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1. Introduction

Mineralogists designate as opal a whole group of naturally occurring substances
which have silica as their principal chemical constituent, this being usually
accompanied by a small but variable percentage of water; they distinguish opal
from chalcedony by its lower density. It will be obvious that not all the substances
thus designated are necessarily identical in their ultimate physical constitution.
The designation of opal is here used in a restricted sense; we are concerned with
the species of opal which exhibit certain characteristic optical effects, the origin of
which forms the subject of the present paper. Even as thus circumscribed, the
category includes substances showing a diversity of optical behaviour. At one
extreme, we have the so-called precious opals displaying their characteristic
brilliantly coloured internal reflections, and at the other extreme, we have the
material known as hyalite which looks very much like ordinary glass. Intermedi-
ately, we have other varieties exhibiting distinctive features of their own.

The present investigation was undertaken with the aim of elucidating the
origin of the characteristic iridescence of precious opal. Almost inevitably,
however, we were led to extend our studies to hyalite and other forms of opal.
Our observations showed that the optical behaviour of these materials exhibits
certain relationships with each other, indicating certain general structural
similarities amongst them. Our X-ray studies have also enabled us to throw some
light on the nature of these structures and to put forward an explanation of the
iridescence of opal. It may be remarked here that in spite of the great volume of
literature which has grown up around the subject, the origin of this well-known
phenomenon has so far remained a mystery.

2. Hyahte exh1b1t1ng dlffractlon haloes

The material at our dxsposal included a piece of transparent hyalite (I) This had
been shaped by the lapidary into the form of a thick double-convex lens with a
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sharp edge of division between its two surfaces. The diameter of the lens was 11
millimetres and its thickness 6 millimetres. The density of the material was 2:04
and its refractive index as determined by the usual methods was 1:442,
Photographs of the specimen (marked as I) are reproduced in plate IV, figures 5
and 6, the illumination being respectively transverse and parallel to the direction
of observation. P

Seen edgewise in diffuse light, the hyalite exhibited a bluish-white opalescence,
but this was not very noticeable when it was viewed normally. If, however, a small
bright source of light was viewed through the specimen, the image of the source
formed by the lens-shaped body was seen to be surrounded by a diffraction halo
exhibiting vivid colours. To elucidate this effect, the specimen was immersed in a
flat-sided glass cell containing a mixture of dichloro-ethylene and xylene which
was adjusted to have the same refractive index as the hyalite. A bright narrow
pencil of light traversed the specimen and after emergence from the cell was
received on a viewing screen. Surrounding the central bright spot due to the
primary beam appeared a bluish white corona, and beyond this again a brightly
coloured diffraction halo. The angular diameter of the halo for red light was 30°.
Indications of a second halo appeared further out and clearly separated from the
first.

A photograph of the effects described above (marked. I) is reproduced in
figure 1, plate 1. The area illuminated by the primary beam is heavily
overexposed, while per contra the exposure was inadequate to record the second
outer halo. The first halo is however clearly seen. It is not quite circular but has a
hexagonal shape. The photograph was taken with the beam of light passing
normally through the lens-shaped hyalite. The general nature of the phenomenon
was however not notably influenced by the setting of the piece within the. cell.

3. Hyalite exhibiting diffraction spectra

The second specimen (II) which we shall now consider is a material of the same
nature as that described in the preceding section, its density being 2:01 and the
refractive index 1-441. It had been shaped by the lapidary into a double-convex
lens of ellipsoidal form 21 millimetres long, 14 millimetres wide and 9 millimetres
thick, a well-defined edge separating its two sides. Under diffuse illumination, the
hyalite exhibited a faint milkiness with only a hint of iridescence in its interior.
The image of a bright narrow source of light viewed through the piece did not
exhibit the halo described above for our specimen I. However, in directions
inclined at angles ranging from 20° upwards to the direction of the source,
brilliant ‘patches of colour were seen inside the specimen. These became more
numerous and vivid as the direction of observation was made more oblique. They
reached their maximum brilliancy in directions nearly transverse to the incident
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light. On the other hand, only vague indications of colour were noticeable in
directions lying backwards towards the source.

The significance of the phenomena described above became clear when the
specimen was immersed in a flat-sided cell containing liquid, and a brilliant
narrow pencil of light sent through it was received on a viewing screen. A whole
series of elongated diffraction spectra pointing radially outwards from the
direction of the central spot were then seen on the screen, a region surrounding
the centre however remaining clear. The spectra appeared over a field of angular

" radius of 90°, It was, therefore, not possible to photograph the entire group on a
single flat plate. The spectra nearest to the direction of the incident beam could,
however, be recorded. A photograph thus obtained (marked II) is reproduced in

- figure 1, plate 1.

The enormous diffrence in the appearance of the specimen (marked II) when
illuminated in djrections transverse and parallel to the direction of observation
will be evident on a comparison of figures 5 and 6 in plate IV. In the former, the
whole specimen appears filled with brilliantly coloured patches of light of
characteristic shape, while in the latter it appears quite dark. '

4. Hyalite exhibiting monochromatic reflections

The third specimen (III) in our collection of which we shall now describe the
optical behaviour had a density of 2-03 and a refractive index of 1:442. It had been
shaped by the lapidary so that one surface was a highly convex ellipsoid and the
other a very flat one, the two being separated by a well-defined edge. The
specimen exhibits very beautiful effects when it is illuminated by the light from a
brilliant source of small angular extension and is viewed by the observer with the
source of light behind him and the specimen held with the highly convex surface
facing him. The whole specimen then appears filled inside with brilliant sparkling
spangles of colour whose position alters as the specimen is turned round. On the
‘other hand, when a light source is viewed through the specimen, nothing
whatever is seen except the transmitted light which is pale yellow in colour. Under
diffuse illumination the specimen exhibits a distinct brownish-yellow body-
colour which is overlaid by a great number of variously coloured patches of light
seen within its volume.

On immersing the specimen in a flat-sided cell containing liquid and sending a
narrow pencil of light through it, nothing is seen on the screen in the forward
- directions, If, however, a white screen with a hole cut to allow the incident pencil
of light to pass through it is placed between the source of light and the cell, the
internal reflections by the specimen appear as monochromatic spots of light on
the screen. It is not possible to photograph all of them on a flat film owing to the
large range of angles involved, and only those appearing in directions nearly
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opposite to that of the incident beam are recorded. Such a photograph (marked
ITI) is reproduced in figure 1, plate I. Two photographs of the specimens (marked
III) are reproduced in figures 5 and 6 of plate IV. The internal reflections are
much more evident in figure 5 than in figure 6.

A fourth specimen of hyalite (IV) in our collection may also be mentioned here,
since we have made use of it in our X-ray studies. It is a small facetted piece shaped
by the lapidary into the form of a brilliant with a sharp edge encircling it. The
specimen exhibits a very pretty orange-red body colour. It could, however, easily
be mistaken for a piece of coloured glass. When immersed in liquid and traversed
by a powerful beam of light, one could glimpse patches of internal iridescence.
The density of the piece was 2:03 and its refractive index 1-441,

It may be remarked that all the four specimens described above exhibit no
noticeable luminescence under ultra-violet illumination.

5. The X-ray diffraction patterns

As already remarked, all the four specimens included in the present study had
beenshaped into forms having a sharp edge girdling them. It was, therefore,
possible to record their X-ray diffraction patterns merely by allowing a fine pencil
of X-rays to graze any chosen point on this edge and receiving the diffracted X-
rays on a photographic film. The width of the X-ray pencil and its position
relative to the edge were adjusted so as to record the pattern with satisfactory
definition. The radiation employed was that from a copper target filtered through
a nickel foil. The technique employed was tested by using edges of agate; the
diffraction rings of cryptocrystalline quartz were then found recordcd as sharply
defined lines in the correct positions.

The records made with our hyalite specimens using a flat camera are
reproduced in figure 2, plate II, the distance from edge to plate being 4 cm. The
patterns recorded with a cylindrical camera of 6 cm radius are reproduced in
figure 3, plate III. The numbers entered against each photograph indicate the
particular specimen used.

Various authors!'2'3 have claimed that the X-ray pattern of opal is identical
with that of high cristobalite. Apart from the difficulty of understanding why the
high-temperature form should remain unchanged at the low temperatures, the
result reported by those authors leaves the origin of the optical effects displayed
by opal unexplained. It seemed to us therefore necessary that a critical
comparison should be made of the X-ray patterns of our specimens with those of
high and low cristobalite respectively. With this aim and for purposes of
comparison with our specimens, we have made use of a porcelain-like material

_found associated with some specimens of agate collected by one of us near Indore
in Central India. The density of this material ranges between 2-:30 and 2-35 and its
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X-ray patterns show it to be low cristobalite mixed with a little tridymite. On
" heating the material to 300°C., the cristobalite changes reversibly to the
hightemperature form, as is shown by its altered X-ray pattern. In figure 4, plate
IV the pattern of our hyalite (No.IV) is reproduced in juxtaposition with the
patterns of the comparison material recorded at the high and low temperatures
respectively.:

From a scrutiny of the photographs reproduced in plates IL, I1I and IV it is
evident that though the X-ray patterns of our specimens exhibit certain
similarities with high cristobalite, there are some mgmﬁcant differences demand-
ing attention.

A. The principal ring of hyalite exhibits two components distinctly resolved
from each other. This effect is particularly clear in the photographs reproduced in
- plate II. In strongly exposed pictures, the ring exhlblts an unsymmetrical
broadening.

B. The rings other than the first appearing in the patterns also exhibit large
variations in sharpness which are uncorrelated either with the angle of diffraction
or with the intensity of the line.

C. Several diffuse bands are present in the patterns of the hyalites which are not
seen in.the comparison photographs.

6. Interpretation of the results

The experimental facts set forth above preclude us from describing opal as being
merely a cryptocrystailine form of high cristobalite. The doubling of the principal
ring indicates, on the other hand, that the material is composite and consists of
two distinct phases distributed throughout its volume. A reasonable explanation
of the observed features is forthcoming if these two phases are identified
respectively with high and low cristobalite. In particular, the doubling of the
principal ring appears as an immediate consequence of the fact that the spacings
for high and low cristobalite are different, being 4:11 A and 4044 respectively.

The lower symmetry of low cristobalite results in its X-ray pattern exhibiting
many more spacings than that of high cristobalite.*%¢ Indeed, while the latter
shows only 12 lines with spacings greater than 1 A, the former shows 43 lines in
the same region. Many of the latter lie very close to each other and their
intensities are also small. Diffuseness of the rings resulting from the smallness of
the crystallites in the material would therefore influence the pattern of low
cristobalite with its numerous closely-packed faint lines to a much greater extent
than in the case of high cristobalite which has relatively fewer and brighter lines.
Indeed, they would in such circumstances, appear in the former case as diffuse
bands instead of discrete lines as in the latter case. The presence of low cristobalite
in the material would, if the partxcle sizes are small, thus be readily capable of
being overlooked.
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7. The optical evidence

The conclusion deduced above from the X-ray data that opal includes two
distinct crystalline species of silica in its physical make-up may be also inferred
from its optical behaviour. .

The optics of stratified media is sufficiently well understood to enable us, froma .
study of the spectral character of the light reflected and transmitted by such a
medium, to infer the number and nature of its stratifications. For a high degree of
perfection in the monochromatism of the reflections to be possible, it is necessary
that the stratifications should be regular in their spacing as well as in their optical
character, and further that great numbers of the stratifications should be present.
Itis also necessary that the reflecting power of an individual stratification is small.
. For, if the reflecting power of an individual stratification were large, the first few
alone of the stratifications would function, and the reflections would necessarily
cease to be monochromatic,

It is well-known that the coloured reflections given by precious opal are highly
monochromatic and that the light transmitted by them also exhibits monoch-
romatic extinctions. Two further observations that we have made are significant
in this connection. In the first place, we have noticed that the internal reflections
of opal are perfectly polarised when observed in a direction making an angle of
90° with the incident beam. We have also noticed that a reflection which is highly
monochromatic when observed at or near normal incidence retains this character
even when it is shifted towards shorter wavelengths by making the incidence
oblique. The optical behaviour of opal thus compels us to recognise the existence
of a remarkably perfect periodicity in its structure. It also emerges from the
observations that the difference in the refractive indices of the alternate layers is
small and yet precisely the same throughout the stratifications. The only
reasonable hypothesis that could be put forward to account for these facts is that
the alternate layers consist of two distinct and specific modifications of silica.

The conclusions set forth above are supported by the observations described
earlier on the optical behaviour of the specimens of hyalite in our collection.
Though the individual specimens exhibit distinctive features, it is clear that the
phenomena observed have a common origin, namely, the existence of regular
optical stratifications within the material; the differences observed arise from the
spacing of the stratifications and the dimensions of the individual domains in
which they appear not being the same for all the specimens. Thus, hyalite in spite
of its apparent dissimilarity in appearance belongs optically to the same category
as precious opal.

It may be remarked in conclusion that the density of low cristobalite is 2-:32 and
its refractive index 1-484, whereas the density of high cristobalite is 2:27 and the
refractive index calculated therefrom is 1-468. The difference between the two
refractive indices is sufficiently small to be reconcilable with the observed
characters of the internal reflections. That the density of our hyalite specimens is
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distinctly lower than that which might be anticipated on the basis of their
structure may be ascribed to the presence in them of ultra-microscopic cavities
partly or wholly filled with water. Their existence makes itself evident in a distinct
turbidity of the material, a phenomenon which is quite distinct from the optical
effects having their origin in the regularly stratified structure of the silica.

- 8. Summary

A study of the optical behaviour of iridescent opal indicates very clearly that the
silica present in the material has a regularly stratified structure in which the
alternate layers differ in refractive index, such difference being small but the same
throughout the stratifications. A critical examination of the X-ray diffraction
patterns of cryptocrystalline hyalites exhibiting optical phenomena identical
with or analogous to those of precious opal confirms this finding and enables the
two species of silica presentin association with each other and giving rise to these
phenomena to be identified respectively with high and low cristobalite. The
different optical effects exhibited by a stratified medium when the spacing of the
stratifications and the extent of the domains in which they are present are varied
have been observed with different specimens of hyalite and are illustrated in the
paper by a series of photographs.
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Plate 11
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Figures 4-6

Plate IV
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