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ABSTRACT

The nature of the pigments of smcky quartz and amethyst was investigated
from the standpoints of the occurrence and genesis of those minerals, the effect of
heat and of radiations upon the colors, the transmission of light, and analysis for
the various impurities. Tt is concluded that amethyst owes its color to a ferric
compound, while smoky quartz is probably pigmented by free atomic silicon,
liberated through the action of radioactive substances. The literature is discussed
as fully as space permits and a chronalogical bibliography is appended,

I. INTRODUCTION
THE SCOPE OF THIS INVESTIGATION

The causes of the colors of smoky quartz and amethyst have
been the subject of numerous investigations, in most of which only
one or two methods of inquiry have been pursued. But, any
attempt to discover the nature of the pigment of a dilute-colored
mineral should be based upon as many different kinds of experi-
mental evidence as possible. The opinion arrived at by a single
method of investigation is not to be compared in plausibility to a
conclusion substantiated by a number of converging lines of
evidence. Therefore the research here described considered the
following principal subjects, all of which contribute their share to
the final conclusions:

1. The occurrence and genesis of smoky quartz and amethyst.

2. The influence of radiations upon their colors

3 Color changes resulting from heat-treatment of these min-
erals.

4 The transmission of light through amethyst and smoky
quartz.

*From a dissertation submitted in partial fulfillment of the requirements for
the degree of Doctor of Philosophy in the University of Michigan, June, 1925. That

portion of the thesis dealing with the pigment of amethyst was submitted to the
Boston Society of Natural History and was awarded the Walker prize for 1925.
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-5 The nature and amount of the impurities in these varieties
of quartz. ‘

A large number of specimens were studied in order that some
generalizations, applicable to all occurrences of these minerals,
might be made from the results obtained.

The portion of the study devoted to impurities is almost wholly
new. Those parts dealing with the transmission of light, the effect
of heat upon the colors, and the occurrence and genesis are largely
original. However, very little new work on the effect of radiations
was carried on, since that field has been very thoroughly covered
by other investigators. ‘

HyproTuzses CONCERNING THE PIGMENTS OF
SMOKY QUARTZ AND AMETHYST

Various investigators have suggested that smoky quartz is
colored in one or another of the following manners:
a) The pigment is an inorganic compound, probably of trivalent
titamum. (15, 16).!
b) The pigment is a carbon compound. (7,9, 18, 19, 28).
¢) The pigment is a suspension produced by the action of
radium radiations. (37, 42).
The ideas which have been advanced as to the cause of the color
of amethyst are very similar, and may be classified as follows:
a) The pigment is an inorganic compound.
(1) Itis a compound of iron. (2, 6, 11, 20, 22, 34, 56).
(2) It is a compound of manganese. (28, 43). '
b) The pigment is a carbon compound. (18, 19).
c) The color is due to the action of radium radiations. (41, 42).
Each of the hypotheses as to the nature of the pigments is dis-
cussed in detail in later portions of this paper.

Locatrities aAnp DePTHS 0F COLOR OF THE
SPECIMENS STUDIED

The localities and the depths of color of the various specimens
of smoky quartz used in this investigation are given in Table I,
below. The variation in color is indicated by four color-classes.
Class i includes the dark blackish brown specimens, darker than

! The numbers in parentheses refer to entries in the bibliography, section X.
? Robert Ridgway. CoLor STANDARDS AND CoLOR NOMENCLATURE. Washing-
ton, 1912,
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Ridgway’s? 13''m; class ii, smoky brown, 17/'-13''m; iii, pale
grayish brown, lighter than 17'”’; and class iv, almost colorless.
The order of arrangement within the four classes is not intended

to be significant.

TasLE 1. LocATITIES AND DEPTHS 0F COLOR FOR SMOKY QUARTZ

- Color- | Specimen Tomallsy
class number
1 Pike’s Peak, Colorado
2 Maine
4 Maine
6 Pike’s Peak, Colorado
12 Florissant, Colorado
i 23 Butt Township, Ontario
24 Conger Township, Parry Sound district, Ontario
25 McDonald Mine, Monteagle Township, Hastings County,
Ontario
26 Mining Corporation Claim, Butt Township, Ortario
27 Lyndock Township, Renfrew County, Ontario
31 Seffernville, Lunenburg County, Nova Scotia
3 Siberia
5 Auburn, Maine
] Seneca Falls, New York
8 Unknown
9 Alexander County, North Carolina
ii 11 Unknown
13 Unknown
14 Unknown
15 White Mountains, New Hampshire
21 Bedford, New York
18 Branchville, Connecticut
28 New Kingston, Pennsylvania
il 29 Herkimer County, New York
30 Hot Springs, Arkansas
iv 10 St. Gothard (?), Switzerland

Table II gives
Class i includes

tke same data for the specimens of amethyst.

the dark violet specimens, corresponding to

Ridgway’s 63'm-63; class ii, violet, 63’-63b; iii, pale violet, 63'b-

63'e; and class iv,

very pale violet, 63’e-colorless.
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TaBLE II. LocaLrTiEs AND DEPTHS OF CoLor For AMETHYST

Color- | Specimen Locality
class number
1 Unknown
3 Lake Superior district
i 4 Unknown
7 Smithfield, Rhode Island
14 Uruguay
6 Serra do Mar, Brazil
13 Genyo, Corea
17al Guanajuato, Mexico
i 18 Aspen, Colorado
19 Schemnitz, Hungary
22 Brazil
23 North Carolina
5 Tredell County, North Carolina
8 Jefferson County, Montana
il 11 Delaware County, Pennsylvania
12 Mahatsarakaly, Madagascar - :
15 Lincoln County, North Carolina
2 Iredell County, North Carolina
iv 9 Fujiya, Hoki, Japan
17bt Guanajuato, Mexico

! Specimens 17a and 17b are dark and pale portions of the same group of
crystals.
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I1. PHYSICAL PROPERTIES OF SMOKY QUARTZ AND AMETHYST

Only those properties in which smoky quartz and amethyst
differ from ordinary quartz will be considered here.

CorLor—The color of smoky quartz varies from a pale and
somewhat yellowish brown (Ridgway’s 19’"’f), or a pale grayish
brown (17'"'f), through wood brown (17’"’) and dark brown
(13’m) to black. Amethyst is more constant in hue, ranging
from colorless to deep violet (about 63’g to 63'm).

CrysTaL ForM—Amethyst is nearly always well crystallized,
and smoky quartz frequently so, in contrast to the universally
massive form of rose quartz.? Smoky quartz and amethyst were
crystallized slowly from aqueous solutions while rose quartz must
have formed more quickly from a pasty aqueo-igneous fusion.

The abundant occurrence of trigonal trapezohedrons and bi-
pyramids upon smoky quartz crystals is testified to by numerous
citations in the literature. Unequal development of 7 and z is
also often noted. Amethyst, too, may show these characters.
Smoky quartz, and more especially amethyst, are often twinned,
the boundaries between the individuals in the twinned crystals
being generally sharp and quite regular. Sections of smoky
quartz or amethyst crystals are generally free from fractures.
These characteristics unite in indicating that smoky quartz and
amethyst were formed as the alpha or low-temperature form of
quartz. (see part III).

ZoNAL CororING—Both of these varieties of quartz are very
often zonally colored. Indeed, amethyst almost always has a
zonal distribution of color, which is of two types, frequently com-
bined in a single crystal:

1. In fine lamellae parallel to the rhombohedron faces.

2. A type best revealed by a basal section, which shows a
division into sectors. One half of these are violet, and all the other

3Edw. F. Holden: Am. Min., 9, 77, (1924).
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sectors, alternating with those that are violet, are either colorless,
yellow, or smoky.

The optical anomalies arising from the intimate twinning of the
right and left lamellae and sectors, which correspond to the
differently colored areas, are well described and illustrated by
Tutton (51, 57). Intergrowths of smoky quartz and amethyst
are frequent.

DicrroisM—The absorption of smoky quartz is e>o, and the
dichroic colors are as follows, depending upon the depth of color:

e 0
slightly brownish yellow pale pure brown
dark yellowish brown pure brown
black very dark brown

The pleochroism of rock crystal which had been colored brown by
radium radiations was found to be identical with that of natural
smoky quartz.

In amethyst the dichroism is less uniform than in smoky quartz,
due to the usual zoning of the colors. The specimens examined
showed (1) reddish purple to purple, and (2) purple, bluish purple,
or indigo. In some cases no dichroism was apparent. Hai inger
(4) made an extensive study of the pleochroism of amethyst, and
his results show the absorption to be e>o, with the color for e
more reddish than that for o.

TxpicEs oF REFRACTION—The variation of the indices of re-
fraction with the color in quartz has been studied by Forster (7),
Dufet (13), Hlawatsch (17), and Wiilfing (30). The values which
these investigators found for amethyst (w 1.54418% to 1.54427)
lie entirely within the range for rock crystal (w 1.54418 to 1.54433).
The index of an amethyst from Uruguay was increased 5 x 107
by heat-decolorization, according to Wiilfing. Most of the meas-
urements for smoky quartz agree closely with those of the other
two varieties. In the fifteen determinations recorded for smoky
quartz the value for w was between 1.54403 and 1.54436 for
thirteen specimens; in the other two cases w was given as 1.54387
and 1.54388, respectively. Wiilfing and Forster found that the
heat-decolorization of dark smoky quartz caused no change in the
index of refraction, but Hlawatsch noted a slight increase in the
fourth decimal place Even the largest variation in refractivity

4 All values of w are for yellow light.
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from one specimen of smoky quartz to another is very slight,
rarely attaining a magnitude of several units in the fourth decimal
place.

It is unlikely that the pigmenting impurities constitute any
large proportion of the total impurities which effect the optical
properties of these types of quartz. For this reason it is impossible
to draw any plausible conclusions as to the nature of the pigments
from this type of evidence. :

III. OCCURRENCE AND GENESIS OF SMOKY QUARTZ AND AMETHYST

The production of the characteristic color of such minerals as
smoky quartz and amethyst is due to the coexistence of the proper
chemical and physical environment in the solutions from which
they form. It is necessary that there be present those chemical
compounds which constitute the pigment, and it is just as im-
perative that the mineral crystallizes under favorable physical
conditions. Temperature is probably the most important of the
physical factors. At this point in the study an effort will be made
to determine the chemical and physical conditions prevailing
during the formation of smoky quartz and amethyst.

OCCURRENCE

The occurrences of smoky quartz and amethyst may con-
veniently be classified into the six groups discussed below. With
the exception of the last, they are arranged in the most probable
order of decreasing temperature and pressure conditions.

1. IN CAVITIES IN DEEP-SEATED IGNEOUS ROCKS, PRINCIPALLY
PEGMATITES—Both amethyst and smoky quartz occur frequently
in the deep-seated igneous rocks, especially in the drusy cavities
of pegmatites. These minerals crystallized out from hot aqueous
solutions containing a large amount of carbon dioxide and other
mineralizers. Quartz crystals generally coat the walls of the
cavities and are among the last differentiates from the magma.

Smoky quartz occurs in a wide variety of pegmatite types,
comprising: (a) those with potash feldspar (e.g., Madagascar);
(b) gem beryl pegmatites (Mourne Mountains, Ireland); (c) the
Li-F-B type, with gem tourmaline and lepidolite (Mount Mica,
Maine); (d) the Li-F-Mn-phosphate type (Branchville, Connecti-
cut); (e) the cassiterite and tourmaline pegmatites (Fichtelge-
birge); (f) the Cb-Ta-U-rare earth pegmatites, with radioactive
minerals (many localities in Ontario).
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Smoky quartz is also found in the body of pegmatite veins,
where it was often the last constituent to crystallize.

Amethyst is less abundant in pegmatites than smoky quartz and
it is not found in the body of the pegmatite veins, but occurs only
in the cavities. The drusy cavities containing amethyst and smoky
quartz are not confined to pegmatites, though they are most abun-
dant there. Similar pockets often occur in granites, as well as in
other deep-seated rocks.

2. IN HYDROTHERMAL VEINS CLOSELY ASSOCIATED WITH
GRANITES AND PEGMATITES—These quartz veins were formed by
the silica-bearing aqueous solutions which were the last differen-
tiation products of acidic magmas. Amethyst and smoky quartz
are sometimes found in cavities in such veins.

3. IN THE ALPINE TYPE OF VEINS—The Alpine veins have been
thoroughly studied by Koenigsberger (24, 41, 44). They were
formed by hot, ascending waters, rich in CO,, which leached out
the constituents of the rocks through which they passed. The
dissolved substances later crystallized out in new combinations.
Naturally, the composition of the minerals thus formed was
determined by the nature of the leached rock.

Smoky quartz is abundant in these veins, while amethyst is
not infrequent. Smoky quartz is found in the veins in adularia
gneiss, biotite gneiss, granites, and acid like rocks, but the quartz
in the veins traversing schists of sedimentary origin and basic
igneous rocks is almost always colorless. The most important
associates of smoky quartz are as follows: (a) formed before or
with the quarts: adularia; and (b) formed after the crystallization of
the smoky quartz:. fluorite—characteristically red, calcite, the
zeolites, and chlorite. )

Koenigsberger (24) states that in the central Alps the intensity
of color of the smoky quartz crystals depends upon the altitude
of the occurrence. He gives the following data for the western part
of the protogene:

Up to 1400 m. altitude, the quartz is colorless

At 1300 a brown color is noticeable
1800 distinct brown color
2300 the typical smoky quartz begins
2900 deep colored morion

Brauns (37) thinks that the color may have been due to radium
and that the radium may have been more active at higher levels,
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or that a lower temperature in the higher rocks permitted a more
intense color to be produced by the radium. Most probably the
explanation lies in a temperature effect. If the present altitude of
the occurrences represents the proportional depth of the quartz
when it was formed, the temperature of the veins now at 1400 m.,
would at that time have been 45° more than that of the veins now
at 2900 m., assuming an added temperature of 1° for each incre-
ment of 33 m. in depth. This is a sufficient temperature range to
allow the production of the different degrees of color observed
(see part V).

Amethyst in the Alps is always accompanied by iron minerals.
Limonite is the most frequent associate, others being ankerite,
siderite, and chlorite. ’

4. I~ orE VEINS—Colored quartz is not infrequently found
in metalliferous veins. Amethyst occurs in such deposits more
often than the smoky quartz. Amethyst has often been noted in
the silver veins which Lindgren® describes as “deposits formed
near the surface by ascending thermal waters and in genetic
connection with igneous rocks.” Examples are the deposits at
Schemnitz, Hungary, and Guanajuato, Mexico. It is also noted in
the ore-bodies classified as “metalliferous deposits formed at
intermediate depths,” as, for example, in the lead-silver veins of
Pfibram, Bohemia, and in the silver veins on the north shore of
Lake Superior. Such minerals as the carbonates, the sulfides,
barite, and fluorite are common associates of amethyst in ore
veins.

When smoky quartz is found in ore veins it is generally in those
which are mineralogically related to pegmatites, such as the
cassiterite veins of Saxony.

5. IN THE AMYGDALOIDAL CAVITIES OF BASIC IGNEOUS ROCKS—
Amethyst is very frequently found in the cavities of basic eruptive
rocks. The associated minerals are agate and chalcedony, formed
carlier than the amethyst; and datolite, prehnite, pectolite,
apophyllite, the zeolites, and calcite, formed later. In some local-
ities it seems evident that these minerals were precipitated from
magmatic liduids in the gas cavities of cooling lavas; in others they
were formed by the action of atmospheric waters percolating
through recently erupted lava flows.

® Waldemar Lindgren: MiNerAL DEposITS, 2nd edition, 465 ¢f seg. 1919.
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Amethyst is found in veins and geodes in the Triassic traps of
New Jersey, the Connecticut Valley, and Nova Scotia. Smoky
quartz is only occasionally noted in these rocks. Another well-
known occurrence for amethyst is in the chalcedony and agate
geodes from melaphyres in Brazil and Uruguay.

6.. RELATIVELY UNIMPORTANT MISCELLANEOUS OCCURRENCES—
A few occurrences of amethyst and smoky quartz in calcareous
rocks, sandstones, and quartzites, in which there was no known
genetic connection with igneous rocks, have been reported. In
these instances the quartz crystals must have been deposited by
waters of only moderate warmth. Amethyst often occurs in the
agatized trees of Yellowstone Park and Arizona, the silicification
having been caused by cool waters of meteoric origin.

ELEMENTS ASSOCIATED WITH SMOKY QUARTZ AND AMETHYST

Many other elements occur in the silica-bearing solutions from
which these varieties of quartz crystallize. Minerals containing
the following elements are frequently found with both smoky
quartz and amethyst: H, as water; C, as COs, very common both
as a gas and in carbonates; Na, K, Ca, Mg, Fe, Mn, Al, and Si in
the alumino-silicates and so forth; F, in fluorite, apatite, apophyl-
lite, and topaz; B, in tourmaline and datolite; and Ti in thealways
present rutile inclusions, and as anatase and brookite.

Many of the rarer elements are more characteristically asso-
ciated with smoky quartz than with amethyst. These include:
the less common alkalies, Li, Rb, and Cs, in lepidolite, tourmaline,
alkali beryl, and spodumene; Be, in beryl; P, in apatite and other
phosphates; Sn, in cassiterite; W, in wolframite; Mo, in molyb-
denite; and in the numerous rare earth and radioactive minerals:
Cb, Ta, Th, U, Ra, the rare earths, and Zr.

The frequent occurrence of smoky quartz in association with
rare earth and radioactive minerals is very significant, for later it
will be indicated that smoky quartz may have been colored through
the action of radioactive elements. In Ontario smoky quartz is a
constant associate of radioactive minerals,® and the same asso-
ciation is frequent in Madagascar.” Enormous sthoky quartz
crystals occur in the well known radioactive pregmatite of Baringer
Hill, Texas.

8 H. V. Ellsworth: Summ. Repi. Geol. Surv. Canada 1921, pt. D, 51-70.
7 A. Lacroix: MINERALOGIE DE MADAGASCAR, 11, 260 (1922).
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Only very pale varieties occur elsewhere than in acid igneous
rocks, which are much more radioactive than other types of rocks.?
There is, therefore, a correlation between the occurrence of smoky
quartz and the radium content of the rocks in which it is found.

Amethyst is often accompanied by minerals of some elements
rarely found with smoky quartz: S, As, Cu, Zn, Pb, Ag, and Au, in
the sulfides, sulfo-salts, and native metals; Ba, in barite; the
compounds of Fe, limonite, goethite, hematite, and siderite, which
are the most characteristic associates of amethyst, especially the
darker varieties. One of these iron minerals invariably accom-
panies amethyst in the Alps (24, 41, 44). Amethyst is associated.
with limonite veins in Lincoln County, North Carolina. It occurs
on siderite at Macskamezo in the Siebenbiirgen, and on carnelian
containing 3 per cent FeyO; in the‘; Buntsandstein” of Waldshut,
Baden. At Hiittenberg, Carinthia, it is found as drusses on siderite
and limonite. Near Onega-See, Russia, amethyst enclosing geo-
thite needles is found.

A specimen from El Paso County, Colorado, was zoned in
smoky brown and violet. There were a few scattered needles
of goethite in the smoky area, but the violet portions are literally
crowded with them,

In the Lake Superior district much of the amethyst has in-
clusions of hematite or goethite. In specimens examined the color
was deepest for several mm. below the thin layer of hematite
inclusions, the rest of the crystal being white or colorless. These
relations indicate that the violet quartz began to be formed when
a sufficient concentration of iron was attained in the mineral
solutions, the quartz previously formed being colorless. As the
amount of iron increased the color became darker, and finally the
deposition of hematite took place. In Madagascar (49) also, red
and black hematite inclusions occur in amethyst.

Many more instances of the occurrence of iron minerals with
amethyst might be cited. It is significant that the amethyst from
amygdules in basic igneous rocks is usually very dark, while that
in pegmatites and related veins is most apt to be pale. Basic
igneous rocks are high in iron; acid rocks are low.

While many elements occur in the solutions from which ame-
thyst has been deposited, iron is the only pigmenting substance
which is characteristically present. The facts presented in the
preceding paragraphs are good evidence that iron is essential in

8Cf. U.S.G.S. Prof. Paper 121, 54-57 (1921).
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producing the color, a conclusion which data given later will
substantiate.

The chemical factors necessary in the formation of smoky
quartz and amethyst, aside from the presence of the compounds
causing the colors, are a moderate amount of uncombined silica
in the aqueous solution, with considerable carbon dioxide and other
mineralizers. With too great a concentration of silica the crypto-
crystalline or poorly crystallized varieties of quartz are likely to
be formed. At temperatures within the formation range of opal,
the presence of carbon dioxide seems to favor the growth of quartz
instead of opal.®

PARAGENESIS

The paragenetic relationships of smoky quartz, amethyst, and
the more inportant associated minerals are shown in Table III.
Very little additional discussion is necessary. These varieties of
quartz were generally formed after the colorless or white quartz
of the pegmatites in which they occur, and after the chalcedony
and agate of basic rocks. In the first instance, this is due to the
temperature, which at first is too high to allow the pigmenting of
the quartz. In the basic rocks, the cryptocrystalline varieties are
at first precipitated from the concentrated silica solutions, to be
followed later by the more slowly formed crystals.

TABLE III. PARAGENESIS OF SMOKY QUARTZ AND AMETHYST

Time of formation relative to that
of smoky quartz and amethyst
Before Same time Afterwards

Orthoclase, microcline, albite X X
Adularia x X
Tourmaline, beryl, micas X
Rare earth minerals X
Apatite X X
Rutile, anatase, brookite X X X
Hematite, limonite, goethite x X X
Calcite, chlorite x X
Zeclites, apophyllite, pectolite X X
Fluorite X
Colorless or white quartz X X X
Agate and chalcedony X x X
X indicates “generally” x indicates “occasionally”

® C. Doelter: HANDBUCH DER MINERALCHEMIE, II, 153-157 (1914).
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TEMPERATURE OF FORMATION

The minimum temperatures at which decolorization occurs is
shown in part V to be approximately 225° for smoky quartz and
260° for amethyst. It will be of interest to ascertain whether other
lines of evidence unite in indicating a formation temperature be-
low the point of decolorization.

CRYSTALLOGRAPHIC EVIDENCE—Wright and Larsen!® have in-
dicated criteria which may be used to distinguish quartz formed
above 575° from quartz formed below that temperature. As
shown by the description of the physical properties in section IT,
the application of these criteria to smoky quartz and amethyst
prove unquestionably that they were formed below 575°, as the
alpha modification of quartz.

EVIDENCE FROM LIQUID AND GASEOUS INCLUSIONS—Quite pre-
cise information concerning the temperature and pressure con-
ditions during the formation of smoky quartz and amethyst is
afforded by the abundant liquid-gas-filled cavities.

From an extensive study of artificial and natural crystals,
Sorby" concluded that ?-‘I'at the temperature at which they were
formed, the fluid cavities in crystals are full of fluid, and . . . .
at a lower temperature they contain vacuities, owing to the
contraction of the fluid on cooling. . . .. The temperature (of
formation) . . . . might be ascertained by determining what in-
crease of heat would be required to expand the fluid so as to fill
the cavities.” g

Much more recently, Johnsen (47) by the application of accepted
physico-chemical relations, has been able to construct a tempera-
ture-pressure curve, at some point along which an amethyst
crystal studied by him must have been formed. This crystal
contained a cavity filled with COs. At 20° both liquid and gaseous
phases of CO, were present in the ratio of 70 to 30 by volume,
respectively. At 30°, approximately the critical temperature of
CO., the whole inclusion became gaseous. From the volume
ratios of the two phases at 20° and their known densities!® Johnsen
calculated the density of the originally included COs gas to be
0.60. TUsing van der Waal's equation, he then calculated the
pressure-temperature curve along which carbon dioxide would have
that specific gravity. (This is the curve ab of Figure 2 in this

10 F, E. Wright and E. S. Larsen: Am. J. Sci., 27, 421-447 (1909).

u . C. Sorby: Quart. J. Geol. Soc.; 14, 433-500 (1858).
2 F. H. Amagat: Compt. Rend., 114, 1093-1098 (1892).
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paper). The amethyst crystal in question must undoubtedly have
formed at a temperature and pressure falling at some point on the
curve, but one quantity must be known if the other is to be found.

It appeared that both the temperature and pressure under which
a specimen of quartz was formed could be approximately deter-
mined if the mineral contained both water and carbon dioxide
inclusions. Examination of a series of crystals showed that such
is not infrequently the case. These gaseous and liquid inclusions
may be classified into three types, as follows:

1) INCLUSIONS CONSISTING OF WATER ALONE, OR OF AN AQUEOUS
SOLUTION, BUT WITH NO FREE CARBON DIOXIDE—Such cavities
contain small contraction bubbles, due to the cooling of the
liquid from its temperature when enclosed in the growing quartz
crystal. The temperature at which the bubble just disappeared

Fic. 1

was determined. This is practically equal to the formation
temperature, for the slight effect of pressure may be disregarded.

The fragment of quartz under examination was placed in a
bath of melted paraffine, contained in a crystallizing dish on a
microscope stage. The temperature of the bath, measured with a
mercury thermometer, was gradually increased by means of a
current passed through a small platinum resistance coil immersed
in the liquid. The temperature at which a bubble in a cavity
just vanished could thus be readily determined.

In Fig. 1, sketches a, b, ¢, and d, made at room temperature,
illustrate this first type of inclusion. In a and b, from smoky
quartz No. 14, the bubbles disappeared at 205+5°; in ¢ and d,
from amethyst No. 9, at 240+ 10°. Negative crystal cavities are
illustrated by & and 4.
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2) INCLUSIONS CONSISTING ENTIRELY OF CARBON DIOXIDE—
Below the critical temperature, 31°, these frequently contain both
the liquid and gaseous phases. Following Johnsen’s method it is
possible to construct a pressure-temperature curve, passing
through the point at which the specimen must have formed. In
Figure 2 are given the pressure-temperature curves for several
densities of CO..

Sketches g and %, Figure 1, from fragments of amethyst Nos. 12
and 11, respectively, illustrate inclusions entirely of COs. The
inner bubble is gaseous, the outer zone liquid CO,. The sketches
show the conditions at room temperature. Above 31° there is
only one phase, gaseous CO,. '

3) INCLUSIONS OF WATER WITH BUBBLES OF CARBON DIOXIDE
AND WATER vaPOR—The CO, in the cavity exceeds the amount
soluble in water. Below 31° it may be either entirely gaseous
CO, or may exist as two phases. These COz bubbles in water
furnish the same kind of information as is given by those inclus-
ions entirely of COs.

The carbon dioxide bubbles can be distinguished from the con-
traction bubbles since the ratio of CO; bubble to liquid is quite
variable from one cavity to another in a single fragment, while
in bubbles due solely to contraction the relation is necessarily
quite constant. Undoubtedly, the CQOs in this third type must
have been enclosed in the quartz as bubbles in the water.

Bubbles of CO; in water are illustrated by diagrams e and f
(smoky quartz No. 15) and by 4, a negative crystal cavity (smoky
quartz No. 4). In the cavities represented here the density of the
CO, is such that it all remains gaseous at room temperature.

When the first together with either the second or third types of
inclusions occur in the same specimen, both the temperature and
pressure at the time of formation are easily determinable. The
water inclusions give evidence as to the temperature, which
enables the pressure to be determined from the temperature:
pressure curves afforded by the CO; inclusions. The temperature
determination is the more accurate because it involves no cal-
culation.

The cavities sketched in j and J, Figure 1, at 25° are of the
first and third types, respectively, and they occurred in the same
crystal (smoky quartz No 5) The contraction bubble in j dis-
appears at 135+°. Sketches & and [ are of the same cavity at
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different temperatures. In k, the temperature is greater than 31°,
when all the CO, is gaseous. In [ the innermost zone is a globule
of liquid CO; at the interface between the gaseous CO, and the

outermost zone of water.!3

In the table given below are tabulated the results of examining
a number of specimens of amethyst and smoky quartz in this way.

TaBLE IV. TEMBERATURE (f) AND PRESSURE (p) oF FORMATION OF SMOKY QUARTZ
AND AMETHYST AS DETERMINED FROM THEIR Lioum anp GasEous INCLUSIONS

SMOKY QUARTZ AHETHYST
Spec. ! P Spec. ¥ P
no. no.
—1 110 ca. — 1 97+2° —
10 100? <100 atm. || 14 135+ 1 —
29 110+5 — —1 14045 —
182 125+35 — 23 140+ 3 ==
4 125+ 10 100 2 150 ? 600+ 50 atm.
12 135+5 — 15 185410 —
5 135£3 175+25 —2 210+ 10 =
30 1355 — 9 240+10 +=>
1 140+10 — 12 — Up to 250! to 30C5 ca.
7 180+10 e 11 - 450 to 550° ca.
3 2055 — —3 — 4504 to 5505 ca.
14 2055 —
= 225 —
2 — <100
15 - - <100

! Smoky gray crystals in a water-
filled geode, Uruguay. C. W. Gum-
bel, Sitzb. k. Bayr. Akad. Wiss.,
Math.-phys. ClL., 10, 241-254 (1880).

*G.W.Hawes, Am.J. Sci., 21, 203-
209 (1881) also has studied crystals
from this locality. From his data
the writer finds: #110-114°, p up to
500 atm.?

!Smoky quartz from Alpligenglet-
scher. J.Koenigsberger, Newes Jahrb
Mineral. Geol., Beil.-Bd., 14, 43-119
(1901).

1A cut gem, locality unknown.

2 Very pale crystal from Schemnitz,
with a macroscopic bubble.

*Mursinka, Johnsen, loc. cit.
4 Assuming £<150°

% Assuming ¢=200°

¥ G. W. Hawes. Am. J. Sci., 21, 203-209 (1881) describes an interesting series
of three-zoned CO: and water inclusions in smoky quartz from Branchville,

Connecticut.
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Figure 2 illustrates the paragenesis of smoky quartz, amethyst,
and carbon dioxide. Tt is based on Johnsen's work, with adapta-
tions and much added data. The normal geothermobar, as
shown, is that for a temperature increase of 1° per 33.3 mJin-
crease in depth, and a pressure rise of 1 atm. per 4 m. The depths
in the earth’s crust are indicated at intervals of 2 km. along this
curve. The pressure-temperature curves for several densities of
COq are given. To the right of these curves the corresponding
proportion of liquid CO;z existing at 20° is indicated, in terms of
its volume percentage of the whole inclusion of COs. The vapor
pressure-temperature curve for water is also given.

&\:&

F1e. 2

The probable pressure-temperature conditions under which
amethyst forms are represented by the area which is obliquely
ruled, while the hypothetical region of formation of smoky quartz
is shown by horizontal lines. Itis obvious that amethyst is formed
under a greater temperature and pressure range, both higher and
lower, than smoky quartz, and that ‘the two types may form
simultaneously through a considerable variation in temperature
and pressure, as frequently happens.

The diagram (Fig. 2) shows that both of these varieties of
quartz were formed under either lower pressure or higher temper-
ature than normal for the earth’s crust, or under both lower
pressure and higher temperature. The latter is most probable.
Those are the conditions to be expected in pockets containing
hot aqueous solutions. The open cavities relieve their contents
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of the normal pressure, while the solution is hotter than the normal
temperature because of its magmatic origin. The actual pressure
must be that of the water vapor and gases. The pressure is shown
by the inclusions to exceed that which would be caused by the
water vapor alone at the several temperatures.

EVIDENCE FROM PARAGENESIS—In respect to the formation
temperature, the paragenetic relationships of these two colored
varieties of quartz agree with the evidence from the inclusions.
Adularia, formed before or with the earlier-formed crystals of
smoky quartz, is frequently deposited by waters of 50-150° in
temperature, according to Lindgren.* Doelter’® concludes that
orthoclase may have formed at temperatures as low as 100°
Both albite and orthoclase have been found in sedimentary rocks
under circumstances positively demonstrating their formation
after sedimentation.'* Muscovite, also of an earlier stage than
smoky quartz, has been synthesized at 196-233°. Therefore, the
lowest possible formation temperature for these earlier-crystallized
minerals lies well below the highest possible temperature of forma-
tion for smoky quartz and amethyst, as indicated by the inclusions
and the decolorization experiments.

Calcite, fluorite, and chlorite, minerals of a later stage than
smoky quartz and amethyst, are capable of formation through a
rather wide range, down to very low temperatures. The zeolites
are stable in a more restricted region and are characteristically
low temperature minerals. They have been synthesized at temper-
atures as low as 100° and in nature have been formed at even
lower temperatures. Phillipsite, for example, is found in deep
sea muds. The zeolites, fluorite, calcite, and chlorite could well
have been formed below the lowest temperatures indicated for
smoky quartz and amethyst.

SUMMARY

It is shown that amethyst and smoky quartz were crystallized
from hot aqueous solutions in cavities, under less pressure than
normal for the depth at which they were formed, and in a tempera-
ture range of about 110-220° for smoky quartz, and 90-2350° for
amethyst. The crystals grew rather slowly, from not too highly

14 Waldemar Lindgren: MiNeraL DEposITS, 2nd edition, 468 (1919).
L C. DoELTER: HANDBUCH DER MINERALCHEMIE, II, pt. 2, 555 (1917).
1 R. A. Daly: Proc. Nat. Acad. Sci., 3, 659-665 (1917).
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concentrated solutions. These solutions contained many other
compounds than silica, notably carbon dioxide and other mineral-
izers. Smoky quartz is frequently accompanied by radioactive
minerals. The iron minerals, hematite, limonite, goethite, and
siderite are generally found with amethyst.

IV. RADIATIONS AND THE COLOR OF SMOKY
QUARTZ AND AMETHYST

Much has been published concerning the effects of radiations
on the color of smoky quartz and amethyst [Doelter (32, 33, 38,
39, 40, 42, 53), Egoroff (27), M. Berthelot (28), Miethe (29),
D. Berthelot (31), Phillips (35), Simon (36), Brauns (36), New-
berry and Lupton (45), Meyer and Piibram (50), and Lind and
Bardwell (54)]. For the present investigation Dr. Bardwell kindly
exposed three sections of New York rock crystal to the penetrating
radiations from 230 mgs. Ra. for 112 days. The dichroism and
absorption spectraum of these artificially colored specimens were
found to be identical with that of the natural smoky quartz (see
sections IT and VI).

The many investigations which have been reported by various
workers allow very general conclusions to be made:

a) The color of heat-decolorized amethyst and smoky quartz is
restored by the penetrating radiations from radium.

b) Pale specimens may have their colors intensified in the
same way, but sometimes amethyst becomes brown on radiation.

c) Colorless quartz normally becomes smoky brown, but some-
times is rather resistant to coloration by radium, and rarely be-
comes violet.

d) A zonal coloring like that observed in naturally colored
quartz crystals is sometimes produced by radiation.

e) The radium-induced colors are unstable at moderate tem-
peratures, and radiated specimens usually phosphoresce when
heated.

RELATION BETWEEN RADIUM RADIATIONS AND THE PIGMENTS OF
SMOKY QUARTZ AND AMETHYST

There is good evidence that the smoky brown color produced
by the radiation of rock crystal is identical with the coloration of
natural smoky quartz. The artificially colored variety agrees
exactly with the natural in hue, dichroism, and absorption- spec-
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trum. Furthermore, the zonal coloring observed in natural crystals
is often duplicated in the radiated rock crystal. Both artificial
and natural smoky quartz are decolorized at moderate tempera-
tures. These facts suggest that the pigmenting of natural smoky
quartz is due to the radiation of colorless quartz by radioactive
substances in the solutions from which it formed. This hypothesis
will be further supported and elaborated.

On the other hand, it does not seem possible to trace any in-
evitable connection between the action of radium and the natural
production of the amethystine color. Radiation of almost any
specimen of quartz, such as rock crystal, or rose quartz, or fre-
quently even amethyst itself, brings about the brown coloration.
On the contrary, the violet color is very rarely produced except
when the color of pale or heated amethyst is deepened by radiation.
The color of amethyst must be due to some characteristic pigment-
ing impurity, which other parts of the present study indicate to
be a ferric compound.

HyroTHESES PROPOSED TO ACCOUNT FOR THE COLORATION OF
MINERALS BY RADIATIONS

The explanations which have been advanced to account for the
production of color by the radiation of a mineral fall into two
main classes: ]

1. The color is due to the formation of colloidal particles.

2. The color is due to the liberation of electrons without the
production of colloidal particles.

Doelter (40, 42), especially, has supported the first view. Ac-
cording to his view colorations are probably due to the formation of
colloidal particles by the disintegration of impurities or of the
pure mineral substance itself. The size and degree of dispersion
of the resulting particles would determine the color produced, as
in any other colloidal solution. Doelter suggests colloidal sodium
or lithium, derived from included silicates, as the pigments in
smoky quartz and amethyst. Decolorization by heating would be
due to a change in the size of the particles or of their dispersity.
Wild and Liesegang (52) have pointed out that it is very difficult to
accept the hypothesis that solid colloidal particles might migrate
through the rigid crystalline framework of a mineral.

Lind and Bardwell (54) have recently proposed a theory which
seems- much more probable: Certain groups of electrons are
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thrown into metastable positions by the radiations. No displace-
ment of the atom is involved, nor are any colloidal particles
produced. Their assumption is that the displaced electrons are
able to vibrate with a frequency which may fall in the visible
region, causing the production of a color. They may return to
their normal positions under the influence of heat.

SCATTERING OF LIGHT BY SMOKY QUARTZ AND AMETHYST

Strutt (46) has observed that a ray of light passing through a
section of smoky quartz is strongly scattered, the path of the
light being visible. In clear, colorless quartz, however, there was
no scattering. Raman (48) has made similar observations.

Vanzetti (55, 58) found the light-scattering in morion to be
pronounced. After decolorization of the section at 300° the path
of the light ray was no longer visible. In a zonally banded section
light was scattered by the brown bands, but not by those which
were colorless. Vanzetti concluded that it was plausible to suppose
that the light-scattering and the color, both destroyed by heating
and restored by radiation, were due to a colloidal suspension whose
particles might vary in size. Perhaps a partial decomposition of
the SiO; was involved.

Some observations made during the present study verify

Vanzetti’s experiments on smoky quartz The scattering of light
from quartz was found to be of three types:
1. From microscopically visible cavities and inclusions. Common
to all quartz, and unaffected by heat. 2. From long narrow areas
of scattering particles. Noticeable in rock crystal as well as in
smoky quartz. Neither of these first two types concern the color.
3. The third type of light-scatte ing has a connection with the
color. It is impossible to detect any microscopically visible
particles which could be responsible for this effect. There is a
general scattering in the entire path of the beam. In the following
paragraph only this type is considered. -

Eight specimens of smoky quartz were examined for this phe-
nomenon. The effect was decidedly stronger in the darker speci-
mens.- From each of two specimens of smoky quartz (Nos. 6 and
8) pairs of sections were cut from single crystals. One section of
each pair was decolorized by long and gentle heating, while the
other was reserved for comparison. In both cases the original
section scattered light strongly while the decolorized section
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showed little or no scattering. It is very evident, then, that the
coloration of smoky quartz is to be correlated with the scattering
of light by microscopically invisible particles, which were probably
produced by the action of radioactive substances.

It seems probable that the particles are of atomic rather than
colloidal size. There are great difficulties to be met in explaining
the migration, agglomeration, and dispersion of colloidal particles
in a crystalline structure. As shown by evidence to be given later
the pigmenting and light-scattering particles may well be atoms of
elemental silicon.

In seven amethyst specimens there was no light-scattering,
which is further evidence opposed to coloration by colloidal
alkalies, the theory which has been proposed by Doelter (40, 42).

SUMMARY

The evidence given thus far is in agreement with the theory
that smoky quartz owes its color to atoms of silicon, formed by
the disintegration of silica, through the action of radium radiations.
The mechanism of the formation of the free silicon may perhaps
be pictured in this way: The radiations may remove the four
outer electrons from a silicon atom, which would then be equally
shared by the two associated oxygen atoms. As a result, two
free oxygen atoms and a free silicon atom would be formed. They
could take no part in the crystal structure since their attractive
force for other atoms would have been destroyed. Hence, they
should act as small inclusions, the silicon atoms producing the
light-scattering and the color so characteristic of smoky quartz.
We would expect the silicon atoms to be most effective in scatter-
ing light because of their greater atomic weight, and the possibil-
ity of the escape of the oxygen atoms.

V. THE COLOR CHANGES CAUSED BY HEATING

Several investigators have made rather detailed studies of the
heat-decolorization of smoky quartz and amethyst. The usual
method of study has been to gradually increase the temperature)
noting the points at which the various changes in color occur.
But, with longer heating at a constant temperature, the decolor-
ization takes place at a lower temperature than that given by the
first method., Therefore it was thought desirable to more thorough-
ly investigate the influence of long-continued heating upon the
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decolorization. This new data, combined with the large number of
observations reported by other investigators, affords, quite a
complete knowledge of the effect of heat upon the colors of smoky
quartz, and amethyst.

REVIEW OF THE LITERATURE

Simon (36) and Herman (34) have investigated the decolor-
ization of these minerals in various reducing and oxidizing atmo-
spheres. They found that the surrounding gas had no influence on
the color changes in smoky quartz and amethyst.

Simon worked with a large number of specimens and heated
them both in hydrogen and oxygen. In smoky quartz the first
change was to a smoky- or greenish-gray. The mineral began to
be decolorized at 300° and decolorization was complete at 330-370°
in less than an hour. Heating for 48 hours at 290° also caused
complete loss of color. With amethyst there were several distinct
color changes as the temperature was increased. At 170-210° the
specimens became gray violet. The change to colorless began at
about 300° and was complete at 400 to 500°. A yellow coloration
frequently superseded the colorless stage, and finally, above 700°,
the specimens became milky white.

Hermann (34) heated specimens of smoky quartz and amethyst
at about 700° for two hours in the following atmospheres: air,
oxygen, illuminating gas, sulfur vapor, hydrogen, nitrogen, am-
monium chloride vapor, and ammonia gas. The color of all
amethyst specimens changed from the original hue through gray-
violet and yellow stages to opalescence. All the fragments of
smoky quartz became colorless and clear.

Wild and Liesegang (56) have recently ihvestigated amethyst.
All of the specimens became colorless by 500°, and on further
heating became milky. The darker specimens often became smoky
yellow, while the paler ones changed to clear yellow. One specimen,
studied in detail and heated in air, began to be decolorized at 180-
200°, was completely colorless at 340°, and became pale yellow
at 350°

Less detailed work has been done by other investigators. Heintz
(6) decolorized a specimen of dark amethyst at 250°. Berthelot
(28) found the decolorization temperature of an amethyst to be
300°. The color of deep black morion was lost at 290°, according
to Forster (7). Koenigsberger (21) found the decolorization tem-
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perature of smoky quartz from several localities to be 295° after
six to seven hours, and 370° after several minutes of heating. He
also completely decolorized a specimen of smoky quartz in a
bomb at 400° and 400 atmospheres pressure.

NEw OBSERVATIONS

In the measurements made at 235+10°7 and at 2404 10° the
fragments of quartz, from one to three cm. in diameter, were
heated on an electric hot plate in a pyrex flask. A thermometer
was inserted through the pierced cork, its bulb being placed beside
the fragments. For the determinations at higher temperatures,
a small electric oven was constructed. The temperatures were
measured by means of a mercury thermometer.

TaBLe V., HEAT-DECOLORIZATION OF SMOKY QUARTZ

Explanation of table.—At each different temperature (i.e. 235° 275° etc.) new specimens were
taken. The colors are given in Ridgway’s terms, and they are also designated by less exact but more
readily understood terms. The colors were determined both when the specimens were hot and after
they had cooled to room temperature.

Temp. Ti Total Color Resulting color
during hlme' of time of | noted
heating eating heating | at: Specimen No. 8 Specimen No. 6
Origina} color 20° 13’1; medium dark browr | 13"'n; very dark brown
235+ 10° 3 hrs. 3 hrs. 235 Paler; yellowish-greenish | Paler; dark greenish brown
20 | As originally As originally
235+ 10 19 hrs. 22 hrs. 235 25'"’g; pale greenish 21'"""1; dark greenish
more yellow brown
20 157""'d; pale brown 13'm; dark brown
235410 15 hrs, 37 hrs. 235 Practically colorless; 19'*i; greenish brown
more yellowish
20 | Practically colorless; 13’’m; dark brown
faintly brownish
235+ 10 21 hrs, 58 hrs. 235 As above 197""’; greenish brown
more 20 | As above 15’"'j; medium dark
brown
235t 10 23 hrs, 81 hrs. 235 As above, has become o TS W N N
more 20 stable 15’"’a; medium brown
235t 10 69 hrs. 150 hrs. 235 | e, 21'""g; almost colorless
more 20) [ eomimms s e v... | 15"”’a-b; medium brown,
has Ferome stakle

17 The temperatures given in this section have all been corrected for the exposed
column of mercury in tke thermometer.
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TABLE V (continued)

227

Temp. . Total Color Resulting color
during T‘m‘? of | timecf | noted
heating heating heating at: Specimen No. 8 Specimen No. 6
275t5 3 hrs. 3 hrs. 215 Very pale greenish yello w
20 15'/"'c; pale brown
275t 5 2 hrs. 5 hrs. 275 | Almost colorless
more 20 Practically colorless;
faint trace of brown
27515 8 hrs. & hrs. 275 21""j; deep grayish olive
20 15'"""k; medium dark
brown
27515 23 hrs. 31 hrs, 275 Almost colorless;
more slightly green
20 15’'"’c; pale brown
310%5 1 hr. 1 hr. 310 | Almost colorless; 21''"’a; greenish brown
slightly greenish
20 15''""e; pale brown 15"’ k; medium dark
brown
310%5 2 hrs, 3 hrs, 20 | Practically colorless; 15''"'c; pale brown
more slightty brownish
38015 6 mins. 6 mins. | 380 | Almost entirely colorless
20
380L5 18 mins. | 18 mins.| 380 Greenish yellow
20 Pale brown
380+ 5 12 mins. | 30 mins.| 380 Greenish yellow
more 20 19'""f-g; very pale
yellowish brown
420 ca 6 mins. 6 mins. | 400 Entirely colorless
20
TapLe VI, HEAT-DECOLORIZATION OF AMETHYST
Temp. i Total Color Resulting color
during | Timeof [ time of | noted |
heating | Deating | heating at: | Specimen No. 6 | Specimen No. 8 Specimen No. 9
Original color 20° | 63’; medium vt.| 64'b; medium | 64'e; pale vt.
pale vt.
235+ 10° 16 hrs.| 16 hrs. 235 62"'f; pale gray | 60’e; pale gray 59''f; pale gray
vt. vt. vt,
20 64'b; medium As originally As originally
pale vt.
235110 66 hrs.| 82 hrs. 235 597'f; pale gray | 60’e; pale gray 59'‘f; pale gray
more vt. vt. vt.
20 65d; pale vt. As originally As originally




228 THE AMERICAN MINERALOGIST
TasLr VI (continued)
Temp. | e oi | Toral | Color Resulting color
during Heatin time of | noted
heating g heating at: Specimen No. 6 | Specimen No. 8 | Specimen No. 9
315+7 4 hrs 4 hrs. 315 Pale gray vt. Pale gray vt.
20 As originally As originally
315+7 45 hrs | 49 hrs. 315 57'"'g; very pale| Practically color-
more 20 gray vt. less
64'd-e; pale vt. | 64'g-; very pale
vt.
3055 22 hrs.| 71 hrs. 305 Practically Practically
more colorless colorless
20 64'd-e; pale vt. | 64’g-; very pale
vt.
385120 |1% hrs.| 1lhhrs. 385 Colorless Colarless
20 65'f; pale vt. Colorless
420 ca. 2 hrs| 31 hrs. 420 Colorless
more 20 Colorless
Specimen No. 6 | Specimen No. 5 | Specimen No. ¢4
Origina!| color 63’; medium vt | 64’c; medium 64’m; dark vt.
pale vt.
420 ca. Vo hr. 1% hr. 20 21"""e; pale olive
buff
420+ 2hrs. | 3Vhrs. 420-}| 16'j; orange White, Cclorless to
more brown translucent white
20 Same as bot Same as hot Same as hot

The decolorization of smoky quartz 1s plainly a time-temper-
ature reaction. At 380-420° the decolorization is complete and
immediate. Rapidly increasing time is required to discharge the
color as the temperature of heating is lowered. Sometimes there
is a tendency for the decolorization at low temperatures to be
more or less incomplete, as in the case of specimen No. 6. The
almost black original color is completely discharged at 420°, but
at lower temperatures, no matter how long the heating is continued,
an increasingly greater residue of the color remains. After being
heated for eighty-one hours at 235+ 10°, the color was a medium
brown, which did not change after a further exposure of sixty-
nine hours at the same temperature, but the paler specimen No. 8
was brought to practically complete decolorization at that temp-
erature. The size of the fragments is also a factor in the decolor-
ization of smoky quartz. :

The following table shows the time necessary for complete
decolorization of smoky quartz at various temperatures, or for
attaining a pale but stable color.



JOURNAL MINERALOGICAL SOCIETY OF AMERICA 229

TaBre VII. Tive NECESSARY FOR DECOLORIZING SMOKY QUARTZ AT
D1rrERENT TEMPERATURES

Temperatur Time necessary Observer
420° Almost immediate | Holden; specimen No. 6
380 Almost immediate | Holden; No. 8
380 0.5 hrs. Holden; No. 6
370 0.1 hrs., ca. Koenigsberger
370 0.3 hrs. Simon; in H
330 0.3 hrs. Simon; in O
310 2 hrs. Simon; in O
310 4 hrs. Simon; in H
310 2-3 hrs. Holden; No. 8
310 3-4 hrs. Holden; No. 6
300 4 hrs. Simon; in O
295 6-7 hrs. Koenigsberger
290 48 hrs. Simon; in H
275 5 hrs. Holden; No. 8
275 20-30 hrs. Holden; No. 6
235 30-35 hrs. Holden; No. 8
235 80 hrs., ca. Holden: No. 6

If a curve is plotted from these concordant data, time being
the abscissae, temperature the ordinates, it will be of the parabolic
type. The curve is very steep between 300 and 400°, finally merg-
ing into the vertical axis, where time =0. At lower temperatures
the curve rapidly flattens out until it is practically horizontal at
225°, which may be taken as the minimum decolorization tempera-
ture of smoky quartz, and the maximum temperature at which
smoky quartz can have existed in nature (see section III). Tests
on sixteen specimens of smoky quartz, from all four of the color
classes, showed that in every case the color disappeared after
heating for shorter or longer periods at 240+ 10°, The results are
given in Table VIII. It is evident that there is a general tendency
for the darker specimens to require a longer time for decolorization
than the lighter ones.

TABLE VIII. TiME NECESSARY FOR DECOLORIZATION OF SMOKY QUARTZ
AT 240+ 10°

Specimen ,

number 1 2 4 12 24 25 26 27 31 3 9 11 21 28 29 10
Color-

class i i i i i i i i i i # # i i d v
Time

(days) 5 2 4 2 9 9 9 2 7 2 2 2 2 2 5 1
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When hot, smoky quartz has a pronounced yellowish-greenish
to blackish-greenish color. If the heating is not prolonged until
decolorization ensues, the original color is regained on cooling.
The decolorization of smoky quartz by heat can be explained as
being due to the oxidation of silicon atoms, causing them to revert
to their original character as parts of the quartz lattice.

The decolorization of amethyst takes place at a higher tempera-
ture than that of smoky quartz. After eighty-two hours at 235°,
only one of the three specimens tested showed any appreciable
change of color, and it lost only a portion of its original color.
After forty-nine hours at 305-315° the other two specimens were
partially decolorized, but several hours heating at 385-420° were
necessary to completely remove the color. This agrees with the
results of other investigators. For most specimens of amethyst
the minimum temperature at which the color is unstable may
be given as 260+°. At lower temperatures, amethyst is always
a gray violet when hot, though it again takes on its original color
when cooled to room temperature. Further heating after the
colorless stage has been reached often produces a citrine yellow
color, especially in the darker specimens, as is well known. This
is supplanted by an opaque milkiness at still higher temperatures.
The diagram below shows the approximate temperature ranges of
the various color stages.

‘FIGURE 3. TEMPERATURE RANGES OF THE SEVERAL COLOR STAGES

OF AMETHYST, ....... wIiTH SHORT HEATING; ————, WITH
LonG HEATING.
Color stage 0° 200 400 600 800

Gray violet, hot; = . ..csesces
violet, cold
Colorless ...

Yellow =~ = r L ieseaseia

Milley,. — © a8 e

The change from violet to yellow, on heating, may be inter-
preted as due to the disintegration of a violet ferric compound to
a simpler, yellow, ferric compound, possibly the oxide. This is
further discussed in part VI.
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The changes in absorption spectra caused by heating smoky
quartz and amethyst are described in the next section,

VI. THE TRANSMISSION OF LIGHT BY
SMOKY QUARTZ AND AMETHYST

Frequently the manner in which a mineral transmits light will
give a clue to the chemical nature of the pigment. For this reason
the transmission of light through several specimens of smoky
quartz and amethyst was measured. Heat-decolorized specimens
were also studied in the same way, as well as a section of rock

crystal which had been colored by radium radiation.

REVIEW OF THE LiTERATURE

Nabl (20) compared the spectra of amethyst, “burnt amethyst,”
which had been changed to yellow by heat treatment, and citrine.
The amethyst possessed an absorption maximum in the green.
After its color had been changed to yellow by heat, the absorption
spectrum was identical with that of natural citrine. Nabl con-
cluded that the spectrum of amethyst is identical with that of
ferric sulfocyanate, and advanced the hypothesis that the violet
color is due to that compound. However, neither the character
of the absorption nor the color of ferric sulfocyanate solutions
agree with those of amethyst. The maximum of absorption of
ferric sulfocyanate in amyl alcohol is at 0.516u!8, while in amethyst
it is at 0.53-.54u. The color of sulfocyanate solutions is an almost
pure red (Ridgway 72) while that of amethyst is violet (63°).
Added to these objections is the consideration that compounds
of this nature have not been found to exist among minerals.

Vanzetti (55) found that the maximum of absorption of light
by smoky quartz is in the violet portion of the spectrum.

NEw OBSERVATIONS

The measurements here reported were made in the Physics
Laboratory of the University of Michigan. The instrument used
was a photospectrometer with a variable .sector disk. Polished
sections, or crystals with smooth faces, were employed in this
work. The results are graphically shown in Figures 4 and 5. The
abscissae represent the wave lengths of the transmitted light in g,
the ordinates, the percentage of the incident light which was trans-
mitted through the sections.

18 J, Formanek: DIE QUALITATIVE SPEKTRALANALYSE.
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In Figure 4, Diagram 1, are given several transmission curves
for a single section of smoky quartz. Curve la gives the trans-
mission of ordinary light passing through the section in a direction
parallel to the vertical axis. There is a gradual and steady increase
in the percentage of incident light transmitted as the wave length
increases. The curves marked w and e were obtained by passing
plane polarized light through the section in a direction perpendi-
cular to the ¢ axis. These curves give the transmission for the
ordinary and extraordinary rays, respectively. The somewhat
yellowish cast of the color for ¢ is due to the convexity of the
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curve near 0.60u. The curves also demonstrate that the absorption
is e>w, as stated previously (part II). In these and later curves,
too much attention must not be paid to the absolute amount
of transmitted light. The more important feature is the shape
of the curve, for the percentage of transmitted light varies with
the thickness and clearness of the section.

The section, the transmissibility of which is given in curve Ia,
was heated at 235+ 10° for twenty-two hours, which caused de-
colorization. New measurements, plotted in curve 15, were then
made. The direction of the passage of light is the same as in curve
1a, so that the two curves are comparable. As would be expected,
the heat treatment markedly increased the transmission of light,
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and the transmission is about the same for all parts of the spectrum
except that it is somewhat greater in the red. This is because
decolorization was not quite complete.

In Figure 4, Diagram 2, are given curves for three more speci-
mens of smoky quartz. Curve 2a is similar to 1a. The specimen
represented by 2b was very pale, and therefore its transmissibility
is like that of heat-decolorized smoky quartz, 1b. Curve 2¢ shows
the transmission of @ and e in another section.

The transmissibility of rock crystal which has been colored
smoky brown by radiation (diagram 3) is exactly like that of
natural smoky quartz, as a comparison of diagrams 3 and I shows.
Even the convexity in the curve for ¢ near 0.60y, is found in the
radiated quartz.

Since it has been suggested! that smoky quartz may owe its
color to dispersoid silicon, the transmissibility of a solution of
colloidal silicon was measured. This solution was prepared by
producing an electric arc between two bits of silicon held under
isobutyl alcohol. The curve for the colloidal silicon solution (curve
4) is very similar to that for smoky quartz, apparently making it
possible that the pigment actually is colloidal or dispersoid silicon.
Not too much stress should be laid on this, however, for it must
be pointed out that many other elements give the same brown
color when in colloidal solutions prepared by the electric-arc-
dispersion method.

In Figure 5, curves 1a and 15, 2a, and 3a, show the transmission
of light through amethyst. The curves are alike and show that
amethyst has a maximum of absorption near 0.53-.54u in the
yellow-green.  This color, being complementary to violet, 1s
responsible for the hue of amethyst.

Curves 3z and 3b show the effect of heat treatment on amethyst.
Curve a is for the original violet section. After being heated for
one-half hour at 400° it became yellow, giving the transmission
plotted in b. The latter curve is similar to those of citrine, 4a
and 4b. These observations agree with those of Nabl (20), there-
fore, in showing that “‘burnt amethyst” and citrine have the same
pigment, which is probably some simple compound of ferric iron.
The transmissibility of a colloidal hydrous ferric oxide solution
was measured (curve 4¢) and found to be entirely similar to that
of citrine.

19 Koenigsherger and Miiller: Cenir. Mineral., 1906, 73, foot-note.
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The violet pigment of amethyst is, then, probably a ferric com-
pound, which is decomposed by heat to the vellow citrine pigment.
The fact that the paler amethyst specimens do not give the yellow
color on heating is probably due to a greater pigmenting power
of the violet compound than the vellow one. The intermediate
colorless stage may be due to a chromatic neutralization of the
nearly complementary yellow and violet colorations.

Fic. 5

While most ferric compounds are yellow or red in color, they
frequently show a distinct, though slight, absorption maximum
near 0 524 2° This is the region in which FeSCN absorbs strongly.
In view of the well known variations in the position and intensity
of absorption by an ion depending upon its chemical environment,
it may be said that the fact that amethyst has an absorption
maximum at 0.534 is in agreement with the hypothesis that it has
a ferric pigment.

Some ferric compounds have the same color as amethyst. It
has been definitely proven that the violet ferric ammonium alum
owes its color not to any impurity, but to the iron itself.2 If the
alum is crystallized frcm an excess of sulfuric acid to prevent the

) # Well shown for FeCly in plate 51A of H. C. Joresand J. A. Anderson’s Absorp-
tion Spectra of Solutions: C arnegie Inst. Publ., 110, 1909,
“ Jane Bonnell and Edgar Perman: J. Chem. Soc,, 119, 1994 (1921).
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formation of hydrous ferric oxide by hydrolysis, the crystals are
violet. Their color exactly matches the hue of amethyst.

Curves 2a and 2b of Figure 5 are of interest in showing the trans-
missibility of a violet area (curve ) and a smoky brown area (b)
in the same zonally colored crystal. The curves are like those of
uniformly colored crystals of the same hues, respectively.

VIL. THE IMPURITIES IN SMOKY QUARTZ

Besides the theory that smoky quartz has been colored by the
action of radium radiations, it has been suggested that its color
may be due to trivalent titanium or to hydrocarbon compounds.
The results of analytical work on the mineral will be given in this
section, with a discussion of their application to all the theories that
have been proposed to account for the color.

ANALYSES OF SMOKY QUARTZ

A detailed analysis was made on a twenty-five-gram sample of
the dark colored smoky quartz No. 1, in order to discover what
possible pigmenting elements might be present. The finely ground
quartz was decomposed by means of hydrofluoric and sulfuric acids.
The results of the analysis appear in Table IX, with a similar
analysis for amethyst No. 1.

The elements which might cause a coloration, and which were
" found by this analysis, are iron, titanium, and manganese. There-
fore these impurities were determined on seventeen specimens of
all depths of color (Table X). The method of analysis was as
follows: Samples of finely ground quartz, of five to six grams
weight, were decompo-ed in platinum dishes by means o” HF and
H,SO, The sulfuric acid solution finally obtained, diluted with
water, was first analyzed for TiO; by the peroxide colorimetric
method. The yellow coloration was then discharged by reduction
with SO, water, and the excess of SO; was boiled off. Manganese
was next determined colorimetrically by the KIOs method. The
pericdate was then reduced with SOs, and the liberated iodine was
boiled off. The solution was evaporated until fumes of SO; ap-
peared and, after dilution, Fe,0; was determined by titration
with N/200 KMnOs. ‘
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TaBLE IX. DETAILED ANALYSTS OF SMOKY QUARTZ No. 1 AND AMETHYST No. 1

o ]

Smoky Amethyst Remarks
quartz

S

Loss on ignition (H,0,C0,) 0.069, 0.099,

Al;O4 .06 .06 By difference from the
combined Al and Fe pre-
cipitate

CaO .04 .03 Ammonium oxalate pre-
cipitation

Fe,04 .003 .05 KEMnO, titration

U0; .00x none Sodium phosphate head
test

TiO, .001 .001 Hy04colorimetric method

" Rare earch oxides .001 trace 7 |KOH precipitation
MnO .0001 0001 KIO, colorimetric method
, CoO -0000+ |oresent, < .0001 | Borax bead test

MgO trace trace Ammonium phosphate
precipitation

Na;0 trace present

Li,0 trace present ¢ [Spectroscopic tests

K0 trace? trace?

Zr0 trace? trace? Tumeric paper test

Crz04 none trace? Borax bead test

Sr0, BaO none none Spectroscopic  tests on

the calcium precipitate

Au none none Phenylhydrazine acetate

test

w none none Stannous chloride test

Sn | none none Ammonium molybdate

test

In the analyses great care was taken to avoid introducing
impurities through the reagents, all of which were analyzed for
iron, titanjum, and manganese. Only iron was found in any of
them, and that only in small amounts. Proper corrections, never
exceeding 0.4 mg. Fe,0,, were made on the final determinations.

HyrPoTHESES CONCERNING THE PIGMENT

The several theories which have been advanced in explanation
of the cause of color in smoky quartz have been outlined in the
introduction. In section IV evidence was given favoring a colora-
tion through the action of radioactive substances. It is now
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TaBLE X. ANALVSES OF SMOKY QUARTZ FOR Fe,Oi;, TiOs, AND MnO

|
Color- Specimen Fe:03 TiO, MnO
class number
2 ‘ j | 0.0039%, 0.0019, 0.00019%,

2 nonel .001 none?®

4 none .001 none
i 6 .03 .002 .0005
24 .001 .002 .0003
25 L0014 .001+4 .0005
31 none .001 .0004

3 .001 .001 none

5 .008 .008 none
i _ .001 tracer | .0002
9 .003+ .001 .0001
21 .004 trace .0002

18 .003+ .001 none
28 .005 trace .0002
il 29 none trace .0001
30 lost .001 .0001

iv 10 .003 trace none

' “none” =less than 0.001%, Fe.0;, the smallest amount detectable
2 “trace” =less than 0.0019, TiO,
- % “none” =less than 0.00019, MnO

necessary, first, to examine the evidence for and against the other
theories, and second, to present experimental results further sub-
stantiating the radiation hypothesis.

CarBoN ComMpounDs—A number of investigators have con-
cluded that smoky quartz owes its color to the presence of hydro-
carbon pigments. Forster (7) and Wright (9) obtained extremely
small amounts of oily liquids by heating large samples of smoky
quartz fragments. This led them to think that the color was due
to hydrocarbons. Berthelot (28) thought the pigment was a
carbon compound because smoky quartz is decolorized by heating,
with an “organic smell.” 7

Kraatz-Koschlau and Wahler (18, 91) also advanced the
hypothesis that smoky quartz was colored by a hydrocarbon, on
the basis of such criteria as (a) decolorization simultaneously with
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the production of a “burnt smell”; (b) pyrophosphorescence; (c)
the browning of the powder on being heated with concentrated
H.S0,; (d) the determination of CO. and H:0 on igniting the
ground mineral in an oxygen current. Several investigators have
found very pertinent reasons for disbelieving that these features
indicate the presence of a hydrocarbon pigment. '

Weinschenk (15) has observed that colorless quartz occurs in
sedimentary rocks full of carbonaceous substances, while colored
quartz is found in pegmatites, where hydrocarbon pigments could
not have existed. Later (23) he replied to Kraatz-Koschlau and
Weahler, saying that the “odor of organic matter,” “browning of the
powder,” and pyrophosphorescence are as easily produced on
powdered glass as with a colored mineral.

It is entirely unnecessary to heat quartz powder in an oxygen
stream to obtain CO; and H,O as they are practically always
present in the original specimens as liquid and gaseous inclusions.
It is not permissible to recalculate the CO; and Hz0 found in this
way, to C and H, and to assume the presence of hydrocarbons
on that evidence.

In this investigation a large sample of dark smoky quartz was
analyzed to determine whether it would yield any colored hydro-
carbon liquid. A forty-two-gram sample of specimen No. 4 was
ground after careful washing with concentrated nitric acid, water,
alcohol, and ether. The powder was soaked successively in alcohol,
ether, and chloroform, for from seven to nineteen hours in each
case. The decant liquids were evaporated to a smaller volume
than that of the quartz sample, but they remained colorless.

The powder was then heated to decolorization in a retort, but
only a colorless liquid, neutral to litmus, was obtained. This was
undoubtedly water. The results, then, were entirely negative.
The previous determinations, by other investigators, of oily
brown liquids obtained by distillation from smoky quartz may
probably be ascribed either to imperfect cleaning of the specimens,
or to the presence of inclusions in the quartz. Quartz has been
known to contain cavities filled with petroleum or asphalt.®

Tirantum—Weinschenk (15,16) ascribed the color of smoky
quartz to Ti;0; in dilute solid solution, because he had obtained a

2 Cf. H. Davy: Phil. Trans. Roy. Soc., 1822, 367-374; C. L. Reese, J. Am.
Chem. Soc., 20, 795-797 (1898); Dana’s System Mineralogy, 4th edition, II, 150
(1854).
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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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