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ABSTRACT

Medium to calcic plagioclase feldspars formed in slags within a large boiler were shown
by x-ray powder diffraction patterns to possess structural states comparable to those of
volcanic plagioclase. The positions of the optical indicatrix axes in a number of twinned in-
dividuals were measured on a universal stage. The angular distances between correspond-
ing optical vectors in subindividuals twinned according to various laws are given, and the
orientation of the indicatrix in some of the twinned plagioclases is shown in stereographic
projection. Comparison of these data with published figures and migration curves shows
correspondence of the indicatrix orientations in the medium plagioclases (up to Ang;) with
the “high-temperature’ curves; for the more calcic plagioclases from the slags, departures
from these curves are evident, particularly with regard to the position of the Y indicatrix
axes. Further measurements are desirable on twinned calcic plagioclase formed at controlled
temperatures.

INTRODUCTION

This investigation forms part of a study of the behavior of the inor-
ganic constituents of the clay- and FeSs-rich brown coal from Leigh
Creek (South Australia) when this fuel is burnt in pulverized-fuel
boilers.

The major mineral in slags formed on the furnace walls is the plagio-
clase which forms the subject of this paper; other constituents are brown
glass, fayalitic olivine, a clinopyroxene, quartz, magnetite and ilmenite.

The material studied consisted of two large samples (A and B) of
furnace slag, formed during different runs, and of two smaller samples (C
and D) taken during a boiler trial.! Plagioclase phenocrysts of a basalt
(K-AU-18) from Mt. Kaputar, Nandewar Range, New South Wales,
were studied for purposes of comparison.

This paper presents information on the variation with composition of
the optical orientation of plagioclases from these furnace slags in the
light of published migration curves, as well as on their twinning. Data
on the “thermal state” of the plagioclases were obtained from the x-ray
powder diffraction patterns (after Smith and Yoder, 1956 and Smith and
Gay, 1958).

Kohler (1941, 1942) showed that the orientation of the optical indica-
trix in plagioclase feldspars from volcanic rocks diverged from that of the
“low-temperature’” plagioclases of the same composition, on which the

1 The reference numbers of these samples at the Division of Coal Research, CSIRO, are
as follows: A, 15752; B, 17753; C, 18668; and D, 18669.
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determinative curves of Reinhard and others were based. Since then,
separate migration curves for the optical orientation in “high-tempera-
ture” plagioclases—covering part or the whole of the intermediate-calcic
composition range—have been constructed by Tertsch (1942), Van der
Kaaden (1951), Burri (1956), Slemmons (1962a), and others, most of
them dealing with plagioclase from natural rocks only. Plagioclase with
optics transitional between these two series has been studied by Muir
(1955) and others. These differences in optical orientation between pla-
gioclases of similar chemical compositions have been shown to reflect
order-disorder effects in the structure of the plagioclase (see, for example,
Gay, 1954, 1956; Gay and Bown, 1956; J. V. Smith and Gay, 1958; J. R.
Smith and Yoder, 1956; Slemmons, 1962b).

COMPOSITION OF THE PLAGIOCLASE

The plagioclase in the slags occurs as well-developed plates up to 1 mm
but generally less than 300 p in diameter. Normal zoning is particularly
evident in the larger crystals; the composition of the smaller crystals cor-
responds to that of the sodic rims of the larger. Intergrowth with magne-
tite, and association with glass and quartz, preclude concentration of the
feldspar in a reasonably pure and representative form for chemical analy-
sis. Phenocryst plagioclase from the basalt K-AU-18, concentrated by
hand picking and magnetic separation, has been analyzed chemically.
After correction for impurities (augite) a composition of about 54 mol %,
An is indicated.

The refractive indices of this plagioclase indicate a similar composition.
These and the highest and lowest refractive indices measured in the
plagioclase from each of the slags (A, B, and C), as well as the composi-
tions using the determinative curves of Chayes (1952) and J. R. Smith
(1958), are given in Table 1. The measurements, carried out by the im-
mersion method in sodium light, are believed to be accurate to within
+0.001.

In view of the proportion of small sodic crystals, and of the width of
the sodic rims about the larger crystals, the average plagioclases in A, B,
and C are estimated to have compositions of Ang 5o, Ang 7, and about
Any, respectively.

An attempt was also made to determine the average composition of the
plagioclase using the infrared spectroscopic method of Thompson and
Wadsworth (1957). Four mg of each of the powders used for x-ray diffrac-
tion (see below) was dispersed in 200-mg K Cl disks and run on a Perkin-
Elmer Model 521 grating infrared spectrophotometer. Most of the sam-
ples showed no marked absorption band in the 15.4-16.2 u region, possi-
bly owing to an insufficiently high concentration of the plagioclase. How-
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ever, even in the relatively pure samples of plagioclase from K-AU-18
and the HCl-extracted portion 3 of Sample A the symmetry vibrational
mode was found to be insufficiently sharp for accurate localization
within the narrow range 15.95 u (for Any) to 16.16 u (for Anye), although
a double-expanded wavelength scale was used. From the results one can-
not conclude more than that the average compositions are distinctly
more calcic than Any,.

STRUCTURAL OR “TEMPERATURE’ STATE OF THE PLAGIOCLASE

J. V. Smith and Yoder (1956) have shown that the angular reflection
separations 26(131) —26(220) and 26(131)—26(131) in the x-ray powder

TasLE 1. REFRACTIVE INDICES AND COMPOSITIONS OF THE PLAGIOCLASES STUDIED

(Na LicHT)
| An-content
Sample o 3 | Y (mol. %)
— -— | e — —

K-AU-18 1.557 I 1.560 1.564 52-55
A min. 1.550 1.55¢ | 1.559 42-44
A max. 1.556 1.560 | 1.565 53-55
B min. 1.562 1.566 1.571 06468
B max. 1.569 | 1.576 | 1.581 82-86
C min. 1.564 1.568 1.572 68-71
C max. 1 1 1

.566 | 570 | .575 72-76

diffraction patterns of plagioclases give an estimate of the structural
state in the range An, to about Ang. Smith and Gay (1958) proposed the
use of the difference between these separations, i.e., 26(131)4-26(220)
—46(131), and of the reflection separation 26(111) —26(201). The former
varies more, and thus gives a more reliable indication of structural change
in the range Any to Anyo; the latter provides a better estimate in the
range Anyo— Anip. The above reflection positions were measured on a
Philips diffractometer using Cu-Ka radiation. Divergent and scatter
slits were 1°, receiving slit 0.1 mm, scan speed $°/min, and chart speed
8 cm/°26. In some cases greater accuracy was achieved using a decade
counter at settings 0.02°26 apart.

X-ray diffraction patterns were taken from two different samples of
the phenocryst plagioclase from K-AU-18, and from concentrates of
plagioclase of Slags A and B obtained by float-sink in bromoform, mag-
netic separation, and a combination of these methods; treatment with
SN HCI for several hours was applied in preparing one concentrate
(A/3). The angular separations obtained are given in Table 2.
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On the basis of the average composition of Any the average values for
the separations of the phenocryst plagioclase from K-AU-18 indicate a
“high-temperature” form, corresponding to the dry synthetic to volcanic
plagioclase of Smith and Yoder (1956) and Smith and Gay (1958).

The values for the plagioclases of the two slags show more agreement
with the curves for volcanic feldspars than with those for plagioclases
synthesized in the dry way, i.e. they are not in the “maximum high-tem-
perature” state. This reflects: (1) the fact that the slag plagioclase was

TABLE 2. ANGULAR SEPARATIONS FOR THE PLAGIOCLASE ["ELDSPARS

L 2e01T1) 20(131) 26(131) 26(131)+26(220)

Sample/conc. I —26(201) —26(220) —20(131) —46(131)
K-AU-18/1 | 0.83,0.82 1.07,1.08 2.03,2.03 0.96,0.95
K-AU-18/2 0.84,0.83 1.06.1.06 1.96,1.97 0.90.0.91

A/l [ 0.85 1.23 1.90 0.68

A/2 0.88,0.87 1.17,1.18 1.85 0.68

A/3 0.87.0.87 1.21,1.20 1.85,1.84 0.64,0.64

B/1 0.77,0.79 1.02,1.04 2.02 0.99

B/2 0.79,0.79 1.06,1.05 = -

B/2a 0.78,0.77 — [ = —

B/2b 0.76,0.77 1.00,1.02 = =

Plagioclase concentrates:

A/1—bromoform-float fraction; A/2—the more magnetic part of the bromoform-sink
fraction; A/3—extracted with 5N HCL

B/1—bromoform-float fraction; B/2—another bromoform-float fraction; from part of
this concentrate the fractions magnetic at 0.25 amp. (B/2a) and non-magnetic at 0.6 amp.
(B/2b) were separated in a Frantz isodynamic separator.

The concentrates B/2, 2a, and 2b contained appreciable clinopyroxene, the strong 2.99
A peak of which affects the position of the 131 plagioclase peak at 3.024; moreover, the
131 plagioclase peak was rather broad. For these concentrates therefore only the reflection
separation 26(111)—26(201) was considered.

formed at temperatures much below those at which the plagioclases of
Schairer! were synthesized, i.e. slightly below the solidus of the dry sys-
tem Ab-An; and possibly (2) the increasing order due to the less rapid
quenching and/or to the content of K,O the effects of which are insuffi-
ciently known. It may be noted that the calcic “high-temperature’ curve
of Burri is based on K-free synthetic plagioclase and that few chemically
analyzed natural bytownites contain more than 1.5 mol 9%, Or (Deer, e/
al., 1963, Table 17), whereas the most calcic of the three Linosa feldspars

! Used by Smith and Yoder (1956) and Smith and Gay (1938).
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(Anss) used for the construction of all published “high-temperature”
curves contains 3.2 mol 9, Or.

Evidence on the temperature of crystallization of plagioclase is avail-
able from measurements of the viscosity/temperature characteristics of
the slags and observations on the mineralogy of one of the slags after
melting and crystallization at controlled temperatures.

The viscosity/temperature characteristics of Slag A and Slag B were
studied by Boow (1965). These slags flowed slowly down the walls of a
furnace at temperatures of about 1400° C. and were finally quenched at
the bottom of the furnace. Whilst flowing on the walls the upper layers
were probably at a viscosity not exceeding about 10° poises, which corre-
sponds to temperatures of not less than 1050° C. for Slag A and not less
than 1100° C. for Slag B. Additional information on this point was ob-
tained from experiments in which powdered samples of Slag A were
fused, crystallized in recrystallized-alumina crucibles at controlled tem-
peratures for several hours in a nitrogen atmosphere, and quenched.
Mineralogical compositions similar to that in the original material (pale
brown glass, well-twinned plagioclase Anss.e, Fe-rich olivine) were ob-
tained as a result of crystallization at 1100-1050° C.

TWINNING IN THE PLAGIOCLASE

The plagioclase from the slags is well twinned according to the albite,
Carlsbad, and albite-Carlsbad (Roc Tourné) laws, and occasionally the
acline A law. Polysynthetic twinning is common, and often more than
one twin law is represented in an individual. The composition planes of
the Carlsbad and albite-Carlsbad twins often diverge from (010). The
twin lamellae have widely varying thicknesses, but very thin lamellae
(less than 2 p thick) are uncommon. The twinning has all the evidence of
being primary.

Cross- and T-shaped intergrowths are common, with the (010) cleav-
ages of the constituent crystals often roughly at right angles to one
another. The composition planes—which, however, are often irregular—
sometimes make angles of about 45° with the (010) cleavages. It was
initially thought that they might be “Banat intergrowths,” which Burri
(1963) confirmed to be Baveno twins [with either (021) or (021), as both
twinning and composition planes]. However, measurement of several of
these intergrowths on the universal stage did not support this assump-
tion: the (001) and (010) cleavages of the constituent individuals were
not mutually parallel and the symmetry plane, if one could be con-
structed at all, did not include the crystallographic e-axis [100]. It there-
fore seems that most of these cross- and T-shaped intergrowths are not
twins.
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MEASUREMENTS ON THE UNIVERSAL STAGE: PROCEDURE

The optical vectors of a number of plagioclase individuals of twinned
crystals were measured on a Leitz 4-axis universal stage in thin sections of
the slags cut at various orientations. The positions of the indicatrix
axes were measured in adjoining parts of two or more subindividuals. All
measurements were made on the cores of the crystals, which are often
homogeneous in composition over a comparatively large area; in many
crystals the optical vectors of the more sodic rims were also measured. To
avoid measuring zones with different composition occurring on both
sides of the composition plane, it was preferred to make measurements on
subindividuals separated by composition planes through the center of
the crystals, and the measurements were made close to the composition
plane. The Becke test was applied to check possible differences in refrin-
gence on both sides of the composition plane. The position of each vector
was averaged from five or ten readings and rounded off to 0.5°. In view of
the small difference between the refractive index of the glass hemispheres
(1.557) and the g8 value of the plagioclase (1.554-1.376) no correction was
made.

In addition, the position of the cleavage—and generally also the posi-
tions of the composition plane (010} and if possible of the (001) cleavage
and of one of the optic axes—were located. All measured directions were
plotted on a Wulff net. Subindividuals in which the averaged positions
for two optical vectors were not within 90°+2° were discarded. The
twinning axes were then located. The size of the triangle formed by the
points midway between the positions of the corresponding optical direc-
tions in the two subindividuals could be used as an additional criterion to
test the reliability of the measurements. Moreover, for optical vectors in
two subindividuals measured in both core and rim of a zoned crystal, the
two twinning axes have to coincide. Whenever the position of the (010)
cleavage has been measured accurately, the twinning axes of Carlshad
and albite-Carlsbad twins must lie parallel to it and the twinning axis of
albite twins normal to it.

The angular distances X AX’, YAY’, and Z/\Z’ between the pairs of
corresponding optical vectors for each twin were measured from the
stereogram across the twinning axis (Table 3).

Finally, the optical indicatrix of one of each pair of subindividuals of
albite or albite-Carlsbad twins was rotated by 180° about the twinning
axis to coincide with that of the other and projected on the plane normal
to the ¢c-axis [001]; for Carlsbad twins, of which [001] itself is the twinning
axis, the 180° rotation is unnecessary. In general, these operations were
carried out only when the position both of [001] and of (010) had been
located optically, i.e. for which three subindividuals twinned according to
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different laws—of which one had to be either the Carlsbad or the albite-
Carlsbad law—were measured. Only in a few instances was use made of
(010) as obtained from measurement of a cleavage or composition plane.
Whenever the positions of corresponding directions were not exactly
symmetrical about their respective twin axes, and consequently did not
exactly coincide on 180° rotation, the average position was taken.
Figures 1, 2a, 2b, and 3 are sections of a synoptic stereogram on the plane
normal to [001] showing these average indicatrix orientations. Migration
curves by Burri (1956) and Muir (1955, Fig. 7) are included for compari-
son.

ORIENTATION OF OPTICAL INDICATRIX AND DETERMINATION
oF COMPOSITION

The angular distances X AX’, YAY’, and Z/A\Z’, as given in Table 3
for the various twin laws, were compared with the data compiled by
Burri (1956, Tables 8 and 9).! For some of the twins investigated the
composition and the temperature “modification’ can be derived without
difficulty. However, for many twins—particularly in the bytownites of
Slag B—there was no composition and temperature ‘“modification” for
which all three angles showed good correspondence. In such cases the
composition range in Table 3 is that for which there is a minimal differ-
ence between the measured angles and the literature values. In inter-
polating, the optics were assumed to be of the “high-temperature” type
except where another state gave a better fit for the various angles. Also,
slightly more consideration was given to angles between two directly
measured corresponding directions than to those between one directly
measured and one constructed or to those between two constructed
directions. As different vectors were directly measured in different indi-
viduals, the approximate compositions are not strictly comparable: they
indicate only the order of the An content.

Several workers have observed that for “high-temperature” Ango_zs
the orientation of the optical indicatrix is very similar to that for “low-
temperature” Ang so. The synoptic stereograms on the plane normal to
the ¢-axis (Figs. 1, 2a, and 3) show that the more sodic plagioclases
measured fall within 1° of the “high-temperature’” migration curves,
whereas the positions of the indicatrix axes of the bytownites evidently
differ from the published migration curves. Most conspicuous is the dis-
tinct tendency of the Y positions to fall on the “ultra-high-temperature”
side of the “high-temperature” curve, i.e. closer to 1.[001]/(010).

! Burri’s values for the angular distances Y;/A\Yy (for the albite law) and X;AXo,
XXy and Zy AZs, Z1 NZy (for the Carlsbad and albite-Carlsbad laws) are not measured
over the twinning axes but are the supplementary values.
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The migration trends of the three axes of the optical indicatrix will
now be briefly discussed with reference to the published migration
curves, as well as the divergences from the published figures of the angu-
lar distances X AX’, YAY’, and ZAZ' for the various twin laws.

X. The X-axis positions of the medium plagioclases are scattered about
the two migration curves, which in this range of composition lie very
close together: all points fall within 13° of the ‘“high-temperature” mi-
gration curve. The X-axis positions for the plagioclases more calcic than
Angs, however, lie almost without exception closer to [001] than do the
corresponding points on Burri’s migration curve—on the average by
about 13-2° but in one instance by 4°. This divergence is particularly re-
flected in the angle X;A\X, in Carlsbad twins (with ¢ as twinning axis).
According to Burri (1956) and Slemmons (1962a) respectively, this angle
attains minimum values of 67.7° and 66.6° for ‘“high-temperature”
plagioclase of labradorite-bytownite composition, the values for Ang
being 69.8° and 69.0°. In the twinned cores of plagioclase crystals of Slag
B the angles found were between 69° and 62° (Table 3). The X; A X,
angles in albite-Carlsbad twins in those crystals are higher than ex-
pected and indicate compositions consistently more calcic than the
interpolated values. The values of the angle X; AXy- (albite law) corre-
spond to those of Burri: the shift of these X positions from the curves for
the calcic plagioclases seems to be roughly parallel to the trace of (010),
the symmetry plane of this law. The plotted X directions can be regarded
as lying in a band limited by two small circles with radii of 56° and 60°
about a center situated on the primitive circle roughly 36° from the pole
(010). This point would approximately correspond to the pole (120),
given as the spherical center of the X positions of natural and synthetic
high-plagioclases by Glauser and Wenk (1957), who give 54° and 57° as
the radii of the limiting small circles.

Y. The Y positions of the measured medium plagioclases lie essentially
between the ‘‘high-temperature” migration curve of Burri (1956) and
that of Muir (1955, Fig. 7), which for this range of composition lie up to
2° apart. As already mentioned, the positions of the calcic labradorites
and bytownites of Slag B tend to lie closer to L[001]/(010) than
Burri’s curve. This is reflected in the values found for Yi/AYy (albite
twins), which are consistently higher than expected—sometimes as high
as 130°. By contrast, the variation given by Burri is from only 121.0° for
Ang to 125.0° for Angs (Slemmons’s angles are slightly lower) ; the values
for the angle Y;/A\Yy (albite-Carlsbad twins) are correspondingly too
low (51-544° in cores of plagioclase crystals from Slag B).
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It seems that the Y migration curve for the calcic “‘high-temperature”
plagioclase feldspars lies at a slightly lower angle to the (010) plane than
indicated by Burri. For the construction of that author’s “high-tempera-
ture” curve in the Any, range only the synthetic labradorite-bytownite
prepared by Tertsch (1942) was available. Tertsch himself gives the
orientation of the indicatrix in this plagioclase with reserve, as it is
based on measurement of only two twinned sections. Burri (1956), men-
tioning the uncertainty of his ‘“high-temperature” curve in this range,
points out that his calculated Euler angles ¢ and ¢ may well be too high;
the present observations would correspond to smaller Euler angles for
the calcic plagioclases from the slags than for the comparable points on
Burri’s “high-temperature” curve. Most of the Y positions of calcic
plagioclases plotted would be within 1° of the continuation of Muir’s
“high-temperature’ migration curve—which is given up to about Ang,.

Z. The positions of this indicatrix axis fall in practically all cases within
2° of Burri’s “‘high-temperature” migration curve; there is a tendency
for the points to lie to the “low-temperature’ side of that curve. The
plotted Z directions for the bytownites of Slag B indicate somewhat
more sodic compositions than those interpolated between the values for
all three angular distances between corresponding indicatrix axes in
twins: up to Ang and up to Ang; respectively for the most calcic cores.
This is particularly apparent from a comparison of the values for
Z1/\Z1, in albite twins and of Z;/A\Zy in albite-Carlsbad twins with the
values for X; A Xy and X;AX, : the angular distances between the Z
positions give almost consistently more sodic compositions.!

CONCLUSIONS

The accuracy of the measurements reported here is limited by the
zonal structure of the plagioclase. However, if the precautions described
above are taken the measurements can be used to indicate the trend of
the migration curves and their lateral departures from published curves.
In the absence of chemical data on the composition of individual crystals,

L Optic axial angles. In a number of the plagioclase subindividuals 2V was obtained by
single-axis measurement, which gives rather low reproducibility and the values are therefore
not stated. According to Slemmons (1962b), 2V is of questionable value in determining the
structural state in plagioclases more calcic than Ange. The general indication is that for the
labradorites the axial angles correspond to the values given by Smith (1958) for the com-
positions derived from the orientation of the optical indicatrix. In the bytownites the
values for 2V, tend to be a few degrees higher than those given by the curves for the inter-
polated compositions; in the central parts of crystals from Slag B values between 85°
and 95° were common. This could mean either that the composition of the bytownites is
slightly more calcic or that they are not in the “highest-temperature’ state.
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shifts in the direction of the curves themselves are less apparent and can
only be recognized by comparison between all three indicatrix axis posi-
tions of an individual (or the angular distances between corresponding
axes in twins of various laws).

Some general conclusions can be drawn:

(1) The orientation of the indicatrixes in the medium plagioclases up
to about Ang corresponds to that given by the “high-temperature” mi-
gration curves of Burri.

(2) Departures from these curves occur for the more calcic plagioclase
from the slags. This effect was most apparent in lateral departures of the
Y positions, and to a lesser extent of the X positions, from the respective
“high-temperature’” migration curves. Moreover, there were indications
of a shift of the X positions roughly parallel to (010), while the Z posi-
tions seemed to lie slightly nearer the pole of (010) and to be displaced
roughly parallel to (010) from the “high-temperature’ curve.

(3) These displacements could be tentatively regarded as a rotation
of the relative position of the indicatrixes of these calcic plagioclases by
up to 3° from the position indicated by the “high-temperature” migra-
tion curves. The approximate center of rotation would fall near (010) in
the acute angle between [100] and [001]; this center would lie close to the
pole of (101).

(4) For more accurate data on the orientation of the indicatrix in cal-
cic plagioclases from slags, measurements will be necessary on larger and
less zoned twinned crystals formed at known temperatures.
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