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positive test for titanium in several specimens in which he detected
no rutile:

The analyses given in Table X shows that the small amount of
titanium found in smoky quartz is quite uniform from the darker
to the paler specimens. If the color were due to that element, the
darker specimens should contain decidedly more than those which
were pale. Furthermore, amethyst contains approximately as
much titanium as smoky quartz (Table XIII) and rose quartz
considerably more.”* An examination of the specimens of smoky
quartz showed in many cases minute needle-like inclusions, which
are believed to be rutile, accounting for the presence of titanium
in smoky quartz. It is therefore concluded that this variety cf
quartz does not owe its color to titanium.

IrON AND MANGANESE—As in the case of titanium, the low
percentages of iron and manganese occurring in smoky quartz
have no apparent relation to the color. They have never been
suggested as possible pigments for this mineral, as far as could be
ascertained.

UraxtuMm—It has been shown that none of the pigmenting
elements found in smoky quartz can account for its color. Earlier
in this paper the theory that smoky quartz has been colored by the
action of radiaticns has been supported and elaborated. Itis there-
fore of considerable interest to determine whether smoky quartz
contains appreciable amounts of radioactive elements.

Large composite samples (twenty-four to thirty-four grams)
were employed in determining uranium. There were two samples
for color class i, the darkest specimens. One was of specimens
from radioactive pegmatites of Ontario. The other was a compos-
ite of specimens which did not occur in notably radioactive rock
bodies, as far as known. The separation of uranium was carried
out by Scholl’s method.? When all interfering elements had been
removed, a little AICly solution was added to aid in carrying down
the uranium hydroxide. Sodium phosphate beads of the ignited
precipitate were compared with standard uranium beads. The
results are given in Table XI.

% Edw. F. Holden: Am. Min. 9, 75-88, 101-108 (1924).
4 7. S. Bureau of Mines Bull. 212, 230 (1923).
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TaBLE XI. ESTIMATED PERCENTAGES OF UO; 1§ SMoxy QUARTZ

| Color- Grams UO; per
Sample| 1 Composite of smoky quartz specimens|%UO; (100 grams of
| cass quartz
I ‘ D 1,2,4, 6,12, 31 0.006%|  6x10~
II i 23, 24, 25, {from radioactive
pegmatites of Ontario) .002 2X10™3
111 ii 3,5,7,9,21 .001 ‘ 11073
_IV liliandiv 10, 18, 28, 29, 30 .001 1Xx10°3

The ignited precipitate of sample T was a decided green. The
amount of UO; indicated by these analyses is about fifty times
greater than that ordinarily found in colorless quartz. Strutt?
has determined, in four specimens of quartz, an amount equal
to 2 to 13 x 10% grams UO; per 100 grams quartz. It was not
possible to detect any uranium in amethyst (Table XIII) or rose
quartz.® In view of the small amount of disintegration necessary
to produce a color when a mineral is radiated, the percentages of
UO; in smoky quartz are significant. This is especially so since
the determinations probably give only a minimum percentage,
due to the difficulty of completely separating traces of elements.
The amount of UQ; is greater in the darker specimens, and less in
the lighter. It is of interest to note that sample I contained more
uranium than sample I, of the same color class, though the latter
is from strongly radioactive rocks. In the Ontario occurrence the
near presence of active material outside the quartz could easily
have colored it.

In order to determine radium, a large, composite sample of 102
grams from specimens Nos. 1, 4, 18, and 31 was prepared. The
entire residue, after the silica was driven off with HF and H,S0,,
was washed into a flask, which was sealed so that the radium
emanation might accumulate. The sample showed decided activity
whén tested in an emanation electroscope. Approximately 4 x
10" grams Ra per 100 grams of quartz were found to be present.
This is equivalent to 0.0019 UQ;s, which is of the order of the
amount found by direct analysis. The two methods. therefore
check in showing that smoky quartz contains many times more
radium and uranium than is ordinarily found in quartz. Given
the necessarily great time element, such amounts of radium could

®R. J. Strutt: Proc. Roy. Soc., 80A, 588 (1908).
% Edw. F. Holden: Am. Min. 9, 75-88, 101-108 (1924).
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well cause the color of smoky quartz. The possible presence of
thorium, which was not tested for, would increase the strength
of the radiations.

FrEE Stricon—Having found support for the radiation theory
of coloration in the presence of radium and uranium, it became
necessary to test the further assumption that the coloration was
due to the liberation of free silicon by the radiations. It is very
difficult to determine the presence of traces of elemental silicon,
but a method was devised which gives results that may, perhaps,
be regarded as fairly good evidence of the presence or absence of
free silicon.

The principle of the method is that amorphous silicon is attacked
and oxidized by aqua regia If this occurs, it would be expected
that the newly produced silica would form as the colloidal hydrox-
ide, which might be filtered off and recovered by the evaporation
of the filtrate. Certain precautions as to blanks must be taken.

The quartz was finely ground and was treated for a known period
with boiling aqua regia of definite concentration. The acid was
quickly diluted with water and was filtered through two quantita-
tive filter papers. After the addition of sulfuric acid, the filtrate
was evaporated until SOs fumes appeared. The beaker was then
carefully washed out into a weighed platinum dish. - Evaporation
to dryness was followed by ignition. After the residue was weighed,
the silica was volatilized with HF, and the residue again weighed.
The difference between these weighings gave the amount of silica
recovered by this process.

Blanks were run with definite weights of rock crystal powder,
using the same amount and concentration of acid as in the smoky
quartz tests. The time was also the same. This determined what
amount of the finely ground quartz would be carried into colloidal
solution when treated with hot aqua regia. All of the silica re-
covered from the smoky quartz in excess of the blanks was assumed
to be derived from free silicon. In this way a minimum determina-
tion of the amount of free silicon in the quartz was obtained. The
proportion of the total amount present that is recovered, of course,
depends largely upon the fineness of grinding. In order to keep
this factor as uniform as possible, large samples were ground, and
each sample was divided into two parts. One was decolorized
by gentle heating while the other was untreated. The amount of
silica recovered from both the original and the heat-decolorized
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specimens was thus determined. In the same way, a sample of
rose quartz which had been radiated until it became smoky brown
was divided and one half was decolorized. A sample of unradiated
rose quartz was analyzed in the same manner as those which had
been radiated. The results of these analyses are given in Table XII.

TaBLE XII. AMOUNT OF SILICA RECOVERED FROM SMORY QuaRTZ, Rock CRYSTAL,
AND RADIATED RoSE QUARTZ

Grams SiO: recovered per gram of quartz
Sample Original semple | Zeat-decolorized sample
Rock crystal 214 X1075 —_—
Blanks Rock crystal 314 ———=
Rock crystal 414
Smoky quartz No. 1 1 —_——
Color- Smoky quartz No. 4 10 6X107®
class | Smoky quartz No. 31 8 5
Class ii Smoky quartz No. 3 8 5
Class iii Smoky quartz No. 18 7 3
Rose quartz
Radiated rose overts 11 4

! Average of three determinations.

The decolorized smoky quartz and decolorized radiated rose
quartz gave about the same amount of silica as the rock crystal
blanks, This is interpreted to be colloidal silica taken up by the
action of the acid, rather than oxidized free silicon, but the
original smoky quartz and radiated rose quartz specimens show
significant excesses of recovered silica over the blanks and heated
specimens. This appears to be an indication that they contain
free silicon in appreciable amounts It is to be noted that the
darker specimens of smoky quartz contain more free silicon than
the paler, which is to be expected if silicon is the coloring agent.
The figures given in Table XII represent the minimum amount of
recoverable silica derived from free silicon. It would probably be
quite safe to place the actual percentage of silicon in the darker
smoky quartz specimens as of the order of 0.01 per cent,
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There are possible objections to the conclusion that these ex-
periments indicate the presence of free silicon in smoky quartz
and radiated quartz. It might be argued that the silica recovered
by the process is obtained from an included hydrated alkaline
silicate of a nature similar to that of the zeolites. Heating that
type of compound would cause partial dehydration, and then it
would less readily yield silica; but such an assumption does not
explain why radiated rose quartz gives up considerably more
silica than the unradiated type, and still more than the rock crystal.
We are forced to conclude that there is a fairly strong indication
of the presence of free silicon in smoky quartz, even though the
evidence cannot be positive, due to analytical difficulties.

SUMMARY

It is probable that smoky quartz contains free silicon, which
was liberated by radiation, and is responsible for the color of that
mineral. This cannot be certainly and unquestionable proven,
but the evidence given above indicates such to be the case. The
presence of significant amounts of uranium and radium is also
very important, for it adds to the evidence for coloration by
radiation. No evidence for the presence of hydrocarbon pig-
ments or of coloration by trivalent titanium was obtaimred.

VIII. THE IMPURITIES PRESENT IN AMETHYST

The results of the analyses of amethyst are given in this section,
together with a discussion of the hypotheses that amethyst is
colored by (a) hydrocarbons, (b) by a compound of manganese,
and (c) by an iron compound.

ANALYSES OF AMETHYST

In order to determine what impurities were found in amethyst,
a detailed analysis was made on nineteen grams of specimen No. 1,
which was very dark colored. The results have been given in
Table X, in part VII.

The elements which might possibly enter into the pigment are
iron, manganese, and titanium. Analyses for these impurities were
therefore made on seventeen specimens, as shown in Table XIII.
The methods of analysis were similar to those employed for smoky
quartz, except that iron was determined both by titration and
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colorimetrically, by the improved HSCN method.2” The results
of the Fe,O; analyses by the two methods agreed very well,
though for the amounts of iron encountered the titration method
was the more accurate.

TaBLE XIIT. ANALYSES OF AMETHYST FOR Fe,0s, TiOy, AND MnO
|

Color- Specimen | Fe,0; | TiO, MnO Average
class number % Fes03
4 0.359%, | tracet 0.00029,
14 .24 0.00059, .0001
i 3 .06 trace none? 0.149,
1 .03 .001 .0001
7 .02 trace none
19 07 .001 .0080
13 03 .001 L0011
i 17a3 .02 trace .0015 026
18 L006 . | trace .0002
23 003 trace .0002
12 011 trace .0004
15 .007 trace .0002
iii 11 .006 trace none 007
8 .005 trace .0001 )
9 .015 trace 0002
iv 17b? .004 001 .0021 .007
2 .004 trace .0002

! “trace” =less than 0.0019, TiO,
? “none” =léss than 0.0001%, MnO, the smallest amount detectable
#17a and 17b are dark pale portions of the same specimen

In part I the various theories proposed to account for the color
of amethyst have been outlined. The hypothesis of coloration by
radium radiation is discussed in part IV, where it has been found
to be inapplicable.

CarBon Compounps—Kraatz-Koschlau and Wéhler (18, 19)
have suggested that amethyst, as well as smoky quartz, is colored
by a hydrocarbon, -though possibly manganese has some con-
nection with the amethyst pigment. Specimens from Brazil and
Schemnitz obeyed all the criteria which they had given as indicat-

" H. N. Stokes and J. R. Cain: Sci. Papers, U. S. Bureau of Standards, Nos’
53 and 54 (1907).
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ing a hydrocarbon pigment (see part VII). Simon (36) detected
traces of COz and H:0 in amethyst, but he found more in colorless
rock crystal. Other writers, in supporting their own theories, have
disputed the possibility of a hydrocarbon pigment in amethyst
[Doelter (42) and Heintz (6)].

MaNcaNESE—The theory that manganese compounds color
amethyst was proposed by Berthelot (28). He treated quartz by
radium radiation and decided that the violet color was due to a
trivalent manganese compound, largely from analogy with the
behavior of glasses containing a trace of manganese. There are
several valid objections to this hypothesis. In the first place, the
cause of the violet coloration of glass by radium is not definitely
known, and 1t is the subject of dispute among authorities *® Tt
is not generally accepted that the color is due to manganese. Small
amounts of manganese impart a pink, not a violet, color to glasses.
Furthermore, rose quartz, the color of which is probably due to
manganese,®® is pink, and its color is not deepened by radium
radiations as is that of amethyst. Instead, both the original and
heat-decolorized specimens of rose quartz always become smoky
brown when radiated.

Watson and Beard (43), too, believed that amethyst has a
manganese pigment. This conclusion was based on four analyses
which are in general agreement with those of Table XIII. It is
to be noted that they regarded the coloration of rose quartz as
due to an organic compound, although their analyses showed that
it had on the average about as much manganese as amethyst. The
high content of iron in amethyst was disregarded.

The analyses in Table XIII show that the amount of manganese
in amethyst does not vary with the depth of color. With the
exception of specimens Nos. 19, 13, 17a, and 17b, the amount of
MnO is very small. Specimens Nos 19, 17a, and 17b differ from
the others analyzed in being massive specimens from ore veins,
which accounts for the relatively high MnO content. The amount
of manganese in No. 17b, a pale portion of the same specimen
from which No. 17a was taken, is more than in No. 17a, the darker
colored part. Specimen No. 13 contains canals filled with black
manganese dioxide, easily visible to the eye. Itis concluded, there-
fore, that manganese does not color amethyst.

8 Cf. S. C. Lind: J. Phys. Chem., 24, 437-443 (1920).
29 Edw. F. Holden: Am. Min. 9, 75-88, 101-108 (1924).
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TrraNniuM—The amount of titanium is small and rather uni-
form from the dark to the pale specimens. It is probably due to the
small rutile inclusions often seen in quartz.

IroN—The suggestion that an iron compound is the pigment of
amethyst has been the one most often made. Poggendorff (2)
suggested that it might be colored by an iron acid. Heintz (6)
analyzed a specimen from Brazil and found 0.020 per cent FeyO3
and less than 0.01 per cent MnO. He, also, believed that an iron
acid might be the pigment. The change of color on heating would
be due to the formation of a yellow oxide. Engler and Knies (11)
proposed a ferric carbonate as the pigment. Hermann (34)
thought the color might be due to the presence of ferrous, ferric,
and manganese compounds. The action of heat, producing a
yellow color, might be due to the loss of the violet manganese
color, allowing the yellow iron color to predominate.

Nabl (20) has advanced the belief that FeSCN is the pigment
of amethyst. Objections to his conclusions, drawn from the
absorption spectrum, are given in part VI. His analytical results
will now be discussed. Nabl found sulfur in a fusion of amethyst
powder with soda and niter. Kraatz-Koschlau and Wéhler (19)
tried to verify this determination, and ignited the quartz powder in
a stream of oxygen which was led through sodium hypobromite.
The solution was tested for sulfur with negative results. Nabl (22)
then repeated his analyses, using new fusion methods, and again
obtained positive tests. The apparent discrepancy between Nabl
and Kraatz-Koschlau and Wéhler’s results is easily accounted for
The presence of sulfates in liquid inclusions in quartz has been
noted several times.?® Nabl’s methods, involving fusion, recovered
the sulfur from the sulfates, but the other investigators, who
simply ignited the quartz powder, could not break down the
sulfates, though a sulfocyanate would readily have yielded its
sulfur. Their results simply show that no FeSCN was present.

Wild and Liesgang (56), using the spectroscopic method, found
traces of iron in amethyst. They ascribed the color to that element.

The analyses in Table XIII show that amethyst contains large
amounts of iron, and that the percentage of Fe;0; decreases quite

8 E. G. Sorby: Quart. J. Geol. Soc., 14, 473, 475 (1858); Koenigsberger and
Miiller: Centr. Mineral., 76, (1906).
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regularly as the specimens become paler in color. The average
percentage of Fe.0; for each of the four color-classes is: i, 0.14;
ii, 0.026; 1ii, 0.007; iv, 0.007 This seems clearly to show that
some compound of iron is the pigment of amethyst. That view
is supported by other evidence already given.

All of the specimens were examined microscopically. Besides
the generally present water and carbon dioxide inclusions, needles
of goethite and particles of hem atite were frequently found. These
inclusions of iron compounds are most abundant in the darker
colored specimens, and are not present at all in the paler ones.
In Table XIIT analyses Nos. 1, 3, 4, 14, and 19 are those in which

“part of the iron was contributed by these visible inclusions, which
it was not possible to eliminate. The other specimens chosen for
analysis are free of such particles.

Endeavoring to separate the visible hematite inclusions from
the iron compounds of submicroscopic dimensions, which must
form the pigment, the powder of specimens Nos. 3 and 4 was leach-
ed with HC), before the usual treatment with HF. In both cases
the iron was practically all dissolved by the HCI, as shown in
Table XIV. An absolutely clear fragment of No. 7, which showed
no inclusions under the microscope, was then analyzed in the
same way. Again, all the iron was taken up by the HCI, showing
that the visible hematite or goethite cannot be separated from the
remainder of the iron compounds in this manner, for the ferri-
ferous pigment is as completely soluble in HCI as is hematite.
But, the very fact that iron oxide inclusions are most abundant in
the darker specimens of amethyst, and are entirely absent in those
which are pale, is evidence in favor of an iron compound as the
pigment. Even if analyses Nos. 1, 3, 4, 14, and 19 were omitted,
the variation of iron content with depth of color is still very evi-
dent.

TapLe XIV. SOLUBILITY OF THE IRON COMPOUNDS IN AMETHYST

Specimen Per cent Fe,0y leached | Remainder Total per cent of Fe:Os

out by HCL of FesOs
3 0.05 per cent 0.008 per cent 0.06 per cent
4 .34 .007 .35
7 .018 none | .018
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IX. SUMMARY AND CONCLUSIONS
Smoxy QUar1Z

Smoky quartz occurs most typically in the drusy cavities of
pegmatites and the similar Alpine type of veins. It is formed in
the temperature range of about 101° to 220° C., crystallizing from
solutions containing carbon dioxide and other mineralizers,

The heat-decolorization of smoky quartz is a time-temperature
reaction. Decolorization is complete and immediate at 400°, but
continued heating at 235° will cause practically complete loss of
color. When hot, the mineral is yellowish- to blackish-green, but
if heating was not too prolonged, it regains its original color on
cooling.

The light transmitted through smoky quartz is strongest in the
red and steadily decreases to the violet end of the spectrum. The
absorption is ¢> 0 with e slightly more vellowish than o.

The amount of iron, titanium, and manganese in the mineral
is small, and bears no relation to the depth of color. The pigment
cannot be a hydrocarbon.

It seems probable that smoky quartz owes its color and the
property of scattering light to particles of free silicon, of atomic,
not colloidal, dimensions. It is believed that small amounts of
that element are liberated by the radiations from radioactive
substances present in the quartz or in the solutions from which it
crystallized. The principal points of evidence in favor of this
hypothesis may be summarized as follows:

a) Smoky quartz is characteristically associated with radio-
active minerals.

b) Nearly all quartz becomes smoky brown when radiated
with radium compounds.

¢) The color of heat-decolorized smoky quartz is restored by
radiation, and the color of pale specimens may be deepened in
that manner.

d) The dichroism and the absorption spectrum of smoky quartz
agree exactly with those of radiated rock crystal which has be-
come smoky brown. :

e) Smoky quartz strongly scatters light, and this property
seems to be correlated with the coloration, for the dark specimens
scatter light more strongly than the pale ones, and the scattering
disappears with the color when the specimens are heated,
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f) The smoky quartz specimens examined in this study con-
tained appreciable amounts of uranium, with radium in equi-
librium. :

g) Experiments have indicated the probable presence, in
smoky quartz, of free silicon, which is oxidized by heat, causing
decolorization. Both uranium and silicon are most abundant in
the darker specimens.

The hypothesis which has been presented and supported above
seems to fit the experimental evidence quite well. Originality for
the idea here presented is not, of course, claimed, but addition-
al evidence has been submitted and the theory modified so as
better to satisfy the experimental results.

AMETHYST

Amethyst is characteristically zonally colored. It is generally
found in amygdaloidal cavities of basic igneous rocks, or cavities
in pegmatites. It crystallizes from hot aqueous solutions. It
forms at 90° to 250° C., under lower pressure and higher tempera-
ture than is normal at the depth where crystallization takes place.

The color of pale amethyst is deepened by radium radiation, and
decolorized specimens become violet again, However, naturally
colorless quartz rarely becomes violet when radiated, but usually
takes on a smoky brown coloration. Amethyst does not noticeably
scatter transmitted light. The violet color is unstable at 260°,
when amethyst becomes colorless. When hot, below 260° it is
gray violet, but resumes its original color on cooling.

Manganese and titanium cannot be the coloring agents, since
they are present only in small amounts which do not vary with
the depth of color.

It is concluded that amethyst is colored by a compound of
ferric iron, stable up to 260°, and causing absorption of light at
0.53-.54u. Other hypotheses of the cause of color in this mineral
are not in accord with the experimental evidence. The chief
points favoring a ferric pigment, briefly stated, are:

a) Iron minerals are characteristically associated with ame-
thyst.

b) The absorption maximum of amethyst is very near that of
some ferric compounds.

¢) Certain ferric compounds have the same color as amethyst.
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d) Upon being heated, darker amethysts become identical in
color and absorption spectrum with citrine, which is thought to
be colored by a ferric compound.

e) The amount of iron in amethyst is large, and it varies in
porportion to the depth of color.
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