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Schiller and Submicroscopic Lamellae of Labradorite

A Preliminary Report
By H.-U. Nissen*), H. Eggmann**) and F. Laves¥)

‘With 6 figures in the text

Abstract

In order to explain the nature of the lamellae (ca. 1000—2500 A periodicity)
giving rise to the “schiller” of labradorites, the composition, x-ray data and elec-
tron microscopic observations on specimens with schiller are contrasted with those
lacking schiller. Schiller occurs in plagioclases with compositions from Angs to
Ansg, but similar lamellae were also found in andesines. All specimens with schiller
have over ca. 2 mol 9, Or content, as do also specimens containing (at least part-
ly) similar lamellae, with spacings too small to produce visible schiller. The spacing
of the lamellae increases with An content. The structural state (“low™ or “inter-
mediate’’) has an influence on the lamellar spacing, and the occurrence of schiller
is not restricted to the “‘low’’ structural state. The two alternating kinds of lamellae
may differ in their Ca/Na proportion or, more likely, in their K content and addi-
tionally in their Al/Si arrangement. — In spite of the lamellar inhomogeneities only
one set of diffraction spots is present in x-ray and electron diffraction diagrams,
indicating homogeneous lattice constants of the substance.

Zusammenfassung

Um die Beschaffenheit der Lamellen (Periodizitit ca. 1000—2500 A) zu erkléa-
ren, die den ,,Schiller” der Labradorite bedingen, werden Zusammensetzung,
Rontgendaten und elektronenmikroskopische Beobachtungen von schillernden
Stilicken mit solchen ohne Schiller verglichen. Der Schiller ist auf die Zusammen-
setzungen von Anas ss beschriankt; indessen wurden #ihnliche Lamellen auch in
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(near Ylijarvi, Finland), the area around Paul Island (Labrador, Canada)
and the Tamatave area (Madagaskar); all these are old anorthositic
complexes.

The approximate chemical composition of feldspars in this composition
range may be determined by analysis of K and Ca. Measurements with
unusually high K contents, indicating antiperthitic inclusions, occurred
in all specimens and were eliminated from the microanalyser measure-
ments before calculation of the mean compositions. Such inclusions could
be observed with a high power light microscope in all specimens used for
single crystal x-ray studies and could also be found, with one exception,
in all precession photographs exposed for long periods. Due to the validity
of Bragg’s law for the case of white light reflected by the lamellar inhomo-
geneities (LAavEs et al., 1965) the spacing of submicroscopic lamellae is
roughly indicated by the schiller colour (see p. 292). X-ray powder and
precession photographs were therefore made of crystal fragments showing
only one schiller colour. For the powder photographs an AEG Guinier
camera after Jagodzinski was used. Fragments for replica and transmission
photographs were broken off the specimens as near as possible to those
taken for x-ray examination. This was necessary because of the inhomo-
geneity of specimens as indicated by the changes in the average schiller
colour.

Differences in 4 8 of the powder line pairs (131—131) and (241—24T)
were measured in the powder films. For a number of samples the lattice
constants were calculated with the aid of the least squares lattice con-
stants refinement program of C. Burnham, using the first 20—30 powder
line spacings as input. The chemical composition was determined with
an ARL electron probe microanalyser using a 15 i beam size and syn-
thetic plagioclase glasses as standards. Additional overall wet chemical
analyses kindly supplied by Prof. Weibel often gave an Or content
1—3 mol-9, higher than the microprobe data; this was probably due to
the antiperthitic inclusions.

For electron-microscopic observation the samples were cut parallel
to (001), i. e. approximately normal to the “‘schiller lamellae”. This face
was then etched 45 seconds in a 19, aqueous solution of HF. Technovit
replicas were made immediately after drying; these were coated under
vacuum with chromium (evaporation angle 45°), and afterwards a carbon
layer was evaporated normal to the specimen surface. The replicas
were then washed in acetone and transferred on uncoated grids. Trans-
mission samples were crushed in an agate mortar and floated with an
alcohol water solution on the carbon net foil.
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RESULTS
1. Chemical composition

The calculated proportions of K-feldspar (Or), Na-feldspar (Ab) and
Ca-feldspar (An) are plotted in a section of an Or-Ab-An diagram in
Fig. 1. In this diagram the following features are evident:

1. Though there is some overlapping, the wavelength of the average
schiller colour increases with inecreasing Ca content: “blue’” samples vary
from An,; to Ang,, “‘green to yellow” samples from Ang, to Ang, . and
“orange to red” samples from An;; to Ansg 5 (possibly Angg ). This relation,
which may be termed “Boggild’s rule”, is also evident when Baggild’s
optical measurements (BeGgeILp, 1924) are used to determine the com-
position of his samples using van der Kaaden’s determination graphs
(TrOGER, 1952). The averages found are: “Blue” Ang,; “green to red”
Ang;. Boggild’s rule has been confirmed by Laves et al. (1965) and by
MEeLL1s and N1LSSON (1965).

Mol % Or / /

An 60 Mol %

Fig. 1. Section of a K-Na-Ca feldspar triangle showing composition of specimens.

Dots = specimens without schiller; squares = specimens with lamellae too densely

spaced to show visible schiller (“UV-schiller”); triangles = violet to blue schiller;

rhombs = green to yellow schiller; inverted triangles = orange to redbrown or
redviolet schiller.

2. The Or content lies above 1.6 mol-9, for all specimens with schiller.
All specimens within this Ca/Na composition range which lack schiller
have Or contents below 2.1 mol-%,. The compositions in Fig. 1 are those
of the plagioclase matrix.

3. From the diagram (Fig. 1) it appears possible that the specimens
outside the schiller composition range and with more than 1.6 mol-%,
Or may also have lamellae of the labradorite type but with spacings too
large or too small to produce wvistble schiller.
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IE. X-ray powder data

In Fig. 2 the powder line difference') A 64, 43y is plotted against An
content. It appears probable from this diagram that the degree of Al/Si
ordering, as possibly indicated by 4 033,_53p. slightly influences the
average schiller colour and therefore the spacing of the lamellae: In
specimens with the same An content the spacing of the lamellae appears
to be statistically smaller if the 4 64, ;3 is larger.

* e o
404 L] o
T o
as]  2Cam-m .
o
//
° /_o’
rd
-~
3.84 ;//

3.74
3.6
o &
3.54
——0n
341 L

AnMol% —>

T T T T T T T T i j T T T

40 42 44 46 48 50 52 54 56 58 60 62 64 66

Fig. 2. Plot of 4 6131151y versus An content. Open dots = Plagioclase without

schiller and < 2 mol 9, Or content. Black dots = Plagioclase without schiller and

>2 mol 9%, Or. Other symbols as in Fig. 1. Dotted line connects minimum values

of 4 6(131-131) for specimens with <2mol %, Or. Full lines denote approximate areas

in the diagram with the same schiller colour. — CuK_,-radiation; camera diameter
D = 114.59mm.

Another feature appearing in Fig. 2 can be attributed to the in-
flyence of K substituting for Na: Since the values represented by the
dotted line in Fig. 2 most probably represent a state of maximum Al/Si

1) The following definitions are used: 4 9(131_151) = 49(131) -—45(151) [m degrees];
4 8241-241) = 402a1)~ 40241y [In degrees].
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order, 4 04,_13p appears to be slightly lowered towards the corresponding
values for microcline due to the high amount of K substituting for Na
in specimens with schiller. Indeed, the majority of the schiller speci-
mens fall below this curve and the largest deviations from the curve
are found for crystals with very high homogeneous Or content. In a
plot of 465, 13p against 405, 5.5 (Fig. 3) the specimens with Or con-
tents over ca. 2 mol-9%, showing schiller and those with somewhat higher
or lower An content but also “elevated” Or component deviate signifi-
cantly from all other plagioclases, which show an approximately linear
spread in the diagram Fig. 3. However, the specimens with elevated Or
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Fig. 3. Plot of 48a31-131) versus 48Ea1241). For explanation of symbols see Figs, 1
and 2. — Cu Kal-radiation, camera diameter D = 114.59mm.

content in the bytownite and oligoclase range do only in part show a
similar shift from the normal values. This may indicate an abnor-
mality in the lattice geometry of the specimens with “schiller lamellae”
which is only in part due to the influence of the substituting K.

Table 1 shows representative lattice constants of labradorites with
blue and with red schiller as compared with a specimen of corresponding
composition but without schiller. Significant irregularities of y* values
in labradorites were already found by Browx (1960, Fig. 5). He also
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Table 1. Lattice constants of labradorites

S 429 S 1411 Labradorite
blue schiller orangered schiller without schiller
An52.5 Orz.5 Anss.s Ors.g Ansg
(CoLE et al., 1951)

a 8.163 +0.019 A 8.181 +0.007 A 8.1353 A
b 12.856  +0.007 A 12.870 +0.005 A 12.7883 A
e 7.105 +0.009 A 7.114  +0.005 A 7.1542 A
a* 0.1366 +0.0003 A 0.13628 + 0.00009 A1 0.13643 A-1
b* 0.07796 + 0.00005 A-1 0.07788 + 0.00003 A1 0.07795 A-1
c* 0.1572 +0.0001 A-1 0.15703 + 0.00006 A1 0.15725 A1
o 93.52°  +0.05° 93.59°  +0.03° 94.23°
B 116.18° 4 0.09° 116.21°  + 0.04° 116.52°
y 89.80° 4 0.06° 89.80° +0.03° 89.71°
a*  86.17°  +0.05° 86.10° +0.04° 86.14°
B*  63.78°  +0.09° 63.76° +0.04° 63.86°
y*  88.49° +0.06° 88.46° 4 0.04° 88.49°

reported a range of composition near that of labradorite in which a line
connecting y* values for plagioclases in the low structural state is
approximately horizontal, i. e. differs in inclination when compared with
other compositional ranges.

II1. Electron microscopy

The lamellae responsible for the schiller can be seen in the electron
microscope using either transmission preparations or etched replicas.
Once the lamellar nature had been verified with both methods?) (LAvVES
et al., 1965) mainly replicas were made; this method has the advantage
that planes normal to the lamellae can be used for replication.

Fig. 4, a—d shows a selection of replica electron micrographs from
which the following observations can be made:

1. The labradorites consist of two kinds of lamellae, A and B, one of
which is more deeply etched by the HF solution (Fig. 4, a—b).

2. There is a linear relationship between the An content and the
lamellar periodicity (a-+b), where a and b are the average thicknesses
of the two kinds of lamellae (Fig. 5, of. LAVES et al., 1965).

2) Further work on this problem is necessary and planned.
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Fig. 5. Plot of lamellar periodicity (in g) versus mol 9% An measured in replicas.
Symbols as in Fig. 1.

3. The periodicity (a+b) varies within the field of an electron micro-
graph (Fig. 4d). This 1s compatible with the broad maxima in the dia-
grams of intensity versus A of the schiller (SCHRODER, 1964). Frequently
two lamellae unite and, near the bifurcation, show especially strong
thickness variations.

4. The proportion a/b may vary strongly within single specimens or
even areas of one replica preparation. However, if different specimens
are compared, a regular change of a/b with An content is evident as re-
ported earlier (LAVES et al., 1965).

5. Occasionally two sets of lamellae with different spacing and lamellar
proportion a/b are seen on replicas (Fig. 4c¢). Similarly, KOREKawa (1966,
personal communication) has found in one specimen “‘supersatellites’
corresponding to two systems of lamellar inhomogeneities (see also
JacopziNnskl and KorRErawa, 1965), and BeceiLp (1924) described

Fig. 4. Replica electron micrographs of labradorites with schiller. a: blue schiller;

b: red schiller, both from Labrador. ¢: two lamellar systems and (?) erypto-anti-

perthitic exsolutions forming a third system of lines. Blue schiller, Madagaskar.

d: boundary of small twin. Green schiller, Ylamaa, Finland. Note irregularities
of twin boundary and apparent subunits of schiller lamellae.
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three different positions of “schiller planes” (Fig. 6), two of which may
occur in the same specimen.

6. Frequently extremly fine twins are indicated by a sudden change
in the position of the lamellae (Fig. 4d). The angles between the lamellae
and the trace of the twin as seen in the replicas are compatible with
twinning after the albite law, which is also found in most of the precession
photographs.

The “schiller lamellae” are frequently seen in transmission samples
because most cleavage fragments settle with (001) normal or nearly
normal to the electron beam, so that the lamellae are parallel to it. All
low structural state plagioclases investigated in the composition range of
the schillering specimens with an Or content less than 1.6 mol-%, showed
no such regular lamellae in either transmission or replica electron micro-
graphs. However, some anorthosite bytownites i(ca. An,;) showed regular
lamellae in transmission samples with spacings over 0.6 u and the lamellae
found in bytownites from amphibolites of the Valle d’Ossola (JAGER and
HurTENLOCHER, 1955) having An,, composition seem to represent a
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Fig. 6. Position of reflection planes of the schiller according to BocerLp (1924 )
Note three different positions.
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similar texture 3). Lamellae similar to “schiller lamellae” were also found
by transmission technique in an andesine An,,.

IV. Heating experiments

A large number of specimens with various schiller colours were heated
up to 70 days at 1160°C. Many specimens became milky or developed
dark patches originating from the inclusions of iron-rich minerals, but
the schiller remained equal in colour and visually estimated intensity.
The powder data of the material taken out of the oven after 20, 40, 60
and 70 days showed a gradual change to an intermediate structural
state, as described by Gay and Bown~ (1956).

A Jabradorite with blue schiller was heated in the heating stage up
to ca. 1200°C and no change of visually estimated intensity or colour
of the schiller could be observed during heating?).

(0kl) precession photographs of a labradorite with schiller were taken
at temperatures between 600°C and 1100° C using the equipment described
by GUBSER et al. (1963). The “b-split” reflections — probably indicating
the presence of antiphase domains (McCoN~EL and Freer, 1963) —
remained essentially unchanged over this entire temperature range.

DISCUSSION OF RESULTS

On the basis of the features described above the intermediate plagio-
clases may be separated into different groups taking into account the
presence of “b-split” reflections, the Or component, the structural state
and the presence or absence of lamellae in the 1000 A order of magnitude:

1. Crystals in the “low” structural state, with < 2 mol-% Or, with
“b-split’ satellites indicating the presence of antiphase domains. They do
not appear to have “schiller lamellae’.

2. Crystals in the “low” or “‘intermediate” structural state, with
>2 mol-9% Or, with “b-split”’ satellites and with “‘schiller lamellae”.
Below ca. An,g or above ca. Ang, these lamellae will have too small or
too large periodicities to produce visible schiller.

3. (“Intermediate” to) “high’ structural state crystals with varying

3} Further work on these materials is in progress.
4) This experiment was executed together with Dr. Korekawa and Mr. Czank.
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Or content, lacking “b-split” satellites. No lamellae in the 1000 A range
have as yet been found.

These different groups of crystals normally occur in different petro-
logical surroundings. Their lattice constants show systematic differences
and it is therefore principally possible to determine the approximate
Or component of a plagioclase with x-ray data alone. — The two pheno-
mena of antiphase domains (indicated by x-ray and electron diffraction
satellites) and of lamellar domains in the 1000 A range (indicated by
schiller) do not appear to be directly connected, though it is not im-
possible that the antiphase fabric is restricted to only one of the two
sets of lamellae.

Two extreme models for an explanation of the “schiller lamellae’ in
the intermediate plagioclases appear possible considering especially the
influence of the K content:

1. The chemical Al/Si ratio is different in A and B, as implied by Laves
et al. (1965) (model 1).

2. The Al/Si ratio is not different in A and B (model 2).

In model 1, K may promote plagioclase “unmixing”, while, in model
2, K may tend to develop a state which is a precursor towards an anti-
perthitic exsolution. In model 2, the Al/Si ordering state must be diffe-
rent in A and B because of the persistence of schiller on heating (p.
299). Both reactions assumed in these two models may in fact play a role
in the actual formation of schiller lamellae.

Further chemical and electron-microscope work is planned to find
supporting evidence in favour of one of the two models. At present, the
authors consider the second one more probable.

The “‘schiller lamellae” are not submicroscopic twins: several frag-
ments of labradorite with schiller could be found showing no trace of
twinning in long-exposed precession photographs. Neither can they be
“normal” exsolution lamellae, as in moonstones and peristerites, since
their x-ray as well as electron diffractograms show only one set of diffrac-
tion spots.

Since submission of this paper, the authors obtained the paper **On the origin
of the colour of labradorite” by BorroN, Bursitr, Mc LAREN and TUurRNER (phys.
stat. sol. 18, p. 221, 1966). Their {mainly optical) considerations are consistent with
the present publication.
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