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1. INTRODUCTION

By reason of the very beautiful colour which amethyst exhibits, this
material has been used as a gem-stone since ancient times. Much interest
therefore attaches to the problem of the origin of its colour, for a solution
of which we need to know how amethyst and colourless quartz differ in
respect of their structure. In the present investigation we have sought
to elucidate the nature of this difference by a fact-finding study of those
properties of amethyst which are calculated to throw light on its physico-

chemical make-up. The results have led us to a view of the nature of

amethyst which is altogether different from those which have found
expression in the extensive literature of the subject, but which nevertheless
appears to be both simple and natural.

2. TuE DENSITY OF AMETHYST QUARTZ

If the colour of amethyst were due to the presence of appreciable
quantities of the oxides of heavy metals such as manganese or iron, as
has sometimes been suggested, we may expect this to come into evidence
in precise determinations of the density of the material. For such a test,
it is clearly necessary to use specimens which do not exhibit visible cracks,
inclusions or surface impurities. We have therefore chosen to work with
selected material in the form of cut and polished gem-stones. A Sartorius
analytical balance was employed and the density of each specimen was
measured in the usual manner by transferring it from a cup in air to
a second cup held suspended by a fine wire under water. Table I shows the
densities thus determined of six pieces of colourless quartz, while Table II
shows the corresponding results obtained with thirteen different specimens
of amethyst. Necessary corrections were -made in each case for the
temperature of the water and the buoyancy of air. The remarks made
against each specimen in the Tables indicate its optical behaviour.

It will be evident from a comparison of the figures in the two tables
that in the case of colourless quartz of the best quality, the density comes
out consistently as 2-651, the uncertainty not exceeding one unit in the
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last decimal place. On the other hand, colourless quartz containing inclu-
sions gives definitely higher values. The determinations for amethyst do
indeed show variations in the third decimal place, but these deviations
are in no way correlated with the depth of the colour exhibited by the
specimen. The differences are therefore either purely experimental or else
arise from residual defects in the specimens which are indeed noticeable
when they are critically examined under immersion in a liquid cell.

The data appearing in the two tables give no support to any explana-
tion of the origin of the colour of amethyst as due to metallic impurities.
On the other hand, rthey show quite definitely thar the density of amethyst
quartz does not differ measurably from that of colowrless quartz of optical
quality.

3. THE SCATTERING OF LIGHT IN AMETHYST

Colourless transparent quartz free from internal inclusions gives an
observable scattering of a blue colour and of uniform intensity when
traversed by a concentrated pencil of sunlight.  But the effect is extremely
weak and is observable only in favourable circumstances. Figure 1 in Plate X
shows a transparent crystal of quartz of optical quality immersed in a cell
containing carbon tetrachloride and traversed by a beam of sunlight. The
track of the beam in the liquid appears in the photograph, but the track within
the crystal is hardly to be scen by reason of its extreme weakness.

Figure 2 in the same Plate shows a similar experiment with a crystal of
smoky quartz immersed in a cell containing distilled water. It will be noticed
that the Tyndall track within the crystal is conspicuously observable.

Figure 3 in the same Plate is a photograph of a crystal of amethyst quartz
immersed in carbon tetrachloride. The track of the beam in the liquid
both before entry into the crystal and after emergence from it is very con-
spicuous.  Within the crystal itself, there are two regions adjoining its
rhombohedral faces in which no track is visible. These regions are precisely
those which cxhibit the amethystine colour, while the region midway between
them exhibits a conspicuous Tyndall effect which is due to inclusions present
in this colourless part of the quartz. The crystal had a density of 2-563,
which is slightly higher than that of pure quartz, thus indicating the presence
of such inclusions.

Figure 4 in the same Plate is a photograph of a cut gem of amethyst
immersed in a cell containing carbon tetrachloride and traversed by a beam
of sunlight. Here again, the track of the beam is totally invisible within
the crystal. '
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Visual observations with all the specnmens of amethyst bsted in Table [
yielded the same resulte Henee we conclude s tollows s amedhist quartz
dovs not exhibit the Uyvadall scattering so vomspecuous!v observable in the case
of smoky quartzy its behaviowr this sespect av vomparable with that of
colourless transparent quari..

do XoRay Drrpration Stonns

The experimental facts set torth m the two preceding seetions appear
very significant, 1t seems difficalt to reconcde them with any explanation
of the volour of amethyst s due o mpurity  outerial present mea colloidal
or even in a molecularly dispersed form. Nov does i appear ¢asy (o reconeile
them with an attribution of the colouy ta defects o umpetevtions of erystal
structure or to i stoichiometriv defivieney or eacess of cither silicon or oxygen
in the lattive.  On the other hamd, they fit o perfectly with the hypothesis
that amethyst is o crystalline muterial very simmlar 1o colourless quartz but
with a different clectronie configuration, Such vonfiguration might well
belong to a lower symmetry chss thin that ob w-gquarts, and s would imme.
diately aecount for the fact that wmethyst s opocidly buosd whereas colourless
quartz is uniaxial, A ditferent electrome configuration belonging to a lower
symmetry type would necessandy anvolve an altention i the electronic
energy levels and hence also to an altered absorplion spectrum, The pleo-
chroism and the optical charucters of wmethyst would thus both fnd o natural
explunation on the present view ol ifs structure,

It is evident trom the foregoimy that o thoreugh stdy o the pleo-
chroism of amethyst and of iy absorption spectrn should prove useful in
dealing with the problem of it structure, Such a0 study s been carried
out at this Institute by Mr. 8, Pancharatnum and s results are reported
in the paper following the present one by the same waae of the Proceedings,
We shall not traverse the sime field here but will proceed to deseribe the
results of an entirely different techmgue for mvestiganting the problem under
issue,

If colourless quartz and amethyst differ in their electrone configurations,
comparative Xeray diffraction studies muy be expected to reveal the existence
of such differences and even to indicate therr nuture amd magniiude.  In view
of the near resemblance between the two structures, 1t appeared unlikely that
the usual methods of Xeray structure determination would prove useful in
this connection,  We have therelore chosen to adopt o different technique
which we shall now proceed to deseribe and which i bused upon certain
well-known facts regurding amethystine quiriz.
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A scction plate of amethyst cut in any arbitrary direction often exhibits
a variety of features.  Commonly noticeable is the appearance of bands
of colour alternating with clear quartz running parallel to the intersection
of a rhombohedral face of the crystal with the surface of the section plate.
Sectors exhibiting different colours are also noticeable on section plates cut
obliquely to the trigonal axis of quartz.  Thus, if a pencil of X-rays traverses
such a section plate, the material over different parts of the area should exhibit
differences in the X-ray reflection intensities corresponding to the optically
observable features on the plate. In this connection, however, some
important remarks are necessary.  As is well known, any mosaicity or
imperfection in erystal structure would reveal itself in a general increase in
the intensity of X-ray reflection. Hence, what we have to look for in the
present case is not an enhancement of reflection intensity corresponding to
the arcas of colour on the plate, but differences in X-ray reflection intensity
which vary with the particular crystal planes giving the reflections and hence
connote real differences in erystal structure in the different areas on the
plate.

It has also to be remarked that quartz often exhibits internal (winning.
If such twinning be of the electrical type, arcas on the plate in which the
clectric axis is oppositely orientated would, in general, give different X-ray
reflection intensities.  Hence it is essential to work with section plates in
which electrical twinning is absent,

5. TECHNIQUE AND RESULTS OF STUDY

A plate about 1 millimetre thick and about 2 em. by 1-5 cm.
in area was cut out from a large clear crystal of amethyst. The plate
exhibited both the bands and sectors of colour described earlier. By fine
grinding the surfaces of the plate and then etching with dilute hydrofluoric
acid and examining them under a spot-light, it was verified that the arca on
the plate chosen for the study and which exhibited the bands and sectors
of colour was completely free from both optical and electrical twinning.
The absence of optical twinning was also independently verified by an
examination of the plate between crossed polaroids when immersed in a
cell containing benzyl alcohol which has very nearly the same refractive index
as quartz.

The X-radiation from a rotating target tube run at 50 mA. and 60 kV
emerged through a 1 millimetre hole and was allowed to diverge until the
area of the crystal plate was completely bathed by the beam at a distance of
about 40 cm. A photographic film was placed at a distance of about
10cm. behind the crystal plate. This distance was found to be
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sufficient to avoid overlappmy ol the Lave retlectiony whwh i these cireum.
stunces are nevessarily of rather kirge sizes I ethect, vavh Liue spot recorded
on the photpgraphic film presents @ piciare ol the wradited aren of the
erystal.

Figure 1in Plate TN i reproduction of the Larper part of a0 Laue digs
gram obtained i the nanien described sthoves A the ventre of the picture
has been placed in ity vorrect onentation s photopnaph Ghen by transmitted
sodinm light of the ares of the coystal plase sty eriployed i Xeray diffrac.
ton. 10 will be seen that the phite exiubits o set o parallel binds towards
the Teft, while at its ventre amd tonvuards the npht appea o paitern of sectors
which by ordimuy daybgit extubit the dilerent volours dicative of their
pleochroism.  Fuinter binds are also visible towards the upper right-hand
cornet.

On a serutiny of the pictures of the viystd appeaing in the figure as
Laue reflections, the tollowing futtures emerge. All the pictures exhibit
varying degrees of distartion, but this does not provent us from comparing
them with the optical picture of the erystal appearing at the centre of the
figure. ‘The latter, 1t should be mentioned, has been shightly enlarged to
make the compurisons caster, Two wreguline brpht strenks appear in all
the pictures these arise from defects mthe coystal which were readily visible
on a direct examination and are wrelevant for our present purpose. Some
of the stronger Laue reflections estubiting sigvhant features have been
numbered s i series from T to 9 g vonventenee of geference, Number |
shows promioently the set of purallel bands appeaning on the left of the
crystal plate. The sume bands can be seen Guntly mosome others of the
numbered spots but are invisible w Noo 60 The lirge sector appearing
atl the ventre of the plate presents very ditferent uspects i the different spots,
Compare, for exnmple, Nos, 2, 3,6, 8 and 90 The complex pattern of seetors
on the Tower right of the specimen can be mude out m several of the pictures
but presents altegether different aspects in them,  Compare Tur example,
Nos. 3 and 8, The bands scen i the upper right-hund corner of the crystal
are very conspicuous in Nos, 2 and 3 but wee weak m Nos, 6 and 9. The
record thus clearly establishes that amethyst 15 crystalline solid which gives
coherent Xeray reflections, the intensities of which differ from those of
colourless quartz and are wlso different for wrean exlubiting different colours
by transmitted light, A correlation is thus established between the pleo-
chroism of amethyst on one hand and it crystal structure on the other
hand.
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