6 . 054 (5) 1 1 6.086 (5) 1 1 6.21 (3) 
y (deg) 90.475 (5) 90.5 1 4  (6) 89. 70 (2) 

Euler angles defining orientation of optical indicatrix 
� (deg) 5 1 .84 44.05 40.56 
0 (deg) 35.2 34.5 33.0 
� (deg) -25.8 - 1 7.5 -1 4.0 
2Vy (deg) 82.0 85. 0  88.0 

S i ssone 

52.0 
3 1 .2 
1 3 . 8  

3 .  39 
.03 
.II 

2. 34 
1 .66 

.67 

. 30 

.002 

.004 

8. 1 52 (4)' 
1 2.834 (6) 
7 . 079 (4) 

93 . 49 (2) 
1 1 6. 1 3  (2) 
90.40 (2) 

1Measured with 8-channel ARL microprobe. 
2Determined with Jagodzinski type Guinier camera by Dr. Kroll, Munster. 
3Determined by automatic centering of 20 reflections on single crystal 

diffractometer. 
4From E. Wenk et al. ( 1 965). 
5From E. Wenk (unpub 1 i sheci). 
6From E. Wenk et al. ( 1 975). Specimen Vz 624 from the same locality. 

phibolites. All samples are chemically homogeneous 
on a microscopic scale. Their composition is close to 
An 65 (Table I). Individual chemical formulas de
rived from microprobe analyses were used as con
straints in the crystal structure refinements. Lattice 
constants and Euler angles defining the orientation of 
the optical indicatrix are listed in Table 1. 

Since the geological history has a crucial influence 
on the development of the superstructures, a brief de
scription of each specimen seems pertinent. 

Surt se y. Large phenocrysts of labradorite were 
ejected during the submarine eruption of Surtsey, 
south of Iceland, in November 1963. Loose crystals 
up to 4 em were collected by Dr. G. Sigvaldson in the 
beach sand of the newly-formed island. First the 
eruption was explosive, and during this phase a tuff 
consisting of translucent sideromelane glass (73%) 
and abundant olivine (7.7%, Fo 80) and labradorite 
crystals (7 .3%, An 66), including the phenocrysts 
used in this study, was deposited (Steinthorsson, 
1965). In May 1964 megacrysts of calcic plagioclase 
began to disappear. Steinthorsson interpreted their 
disappearance as resorption in a magma in which a 
more sodic plagioclase (groundmass plagioclase is 
An 53-56) is stable. We were unable to find much in
formation in the geological literature about the tem
perature evolution of the Surtsey magma prior to 

eruption. Steinthorsson (1972) concluded from the 
composition of coexisting titanomagnetite and hemo
ilmenite that the temperature of equilibration was 
1020°C and the oxygen fugacity log fo, = -11.5. But 
since opaque minerals are relatively late crystalliza
tion products, 1020°C is a lower limit for the temper
ature at which the labradorite megacrysts formed . 
Direct temperature measurements in the extruding 
lava in fall 1964 with thermocouples gave values 
ranging from 1125 to 1180°C (Sigurgeirsson, 1965) . 
We estimate that labradorite crystallized between 
1 100 and 1250°C, close to the liquidus temperature 
( - 1350°C), and was quenched from a temperature 
above 1000°C within a few minutes. 

The megacrysts are chemically very homogeneous 
with no observable zoning. Table 1 gives the results 
of new microprobe analyses which document devia
tions from stoichiometry. In H. R. Wenk and Wilde's 
( 1973) vector representation, the analysis plots at a 
location typical of the substitution of Na by Ca plus 
vacancies, and we assume that the non-stoichiomet
ric composition was attained during crystallization in 
the magma chamber. Optical properties are consis
tent with the high plagioclase series and an An con
tent of 63 percent (E. Wenk e t a/., 1965). 

The preliminary X-ray experiments included a lat
tice-constant determination by Dr. Kroll, Munster, 
using a Jagodzinski-type Guinier camera (Table I) 
and a photographic investigation using both focusing 
and non-focusing techniques. Figures Ia and b show 
strongly exposed X-ray and neutron Okl Weissenberg 
photographs on which diffuse e and c reflections (first 
mentioned by H. R. Wenk, 1966) are observed to
gether with strong and sharp a reflections. e reflec
tions are streaked normal to (0 13) in Ok/ photographs 
and have a spacing of l/30A-•. Note the similarity of 
X-ray and neutron diffractograms. 

Electron diffraction shows similar features (Fig. 2a, 
inset). The material is very homogeneous on sub
microscopic scale also. Locally a low-contrast lamel
lar structure can be imaged with a reflections which 
documents weak structural or chemical hetero
geneities (Fig. 2a). 

L ake Count y. The second sample is from the "sun
stone" north of Plush, Lake County, Oregon. Lab
radorite occurs as large phenocrysts in porphyritic 
basalt with augite, olivine, labradorite (An 60), and 
magnetite. Physical properties of the labradorite 
phenocrysts; which compose about 10% of the rock, 
have been extensively studied by Stewart e t  a/. 
( 1966). Optical properties are in better agreement 
with the low-plagioclase series (Table 1 ). On the 
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basis of lack of zoning Stewart e t  al . conclude that 
the phenocrysts formed in a magma chamber at 
depth under uniform conditions. They estimate a 
crystallization temperature of 1100°C. It seems that 
the primary crystallization may have been similar in 
Surtsey and Lake County labradorite, but that cool
ing in extensive lava flows was considerably slower in 
Lake County. 

Single�crystal photographs show, in addition to a 
reflections, sharp b reflections as reported by Stewart 
e t  a/. and diffuse e and c reflections. Diffuse e reflec
tions can be distinguished from b reflections on the 
basis of intensity differences (Rainey and W enk, 
1978) and streaking. Diffuse streaks in c reflections 
are similar to those in the Surtsey specimen. With the 
electron microscope it is possible to image a domain 
structure with b reflections (Fig. 2b). We interpret the 
curved boundaries as APB's corresponding to those 
which have been observed in lunar anorthite. 

Ve rzasc a. This specimen is a regionally metamor
phic labradorite of the same chemical composition 
from Gordemo, Verzasca Valley (E. Wenk e t  a/., 
1975). While the crystals from Surtsey and Lake 
County grew in a liquid magma, the metamorphic 
one crystallized in the solid state in rocks of sedimen
tary origin during regional metamorphism which 
reached peak temperatures of 620-650°C at the 
sample locality in late Miocene. Cooling was slow 
and extended over many million years. The crystal 
analyzed is extraordinary because it constitutes the 
calcic portion of an andesine (An 38)-labradorite 
(An 63) intergrowth, documenting simultaneous 
crystallization of the two phases. Optical properties 
and lattice constants are those of low plagioclase. 
Single-crystal photographs display sharp e satellites 
with a satellite vector all = 0.080(9), Ilk = 0.031(8), 
Ill = -0.261(10), T = 26.7(.3)A, which is typical of 
calcic labradorites of medium grade (W enk, 1979). 
With electron microscopy e reflections can be used to 
image regular e fringes and curved domain walls 
along which the periodic APB structure is distorted 
(Fig. 2c). c reflections are weaker and more diffuse 
than those of volcanic labradorites. 

Sissone .  A second metamorphic sample Sci 974 is 
from amphibolites in contact with tonalite in the 
high-grade metamorphic Bergell Alps (H. R. W enk 
e t a/., 1977). Wollastonite, spinel, corundum, andalu
site, and sillimanite in associated rocks suggest crys
tallization temperatures between 700 and 900°C. In 
this amphibolite from the border zone of mobiliza
tion, labradorite composition is bimodal. The major 
phase is An 66 with local domains of An 50. X-ray 
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Fig. I. b*c* Weissenberg photographs of Surtsey labradorite. (a) 

X-ray CuKa radiation using graphite monochromator (0001). q, 
57.3 mm. (b) Neutron radiation "A = 1.607A, pyrolytic graphite 

monochromator (000 1). q, 57.3 x 2 rom (Grenoble reactor). 

photographs show sharp e reflections with a satellite 
vector llh = 0.015(5), Ilk= 0.080(7), Ill= -0.109(1 1), 
T = 51.4( 1. 1 )A, which is close to that reported for ig
neous plagioclase of similar composition (Gay, 
1956). Electron microscopy reveals a fringe pattern 
which is, however, fairly irregular. f fringes, imaged 
in darkfield with f and a reflections (Fig. 2d) repre
sent more or less periodic APB's which decompose 
locally by pairwise recombination into b boundaries 
(compare Wenk, 1978b). The periodic structure is 
best preserved in areas which contain defects, reduc
ing the mobility of APB's. 

Experimental techniques 

The refinement of the average structure using only 
a reflections was done with X-ray and neutron dif
fraction data. (For a general appraisal of advantages 
and disadvantages of neutron diffraction, compare 
e .g. Will, 1969.) Neutron diffraction was used for two 
main reasons. Firstly, we were hoping to be able to 
distinguish between AI and Si, whose neutron scat
tering lengths show a greater difference than X-ray 
scattering factors (Table 2). Secondly, we anticipated 
getting better resolution for positional and particu-
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Fig. 2. Microstructural characterization of labradorites, using a JEM l OOC electron microscope at lOOk V accelerating voltage. Attached 

Ok/ SAD's are taken on the same area but not in the same orientation as images. c* is horizontal. Bars in micrographs are lOOOA. (a) 
Surtsey. Fine structures are probably artifacts due to carbon coating and astigmatism. A possible lamellar structure is indicated by ink 
line. Darkfield with a reflection. (b) Lake County. Curved b APB's. Darkfield imaged with b reflection. (c) Verzasca. Periodic APB's 

imaged withe reflections (cfE. Wenk eta/., 1975). The periodic structure is interrupted by curved boundaries. (d) Sissone. Periodic 
antiphase boundaries decomposing into curved b APB's imaged with a and f reflections. The diffraction pattern with e and f satellites is 
taken in a region with periodic APB's. 

larly for thermal parameters because of the angle in
dependence of neutron scattering lengths. Accurate 
thermal parameters are particularly important in av
erage structures, where they do not only express ther-

mal motion but also periodic or nearly periodic dis
placements of the atoms. Neither expectation was 
fulfilled. However, in the Surtsey and Lake County 
samples the agreements between neutron and X-ray 
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Table 2. Comparison of X-ray and neutron scattering factors 

X-ray (fleutra I - �tonic.) 
sin � _ 0 

X 0. 25 0.2 Neu£ron 

Ca 20 0 00 - 19.00 12.9"5 - 12.973 8. 252 - 8. 2q7 . q90 (I 0) 

Na 11.00 - 10.50 7 0 693 - 7 0 631 q,289 - q,287 . 351 (B) 

s i I q,OO - 12.00 8. 852 - 8. 821 6.232 - 6,2q5 0 415 ( 10) 

AI 13.00 - II. 500 8.460 - 3. 490 5.686- 5.6311 0 345 (8) 

8.00 - 9. DO 4. 8oS - 4.839 2.335- 2.3Jq . 578 (II) 

'"Refined from Surtsey diffraction data. Standard deviation of least 
significant digits in parentheses. 

refinements are excellent, which makes us confident 
in the significance of the derived parameters (com
pare Tables 4 and 5) and the reliability of both dif
fraction techniques. 

For the X-ray investigation full data sets of in
tensities were collected using MoKa radiation from a 
graphite monochromator by the w-scan (Surtsey) and 
0-20 scan technique (Lake County, Verzasca, and 
Sissone). An absorption correction (p. = 13.4 em-') 
was applied only to Surtsey (computer program AB

SORB of X-RAY-SYSTEM, J. M. Stewart e t a/., 1970). 
Neutron diffraction data were collected on a four

circle diffractometer at the research reactor FR2 of 
the Kemforschungszentrum Karlsruhe, Germany. 
The approximate flux at the sample position was 6 x 
105 n cm-2 sec-'. With a neutron wavelength of;\. = 
1.0327 A from (3 1 1) planes of a copper mono
chromator, intensities were measured in a w-scan 
mode with variable step sizes according to the resolu
tion curve. 

For Lake County labradorite we also measured in
tensities of b reflecti_ons and for the Verzasca and Sis
sone samples pairs of e reflections, but the refinement 
of the superstructures is not part of this paper. 

Structure refinements were done with full-matrix 
least-squares programs, varying 134 positional, ther
mal, and occupational parameters with all reflections 
of more than 3o intensity. Reflections were weighted 

according to individual standard deviations. Weights 
w = 1/ � were assigned to avoid overweighting of in
tense reflections, where � = A + � + CF� and oc is 
the standard deviation based on counting statistics. 
For neutron data: A= 20, C = 0.001; for Surtsey X
ray data: A = 3, C = 0.001; for Lake County, Ver
zasca, and Sissone X-ray data: A = 0, C = 0.0025. 
Atomic scattering factors were interpolated from the 
table of Cromer and Mann (1968). Program CRYLSQ 

(from X-RAY-SYSTEM, Stewart e t a/., 1970) was used 
in Frankfurt, NUCLS6, a modified version of ORFLS 

(Busing e t a/., 1962), at Berkeley. Surtsey X-ray data 
were refined with both programs, and the results 
were identical. Refinements converged with R factors 
between 3 and 6% (Table 3).' 

In the asymmetric unit of the average structure, 
there are 4 tetrahedral atoms, 8 oxygens, and a large 
cation site occupied by Ca and Na which was split 
into two positions of unequal occupancy. We at
tempted to split oxygen sites following the procedure 
of Toman and Frueh (1973), but the refinement did 
not converge. Effective electrical charges were found 
to be close to one-half of the full ionic charge and 
scattering factors were adjusted accordingly in the re
finement. 

Results 

We notice a great similarity of most parameters in 
these refinements of the average structure of plagio
clase (Tables 4, 5, and 6). Surtsey and Lake County 
labradorites are almost identical, even though the 
former has very diffuse and weak e satellites and the 
latter sharp b reflections in the diffraction pattern. 
Neutron and X-ray refinements of the same samples 
gave identical results, differences being within one 
standard deviation. Despite advantages of angle-in-

'To receive a copy of F0 and Fe tables for all crystals, order 
Document AM-79-118 from the Business Office, Mineralogical 
Society of America, 2000 Florida Avenue, N.W., Washington, 
D.C. 20009. Please remit $1.00 in advance for the microfiche. 

Table 3. Parameters for data collection and structure refinement 

Diffracto meter 
Number independent R-factor R-factor 

Crystal size used 
reflections with unweighted weighted 

IF I > 30 (%) (%) 

Surtsey X-ray 0.27 x 0.34 x 0.2 mm Syntex P21 2610 3.8 4.7 

Surtsey neutron 2.7 x 2.0 x 2.0 mm P32 - FR2 943 4.1 5.5 

Lake County X-ray sphere 0.2 mm Non ius CAD 2306 2.7 3.9 

Lake County neutron 2.0 x 2.0 x 3.0 mm P32 - FR2 744 4. I 6.1 

Verzasca X-ray 0.3 x 0.2 x 0.07 mm Nonius CAD 3 1660 3.2 4. 1 
Sissone X-ray 0.2 X 0. 1 x 0.04 mm Nonius CAD 3 1672 5.0 6.5 



86 WENK ET AL.: STR UCTURE OF LABRADORITE 

Table 4. Atomic coordinates oflabradorites. Estimated error of the least significant digits in parentheses. Refined in space group CT, c = 

7.1A 

Surtsey Surtsey Lake County Lake County Verzasca Sissone 
X-ray Neutron X-ray Neutron X-ray X-ray 

Ca-Na ( 1) x .2665 (3) .2666 (9) .2663 (2) .269 (1) .2679 (2) .2665 (4) 
y .9862 (5) .987 (2) .9834 (1) .975 (1) .9787 (2) .9835 (6) 
z 01649 (7) 0162 (3) 01687 (2) 0176 (1) 01659 (3) 01692 (8) 

Ca-Na (2) x .2723 (2) .2733 (9) .2709 (1) .273 (2) 0 2713 (2) .2701 (3) 
y .0306 (2) .0309 (9) .0300 (1) .032 (1) .0285 (1) .0304 (2) 
z .0952 (4) .095 (2) .0970 (1) .098 (1) 01023 (2) .0956 (5) 

T1 (0) X .00632 (1 0) .0062 (3) .00588 (5) .0053 (6) .00665 (7) .00546 (14) 
y 0 16304 (5) .1632 (1) 016271 (3) 0 1632 (3) 016503 (4) 016279 (8) 
z .21518 (10) .2153 (3) .21481 (6) .2152 (3) .21328 (9) .21484 (15) 

r1 (m) X .00264 (10) .0026 (3) .00275 (5) .0034 (6) .00338 (7) .00267 (14) 
y .81626 (5) .8163 (1) .81645 (3) .8163 (4) 0 81758 (4) .81695 (8) 
z .23099 (1 0) .2306 (3) .23109 (6) .2314 (3) .23205 (9) .23107 (15) 

T2(o) X .68589 (10) .6848 (3) .68425 (5) .6831 (6) .68674 (7) .68370 (13) 
y 0 10882 (5) 0 1088 (1) 0 10878 (3) 01087 (3) 010935 (4) 010883 (8) 
z 0 31775 (11) 0 3177 (3) .31709 (6) .3158 (3) 0 31711 (9) .31609 (15) 

T2(m) X .68100 (10) .6806 (2) .68086 (5) .6796 (6) .68204 (7) .68035 (14) 
y .87870 (5) .8790 (1) .87873 (3) .8786 (3) .87952 (4) .87876 (8) 
z 0 35715 (10) .3571 \3) .35765 (6) .3584 (3) .35720 (9) .35693 (15) 

OA (1) X .0042 (3)· .0039 (2) .0027 (2) .0029 (4) .0033 (2} .0012 (4) 
y 01290 (2) .1290 (1) 01281 (1) 01279 (2) 01303 (1) 0 1274 (2) 
z .9811 (3) .9808 (2) -9796 (2) .9794 (2) .9779 (2) .9783 (4) 

OA (2) X .5798 (3) .5799 (2) -5787 (1) .5794 (4) .5833 (2) 0 5777 (3) 
y .9914 (1) -9912 (1) -9913 (1) .9913 (2) .9932 (1) .9918 (2) 
z .2789 (3) .2786 (2) .2777 (2) .2784 (2) .2788 (2) 0 2765 (2) 

o8(o) X 0 8131 (3) .8130 (2) 0 8121 (2) .8123 (5) .8127 (2) .8100 (4) 
y .1037 ("2) .1036 (1) 0 1033 (1) 01030 (3) .·1o68 (1) 01031 (2) 
z .1886 (4) 0 1892 (3) 01879 (2) 01882 (3) 0 1902 (2) 0 1851 (4) 

08(m) X 0 8156 (3) .8158 (2) .8152 (2) .8160 (5) .8170 (2) .8140 (4) 
y .8532 (2) .8530 (1) .8540 (1) 0 8537 (3) .8527 (1) .8539 (2) 
z .2435 (4) .2444 (3) .2435 (2) .2444 (3) .2466 (3) .2410 (5) 

oc (0) X .0139 (3) .0143 (2) .0141 (2) .0145 (4) .0145 (2) .0141 (4) 
y .2895 (2) .2895 (1) .2892 (1) .2869 (3) .2931 (1) .2893 (2} 
z .2818 (3) .2817 (2) .2830 (2) .2823 (3) .2778 (2) .2821 (4) 

O
C 

(m) X .0125 (3) .0122 (2) .0115 (2) .0117 (5} .0163 (2) .0110 (4) 

y .6869 (2) .6866 (1) .6866 (1) .6868 (3) .6890 (1) .6864 (2) 
z .2133 (3) .2130 (2) .2118 (2) .2126 (3) .2174 (2) .2108 (4) 

00 (0) X 01979 (3) 0 1972 (2) 01976 (2) 0 1974 (4) 01990 (2) 01967 (4) 

y .1073 (2) 01.074 (1) 0 1065 (1) 01065 (2) 01082 (1) 01064 (1) 
z .3822 (3) .3816 (3) .3816 (2) .3822 (3) 0 3850 (2) .3798 (4) 

o0(m) X 01900 (3) 01902 (2) 01906 (2) 01905 (5) 01889 (2) 0 1903 (4) 

y 0 8661 (2) .8660 (1) .8657 (1) .8656 (3) 0 8671 (1) .8662 (2) 
z .4292 (3) 0 4293 (3) 0 4307 (2) .4299 (3) .4314 (2) .4315 (4) 

dependent scattering amplitudes and lack of absorp- cause they have been used to derive the Al-Si distri-
tion uncertainties, standard deviations for all param- bution, assuming a linear relationship between bond-
eters are higher in the case of neutrons, which we lengths and Al-Si occupancy (Ribbe and Gibbs, 
&.ttribute to the fact that a rather large crystal had to 1969; Ribbe e t a/., 1974). In all four samples we find 
be used and the number of measured intensities was that T,(m) = T2(m) = T2(0) and T,(O) is larger, in ac-
much smaller. cordance with previous determinations of sodic 

Atomic positions 
plagioclase (Fig. 3a). There is a larger difference in 
size in the metamorphic crystals, implying that Al 

From atomic positions selected interatomic dis- has a site preference for T,(O), but average bond-
tances and angles (Table 7) were calculated. Of these lengths are nowhere close to those of fully-ordered 
average (T-0) distances are most informative, be- structures (e .g. for low albite: (Al-0) = 1.743A, (Si-
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Table 5. Anisotropic thermal parameters of labradorite (ftx 100). Estimated errors of the least significant digits in parentheses. 
Temperature factors are of the form exp (-(ft11h2 + {J22k

2 
+ {J33f

2 
+ 2{J12hk + 2{J13hl + 2{J23kl)) 

Surtsey Surtsey Lake County Lake County Verzasca Sissone 
X-ray Neutron X-ray Neutron X-ray X-ray 

Ca-Na (1) 1311 . 47 (3) .61 ( 12) .479 (18) . 51 (11) .54 (3) .43 (4) 
13 22 .95 (4) -99 (16) .661 (12) .52 (20) .764 (17) .79 (5) 
13 33 1. 56 (8) 1. 80 (33) 1.01 (3) 1.87 (41) 1. 53 (6) 1. 13 (10) 
1312 -.23 (2) -.24 (7) -. 197 (11) -.10 (8) -. 184 (16) -.24 (3) 
1313 .48 (4) .58 (13) .372 (18) .08 (12) . 49 (3) .45 (5) 
13 23 -.74 (5) -.73 (20) -.447 (15) -.34 (14) -.57 (2) -.62 (6) 

Ca-Na (2) 1311 .34 (2) . 21 (10) .434 (1 0) .so ( 17) .364 (19) .35 (3) 
13 22 .276 (10) . 31 (5) -338 (4) .33 (11) .293 (9) .267 (15) 
13 33 .87 (4) 1.02 (18) .960 (15) 1. 00 (35) 1.00 (4) .70 (5) 
13 12 . 127 (10) . 18 (4) . 115 (5) .35 (17) . 117 (10) . 104 (14) 
f3 13 .11 (2) . 12 (8) .085 (10) -.31 ( 15) .089 (19) . 13 (3) 
f3 23 -. 157 (14) -.04 (7) -.221 (6) -.47 ( 19) -. 172 ( 13) -. 11 (2) 

T l (0) f3 11 .33 (3) .37 (5) . 431 (11) .49 (9) . 342 (15) .52 (3) 
13 22 . 120 (8) . 18 (2) . 164 (4) . 15 (3) . 177 (5) .249 (9) 
13 33 . 42 (3) .77 (6) .498 (15) .68 (11) .44 (2) .40 (3) 
13 12 -.043 (5) -.00 (1) -.043 (3) -.04 (4) -.048 (4) -.039 (9) 
13 13 . 153 ( 15) .25 (4) . 174 (7) -.00 (8) . 140 (10) . 190 ( 19) 
13 23 .022 (5) .04 (2) .035 (3) .03 (5) .046 (5) .065 (9) 

T
1 (m) 1311 .342 ( 14) .42 (5) .365 (7) . 48 (9) .335 (10) .52 (3) 

f3 22 . 126 (4) .20 (2) . 139 (2) .20 (3) .172 (4) .236 (9) 
13 33 .389 ( 1 7) -75 (6) .329 (9) .62 (11) . 347 (16) .35 (3) 
13 12 .090 (5} . 12 (2) . 071 (3) .06 (4) . 121 (4) . 126 (8) 
13 13 . 145 (11) .32 (4) . 121 (6) .03 (8) . 119 (9) . 184 (18) 
13 23 .020 (5) .03 (2) .003 (3) .03 (5) .022 (5) .032 (9) 

T 2 (0) 1311 .30 (3) .34 (5) . 331 (11) . 51 (9) .226 (14) .24 (3) 
13 22 .091 (8) . 15 (1) . 107 (4) 1. 89 (3) .082 (5) . 123 (10) 
f3 33 .62 (3) .89 (6) .491 (15) . 46 (11) . 40 (2) .24 (4) 
13 12 . 024 (5) .05 (2) .016 (3) .02 (4) .033 (4) .055 (8) 
13 13 . 144 (16) .29 (4) . 120 (7) .02 (8) .082 (10) .07 (2) 
13 23 . 013 (5) .02 (2) .000 (3) -.02 (4) .008 (5) -.010 (9) 

T 2 (m ) 13 I I  .25 (3) .32 (5) .331 (11) .47 (9) .263 (14) .39 (3) 
f3 22 .070 (9) . 13 (2) . 113 (4) . 12 (3) . 108 (5) . 191 (9) 
13 33 .49 (4) .95 (7) .508 (15) .59 ( 12) .46 (2) .46 (4) 
13 12 .017 (5) .03 (2) .005 (3) -.05 (4) .019 (4) .034 (8) 
13 13 . 128 (16) .34 (4) . 126 (7) -.03 (8) . 141 (10) . 136 (19) 
i3 23 .043 (5) .06 (2) .049 (3) -.01 (4) .051 (5) .095 (10) 

0) = 1.612A, Harlow e t  a/., 1973; or for anorthite: sey, Lake County, and Sissone follow closely the gen-
(Al-0) = 1.746A and 1.756A, (Si-0) = 1.613 and eral trend, while for V erzasca the difference between 
1.623A, Czank, 1973). This is not due to partial order T 1(0) and the other three sites is slightly larger. 
but to the fact that in the average structure (c = 7A) We tried to refine the Al/Si distribution directly, 
of ordered anorthite Al and Si are superposed, result- based on differences in scattering power. We are at 
ing in an equal distribution of Al and Si over all four the limit of resolution but in most refinements the 
T sites ( (T-0) - 1.685A) (Fig. 3c). Figure 4 is a plot T1(0) site is slightly lighter and therefore preferen-
of ( T -0) distances of average structures of plagio- tially occupied by Al with fewer electrons than Si. 
clase, which shows that the size of the tetrahedra 

The rmal parame te rs does not vary linearly with the An content, implying 
a different Al-Si ordering pattern in chemically in- Anisotropic temperature factors (in Table 5 we list 
termediate plagioclase from end members or in- {1;j) for T atoms are surprisingly small, almost of the 
dicating that the size-occupancy relation is not lin- same magnitude as in refinements of anorthite 
ear. In fact, the size of the Al site in sodic plagioclase (Wainwright and Starkey, 1969). This indicates that 
seems much more sensitive to minor Si substitution in the superstructures of the plagioclases we studied 
than does the size of the Si site to AI substitution, atomic shifts of T atoms from average positions are 
which could be explained by a regular solution minimal. Oxygen atoms, on the other hand, have 
model with Al close to the radius-ratio limits from larger and strongly anisotropic temperature factors in 
tetrahedral coordination being more unstable. Surt- contrast to e .g. low albite. This is illustrated in ORTEP 
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Table 5. (continued) 

Surtsey Surtsey Lake County Lake County Verzasca Sissone 
X-rai: Neutron X-ra:t Neutron X-ra:t X- ray 

OA (I) 1311 I. 14 (4) I. 08 (4) I. 119 (22) I. 19 (7) 1.00 (3) I. 31 (6) 
s 22 .287 (II) .34 (I) .289 (6) .29 (2) .364 (10) .408 (19) 
B 33 .80 (4) I .  14 (5) .645 (23) .60 (9) .85 (4) .so (6) 
1312 . 101 ( 18) . 1 0 (1) .087 (9) .05 (3) .068 ( 13) .07 (3) 
13 13 .58 (4) .7 1 (3) .551 (19) .39 (6) .55 (3) .56 (5) 
13 23 .086 ( 17) .11 (2) .088 (10) . 10 (3) . 132 (15) .05 (3) 

OA (2) 13 11 .43 (3) .47 (3) .495 (16) .49 (6) .so (2) .68 (5) 
13 22 . 146 (9) . 19 (1) . 158 (5) . 19 (2) . 187 (8) .275 (16) 
13 33 .99 (4) ]. 25 (4) .789 (22) 1.04 (9) .79 (4) .63 (6) 
B 12 .017 ( 13) .04 (1) . 010 (7) -.01 (3) -.003 (10) .02 (2) 
1313 .26 (3) .35 (3) . 184 (15) . 17 (6) . 17 (2) .25 (4) 
13 23 .079 (15) .09 ( I )  .060 (8) .02 (3) .079 (12) .06 (2) 

0
6 

(0) 13 II .82 (4) .80 (3) . 853 (20) .go (7) .75 (3) .89 (5) 
13 22 . 192 (10) .26 (I ) .213 (6) .26 (2) .233 (9) .360 (19) 
13 33 1. 47 (5) 1. 72 (5) ]. 321 (29) I. 45 (9) ]. 20 (4) ]. 43 (8) 
1312 -.041 (16) -.03 (I) -. 064 (8) -.06 (3) -.047 ( 11) -.07 (3) 
13 13 .67 (4) .76 (3) .564 (20) .39 (7) .58 (3) .58 (5) 
13 23 -.031 ( 17) -.01 (2) -.047 (I 0) -. 12 (4) -.008 (14) -.02 (3) 

0
6 

(m) 8· 1 1 .82 (4) .80 (3) .868 (22) . 86 (8) .84 (3) .87 (6) 
B 22 .269 (12) .34 (1) .294 (7) . 31 (3) .309 (10) .39 (2) 
B 33 2. 12 (6) 2.36 (5) 2.168 (38) 2.68 (II) 1.91 (5) 2.34 (10) 
s 12 . 081 (17) .11 (I) .054 ( I  0) .06 (3) .070 (13) .08 (3) 
s 13 .79 (4) .97 (4) .743 (24) .59 (8) . 81 (3) .65 (6) 
13 23 -.07 (2) -.04 (2) -. 107 (13) -.10 (4) -.031 (17) -.10 (4) 

OC(O) S 1 1 .72 (4) . 69 (3) . 681 (7) . 71 (7) .67 (3) .76 (5) 
13 22 .242 ( 11) .28 (1) .280 (7) .28 (2) .306 (9) .45 (2) 
s 33 ]. 22 (5) 1.46 (5) 1. 179 (28) ]. 28 (9) ]. 08 (4) 1.02 (7) 
13 12 -.056 ( 16) -.06 (1) -.075 (9) -.08 (3) -.088 (11) -.04 (3) 
1313 .45 (4) . 51 (3) .370 (18) .20 (6) .32 (3) .34 (5) 
s 23 .048 ( 17) .06 (2) .080 ( 11) . 15 {3) .073 (15) . 16 (3) 

OC (m ) 611 .74 (4) .69 (3) .657 ( 18) .86 (7) .75 (3) .84 (5) 
s 22 .244 (11) .29 (1) .269 (6) .39 (2) .325 (10) . 403 (19) 
s 33 .97 (4) ]. 16 (4) .880 (25) ]. 17 (9) .93 (4) . 70 (6) 
13 12 . 181 ( 16) . 16 (1) .117 (8) .17 (3) .238 ( 12) . 19 (2) 
13 13 .21 (3) .27 (3) . 159 (17) .22 (6) . 14 (3) .04 (5) 
13 23 -.02 (2) -.03 (I) -.on (10) -.00 (3) -.085 (14) -. 14 (3) 

0
0 

(0) 811 .70 (4) .69 (3) .729 (18) .74 (7) .71 (3) . 89 (5) 
s 22 .226 (10) .27 (I) . 231 (6) .24 (2) .265 (9) . 328 (19) 
B 33 .86 (4) I .  13 (4) .754 (24) 1.00 (9) .71 (4) .60 (6) 
1312 . 060 ( 15) .06 (1) .027 (8) .05 (3) -.004 (11) .00 (2) 
B 13 . 1 5 (3) .25 (3) .058 ( 17) -. 13 (6) .09 (2) .04 (4) 
s 23 .055 ( 16) .06 (1) .043 (9) . l<i (3) .044 (13) .01 (3) 

o0(m) Sll .75 (4) .72 (3) .810 20) .82 (7) .75 (3) .95 (5) 8 22 .263 ( 11) .32 (I) .301 (7) . 31 (2) .290 (9) . 41 (2) 13 33 ]. 18 (5) ]. 48 (5) . 998 (27) ]. 10 (I 0) .86 (4) .90 (7) 
S12 . 085 ( 17) .07 (1) .070 (9) .07 (3) .044 (12) . 15 (3) 
B 13 -.0 1 (4) . 13 (3) -.055 (18) -.79 (7) .08 (2) -.04 (5) 
S23 -.062 (18) -.05 (2) -. 079 ( 11) -.09 (4) -.045 (14) -.07 (3) 

Spl i t t ing of Cal N a plots in Figure 3, where 98% probability contours are 
drawn. Assuming a real mean amplitude of thermal 
vibration of 0. 12A (B = 1. 1) for oxygen (e .g. low al
bite, Winter e t a/., 1977) then the high apparent tem
perature factors for 08 and 00 atoms (Bu - 2.5) has 
to be explained by actual atomic displacements of at 
least O. lA. Thermal parameters of all four specimens 
are similar. 

We have followed the procedure applied by Ribbe 
e t  al . (1969) to albite and by Czank (1973) to anor
thite to split the Ca/Na atoms, distributing Ca/Na 
unequally over two positions. Positional, thermal, 
and occupational parameters were refined independ
ently and the R factor improved. As Czank (1973) 
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showed for anorthite, splitting persists up to high 
temperatures but occupation of the split positions be
comes more and more similar with increasing tem
perature. He interprets it as a statistical distribution 
of the large cation over two positions of different en
ergy, with preferences determined by the environ
ment (such as the Al/Si distribution in impure anor
thite), rather than a thermal vibration between two 
positions (Quareni and Taylor, 1971). 

Splitting of the Ca/Na site is visible in Fourier 
maps but only if low-order components, which in
clude several very strong reflections, are omitted 
from the summation. Figure 5 shows Fourier maps 
with dhkt < 1.25A for all four samples and documents 
a great similarity of this structural detail. We deter
mine from Fourier maps and direct refinement of oc
cupancies (Table 6) that the Ca/Na (2) peak is pref
erentially occupied over Ca/Na ( 1), which is in 
agreement with Czank's findings. The separation of 
split Ca/Na atoms is about 0.8A in all four structures 
(Table 7) and is very close to that of anorthite, in
dicating that this aspect of the plagioclase structure is 
similar over a wide composition range (e .g. Quareni 
and Taylor, 1971, and Winter e t a/., 1977, find it even 
in low albite; and Prewitt e t a/., 1976, document it in 
high albite), and in crystals with different thermal 
histories. 

Ext inc t ion c oe ffic ie nt 

At the last stages of the refinements, relatively 
large extinctions of strong low-angle reflections were 
encountered in the volcanic samples, and an isotropic 
correction for secondary extinction was carried out 
(Zachariasen, 1968). Values for extinction coeffi
cients of Surtsey [. 156(3) x 10-5] and Lake County 
[0.80(4) x IQ-5] are rather large, indicating a high 
perfection of the volcanic crystals, while metamor
phic crystals showed low extinction (<10-7). 

Discussion 

Ave rage st ruc t ure 

In this paper we will discuss average structures and 
atomic parameters that have been derived from main 
reflections only (type a). All information is contained 
in a c = 7 A unit cell with space-group symmetry CT. 
The presence of superstructure reflections in the dif
fraction pattern (b and e type) indicates that this is 
not the true structure. Physically the average struc
ture is best visualized as a projection of the larger 

Table 6. Occupancies of Ca-N a positions 

Electron density 

Refined occupancies 
of Ca-Na (213 
peak in e $. 

Ca-Na (I) Ca-N a (2) (com� are Fi sure 5) 

Surtsey . 447 (9) .553 38 

Lake County . 366 (2) .634 47 

Verzasca . 486 (2) .514 43 

Sissone . 438 (I 0) .561 41 

unit cell of the true structure into the unit cell of al
bite. This means that corresponding atoms with 
slight atomic shifts in the true structure appear in the 
average structure as partially occupied sites, very 
close to each other. If they are far enough separated, 
their positions can be refined as split atoms such as 
Ca/N a in our refinement. Alternatively an average 
site may be calculated and displacements are in
tegrated in an apparent temperature factor which is 
generally larger than that of the true structure. In or
der to deconvolute the average structure, one has to 
use the intensities of superreflections. 

The superstructure of plagioclase with b reflections 
(body-centered anorthite) is well established (e .g . 
Fleet e t a/., 1966; Czank, 1973; Berking, 1976; Tagai 
e t  a/., 1978). For intermediate plagioclase with e re
flections, several more or less quantitative models 
have been proposed, which all differ in important re
spects and emphasize either Ca/Na or Al/Si order, 
or wavelike or discrete periodic atomic displacements 
(Kitamura and Morimoto, 1977; Korekawa e t  a/., 
1978; Toman and Frueh, 1976). In this paper we do 
not discuss detailed atomic arrangements in the su
perstructures, but wish to see how results from aver
age structure determinations constrain models for the 
true structure of labradorites. 

The principal conclusion is that all four average 
structures are very similar, even though Verzasca and 
Sissone have sharp e satellites, Lake County has b re
flections, and Surtsey is highly disordered. This 
seems to imply that all crystals are composed of simi
lar structural units, and differences are mainly due to 
the stacking of these units. In intermediate plagio
clase (e plagioclase) they are stacked in a long-range 
periodic pattern with antiphase relationships which 
are expressed in extinctions in the satellite diffraction 
pattern (Korekawa, 1967). In b plagioclase units al
ternate regularly along the z axis, causing a doubling 
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Labradorite Surtsey Anorthite 

Fig. 3. Comparison of the average structure of Surtsey labradorite with the structures of low albite and anorthite. ORTEP plots with 
98% probability contours of the vicinity of the xzo plane are shown. (a) Albite from Wainwright in Smith (1974, p. 86). (b) Surtsey. (c) 

Anorthite from Wainwright and Starkey (1971). 

of c. The relative displacement between units is l/2 
[001] (which is equal to l/2 [110] in space group /I; 
compare Muller e t  a/., 1973). In disordered plagio
clase distribution of the units is random and neither e 
nor b reflections are observed. (Very weak and dif
fuse c and e reflections are present on strongly-ex
posed photographs of Surtsey, indicating that even 
this rapidly-quenched volcanic crystal shows at least 
short-range order.) 

A second feature of all refinements is that temper
ature factors for tetrahedral sites are of the same 
magnitude (Fig. 3b) as those observed in albite (Fig. 
3a) and anorthite (Fig. 3c). Averaging does not smear 
out atomic positions of Al and Si and displacements 
in the true structure from average atomic positions 
are minimal. This is different for oxygens, particu
larly 08(m), 08(0), 00(m), and 00(0), which have 
much larger and more strongly anisotropic temper
ature factors than equivalent atoms in the resolved 
albite and anorthite structures, and must therefore be 
due to displacements and not anisotropic thermal vi
bration. The oxygen displacements in the average 
structures are plausible by comparison with the anor
thite structure (Fig. 3c, from Wainwright and 
Starkey, 1971 ), with distorted chains of tetrahedra 
extending parallel to x. Anisotropic temperature fac
tors for Surtsey are identical to those of the other 

samples which show a well-developed superstructure. 
This implies that this rapidly-quenched crystal with 
essentially only a reflections has not a low or high al
bite structure. Rather Surtsey is composed of the 
same structural units as the others, except that stack
ing is random. The sharp split of the Ca/Na position 
in all four samples, including e plagioclase, is evi
dence for stacking of units with discrete dis
placements rather than a sinusoidal variation (e .g. 
Fig. 4 in Kitamura and Morimoto, 1977). 

A third striking observation is that intensities of b 
and e reflections are similar in X-ray and neutron 
diffraction photographs (Fig. 1), even though scatter
ing powers of atoms are different (Table 2). This sup
ports a model with atomic displacements rather than 
occupational differences. 

Another structure with periodic stacking is ferroe
lectric NaN02• Bohm (1977) has used this example to 
extend the satellite theory of Korekawa ( 1967), 
which is mainly concerned with transverse and longi
tudinal displacement and density waves, to include 
periodic stacking, and was able to explain intensity 
variations with glancing angle. In general, several or
ders of satellites are expected at medium and high 
glancing angles if a modulated structure contains pe
riodic atomic displacements. Higher orders have not 
been observed in NaN02, nor in intermediate plagio-
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clase, where the main superstructure intensity is com
ing from only one pair of satellites (e reflections). (In 
some calcic labradorites and bytownites additional f 
reflections are present, satellitic about a positions.) 

We have noted above that average structures of 
labradorite are very suggestive of stacking of two 
structural elements, both -7 A. These structural ele
ments are similar but differ in Al/Si arrangements, 
displacements of oxygen atoms, and possibly occupa
tion and position of Ca/Na. As in NaN02, A and B 
are both acentric and related to each other by a cen
ter of symmetry (compare Fig. 3c). A combination of 
these elements in /I symmetry (c = 14A) with A on 
0,0,0 and 1/2,lh,1h and B on 0,0,1/2 and lf2,lh,O (Fig. 6a) 
produces the superstructure of body-centered plagio
clase with b reflections (Tagai et a/., 1978). 

For labradorite with e reflections the same ele
ments may build the superstructure in a periodic 
antiphase pattern with less-ordered transition zones 

A2�· · . .  l ""' ·· . 

I '\(OJ 

T- 0 distances 
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Fig. 4. Plot of average T -0 distances of average plagioclase 
structures vs. composition. [Samples plotted include Wainwright 
and Starkey, 197 1  (k); Berking, 1976 (j); Fleet et al., 1966 (i); Klein 
and Korekawa, 1976 (g); Phillips et al., 197 1 (c, d); Prewitt et al., 

1976 (b); and Winter et al., 1977 (a), in addition to the four new 
refinements and unpublished data of three metamorphic 
plagioclases (e, f, h).] 

at the domain boundaries (Fig. 6b; Korekawa et a/., 

1978). In this model orientation and spacing of the 
periodic APB's are a function of the extent of or
dered bands relative to disordered zones which sepa
rate them. The average structure does not allow ex
traction of quantitative details about the atomic 
distribution in the superstructures, but we may imply 
further information from the microstructure of the 
four samples, their geological history, and some addi
tional heating experiments. 

Microstructure 

All four samples appear to be chemically homoge
neous. Apart from minor local lamellar structures in 

Table 7. Ca-Na(l)-Ca-Na(2) and T-0 bond lengths (in A) and 
tetrahedral bond angles (in °) taken from X-ray refinements. 

Ca·Na ( l )  • Ca ·Na (2)  

T 1 (0 )  • OA ( I )  
OB (0) 
oc (0) 
00 (0)  

Average 

T 
I (0) ATB 

ATC 
ATO 
BTC 
BTO 
CTO 

T I (m) • OA ( I )  
O B (m) 
OC (m) 
00 (m) 

Ave rage 

r
1 
(m) ATB 

ATC 
ATO 
BTC 
BTD 
CTD 

T2 (0) - OA (2) 
OB (0) 
OC (m) 
OD (m) 

Average 

T 
2 (0) ATB 

ATC 
ATD 
BTC 
BTD 
CTD 

T2 (m) • OA (2)  
OB (m) 
oc (0) 
00 (0) 

Ave rage 

T 
2 (m) ATB 

ATC 
ATD 
BTC 
BTD 
CTD 

T I ·OA ( I )·T I  
T2-0A (2) ·T2 
T I -OB (O) -T2 
T I ·OB (m)-T2 
T I ·OC (O)-T2 
T I · OC (m)·T2 
TI -OD (O) -T2 
TI ·OO (m) ·T2 

Estimated error in parentheses 

Surtsey 

. 793 ( 5 )  

I . 686 ( 2 )  
I . 678 (2 )  
I .  661 (2 )  
1 . 693 (2 )  

1 . 680 

I 0 1 . 6  ( I )  
1 1 7 .  I ( I )  
1 0 1 . 5  ( I )  
I l l  . 8  ( I )  
1 1 3 . 9  ( I )  
1 1 0 . 5  ( I )  

I .  680 (2) 
1 . 642 (3) 
1 . 668 (2)  
1 . 649 (2)  

I .  660 

104 .  I ( I )  
1 1 2 . 8  ( I )  
l O S .  0 ( I )  
1 1 1 . 9 ( I )  
1 1 3 . 2  ( I )  
1 09 . 6  ( I )  

I. 679 (2)  
I .  668 (2) 
1 . 656 (2) 
1 . 6ltO ( 2 )  

1 . 661 

1 0 7 . 4  ( I )  
I 02 . 8  ( I )  
1 08 . 6  ( I )  
1 1 2 . 3  ( I )  
i l l .  2 ( I )  
I I lt .  0 ( 1 )  

1 . 697 (2)  
1 . 650 (3) 
1 . 652 (2)  
1 . 669 (2 )  

1 . 662 

1 09 . 4  ( I )  
1 05 . 7  (I) 
1 0 7 . 4  ( I )  
i l l .  I ( I )  
l i O . lt ( I )  
1 1 2 . 6  ( 1 )  

1 40 .  1 ( 1 )  
1 2 6 . 3  ( I )  
1 36 . 2  ( I )  
1 56 .  I ( 2 )  
1 3 1 .  1 (I) 
1 3 1  . 6  ( I )  
1 33 . 2  ( I )  
1 5 0 . 6  ( 2 )  

Lake County Verzasca S i ssone 

. 82 1  ( 2 )  

1 . 692 ( I )  
I .  679 ( I )  
I .  662 ( 1 )  
1 . 697 ( I )  
1 . 683 

1 0 1 . 27 (6)  
1 1 7 . 56 (6)  
1 0 1 . 30 (6)  
1 1 1 . 89 (6) 
1 1 3 . 89 (6)  
1 1 0 . 40 (6) 

I .  680 ( I )  
1 . 649 ( I )  
1 . 673 ( I )  
1 . 652 ( I )  
I . 664 

1 04 .  1 2  (7)  
1 1 2 .8 8  (6)  
104.87 (6) 
1 1 2 , 03 (6) 
1 1 3 .  1 2  (6) 
1 09 . 55 (6) 

1 . 680 ( I )  
I . 666 ( I )  
I . 656 ( I )  
1 . 635 ( I )  
I . 660 

I 07.24  (5)  
1 0 2 . 6 1  ( 6 )  
1 0 8 . 89 (6) 
1 1 2 . 2lt (6)  
I l l .  1 8  ( 7 )  
l i lt . 07 (6) 

I .  680 ( I )  
I .650 ( I )  
I .  652 ( I )  
I . 670 ( I )  

1 . 663 

1 0 8 . 9 1  (7) 
1 0 5 . 66 (6) 
1 0 7 . 52 (5)  
1 1 1 . 2 9  ( 7 )  
I I O . lt9 ( 7 )  
1 1 2 . 73 (6) 

1 39 . 63 ( 1 0) 
1 25 . 95 (9) 
1 35 - 98 ( 1 0 )  
1 55 . 8 1  ( 1 0) 
1 3 1  . 36 ( 1 0) 
1 3 1 .  13 ( 1 0 )  
1 3 1  . 86 ( 1 0 )  
1 5 1  . 06 ( 1 0 )  

. 8 1 3  

1 . 691 
1 . 689 
1 . 67 1  
I .  700 

1 . 688 

I 02. I 0 
1 1 6 . 50 
1 0 2 . 68 
I l l .  93 
1 1 2 . 94 
1 1  o. 2lt 

I. 652 
1 . 627 
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1 . 638 
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1 . 667 
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1 . 634 
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( 7 )  . 828 (9 )  
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(8) 1 0 8 . 7  ( 1 )  
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(I 0) 1 39 . 2  (2)  
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( 1 0) 1 5 1 . 3  (2) 
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SURTSEY LAKE COUNTY 

VERZASCA SISSONE 

I ll  
Fig. 5 .  Four F(obs) maps of the Ca-Na peak. Reflections with d 

> 1.25A are omitted from the summation to increase resolution. yz 
section at x = 0.27. (Compare Table 6). 

Surtsey (Fig. 2) and Verzasca (E. Wenk. et a/., 1975, 
their Fig. 6c), there is no evidence for chemical heter
ogeneity. The a reflections in X-ray diffraction pat
terns dbtained with focusing Laue technique are 
sharp and not split. This is in contrast to "schiller" 

a 

b [00/J,.z 

Fig. 6. Schematic models for the superstructure of labradorites 

as different stackings of units A and B. (a) Body-centered 

plagioclase (Tagai et a/., 1978). (b) Intermediate plagioclase An-so 
(K.orekawa et a/., 1978). 

labradorites An 50-60 and bytownites An 70-85 
which show chemical exsolution (e.g. Cliff et al., 
1976). There are structural homogeneities, though: we 
described antiphase domains in Lake County sam
ples which probably formed during cooling. There 
are similar boundaries in the Verzasca crystal (Fig. 
2e). The presence of two structures in the Lake 
County sample is documented by a diffraction pat
tern with sharp b and diffuse e reflections (Rainey 
and Wenk, 1978, their Fig. 4b). 

In solid solutions either exsolution or ordering will 
occur, depending on whether repulsive or attractive 
forces dominate between unlike atoms. In plagioclase 
with two coupled substitutions both processes take 
place, but the four labradorite samples described 
here appear to be chemically homogeneous represen
tatives from the region between the B0ggild and Hut
tenlocher exsolution gaps in the phase diagram (com
pare e.g. Fig. 3 in Wenk, 1979). 

Ordering can take place by different mechanisms. 
It may start at nuclei and proceed by growth of or
dered domains. Microstructures which are the result 
of such a mechanism are often characterized by 
curved APB's like those observed in Lake County 
crystals (Fig. 2b). Alternatively, at larger under
cooling below the critical ordering temperature, or-

D is ordere d 

0 A 
1 1 1 1 1 1 1 1  
I I I I I 1 I 

8 . • •  

-
0 

-t X 

S pinodal Ordering Continuous Ordering 

lb JYIYIYl1T lc 

APB 
I I I I I I I I I I I 2b 2c 
I i I 

: I :  
: I : 
I -- --o, I 1/2 Ap 

Fig. 7. Schematic diagram illustrating homogeneous ordering of 

two atomic species A and B in a one-dimensional crystal by a 

spinodal mechanism (b) with formation of a superstructure with 
as and continuous order (c) resulting in periodic APB's. 

Horizontal axis x is a crystal coordinate. Vertical axes give 

amounts of A (solid) and B (dashed) in each site. 
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dering may take place homogeneously throughout 
the crystal. 

De Fontaine ( 1975) distinguishes between two 
modes of homogeneous ordering which are illus
trated schematically in Figure 7. In spinodal ordering 

the new site distribution in the superstructure is at
tained gradually as the transformation proceeds. Or
dering generally results in a superstructure with a de
crease in symmetry-such as in Figure 7--or a 
doubling of the unit cell. In continuous ordering a 
large wavelength compositional modulation is con
voluted with the short wavelength of ordering. This 
latter mechanism produces modulated structures 
with periodic APB's. 

The thermal history of samples and accompanying 
structural changes can be traced in a time-temper
ature-transformation diagram (TIT) which has been 
used to illustrate chemical decompositions of geolog
ical samples (e.g. Champness and Lorimer, 1976). 
The analogy to ordering is not strictly applicable. 
Structures in the regions labeled "nucleation and 
growth" and "continuous ordering" could be differ
ent. Volcanic samples with b reflections may only 
have a short-range ordered Al/Si distribution adjust
ing for non-stoichiometry in a random pattern. 

The very schematic and empirical diagram in Fig
ure 8 shows fields for heterogeneous (or possibly ho
mogeneousl_ nucleation of an ordered equilibrium 
structure (11 structure with b reflections) and for con
tinuous ordering at conditions of undercooling (inter
mediate plagioclase with e reflections). Beginning 
and end of the ordering reaction are indicated. In the 
case of nucleation and growth the end product is a 
pattern of ordered domains separated by APB's. In 
continuous ordering a modulated structure forms 
which decomposes during prolonged annealing by 
pairwise recombination of APB's. Changes in micro
structure and particularly the high mobility of 
h[OO l]APB's are further elaborated by Wenk and 
Nakajima (1979), who document a whole range of 
transitions between e and b plagioclase simply due to 
different arrangements of APB's. Temperatures in 
Figure 8 are rough estimates, and the time coordinate 
is based on empirical observations. 

Surtsey labradorite (Su) was rapidly quenched 
from temperatures close to the solidus. The cooling 
path barely passes through the "continuous" nose 
and leaves it again before ordering in a periodic pat
tern is complete. Lake County (LC) cooled more 
slowly, allowing nucleation of ordered Jl domains. A 
small volume fraction is still disordered when the 
curve passes through the field of continous ordering, 

T .------------------------------, 

120 

40 

An 6 6  

Solidus ------------------1 

' 
\ 

H1gh Plogloclose C T 

HETEROGENEOUS NUCLEAT� :�:In 

T i me 

Fig. 8. Empirical TIT (time-temperature-transformation) 

diagram illustrating cooling histories and microstructural changes 

in various An 66 labradorites. 

giving rise to additional weak e reflections. The two 
metamorphic samples Verzasca (Vz) and Sissone (Si) 
crystallized at low temperature and cooled very 
slowly, forming fully-ordered periodic structures. Sis
sone, the higher-grade plagioclase, attains a larger 
wavelength (51A) than Verzasca (27 A) and decom
poses partially by recombination of e APB's to b 
plagioclase. 

We have done heating experiments which seem to 
conform with such a model (see also Tagai et al., 

1977). Heating Lake County crystals in a furnace at 
1180°C for I week erases b reflections and b APB's 
(Fig. 9b). Our model leaves two alternatives. Either 
heating produces true disordering of Si and Al on tet
rahedral sites or it merely causes a random stacking 
of still-ordered units. We prefer the latter ex
planation unless crystals are heated very close to the 
melting point. Such a mechanism requires only mo
bility of antiphase boundaries rather than structural 
rearrangements, which is in better agreement with 
observed changes during cooling. Consecutive slow 
cooling to 900°C at 25°C per day produced b reflec
tions again, and darkfield images show a micro
structure with small ordered domains (Fig. 9c). All 
these experiments were in the field of IT structures. 
Hydrothermal annealing of Surtsey at 870°C pro
duces sharp e satellites (Wenk, 1978a), while after 
longer annealing at 900°C e reflections are replaced 
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Fig. 9. Changes in microstructure of Lake County labradorite after heating (compare also Tagai el al., 1977). Darkfield photographs 
taken with b reflections (a) APB's in untreated crystals. (b) APB's disappear and b reflections become extremely weak and diffuse after 
heating at l200°C for I week. (c) Upon slow cooling to 900°C at 25°C per day b reflections appear again and small ordered domains 
become visible. 

by b reflections (McConnell, 1974). The upper 
boundary of the field for continuous ordering is esti
mated to be around 900-950°C. The geological his
tory of a sample which established the state of order 
has a decisive influence on changes during heat treat
ment, and results presented here cannot be general
ized and applied to other labradorites. 

c reflections 

A last point to mention is the presence of diffuse c 
reflections in volcanic labradorite. Streaking is most 
pronounced parallel to b*, but more exactly intensity 
is distributed in a disk normal to [001]. [001] is the 
important direction in the plagioclase structure, 
along which chains of 4-fold tetrahedral rings extend. 
In anorthite this is the direction of antiphase Al-Si 
stacking. We interpret these streaks as due to faults 
with a displacement vector 'h[l l l] and a fault plane 
(010) but a poor periodicity. It is interesting that c re
flections are weaker in metamorphic than in volcanic 
labradorite. 

The ideas presented here, which attempt to synthe
size evidence from both structural and physical fea
tures of labradorite plagioclase, are speculative and 
need to be corroborated further by experimental in
vestigations of stability relations and also com
parative refinements of both average and super
structures of heat-treated crystals. We hope that we 

can provoke other feldspar researchers to participate 
in this fascinating endeavor. 
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