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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.
Intermediately, 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 inevita-
bly, 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. HyALITE EXHIBITING DIFFRACTION HALOES

The material at our disposal included a piece of transparent hyalite (I).
This had been shaped by the lapidary into the form of a thick double-convex
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lens with a sharp edge of division between its two surfaces. The diame'ger
of the lens was 11 millimetres and its thickness 6 millimetres. The density
of the material was 204 and its refractive index as determined by the usual
methods was 1-442. Photographs of the specimen (marked as I) are re-
produced in Plate IX, Figs. 5 and 6, the illumination being respectively
transverse and parallel to the direction of observation.

Seen edgewise in diffuse light, the hyalite exhibited a bluish-white
opalescence, but this was not very noticeable when it was viewed norn}ally.
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
.sorrounded 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 tra-
versed 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-Fig. 1, Plate VI. 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 (1I) 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 1-44]. It had been shaped by the
lapidary into a double-convex lens of ellipsoidal form 21 millimetres
14 millimetres wide and 9 millimetres thick, a well-defined edge sepa
its two sides. Under diffuse illumination, the hyalite exhibited a faint milki-
ness with only a hint of iridescence in its interior. The image of a bright
narrow source of light viewed through the piece did 7nor 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
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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 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 bril-
liant 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 photo-
graph thus obtained (marked II) is reproduced in Fig. 1, Plate VI.

The enormous difference in the appearance of the specimen (marked IT)
when illuminated in directions transverse and parallel to the direction of
observation will be evident on a comparison of Figs. 5 and 6 in Plate IX
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 (IXI) in our collection of which we shall now de-
scribe the optical behaviour had a density of 2:03 and a refractive index of
1-442. Tt 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 speci-
men then appears filled inside with brilliant sparkling spangles of colour
whose position alters as the specimen 18 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
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" 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 photo-.

graph all of them on a flat film owing to the large range of angles involved,
and only those appearing in directions nearly opposite to that of the incident
beam are recorded. Such a photograph (marked III) is reproduced in
Fig. 1, Plate VI. Two photographs of the specimens (marked III) are re-

produced in Figs. 5 and 6 of Plate IX. The internal reflections are much
more evident in Fig. 5 than in Fig. 6.

A fourth specimen of hyalite (IV) in our collection may also be men-
tioned 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, casily 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
study had been shaped into forms hayj
was, therefore, possible to record thei
by allowing a fine pencil of X-rays to
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

; the diffraction rings of crypto-

specimens included in the present
ng a sharp edge girdling them. It
r X-ray diffraction patterns merely
graze any chosen point on this edge

The records made with our hyalite specimens using a flat camera are

reproduced in Fig. 2, Plate VII, the distance from edge to plate being 4 cm.
The patterns recorded with a cylindrical ¢

producgd in Fig. 3, Plate VIII. The numbers entered against each photo-
graph indicate the particular specimen used. ~

amera ‘of 6 cm. radius are re-

st
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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 under-
standing 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 there-
fore 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 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 high-
temperature form, as is shown by its altered X-ray pattern. In Fig. 4,
Plate IX 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 VII, VIII
and IX, it is evident that though the X-ray patterns of our specimens exhibit
certain similarities with high cristobalite, there are some significant differ-
ences demanding attention.

A. The principal ring of hyalite exhibits two components distinctly
resolved from each other. This effect is particularly clear in the photo-
graphs reproduced in Plate VII. In strongly exposed pictures, the ring exhi-
bits 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 cryptocrystalline 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
yolume. 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
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consequence -of the fact that the spacings for high and low cristobalite are
different, being 4-11 A and 4-04 A 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 1A, the
former shows 43 lines in the same region. Many of the latter lie very 0!053’
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 whif:h
has relatively fewer and brighter lines. Indeed, they would in such cir-
cumstances, 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 particle sizes are small, thus be readily capable of being over-
looked.

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 enablé
us from a 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. It is also necessary that the reflect-
ing power of an individual stratification is small. For, if the reflecting power
of an individual stratification were large, the first few alone of the stratifica~

tions 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 monochromatic 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,
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The optical behaviowr of apal this compels us G reamniy e evisdenne
of a remarkably perfect perodnatn e ifs st fune foabay sinerges from
the observations thit the ditference my the elnavieee mdioes ol the alternate
layers 1s small and set previwely 1 e thromphiont e statidnations,
The only reasonable m;mmvm that voubd be put Torsand T avcount fo
these facts is that the alternate Lavers voteast b s dndont and spren it
modifications of sthica,

The conchusions set forth above e supported by the T T
deseribed cartior on the optival belusour of the specnine o Bvalite oo
collection.  Thouph the pdiondual spevnnens eahibar dndmctne Teatures,
it is clear that the phenomena abweived Base o oo unym, mamely, the
existence of regular optical stratifivations wathin the matervil ) the differenves
observed arise from the spaving of the strabhcastsmms amd the domensons
of the individual domains in which they appeat not besng the sane bog all
the specimens.  Thus, hyahite i spite of it apparent dissamlanty e appear-
ance h@h’ﬂﬂ%% Q“‘!Iik"iiu}i LOUIE £ [TUNEMAFES FARRRM L P LIS R B puwﬂnw H;MI |

lt may be remarhed i conclusion that the density of Loy crstobahite
is 2032 and its refractine des Todsd whereas the densiy of high vrstobalite
is ’2-3’? and the refractive indey valenlated therefrom e 1o The ditfers
ence between the twa retractive mdices tosuthiviently sadl 1o be tevonelible
with the observed characters of the mtenial retlevtions That the densgy
of our hy: alite specimens s distinetly lower than that whnh uaght be wm{»
pmmi on the husis of their structore sy Be ssvrtbed o the presence i
them of ultra=microscopic caviiies partly o wholly Billed wath water. Thew
existence makes itselt evident o disinet turbadiy o the nutenal, o phena.
menon which s quite distinet from the optwal effects havig ther ongin
in the regulirly stratfied structure of the whea

M. NUMMARY

A study of the optical beluvionr of wdewent opal imdwates very clearly
that the siliva present m the materad b o repularly strthied stracture an
which the alternute layers dufer movelfrucine mdes, such ditference bong
small but the same throughout the strabbeations A vobwal exanunalon
of the Xersy diffraction patterns of wryptovrystalbine hyahites exlubiting
optical phenomens identical with oo im,ﬂuwm ta those of wmmm mgml
confirms this finding and enibles the two speies of sihea ;wmﬂ i1 HNSOCTie
tion with each other and giving rise to thewe phenomeni to be wdentified
respectively with high and low cristobahite.  The ditferent optival effects
exhibited by a stratificd medium when the spacing of the stratitfications and
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the extent of the domains in which they are present are varied have been
qbserved. with different specimens of hyalite and are illustrated in the paper
by a series of photographs.
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