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ABOUT THE COVER: One of the most important ruby localities of the 1990s cov-
ers a broad area near the town of Mong Hsu, in northeastern Myanmar (Burma).
The distinctive gemological features of these rubies are detailed in this issue’s lead
article. The suite of fine jewelry illustrated here contains 36 Mong Hsu rubies with
a total weight of 65.90 ct; the two rubies in the ring total 5.23 ct.

Jewelry courtesy of Mouawad Jewellers. Photo by Opass Suksumboon—Opass
Suksumboon Studio, Bangkok, Thailand.
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KUDOS FOR “COLOR GRADING
OF COLORED DIAMONDS”

Congratulations to the authors of the report
“Colored Grading of Colored Diamonds in the
GIA Gem Trade Laboratory,” by King, Moses,
Shigley, and Liu, which appeared in the Winter
94 issue of Gems & Gemology (pp. 220-242). 1t
is a superb achievement. [ am so impressed that I
feel comment is appropriate.

I was very concerned when I first learned
that the GIA was preparing an article on their
color-grading system for colored diamonds. The
measurement of color for paints and other
opaque surfaces is a quite routine matter, but
transparent substances present complications.
There are additional problems that arise with the
measurement of color in faceted gemstones,
including the variations of color with orienta-
tion, across the stone, face up versus face down,
and so on. Much nonsense has been written on
this subject.

I need not have worried; publication of this
article has put all my concerns to rest. The
authors (as well as the many others within GIA
who helped) are to be congratulated on an excel-
lent solution to a difficult task. They appear to
have covered all the problems that could arise in
normal practice. I believe the terminology grid,
which they based on the time-tested Munsell
and ISCC-NCS approaches, is also likely to sur-
vive the test of time. Their technique is extreme-
ly well presented in the article; no doubt the edi-
tors also deserve some credit for this.

I hope that the GIA will continue to publish
details on their grading system as more informa-
tion becomes available in the future.

So again: Congratulations!

KURT NASSAU, Ph.D.
Nassau Consultants
Lebanon, New Jersey

Letters

SAPPHIRE-BEARING ALKALI
BASALTS IN NIGERIA

With great interest I read the article “Gem
Corundum in Alkali Basalt: Origin and
Occurrence,” by Drs. Levinson and Cook, in the
Winter 1994 issue (pp. 253-262}. However, [
would like to update the information in onc
remark, on page 256: “Significantly, all reported
economic, and potentially economic, secondary
occurrences of basaltic corundum are spatially
associated with the alkali type of basalt. {Coen-
raads et al,, 1990, mention two possible excep-
tions, in Nigeria and Southern China, but these
are not well documented.)”

In the Journal of Gemmology, 1990, Vol. 22,
No. 4 (pp. 195-202), J. Kanis and R. R. Harding
published an article titled “Gemstone Prospects
in Central Nigeria,” in which we described the
occurrence of sapphires and zircons of the Jemaa
district, in central Nigeria. We compared the
Jemaa alkali basalts with the occurrences in
Australia, Thailand, and Kampuchea.

From our description, it is evident that the
vast sapphire deposits in central Nigeria are not
“a possible exception,” but definitely belong to
the alkali type of corundum occurrence.

JAN KANIS, Ph.D.
Veitsrodt, Germany

Reply and Erratum

We regret that we missed the paper by Kanis and
Harding in our literature secarch, and we thank
Dr. Kanis for bringing this to our attention.

We would like to take this opportunity to
correct an error in the caption to figure 6 {p. 260)
in our paper: the longest corundum crystal is 1.3
cm {about 0.5 inches), not 13 cm {about 5 inches).

A. A. Levinson, Ph.D. and Fred Cook, Ph.D.
Calgary, Alberta, Canada
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RUBIES FROM MONG HSU

By Adolf Peretti, Karl Schmetzer, Heinz-Jiirgen Bernhardt, and Fred Mouawad

Large quantities of rubies—both rough and
faceted—from a commercially important
new source in Myanmar (Burma) have been
available on the Bangkok market since 1992.
The ruby crystals from the Mong Hsu marble
deposit have dipyramidal to barrel-shaped
habits and reveal dark violet to almost black
“cores” and red “rims.” With heat treatment,
which removes their blue color component,
the cores become intense red. The rubies grew
under varying conditions in complex growth
sequences. The color distribution between
cores and rims is related to a different incor-
poration of chromium and/or titanium during
crystal growth. Gemological, microscopic,
chemical, and spectroscopic properties pre-
sented here permit the separation of faceted
Mong Hsu rubies from their synthetic and
other natural counterparts. Problems arising
from artificial fracture fillings are also
addressed.

ABOUT THE AUTHORS

Dr. Peretti, formerly director of the Giibelin
Gemmological Laboratory, is an independent
gemological consuiltant residing in Adligenswil, near
Lucerne, Switzerland. Dr. Schmetzer is a research
scientist residing in Petershausen, near Munich,
Germany. Dr. Bernhardt is a research scientist at
the Insititut fir Mineralogie of Ruhr-Universitét,
Bochum, Germany. Mr. Mouawad is a Graduate
Gemologist and vice-president of the Mouawad
Group of Companies, Geneva, Switzerland, cur-
rently at Harvard University Business School,
Cambridge, Massachusetts.

See acknowedgments at the end of the articte.
Photos and photomicrographs are by the authors,
unless otherwise noted. Magnifications refer to the
power at which the photomicrograph was taken.
Gems & Gemology, Vol. 31, No. 1, pp. 2-26.

© 1995 Gemological Institute of America

2 Mong Hsu Rubies

ince 1992, Mong Hsu has been a primary source of ruby
available in Thailand {figure 1). Mong Hsu is a small town
situated in northeastern Myanmar (formerly Burma) in
Shan State, which borders Thailand, Laos, and China.
Untreated samples from this new source typically consist of
bicolored corundum, with dark violet to almost black sap-
phire cores and ruby rims (figure 2). With heat treatment,
the violet cores can be converted to red. Large quantities of
untreated corundum crystals are brought into Thailand at
Mae Sai and, to a lesser extent, at Mae Hong Son (see figure
3). In 1993, about 200 buyers from Chantaburi (Thailand)
were spending several million U.S. dollars a month on
Mong Hsu rough in Mae Sai (“Special report: Mong Hsu . . .,”
1993). Thus, the Mong Hsu ruby has become an important
source of supply to the world market.

In September 1992, one of the authors (AP) joined a
group of gemologists who traveled to Myanmar and
Vietnam at the invitation of the Asian Institute of
Gemmological Sciences (AIGS), Bangkok, to learn about the
occurrences of rubies and sapphires in these countries (see
Jobbins, 1992; Kammerling et al., 1994). During this trip, at
the mid-year Emporium in Yangon (Rangoon), Myanmar,
the Myanma Gems Enterprise (MGE) announced a new
ruby deposit in the region of Mong Hsu, and showed the
group a series of rough samples with violet cores and red
outer layers (called rims here for simplicity). Six samples
were submitted for further study to one of the authors (AP),
who also took the opportunity to test some cut stones
{including heat-treated samples without violet cores) from
this new source. The untreated rough and heat-treated cut
rubies examined during that visit were essentially identical
to the material examined later for this study. According to
information subsequently obtained in Bangkok, many Thai
dealers were already buying Mong Hsu rubies (see “Burma’s
Mong Hsu mine rediscovered . . .,” 1993).

By October 1992, large quantities of faceted material
approximately 0.5-1 ct in size and of high-quality color sat-
uration and transparency had also begun to appear on the
European market. One of the first lots of this material
{obtained from a dealer in Munich) was studied in detail by

GEMS & GEMOLOGY Spring 1995



Figure 1. Since 1991, the
Mong Hsu area in north-
eastern Myanmar has pro-
duced large quantities of
superb rubies. This suite
contains 58.22 ct of Mong
Hsu rubies (the largest is
2.62 ct). Courtesy of
Mouawad Jewellers; photo
by Wicky Tjerk.

g

one of the authors (KS). Seventy of the 74 cut stones
in this lot were almost identical with respect to
their gemological characteristics, and unlike mate-
rial from any other known locality; of the remain-
ing four stones, two had typical Mogok features and
two were typical of Thai ruby. When it was deter-
mined that the features of this new material were
very similar to those of the Mong Hsu stones
acquired in Yangon (notwithstanding any potential
change of color and other properties that might be
caused by heat treatment), the decision was made
to carry out a complete study of these rubies.

Preliminary reports about some of the proper-
ties of Mong Hsu rubies have appeared in trade
journals (Clark, 1993; Laughter, 1993a and b;
Peretti, 1993; Milisenda and Henn, 1994}, and an
initial research study was published by Smith and
Surdez {1994).

LOCATION

Although, because of security concems, the authors
were not able to visit the Mong Hsu deposit, first-

Mong Hsu Rubies
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hand information and photographs were obtained
from miners in the summer of 1993. Reports on the
local geology and mining operations have been pub-
lished by Hlaing (1991, 1993, 1994) and are summa-
rized below.

Mong Hsu is located about 250 km (150 miles)
southeast of Mogok {figure 3}, at an elevation of 700
m above sea level. It can be reached from Taung
Gyi, the capital of Shan State, by traveling over a
rough road for about 14 hours (Hlaing, 1994).
Secondary (alluvial) corundum deposits are found in
the terraces of Nam Hsu River, southeast of Mong
Hsu township. These river terraces, where the first
rubies were discovered and where mining and
prospecting started, are 4 km long and 0.8 km wide,
trending from northwest to southeast, and 80-160
m deep. In 1992, about 2,000 miners were working
these alluvial deposits.

Additional secondary deposits have been found
16 km (10 miles) farther southeast. These extend
over an area more than 100 km? between the two
mountains Hsan Tao and Loi Paning. The "government

GEMS & GEMOLOGY Spring 1995 3



I
Figure 2. A distinctive feature of Mong Hsu ruby
crystals is their deep violet (sapphire) core, which
is surrounded by a red (ruby) rim. With heat treat-
ment, the violet core becomes a deep red. This
Mong Hsu ruby "thin section” is 5.3 mm wide;
photo courtesy of John Emnmett.

prospecting area" is restricted to a central 0.8 km?
portion (figure 3). By 1994, about 500 joint ventures
between private individuals and the Myanmar gov-
ernment were operating in the region (Hlaing,

1994), literally chewing up the surrounding hills
(figure 4). Alluvial ruby is also found at Loi Khan
and Mong Sang, which lie southwest and south
{respectively) of Mong Hsu (again, see figure 3).

GEOLOGY AND MINERAL ASSEMBLAGES

According to the geologic map of Myanmar (Earth
Sciences Research Division, 1977}, the Mong Hsu
ruby deposits are situated at the contact of upper
Paleozoic marbles and other Paleozoic rocks,
including various types of metamorphosed sedi-
ments. Hlaing (1991, 1993, 1994) reports that the
major rock types in the region of the primary ruby
occurrences are mica schist, phyllite, and calcsili-
cate rocks; the rubies occur in a marble belonging
to this Paleozoic series.

Additional information on the different rock
types in the vicinity of the Mong Hsu mines was
obtained from the study of minerals that appear
mixed with the ruby rough from the market at Mae
Sai and on the surface of the corundum crystals
themselves. These were identified by means of X-
ray powder diffraction analysis, quantitative elec-
tron microprobe analysis, and a scanning electron
microscope with energy-dispersive X-ray detector.

Figure 3. This map of the Mong Hsu region in northeastern Myanmar (see
inset) shows the areas of current mining activity. The alluvial deposits (stip- PEOPLE'S
pled areas), where the first rubies were found, are in river terraces southeast of REPUBLIC
the town of Mong Hsu. Primary occurrences of ruby with adjacent secondary OF CHINA
deposits were discovered around Loi Hsan Tao . The pink region represents the BANGLADE]
area of gem potential suggested by prospecting in 1993. Adapted from Hlaing,
1993; courtesy of the Australian Gemmologist.
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They include green and brown chromium-bearing
dravite (tourmaline), andalusite, almandine, quartz,
and green, chromium- and vanadium-bearing
tremolite. One of the almandine crystals was over-
grown with white mica. Overgrowths on the ruby
crystals were identified as fuchsite (green mica),
white mica, and light green Mg-chlorite.

Garnet, green tourmaline, tremolite, white
mica, and quartz were also described by Hlaing
{1993), with staurolite and pyrite mentioned as
accessory minerals. The overgrowth of green
tourmaline on Mong Hsu rubies noted by Hlaing
(1993) was not found in this study; rather, all
light green to green overgrowths on rubies avail-
able to us were identified as either fuchsite or
Mg-chlorite.

From these mineral assemblages, it is evi-
dent that, although both the Mong Hsu and
Mogok occurrences are metamorphic, they differ
in the specific environment in which the rubies
formed [Earth Sciences Research Division, 1977;
Hlaing, 1981; Keller, 1983; Hunstiger, 1990;
Kane and Kammerling, 1992; Kammerling et al.,
1994). At Mogok, ruby occurs in situ in amphi-
bolite-to-granulite facies metamorphosed mar-
bles and calcsilicate marbles. In contrast, the
mineral assemblages of Mong Hsu indicate mar-
bles and metapelitic rocks metamorphosed to
(lower temperature) amphibolite facies. Thus,
Mogok represents a higher degree of metamor-
phism than does the Mong Hsu mining area.

MINING

Mining of the secondary deposits is by the classic
methods used in Mogok (as described by, e.g., Kane
and Kammerling, 1992) and elsewhere in Southeast
Asia. In fact, a Mogok miner is believed to have
been the first to discover rubies in Nam Nga
Stream at Mong Hsu {Hlaing 1994), and many min-
ers have traveled from Mogok to work at the new
locality. In and along the waterways, the gravels are
removed and washed in simple baskets. Ruby-bear-
ing gravel layers (known as byon) in the surround-
ing area are reached by: (1) digging holes from the
surface into which the miner is lowered {and the
gravels removed) by a simple rope and pulley sys-
tem; {2) excavating horizontal tunnels into the hill
itself, at the level of the gravel layer; and (3) open-
pit mining, with the gravels sorted and recovered by
sometimes elaborate sluicing systems (figure 5). At
some mining sites, mechanized sieves are used to
work the gravels (Hlaing, 1994).

Mong Hsu Rubies
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Figure 4. Holes and shafts dug to mine the gem-
bearing gravels penetrate the hillsides at Mong
Hsu in this 1993 photo by V. Yothavut.

CUT STONES AVAILABLE IN THE MARKET

The vast majority of faceted Mong Hsu rubies
found on the world market are heat treated, and
there is a wide range of qualities. Large quantities of
transparent stones with fine red color were avail-
able in 1993 and 1994 in sizes up to 0.7 ct (sce, e.g.,
figure 6). Stones of good to very good color and clari-
ty were found in the 1-2 ct range. Stones between 3
and 5 ct were found to be mostly of medium to
good quality, These observations are consistent
with those reported recently in the trade press
{“Rains wash out Mong Hsu supply,” 1994), Clarity
may be reduced in samples of all sizes by translu-
cent zones of dense white clouds or by the presence

Figure 5. At the Mong Hsu ruby occurrence, an
elaborate sluicing system brings the gravels down
this hillside for processing. Photo by V. Yothavut.

GEMS & GEMOLOGY Spring 1995 5



Figure 6. Mong Hsu rubies are typically heat treat-
ed, to produce a well-saturated red hue as shown
here. Like most of the faceted stones produced to
date, these Mong Hsu rubies, from the study sam-
ple, are small, 0.348 to 0.683 ct. Photo by Shane F.
McClure,

of fingerprint-like inclusions and cracks (see
"Microscopic Features" below).

In many of the faceted rubies examined for this
study, foreign fillings—such as glass-like sub-
stances—were found in fissures and surface cavities
{again, see "Microscopic Features" below). Gem lab-
oratories in Asia have reported seeing glass fillings
in more than 50% (and, one Thai laboratory, in as
much as 90%) of the Mong Hsu rubies examined to
date ("Glass filled rubies increasing,” 1994). Stones
above 5 ct with excellent color and clarity, and no
evidence of foreign fillings, appear to be extremely
rare.

Figure 7. Heat treatment (in Germany) produced
the dramatic color change (right) in this Mong
Hsu crystal, which was originally almost black
(left). Total length, about 6 mm,

6 Mong Hsu Rubies

Fillings in large fissures and cracks improve the
apparent clarity of the stones considerably (Peretti,
1993; Milisenda and Henn, 1994). They result from
heat treatment in borax or a similar substance, but
heat treatment in chemicals is not necessary to
alter the violet cores of color-zoned stones to red, as
shown by heat-treatment experiments performed in
Germany (see figures 7 and 8). According to infor-
mation obtained in Bangkok, some commercial
Thai laboratories use a two-step procedure to heat
treat Mong Hsu rubies. First, the samples are heat-
ed, without the use of borax, to remove the violet
color. Then, the rubies are heated in a borax con-
tainer to fill fissures and thus enhance apparent
clarity. Consequently, some Mong Hsu rubies that
have fractures filled with a foreign substance have
been treated for both clarity and color enhance-
ment. In these cases, glass or other foreign fracture
fillings are not simply an "inadvertent" by-product
of heat treatment conducted to remove the blue
color component in the samples, as some in the
trade have claimed.

Because rubies with artificially filled fractures
must be sold as treated, large lots of Mong Hsu
rubies containing many stones with such fillings
were rejected by European dealers and returned to
Bangkok in 1993. In addition, some fracture-filled
Mong Hsu rubies have been misidentified as flux-
grown synthetic rubies. Some Thai companies have
tried to remove the fillings through acid treatment
or by recutting the stones. These problems—and
others, such as the high volume of production—
caused a steep drop in the price of Mong Hsu rough

Figure 8. This 8-mm-long Mong Hsu crystal has
been cut to show the effect of heat treatment on
the core area. The right half is the original
(untreated) control sample; with heat treatment,
the left half is now a solid red.

GEMS & GEMOLOGY Spring 1995



at Mae Sai and Bangkok in 1993, to nearly half of its
peak (see, e.g., Koivula et al., 1993b; Kammerling et
al., 1994, Hlaing, 1994).

CHARACTERISTICS OF MONG HSU RUBIES

Materials and Methods. In addition to the six rough
samples provided by MGE in September 1992 and
the 74 faceted stones obtained in October 1992
from a Munich dealer, we subsequently saw and
examined several parcels of untreated and heat-
treated rough and faceted Mong Hsu rubies in both
the Bangkok and European markets. Using as our
guide the unusual gemological properties (e.g.,
growth features) of Mong Hsu rubies that we had
determined by late 1992, we were able to select
parcels of stones that we were confident were free
of rubies from other localities for further examina-
tion. As of summer 1993, we had selected approxi-
mately 50 rough samples and 100 faceted stones—
most less than 1 ct (again, see figure 6}, with a few
up to 2.5 ct—for this research project. In addition,
during separate visits to northern Thailand in mid-
1993, two of the authors (AP and FM) saw large
quantities of untreated Mong Hsu rubies that had
entered Thailand at Mae Sai. We purchased several
parcels of selected samples for this study. After pre-
liminary examination of about 1,000 carats (in sizes
up to 5 ct) of the material obtained at Mae Sai,
which was top-quality rough, we selected a parcel
of 23 rough, untreated pieces for further study (see,
e.g., figure 9). In addition, we examined a great
number of the samples selected at Mae Sai after
they had been heat treated in Chantaburi, Thailand;
from these, we selected nine for further study in
Europe. One of the authors (KS) also heat treated
about 15 Mong Hsu samples in Germany.

In summary, we had access to more than 200
cut and about 100 rough gem-quality rubies, which
we were confident were of Mong Hsu origin, for
detailed gemological and mineralogic studies.

We performed standard gemological testing on
about 50 of these samples (faceted stones and rough
with polished windows). To characterize the inter-
nal and external growth planes, we studied approxi-
mately 200 samples total (about 60% of which were
faceted) using a Schneider horizontal (immersion)
microscope with a specially designed sample holder
and with specially designed {to measure angles) eye-
pieces (Schmetzer, 1986a; Kiefert and Schmetzer,
1991; see box AJ; an additional 12 rough crystals
were examined with a standard goniometer. We
studied and photographed the inclusions using the

Mong Hsu Rubies

Figure 9. We selected these untreated pieces of
Mong Hsu ruby rough from our study sample to
illustrate some of the many different forms in
which this material occurs. The first two rows are
typical barrel-shaped, well-terminated

crystals; the third row shows flat samples that are
sometimes seen, which possibly formed in narrow
veins; the waterworn crystals in the fourth row
represent a minor proportion of the ruby lots. For
an idea of size, note that the crystal on the far left
in the upper row is approximately 8 mm long.

Schneider microscope with Zeiss optics as well as
an Eickhorst vertical microscope with Nikon optics
(the latter with fiber-optic illumination).

Solid inclusions werc identified by Raman
microprobe spectroscopy, using an X-Y Dilor
instrument, as well as by a Philips scanning elec-
tron microscope with a Tracor energy-dispersive X-
ray spectrometer (SEM-EDS).

Bulk chemical analyses of five untreated rough
and five heat-treated cut stones of variable color sat-
uration were performed by energy-dispersive X-ray
fluorescence (EDXREF) using a Tracor Northern TN
5000 system. The analyses yield the mean chemical

GEMS & GEMOLOGY Spring 1995 7



BOX A:
Determination of Growth Structures

The determination of a gem's structural properties,
such as straight growth planes that parallel the exter-
nal faces of the original crystal, or twin planes, is
becoming increasingly important as an additional, eas-
ily performed method to characterize natural and syn-
thetic gemstones. It requires a microscope, an immer-
sion cell, and immersion liquids {see, e.g., Kiefert and
Schmetzer, 1991, for a detailed discussion of the appa-
ratus used for this report]. Also useful for the determi-
native procedures in a horizontal microscope are (1) a
biaxial or triaxial sample holder with a dial attached to
its vertical axis, and {2) a rotary measuring eyepiece
with cross hairs attached to the lens and a dial
attached to the ocular tube.

The basic habit of corundum consists of a small
number of significant crystal forms: the basal pinacoid,
the hexagonal prism, the positive thombohedron, and
the negative rhombohedron, as well as different hexag-
onal dipyramids. The angles formed by one crystal face
and the c-axis, as well as those formed by two distinct
crystal faces, are fixed and well known. The biaxial
sample holder is used to determine crystal faces by
measuring the angle between the optic axis of the ruby
crystal and families of straight, parallel growth planes.
The measuring eyepiece is used to determine the
angles hetween two different families of straight, paral-
lel growth planes independent of the orientation of the
crystal's optic axis.

The first step in examining a faceted ruby is to
locate the stone's optic axis and orient it so that it is
paralle] to the axis of the horizontal microscope. With

the stone in this orientation, which is ecasily accom-
plished by interference figures seen with crossed polar-
izers, the gemologist can determine the growth planes
by tilting the gem in the direction the optic axis is
inclined vis d vis the microscope axis. The angle
between the optic axis and a family of straight parallel
growth planes can be read on the sample-holder dial.

For Mong Hsu rubies, traces of the hexagonal
dipyramid e are sharply outlined with the optic axis
inclined about 5° from the microscope axis {as illus-
trated in figure A-1, right). When Mong Hsu rubies are
examined in a direction about 30° inclined to the c-
axis, traces of growth planes parallel to the positive
rhombohedron r and the hexagonal dipyramid n can be
seen {figure A-1, left}.

As a second step, the gemstone should be rotated
through 90° toward an orientation in which the optic
axis is parallel to the vertical axis of the sample holder.
In this orientation, the growth structures parallel to
the basal pinacoid ¢ are easily recognized. As the gem
is rotated about the vertical axis of the sample holder,
growth structures parallel to rhombohedral faces and
to different hexagonal dipyramids can also be seen.
After each rotation through 30°, another series of
growth planes becomes visible, and identical planes
are repeated after each rotation through 60°,

For Mong Hsu rubies, this second step reveals
characteristic growth planes that typically consist of ¢,
@, and n (figure A-2, left]. After rotation through 30°, a
characteristic pattern formed by r and ¢ usually
becomes visible {figure A-2, right].

composition of a surface exposed to the X-ray beam
{approximately 2 mm in diameter). Sixteen ele-
ments {Al, Mg, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Nj,
Cu, Ga, Zr, Nb} were analyzed with software pro-
vided by the manufacturer, which normalizes the
resulting oxide percentages to 100 wt. % totals.

Five faceted and three rough samples were ana-
lyzed by electron microprobe ({CAMECA Camebax
SX 50}, using an acceleration voltage of 20 kV; stan-
dard materials of corundum (Al,O3), rutile (TiO,),
eskolaite {CryOs3), hematite {FeyO,), and Mn and V
metals; and counting times of 60 seconds for each
clement {necessary to detect traces of, e.g., iron}. To
evaluate the inhomogeneous chemical composi-
tions of the samples, between two and seven tra-
verses of 30 to 50 point analyses each were mea-
sured across the cores and outer areas of the five

8 Mong Hsu Rubies

faceted and two of the rough samples. A more
detailed examination, with four scans of 600 to 800
point analyses each, was performed on the third
rough sample {figure B-1}, which was extraordinary.
We had the samples oriented so that the visible
color zoning between the core and the rim could be
traversed.

Spectral data of 25 representative samples,
including untreated rough and heat-treated cut
stones, were obtained with a Leitz-Unicam SP 800
UV-VIS spectrophotometer. Infrared spectrascopy
was carried out on 15 heat-treated samples using a
Pye-Unicam 9600 FTIR spectrometer and a diffuse-
reflection unit.

Crystallography. Facet-quality Mong Hsu rubies are
typically well-terminated, barrel-shaped crystals
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| Figure A-1. Mong Hsu
ruby slice (about 4.5 mm
wide), cut perpendicular
to the c-axis: inclined
about 5° to the c-axis
(right), ® planes are sharp;
inclined about 30° (left),
r and n planes are sharp.
Immersion.

Figure A-2. In this
heat-treated and
faceted Mong Hsu
ruby, the intense red
“core” is confined Lo
growth faces parallel to
the basal pinacoid ¢;
lighter red areas are
confined to two hexag-
onal dipyramids n and
o (Ieft) and to the posi-
tive rhombohedron r
(right). View perpendic-
ular to the c-axis; dur-
ing a rotation of the
stones through 30°
about the c-axis, two
different sharp outlines
of growth structures
are visible. Immersion,
magnified 50x.

(figure 10). Two major habits were observed (figure
11): The first is dominated by the hexagonal dipyra-
mid ® {14 14 28 3) and by the basal pinacoid ¢
{0001}, with a subordinate positive thombohedron r
(1011). The other habit shows additional hexagonal
dipyramids n (2243). Only minor amounts of water-
worn crystals were found in the lots examined.

Another form of Mong Hsu ruby is extremely
flat, possibly due to growth in narrow veins (again
see figure 9). Crystals with this morphology, in gen-
eral, are not useful for jewelry purposes and were
therefore not included in this report.

Visual Appearance. Less than 5% of the rough
Mong Hsu samples we examined were a uniform
red or violet to almost black. Most stones from this
locality show a distinct color zoning, with transpar-

Mong Hsu Rubies

ent red outer zones ("rims") and violet to almost
black centers (commonly called "cores"] that appear
opaque to translucent (again, see figures 9 and 10).
In thin section, a core that originally looked almost
black and opaque will undoubtedly appear violet
and transparent (see, e.g., figure 2). Depending on
what part of the original crystal a fragment repre-
sents, great variability in color and color zoning is
observed in lots of the rough. A more detailed
description of this extraordinary color zoning is pre-
sented in "Microscopic Features” below.

Heat treatment removes the violet component
of the cores to produce stones that are uniformly
red, as confirmed by experiments carried out in
Germany (see figures 7 and 8). There is, however,
some variation in the shades of red seen in the heat-
treated samples. In addition, in some of the rough
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Figure 10. A well-formed Mong Hsu crystal con-
sists of two hexagonal dipyramids, ® and n, the
positive rhombohedron r, and the basal pinacoid
¢, as Hlustrated by this 5-mm sample. Note the
violet core.

heat treated commercially, we observed translu-
cent, highly reflecting, whitish zones that made the
stones unsuitable for faceting. As a result of these
whitish zones, a percentage of the material is reject-
ed after heat treatment. Although distinct color
zoning is usually not visible with the unaided eye,
microscopic examination reveals a highly charac-
teristic type of color zoning related to specific
growth structures in most of the heat-treated sam-
ples—with intense red related to core zones and
lighter red related to rims.

Gemological Properties. The distinctive color distri-
bution in Mong Hsu rubies is also reflected in some
of their gemological properties {table 1).

UV Fluorescence. The differences between cores
and rim areas are well illustrated by their reactions
to long- and short-wave ultraviolet radiation. In
untreated samples, the cores are inert or fluoresce
light orange to light red, whereas the rims fluoresce
intense orange-red to red. This difference is less
obvious after heat treatment: The cores of heat-
treated samples fluoresce orange-red to red, whereas
the rims remain intense orange-red to intense red.

10 Mong Hsu Rubies

Figure 11. The crystal habit of Mong Hsu rubies
consists of two hexagonal dipyramids, n (2243)
and o (14 14 28 3), the basal pinacoid ¢ (0001),
and the positive thombohedron r (1011). The crys-
tal drawn on the left is dominated by » and ¢
faces, with a subordinate r plane; the crystal
shown on the right is dominated by » and ¢ faces,
with subordinate r and n planes.

Optical Properties. We found the variations in
refractive index among the different samples to be
unusually high for both the ordinary and extraordi-
nary rays, with a slightly variable birefringence
between 0.008 and 0.010 (see table 1). A similar
large variation in R.I's was reported by Smith and
Surdez (1994) for rubies from Mong Hsu, and was
recently described for rubies from Malawi that
revealed highly variable amounts of trace elements,
especially chromium {Bank et al., 1988).

We also found differences in R.I. between cores
and rims of both heat-treated and untreated Mong
Hsu samples. For example, one rough sample that
was sawn and polished revealed R.I's of n, = 1.774
for the core and 1.770 for the rim, n. = 1.765 for the
core and 1.762 for the rim (birefringence = 0.009 and
0.008, respectively).

Therefore, depending on the orientation of the
table facet with respect to the optical axis and the
portion of the original crystal the table encompass-
es, different refractive indices are possible. If the
table facet is largely confined to one single growth
zone (see "Microscopic Features" below and boxes A
and B), sharp shadow edges are observed for the
ordinary and the extraordinary rays on the refrac-
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TABLE 1. Gemological characteristics of Mong Hsu rubies.2

Untreated samples Heat-treated samples

Property Core Rim Core Rim
Color Violet to black Red Intense red Red
Pleochroic colors
Parallel to ¢ Light bluish violet Orange-red Orange-red Orange-red
to reddish violet
Perpendicular to ¢ Intense bluish violet  Purplish red Purplish red Purplish red

to reddish violet
Fluorescence
Long-wave UV

Inert or light orange Intense orange red Orange red

Intense orange-red

Short-wave UV Inert or light red Intense red Red Intense red
Specific gravity (range) 3.990 - 4.010
Refractive indices (range)

No 1.768 - 1.780

Ne 1.760 -1.770
Birefringence 0.008 - 0.010

2 For the ordinary type of samples with violet 10 black cores and red rims.

tometer (table 1). This is often the case for samples
with table facets cut parallel to the c-axis or for
samples with small cores. If the table facet encom-
passes a.'mixed" area—that is, part is from the core
and part is from the rim, the shadow edges are often
less distinct and in extreme cases no readings are
visible on the refractometer. Typically, this is the
case with a stone on which the table facet is orient-
ed perpendicular to the c-axis, with an intense red
central core and a lighter red rim. All intermediate
situations are observed for faceted samples with
random orientation.

This unusual variation in refractive indices
within one crystal is usually caused by the chemi-
cal zoning between cores and rims, but it also may
occur between different zones within cores and
outer areas (see "Chemical Properties” and box B).

Other gemological properties of the Mong Hsu
rubies tested, such as pleochroism and specific grav-
ity (table 1), were consistent with those of natural
rubies from other localities. Note that the color of
the untreated cores appeared intense violet perpen-
dicular to the c-axis and somewhat lighter violet
parallel to the c-axis.

Microscopic Features. Growth Structures and Color
Zoning in Untreated Mong Hsu Rubies. By deter-
mining the internal growth structures in a cut
stone, the gemologist can reconstruct the habit of
the original ruby crystal. (Again, see box A for the
procedures used in this study.) Changes in the habit
during growth and color zoning characteristics also
can be studied (see, e.g., box B.)

Mong Hsu Rubies

Well-preserved Mong Hsu corundum crystals
are defined by ¢, r, n, and w faces. These growth fea-
tures can also be observed in faceted stones or in
fragments of rough stones as thin traces of growth
planes parallel to the former external faces of the
ruby.

Because of the complex growth sequence estab-
lished for Mong Hsu rubies (see box B), crystals and
crystal fragments also reveal distinctive color zon-
ing. Samples that are homogeneous in color (sug-
gesting crystal growth in a single phase) occur only
rarely. These are, for example, red with ¢, 1, n, and
o faces (again, see figure 9) or dark violet to almost
black with ¢, r, and wfaces |again, see figure 7). The
most common pattern in Mong Hsu rubies, howev-
er, consists of a dark, nontransparent core and a red
outer zone (see again Figure 2.

An even more complex pattern is formed in
samples that contain two dark violet "cores" that
are separated by a red layer along the c-axis (figure
12). In a view parallel to the c-axis, a dark core in
the center is followed by a light red zone, a second
lighter violet zone (representing the second "core"),
and an outer red rim. In a very few instances, we
observed Mong Hsu rubies with a thin, intense red
rim confined to n or w faces (figure 13). The thin red
rims represent the latest stage of growth for these
samples in which an enrichment of chromium took
place.

A modification of the typical habit and color
zoning in Mong Hsu rubies is shown in figure 14.
The violet-to-black color in this extraordinary ruby
forms only in growth zones parallel to basal planes,
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BOX B: Color Zoning and Habit Changes
in Untreated Mong Hsu Rubies

The most distinctive, characteristic feature of untreat-
ed Mong Hsu rubies is their color zoning. Although
two zones are usually evident—violet "cores" and red
"rims"—the zoning in Mong Hsu rubies is actually
somewhat more complicated than this.

Most Mong Hsu ruby crystals consist of one {or,
rarely, two) violet to almost black cores with intense
red rims. An extraordinary sample with two dark vio-
let "cores" separated by an intense red zone {figure B-1)
best reveals this general scheme for color zoning relat-
ed to growth history. The duplicate sequence identi-
fied in this stone (table B-1) confirms the "single” char-
acteristic sequence observed in most Mong Hsu rubies
(an exception is the stone illustrated in figure 14).

Red growth zones {R) consist of red {ruby) layers
parallel to the basal pinacoid ¢, to the positive rthom-
bohedron r, and to two hexagonal dipyramids, n and
. Because all four faces (¢, r, n, and w) have growth
rates greater than zero, red layers form parallel to all four.

Violet {V} growth zones consist of violet {sapphire}
layers parallel to ¢, r, and n. In V growth zones, only
these three faces reveal growth rates greater than zero;
o growth rates are not observed. This indicates that @
dominates the external crystal form, although no vio-
let layers grow parallel to @.

Along the c-axis of the ruby shown in figure B-1,
which is schematically drawn in figure B-2, the V
zones in the center of the crystal abruptly convert to R
zones. The R zones then gradually convert to interme-

Figure B-1. This 10.5-mm-
Iong untreated crystal,
with two violet cores siur-
rounded by red areas,
illustrates the relationship
between growth condi-
tions and habit change
typical of Mong Hsu rubies.

Figure B-2. This schem- ‘ |
atic representation of
habit change and color
zoning in the center of the *

diate {I) zones, which subsequently convert to violet
(V') zones. The I zones consist of alternating thin red
layers parallel to ¢, 7, n, and @, and small violet layers
parallel to ¢, 7, and n (again, see table B-1; also see fig-
ure B-3), but not w.

In summary, along the c-axis of the crystal described,
the following cyclic sequence of growth zones is observed:

violet vialet

layers layers

Ny T g v T or
red habit  red habit  red
layers change layers change layers

Each of the two violet "cores" in this crystal con-
sists of violet layers parallel to ¢, r, and n faces, which
form in subsequent I and V growth zones. Over the
two violet cores are red layers parallel to ¢, r, n, and o,
which grow in subsequent R and I zones. Those parts
of the "cores" that formed during V are usually dark
violet and translucent to almost opaque black; those
that formed during I are lighter violet and translucent
to transparent.

We have found the growth sequence R 1V to
apply to most of the Mong Hsu rubies examined. Note
that in some crystals, stage R is very small. Others

Mong Hsu ruby in figure | v ' T
B-1 shows the R (red), . i , Yo
V (violet) and I (inter- '

mediate) growth phases l v i
seen in the following

i growth sequence (from \ S

bottom): IVRI V'R'. The \ .
arrow indicates the posi-
| tion of a microprobe scan, , :




were grown during a period that did not cover the full
R 1V growth sequence; such a crystal may consist only
of a dark violet, nontransparent core grown in stage V,
and a red rim grown in stage R.

Also notable in Mong Hsu rubies with the R1V
growth sequence is the decreasing size of the hexago-
nal dipyramid n. During growth phase R, relatively
large n faces form (see, e.g,, figure 11B). In the subsequent
zones [ and V, n is progressively smaller; in the end
stage of phase V, n is absent {figure 11A). Consequently,
with an abrupt change of growth conditions from stage
V to stage R, there is also a distinct habit change.

In summary, at the beginning of growth stage R,
the crystal habit consists of ¢, r, n, and w faces {(figures
10 and 11B). In the growth sequence R IV, the growth
rate of n strongly increases until, at the end of stage V,
it disappears completely. Concurrently, the growth
rate of face w reaches zero, so w dominates the external
crystal form (figures 11A and 7). To date, we have seen
no systematic change in the r and ¢ faces over the
sequence R IV in the samples available.

The complex growth structure of Mong Hsu
rubies is reflected by a complex chemical zoning. For
the sample pictured in figure B-1, four microprobe tra-
verses, with 600 to 800 point analyses each, were per-
formed. The position of one of these scans across the
sample (including 700 equidistant analysis points) is
shown in figure B-2. It twice crossed three red w
growthzones R, I', and R, as well as violet n and ¢
growth layers belonging to the V area. The profile
revealed that chromium values are symmetrical in
both areas right and left of the center of the crystal; in
general, chromium contents are higher in the violet
core of growth zone V than in the R', I', and R growth
zones. Again, in the violet core, differences between areas
related to the basal pinacoid ¢ {1.20-1.35 wt.% Cr,0O3)
and areas related to dipyramidal n growth faces
{0.90-0.95 wt.% CryOg) were also measured. Chromium
contents in the red R and I' zones of the rim (0.63-0.75
wt. %) are generally lower than in the violet core.

In the small area between two adjacent @ growth
zones in the red rim {i.e., between I' and R'), the scan
reveals a distinct decrease from about 0.63 to 0.38
wt.% CryOj3, correlated to an increase from 0.05 to

Figure B-3. An enlarged portion of the Mong Hsu ruby

in figures B-1 and B-2 shows part of the I' growth zone,
with alternating violet and red layers parallel to n, and
red layers parallel to . Immersion, magnified 50x

about 0.40 wt.% TiO,. This represents a growth zone
that was present during the formation of the second
violet core V'. In the outer @ growth zone of R', we
recorded a continuous increase (from 0.63 to 0.97
wt.%]) in Cr,O3, which reaches values in the outer-
most layers that are similar to the concentration in the
core area that is related to n faces (see also figure 13).

Average vanadium and titanium contents in the
violet core are about twice those measured in the red
rim. No distinct zoning of iron was observed in this
traverse. The other three scans show even more com-
plex results, but these details are beyond the scope of
this article. In summary, the complex color zoning
seen with the microscope is reflected by a complex
chemical zoning in the sample.

TABLE B-1. General outline of habit change in different growth phases (R, I, V) of Mong Hsu rubies.@

Variables R (red) ! {intermediate) V (violet)
c r n 1) c n @ c r n @
Growth rate Mod. Mod. Slow Slow Mod. Mod. Mod. Alternating Mod. Mod. Veryfast None
slow/none
Layers formed Yes Yes Yes Yes Yes Yes Alternating Yes Yes Yes No
yes/no
Relative sizes Mod. Mod. Large Very Mod.  Mod. Mod. Very Mod. Mod. Very small Very
of faces large large or absent large
Variety Ruby Alternating ruby/violet sapphire Violet sapphire
Habit c, r, n, w (figure 11) c,rnn w c, r, o (figure 11)
nislarge n becomes smaller n is very small or absent

aHabit changes from R to | and from [ to V are continuous, the habit change from V to R is abrupt.

Mong Hsu Rubies
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Figure 12. This untreated piece of Mong Hsu rough
revealed a complex growth history: A small black
core in the center is surrounded by a first red
layer, over which is a second violet zone that, in
turn, is surrounded by a red layer. View parallel to
the c-axis, immersion, magnified 40x.

Figure 13. In this untreated Mong Hsu fragment
with n and o growth planes, an intense red stripe
confined to a natural n face represents the latest
growth stage. View perpendicular to the c-axis,
immersion, magnified 30x.

14 Mong Hsu Rubies

Figure 14. Unlike most of the other Mong Hsu
rubies examined for this study, the violet core in
this untreated rough sample is confined only to
the basal ¢ face, while n and w growth planes are
red. The size of the basal plane increases toward
the outer zone of the crystal, in a wedge-shaped
pattern, View perpendicular to the c-axis, immer-
sion, magnified 30x.

whereas growth planes parallel to n and o are red.
We also observed that the c-plane increased in size
during growth, in a direction toward the outer faces
of the crystal. Thus, the violet portion in the stone
appeared as a wedge-shaped pattern in the rough
crystal, with the base of the wedge confined to the
latest growth area. In another sample, which also
had a wedge-shaped growth pattern confined to the
basal plane, dark violet areas were developed as
small stripes parallel to @, and lighter violet stripes
were observed parallel to n, but areas confined to ¢
and r growth zones were red.

Growth Structures in Heat-Treated Rubies. Some
of the growth characteristics related to natural color
zoning are not observed in cut Mong Hsu rubies,
because part of the growth history of a crystal is lost
during cutting and heat treatment turns the violet
cores red. However, neither cutting nor heat treat-
ment alters the characteristic internal growth
planes, which we were able to identify in most of
the faceted Mong Hsu rubies examined.

Due to the fact that these same patterns and
combinations of patterms have never, to the best of
our knowledge, been observed in natural rubies
before, we feel they are useful to distinguish Mong
Hsu rubies from rubies from other localities. In
other words: The individual crystal faces observed
in Mong Hsu rubies have been identified in rubies
from other sources, but the overall pattern of color
zoning and habit—that is, the combination of faces
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Figure 15..This faceted, heat-treated Mong Hsu
ruby is typical of most of the cut Mong Hsu rubies
we examined. An intense red core is confined to
faces parallel to the basal ¢ plane, the size of the
basal plane varies irregularly along the c-axis, and
the lighter red areas are confined ton and ®
growth zones. View perpendicular to the c-axis,
immersion, crossed polarizers, magnified 40x.

and the color zoning related to certain growth
zones—has not. In addition, because of their dis-
tinctive growth patterns, Mong Hsu rubies can be
easily separated from their synthetic counterparts.

Typical examples of growth structures that can
be found in heat-treated Mong Hsu rubies are
shown in figures A-2, 15, and 16. In most of our
samples, dark red color zones were confined to
basal ¢ growth planes of variable size (figure 15).
These dark red zones are surrounded by lighter red
areas with growth planes parallel to r, n, and o (fig-
ure A-2). Because faceted stones represent only one
area within the original crystal, in the complex
growth sequence of Mong Hsu rubies (see box B)
the growth zones confined to n faces may be
extremely small or absent (figure 16).

Twinning. Twinning is encountered only infre-

quently in Mong Hsu rubies. The most common
type appears to be a repeated rhombohedral twin-

Mong Hsu Rubies

Figure 16. In this faceted, heat-treated Mong Hsu
ruby, with dominant growth parallel to ¢ in the
core and ® planes in the rim (as is typical for

rubies from this locality), only subordinate and
smalln faces are observed in the core. View per-
pendicular to the c-axis, immersion, magnified 50x.

ning, predominantly in one direction parallel to one
rhombohedral r face. We observed particles con-
fined to intersection lines of twin plancs in only
two of our samples, which confirms that rubies
with two directions of rhombohedral twinning par-
allel to two r faces are extremely rare from this
locality.

Solid Inclusions. Only rarely did we observe solid
inclusions other than whitish particles {sce below)
in the Mong Hsu rubies examined. These include
rutile and fluorite {figure 17; both identified by
Raman spectroscopy and SEM-EDS), as well as
spinel, which was identified by Raman spec-
troscopy. Dolomite was identificd by SEM-EDS
analysis in one crystal; it occurred as a scrics of
rounded, transparent inclusions throughout the red
portion. Dolomite was also identified by Smith and
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Figure 17. Fluorite (left) and spinel (right) are
among the few solid inclusions observed in Mong
Hsu rubies. Fiber-optic illumination, transmitted
and reflected light; diameter of the solid inclu-
sions 1s approximately 0.2 mm.

Surdez (1994) in Mong Hsu rubies; they found
apatite as well.

As noted earlier, white mica, fuchsite, and Mg-
chlorite were found as overgrowths on some rough
Mong Hsu specimens. Mg-chlorite and white mica
also were identified by Raman spectroscopy (based
on the reference work of Prieto et al,, 1991) as inclu-
sions in the outermost parts of some rough crystals
(figure 18). Tt appears that they are, in most cases,
removed during preforming of the rough before heat
treatment.

Whitish Particles. Various types of small particles
("whitish dust") also are found in both the untreated

Figure 19. This whitish streamer in an untreated
Mong Hsu ruby appears to originate from a solid
inclusion located at the boundary between the
violet core and red rim. Fiber-optic illumination,
reflected light, magnified 100x.

16 Mong Fsu Rubies

Figure 18. White Mg-chlorite was identified in the
outermost parts of some untreated Mong Hsu
rubies. Fiber-optic illumination, reflected and
transmitted light, magnified 90x.

rough and heat-treated cut Mong Hsu rubies. These
particles represent one of the most characteristic
inclusion features compared to rubies from other
natural sources, and so they are useful in separating
Mong Hsu rubies from those from other sources or
from synthetic rubies {see also Laughter, 1993a and
b; Smith and Surdez, 1994). These inclusions are
best resolved using fiber-optic illumination. Two
types are:

e Whitish streamers that are oriented perpendicu-
lar to growth planes (figures 19-21). They usually
extend from the outermost edge of the violet
core or lie in close proximity to that area. They

Figure 20. A whitish streamer (left) emerges from
the end of a pseudosecondary feather of fluid
inclusions along the black core of this untreated
Mong Hsu. View almost parallel to the c-axis,
fiber-optic illumination, transmitted and reflected
light, magnified 60x; photomicrograph by E.
Gtibelin.
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Figure 21. Clouds of snowflake-like particles
appear in the upper right of this untreated Mong
Hsu ruby, together with a streamer that runs per-
pendicular to growth structures (top left) and par-
ticles confined to o growth areas (bottom left).
View almost parallel to the c-axis, fiber-optic illu-
mination, reflected light, magnified 80x.

appear to be initiated by the trapping of solid (fig-
ure 19) or fluid (figure 20) inclusions, which tend
to be concentrated in the boundary zone
between core and rim. These initial crystal
defects do not completely heal during subse-
quent growth, and new defects—which also act
as traps for fluids—are continuously formed.
Ultimately, they appear as a series of lines con-
sisting of small reflecting particles, which are
oriented perpendicular to the growth planes of
that particular zone.

e Whitish dust, resembling clouds of snow-
flakes [figure 21), frequently can be scen irreg-
ularly dispersed in large zones of a crystal.
This type of inclusion is often confined to cer-
tain growth zones (figure 22), usually related
to the w plane (figure 21).

Whitish particles of a completely different type are
formed by heat treatment. These particles form
dense areas, in some cases in w zones that grew
after the originally violet core (figure 23), and occa-

Figure 23. Violet to almost black zones in the
center of this Mong Hsu crystal in its natural
state (right) were completely gone after heat
treatment (left), but whitish particles had
formed in o growth zones outside the center.

View almost parallel to the c-axis, fiber-optic I
illumination, reflected and transmitted
light, magnified 60x.

Mong Hsu Rubies

Figure 22, Often the whitish dust-like particles
seen in untreated Mong Hsu rubies occurred in
zones confined to growth planes. This type of
inclusion was not removed by heat treatment.
View almost parallel to the c-axis, fiber-optic illu-
mination, reflected light, magnified 60x.

sionally in growth zones confined to the basal face.
Note that dense zones of whitish particles were
also observed in areas confined to the violet or
almost black core. In extreme cases, the whitish
particles are so dense that the stone appears semi-
translucent, with large whitish reflecting areas,
which makes it unsuitable for the jewelry market.
In one heat-treated sample, we observed dense, ori-
ented, needle-like particles. We also observed the
formation of such needles in another sample heat
treated in Germany; they appeared in an area, con-
fined to the rim of the stone, that had originally
been transparent red, as well as in violet zones. We
do not yet know the exact nature of these needles.

Fluid Inclusions. In contrast to solid inclusions,
fluid inclusions were frequently seen in both
untreated and heat-treated Mong Hsu rubies, in
cores as well as rims. For the most part, they repre-
sent various primary fluids trapped in single cavi-
ties as well as in pseudosecondary (figure 20) and
secondary "feathers" or "fingerprints.” They are
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Figure 24. Healing feathers ("fingerprints”)—actu-
ally interconnecting tubes and isolated dots of
fluid inclusions—were commonly seen in both
heat-treated (as here) and untreated Mong Hsu
rubies. Immersion, magnified 60x.

related to the cracking of the ruby and subsequent
healing by fluids.

If this type of inclusion forms early in crystal
growth close to the core, the outline of the core is
sometimes seen parallel to the border of the "feather”
{figure 20). Another "feather" in a heat-treated Mong
Hsu ruby (figure 24) consists of isolated droplets
and interconnecting tubes. It formed later than the
example illustrated in figure 20.

Fracture Fillings Produced by Heat Treatment.
Heat treatment may create additional fractures in
the ruby because of the decrepitation of solid mat-
ter or fluids trapped in small cavities. This reduces

Figure 25. Flow structures can be seen in this fis-
sure, which has been partially filled with a solid
foreign material. During heat treatment for clarity
enhancement, the host Mong Hsu ruby was
placed in contact with borax or a similar sub-
stance. Immersion, magnified 60x.

18 Mong Hsu Rubies

the transparency of the stone. As demonstrated by
heat-treatment experiments in Germany, no chem-
icals are needed to remove the blue color compo-
nent completely from the Mong Hsu stones. As
noted earlier, though, commercial treaters often use
various chemicals, such as borax, during a second
heating process to fill cracks and fissures exposed at
the surface and thus enhance apparent clarity
(Hughes, 1988; Peretti, 1993; Henn and Bank, 1993).
Borax or similar substances can act as a flux to dis-
solve alumina and can cause, at least partly, a
recrystallization or healing of open fracture planes
[Hianni, 1992, Koivula et al., 1993a; Milisenda and
Henn, 1994). Mica or chlorite present in these open
cavities or fissures will dissolve in the presence of
borax and form borosilicates that are then trapped
as artificial glassy fillings. The formation of a crys-
talline phase in fractures of treated Mong Hsu
rubies has also been observed, and the compound
was identified by means of X-ray powder diffraction
as aluminum borate {H. A. Hanni, pers. comm.,
1994).

We observed fissures and cavities containing
these foreign fillers in many Mong Hsu samples
obtained from the trade. In some treated rubies, we
saw flow structures in the glassy fillers of heavily
included samples, which easily identified them as
foreign material (figure 25). In contrast, only careful
microscopic examination revealed the presence of
foreign substances in other, partly recrystallized
fractures {figure 26). The exact composition of vari-
ous filling materials, however, cannot be identified
by microscopic examination. In areas in which the
filling material reaches the surface of the ruby, the
filled fissure can be recognized by its reduced luster

Figure 26, In some partly recrystallized fractures,
it is difficult to locate the foreign substance (possi-
bly borax or an aluminum borate) to which the
ruby was exposed during heat treatment.
Immersion, magnified 60x.
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TABLE 2.

X-ray fluorescence analyses and refractive indices of Mong Hsu rubies.a

Untrealed rough Heat-treated faceted

Oxide/R.1. A B C D E F G H | J
Oxide
AlsOq 99.300 98.600 98.400 99.200 98.800 99.000 98.400 98.400 98.900 99.500
Cry0g5 0.460 0.914 1.216 0.572 0.594 0.654 1.166 1.391 0.718 0.354
FeO 0.006 0.060 0.031 0.003 0.035 0.003 0.017 0.008 0.007 0.005
TiOy 0.107 0.194 0.168 0.134 0.338 0.145 0.233 0.046 0.210 0.045
VoOq 0.038 0.050 0.057 0.045 0.100 0.090 0.023 0.035 0.090 0.014
Gas0g 0.010 0.010 0.014 0.013 0.017 0.009 0.006 0.011 0.010 0.004
Refractive indices
Ny —b 1.773 1.774 1.771 1.772 1.771 1.775 1.775 —b 1.770
Ne —b 1.765 1.765 1.762 1.763 1,763 1.766 1.766 —b 1.762

& The columns do not total 100 wt.% due to fraces of MnO, K0, MgO, Ca0, and SiO,. No traces of CuQ, NiO, ZrOy, Py0s,

or Nb,Oj were detected.
b No sharp shadow edges observed on the refractometer.

compared to that of the polished ruby when viewed
with reflected light (see, e.g., Kane, 1984; Scarratt
and Harding, 1984; Scarratt et al., 1986; Hianni, 1986).

Chemical Properties. The methods applied to deter-
mine the rubies' chemical properties provide ana-
lytical data that represent different-size areas with-
in the samples. X-ray fluorescence analysis reveals
an average composition of that part of the ruby (in
an area that can be measured in millimeters) that
was exposed to the X-ray beam, such as part of the
table of a faceted stone. The electron microprobe
analyzes areas with diameters in the micrometer
range. Thus, traverses with several point analyses
across the polished surface of a ruby indicate the
chemical variability of a sample. For certain trace
elements, such as gallium, the more sensitive X-ray
fluorescence analysis is required to obtain quantita-
tive data.

The reliability of the data obtained for this
study by X-ray fluorescence and electron micro-
probe analyses is supported by the similarity in
average trace-element concentrations reported by
both methods.

X-ray Fluorescence Analysis. The results of X-ray
fluorescence analyses of various rubies {five
untreated and five heat treated) are shown in table
2. The untreated rubies were composed of rough
fragments of crystals with plane polished faces. As
can be seen from table 2, the rubies contain signifi-
cant trace-element concentrations of Cr,O3, FeO,
TiO,, V503, and Ga,O;. Large differences in the
trace-element concentrations among the various
samples were measured, but we saw no significant
differences in trace-element amounts between
treated and untreated stones.

Mong Hsu Rubies

For the eight samples analyzed for which refrac-
tive indices could be measured on the refractometer
{again, see table 2), a reasonable correlation was
found between R.IL's and chromium concentrations,
and a good coincidence was obtained in a plot with
the sum of tracé-element concentrations (calcu-
lated as CI’203 + TizOg, + V203 + E€203 + G21203)
versus refractive indices (figure 27). Consequently,

Figure 27. Refractive indices were correlated with
chemical composition in the eight Mong Hsu
rubies analyzed by X-ray fluorescence for which
refractive indices could be measured (see table 2).
The correlations are expressed here as the sum of
trace-element concentrations; red squares = ordi-
nary ray (n,), black squares = extraordinary ray
(n,). A distinct increase in refractive indices is
caused by increasing trace-element contents.
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variations in refractive index are related to varia-
tions in trace-element contents.

Electron Microprobe Analysis. As the results shown
in table 3 indicate, systematic variations within the
samples were observed for TiO, and CryO; and, in
some samples, for V,O3; only the statistical varia-
tions of the analytical instrument were found for
FeO and MnO.

On the basis of the relationships between
CryOz and TiO, (in combination with FeO), we
have identified three basic types of chemical zoning
in Mong Hsu rubies to date (see also box B):

» Type A: A distinct variation in CryOjy that is not
correlated to titanium was found for samples I,
3, and 4 {figure 28A). These rubies had high
CryO3 concentrations in the intense red zone
(that represents the core of the original crystal)
and lesser quantities of CryOj3 in the lighter red
"rim" (samples 1 and 3). In sample 4, we found a

less extreme microscopic red color zoning,
although the sample was faceted with its table
perpendicular to the c-axis. Accordingly, the
chemical variations were less pronounced than
in other samples with a strong visual color zon-
ing.

e Type B: A distinct variation in CryOz was found
to correlate with a distinct TiO, zoning in heat-
treated samples 2 and 5 (figure 28B). High con-
centrations of CryO5 and TiO, were restricted to
the relatively intense red core.

* Type C: A distinct zoning of TiO, perpendic-
ular to the c-axis, inversely correlated to CryO3
in the outer zones of the rim, was found in
untreated sample 6 [figure 28C), which had a
homogeneous violet core and a light red rim.
TiO, concentrations were higher in the core
than in the rim. CryO3 was higher in the outer-
most part of the rim. No systematic variations

TABLE 3. Electron microprobe analyses of Mong Hsu rubies.

20

Faceted sample numberd

Rough sample numberd

Variable 1 2b 3 4 5 6¢ 78
QOrientation Table Table Table Table Table Cut parallel Cut perp.
parallel c-axis  perp. c-axis perp. c-axis  perp. c-axis  parallel c-axis c-axis c-axis
Visual appearance Dark red core, Dark red core, Dark red core, Red core, Dark red core, Dark violet core, Complex zoning
lighter red rim lighter red rim  lighter red rim lighter red rim  lighter red rim lighter red rim dark violel core,
light red rim
Number of scans 3 4 4 4 2 5 3 7
Number of analyses 109 138 138 138 78 208 108 288
Direction of scans Perp. c-axis  Perp. ¢c-axis Perp. c-axis  Perp.c-axis  Perp. c-axis  Perp. c-axis Parallel  Perp. c-axis
. c-axis
Analyses in wt.% (range)
AlyOq 98.42-9944  9817-99.72  96.53-98.97 98.15-99.60 98.15-9966 98.33-99.78 98.40-99.90  98.45-99.91
Cry04 0.26-0.89 0.42— 1.05 090- 286 060- 089 039-098 040- 1.03 042-069  0.40- 1.34
V504 0.00-0.13 0.00- 0.11 0.00- 012 0.00- 0.07 0.00-0.10  0.00- 0.08 0.00-0.07  0.00-0.08
Ti0y 0.09-0.28 0.05- 023  000- 014 006-027 004-031 0.00- 038 0.04— 034 0.03- 0.51
Fe0 0.00-0.03 0.00- 0.02 0.00- 0.04 000- 003 0.00-002 000- 004 000-003  0.00- 0.04
MnO 0.00- 0.03 0.00- 0.03 0.00- 0.02 000-002 000-004 0.00-003 0.00- 002 0.00- 0.03
Chemical zoning Cr Crand Ti Cr Cr CrandTi Ti/ Cr No distinct ~ Complex zoning
Area of high Core Core Core Core Core Core/outer rim  zoning of Crand Ti
concentration
Correlation No Yes No No Yes No No No

between Ti and Cr

a Al faceted samples had been heal lrealed; both rough samples were untrealed. Perp. = perpendicular

d See figure 28C
€ see ligure A-1.

b See tigure 288.
C See ligure 28A.

Mong Hsu Rubies
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were found in this sample in a direction parallel
to the c-axis.

In sample 7 (table 3), the complex growth and color
zoning involving ¢, n, r, and o faces (figure A-1)
revealed an extremely complex zoning of both
CryO3 and TiO, that does not fit any of the simple
types described above.
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In some samples, we found a correlation
between V,03 and CryOy; that is, high chromium
and relatively high vanadium in the intense red
cores, with lower chromium and vanadium in the
lighter red rims. No correlation was seen between
iron and titanium or between iron and chromium.

Thus, it can be concluded that the color zoning
correlates with a systematic variation in CryO4
and/or TiO, (see also box B): The violet {untreated)
and intense red (heat-treated) cores of Mong Hsu
rubies have significantly higher CryO3 concentra-
tions than the lighter red "rim" layers around them.
We also identified zones with high TiO, concentra-
tions {relative to the rim portion) in the violet
(untreated) and red (heat-treated) cores of some
Mong Hsu rubies {type C). In some samples, we
found both high CryO3 and high TiO, concentra-
tions in the core.,

In summary, it appears that the main chemical
zoning of Mong Hsu rubies, between crystal corc
and rim zones, is due to greater amounts of chromi-
um and/or titanium in the areas confined to the
intense red or vielet cores. Between distinct zones
within the rims, chromium and/or titanium values
also may vary (see box B, as well as figures 13 and
28C).

The trace-element concentrations of Mong Hsu
rubies can be compared to those of natural rubies
from other deposits of commercial importance,
including Luc Yen (Vietnam), Morogoro (Tanzania),
Mogok {Myanmar), Kenya, Sri Lanka, Malawi, and
Thailand (Harder, 1969; Schmetzer, 1986b; Bank et
al., 1988; Tang et al., 1988, 1989; Hanni and
Schmetzer, 1991; Kane et al., 1991; Delé-Dubois et

Mong Hsu Rubies

Figure 28. These three electron microprobe tra-
verses reveal the differences in Cr,O3 contents
(black squares) and TiO, contents (red squares)
between core and rim areas of three Mong Hsu
rubies. Samples A (no. 3, table 3) and B (no. 2,
table 3) are both faceted and heat-treated; sample
C (no. 6, table 3) is an untreated polished platelet.
Sample A shows higher Cr,Oj5 in the core than the
ritn, and no TiOy zoning. Sample B shows CrsO4
concentrations correlated with a distinct TiO,
zoning, with higher Cr,Oz and TiO, contents in
the core and lower values in the rim. Sample C
reveals increased TiO, in the core, increasing
Cry03 toward the outer zones of the rim, and an
inverse correlation between Cro0O5 zoning and
variations in TiO,. All scans were performed in a
direction perpendicular to the c-axis.
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Figure 29. These absorption spectra were recorded
in three Mong Hsu rubies. The top is from a heat-
treated faceted stone with its table oriented paral-
lel to the c-axis, 2.3 mm thick (sample 1, table 3).
The middle is from the violet core of an untreated
slice (about 2.5 mm thick) cut parallel to the c-
axis (sample 6, table 3). The bottom is from an
untreated slice (about 1 mm thick) cut perpendic-
ular to the c-axis with violet core and red rim (see
sample 7, table 3, figure A-1). In the red to yellow
spectral range of untreated samples, a broad
absorption without distinct maximum and an
absorption band at 675 nm are superimposed on
the chromium (ruby) spectrum.

al., 1993). The CryO5 concentrations in Mong Hsu
rubies can be extremely high. The FeO concentra-
tions are relatively low compared to those of rubies
from other marble-type deposits such as Morogoro
or Luc Yen. The upper end of the TiO, range is
much higher than the values found in rubies from
these same occurrences. The V,0O3 concentrations
are similar to those reported for rubies from Mogok,
but can be much higher than those published for
rubies from some other marble-type deposits, such
as Morogoro and Luc Yen. The range of FeO, TiO,
and V,Oj3 concentrations found in Mong Hsu rubies
is different from those of rubies from basaltic rocks
(e.g., Thailand).

The combination of relatively high CryOj,
TiO,, and V4,03 along with relatively low concen-
trations of FeO has so far not been reported for any
of the various types of synthetic rubies (Tang et al,,
1989, Muhlmeister and Devouard, 1991; Peretti and
Smith, 1993; Hinni et al., 1994).

In summary, the trace-element patterns of
Mong Hsu rubies are useful to distinguish faceted
samples from their synthetic counterparts.

22 Mong Hsu Rubies

Although there may be some overlaps with other
natural rubies originating from marble deposits,
trace-element contents of individual samples, in
combination with other characteristics, can also be
helpful for locality determination.

Spectroscopic Features. Visible and Uliraviolet
Spectroscopy. Absorption spectra of heat-treated
Mong Hsu rubies and of the outer rims of untreated
specimens were typical of those seen in low-iron
rubies, with no iron-related absorption at 450 nm.
Absorption characteristics in the ultraviolet were
similar to those of iron-poor rubies from marble-
type deposits (Bosshart, 1982; Smith and Surdez,
1994,

The spectra of untreated samples with violet
cores revealed additional absorption features in the
red and yellow area, between about 800 nm and the
broad chromium absorption band in the green
range, which are superimposed on the ruby absorp-
tions (figure 29). These absorption features are
described as:

* a broad absorption in the spectrum parallel and
perpendicular to the c-axis, ranging from about
800 nm to about 550 nm without a distinct
absorption maximum, and

e a polarized absorption band in the spectrum per-
pendicular to the c-axis, with a maximum at 675
nm, that is, in the range of the well-known
chromium lines at 693, 669, and 659 nm.

In different violet samples measured, the relative
intensities of the bands in the red to yellow area
vary. In some, the 675-nm band was weaker than
the 693-nm Cr3+ absorption ling; in others, the 675-
nm absorption, which is strongly polarized, exceed-
ed this well-known chromium absorption in inten-
sity {figure 29).

These additional absorption features in the red,
particularly the broad absorption, are responsible
for the color in the cores, that is, light violet parallel
to the c-axis and intense violet perpendicular to c.
Thus, the violet color in Mong Hsu rubies is caused
by the superimposition of a red (ruby] component
caused by chromium and a blue component that is
removed by heat treatment. The blue component
consists of two different absorption features, which
are more intense in the spectrum perpendicular to
the c-axis.

Violet sapphires and purplish red rubies are
known from various localities, such as Ratnapura,
Sri Lanka, and Umba, Tanzania. In all types of vio-
let samples from various occurrences, the blue
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component of the violet color is due to a broad
absorption band in the red area, which can be at
least partially removed by heat treatment, even at
relatively low temperatures such as 1000° or
1200°C, which have been used historically for the
heat-treatment of corundum (Bauer and Schloss-
macher, 1932).

An extremely broad absorption band in the red-
to-green spectral region (between 800 and 500 nm)
has been seen in blue sapphires from various locali-
ties and is generally assigned to an Fe2+/Ti%* charge-
transfer absorption. The blue color in this type of
low-iron sapphire (i.c., without a specific Fe2+/Fe3+
absorption band in the near infrared) can also be
partially removed by heat treatment at low temper-
atures; some of these sapphires turn colorless when
heated (Schmetzer and Bank, 1980). If the iron-tita-
nium charge-transfer absorption is superimposed on
a ruby spectrum, the color of the sample is altered
from red to purplish red, purple, or violet, according
to the relative intensity of the two color-causing
components in the spectrum {Schmetzer and Bank,
1981}

Given the spectral characteristics of Mong Hsu
rubies and their titanium zoning, the additional
broad absorption in the red and the resulting violet
color of the cores of these rubies is consistent with
the presence of such a blue sapphire component.

In the absorption spectrum of untreated Mong
Hsu samples with violet cores, however, we also
observed an additional polarized absorption band at
675 nm (figure 29), which is not fully understood at
present. In some of the samples, this absorption
band exceeded the 693-nm chromium line in inten-
sity. The only correlation found in the literature for
this band is an absorption in the spectrum of Mn#+
in corundum (Geschwind et al., 1962; Crozier,
1965; Potnau and Adde, 1976). Mn#+ appears in syn-
thetic flux-grown and Verneuil-grown corundum
crystals, which are doped by manganese, with MgQO
added for charge compensation. Mn#+ is isoelec-
tronic with Cr3+ and has three d electrons. It reveals,
in addition to the sharp 675-nm band, a broad
absorption at about 470 nm and an absorption edge
in the ultraviolet range, the low-energy tail of
which extends to the visible area, causing an almost
continuously increasing absorption from about 500
nm toward smaller wavelengths. If a broad absorp-
tion band of Mn?#+ at 470 nm is present in the spectrum
of chromium-bearing corundum, this absorption is,
most probably, hidden between the two dominant
color-causing chromium absorption bands. Thus, in
a sample of Mong Hsu ruby with high amounts of

Mong Hsu Rubics

chromium and relatively low manganese concen-
trations (see tables 2 and 3), it is conceivable that
only the small 675-nm absorption band close to the
small chromium fluorescence line at 693 nm will
be observed. This assignment, however, needs fur-
ther experimental research for confirmation, espe-
cially for the explanation of a possible stabilization
mechanism by charge compensation and its reac-
tion to heat-treatment,

In summary, the spectra of the violet cores in
Mong Hsu rubies consist of the well-known absorp-
tion lines and absorption bands of Cr3* in corun-
dum, on which are superimposed a broad Fe2+/Ti4+
charge-transfer absorption and an additional line at
675 nm, the nature of which is not yet known. The
influence of one or both additional absorption fea-
tures in the red on the violet color of different cores
varies, and additional research is necessary {for
example, by a combination of microscope absorp-
tion spectroscopy and microprobe analyses) to
understand the cause of color in these highly zoned
samples.

Infrared Spectroscopy. IR spectroscopy of transpar-
ent, heat-treated samples revealed spectra with
sharp absorption lines in the 3000 to 3500 cm'!
range—cither with two maxima, at 3233 and 3310
cmr'! (figure 30}, or with one maximum at 3310 cm-!—
or spectra with a complete absence of infrared
absorptions in the range mentioned. Smith and

Figure 30. This infrared spectrum of a heat-treated
Mong Hsu ruby reveals sharp absorption lines at
3233 and 3310 cm'L, which are assigned to OH-
stretching vibrations. These lines are characteris-
tic for OH groups in rubies, which are related to
structural defects. Such lines are not found in
fux-grown synthetic rubies.
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Surdez (1994 reported seven sharp bands of varying
intensity at 3189 (weak), 3233 (medium), 3299 (very
weak), 3310 (strong), 3368 (very weak), 3380 (very
weak), and 3393 cm-! (very weak] in the absorption
spectra of Mong Hsu rubies. Similar features have
been found in the infrared spectra of Verneuil-
grown synthetic rubies and sapphires that were
doped with various trace elements in different con-
centrations and, at least partly, annealed in a hydro-
gen atmosphere at high temperatures (Borer et al.,
1970; Eigenmann and Guinthard, 1971; Eigenmann
et al,, 1972; Blum et al., 1973; Volynets et al., 1972,
1974; Beran, 1991; Moon and Phillips, 1994}.
Consequently, the sharp absorption bands in the
infrared spectra of Mong Hsu rubies are assigned to
OH-stretching vibrations and indicate that hydrox-
yl groups have been incorporated in the crystal
structure of some heat-treated samples.

Smith {1995) recorded an absorption spectrum
in some untreated samples that consisted of several
broad absorption bands. He assigned this spectrum
to microscopic or submicroscopic inclusions of
diaspore, AIO(OH).

OH-stretching vibrations were also measured
previously in the infrared spectra of a few untreated
ruby and sapphire samples from Sri Lanka
({Schmetzer, unpublished), in a ruby from Sri Lanka
and a blue sapphire from Montana (Beran, 1991),
and in untreated blue Australian sapphires {Moon
and Phillips, 1994). They were not found in the
spectra of flux-grown synthetic rubies (Belt, 1967;
Volynets et al., 1972, Peretti and Smith, 1994).

For practical gemology, the presence of OH-
related absorption lines in the infrared spectrum of
an unknown ruby indicates that the sample is not a
flux-grown synthetic ruby, although it may be a
Verneuil-grown or hydrothermally grown synthetic
sample (either of which is more readily identifiable
from natural rubies than the flux-grown material)
or a natural stone. For discussion of the difference
between Verneuil- and hydrothermally grown syn-
thetic ruby, see Belt (1967), Beran {1991), and Peretti
and Smith (1993, 1994).

SUMMARY AND CONCLUSION

Large quantities of rubies from the new deposit at
Mong Hsu have been widely available since 1992.
Most are heat-treated before they enter the jewelry
trade. Mong Hsu rubies are easily recognized by
their distinctive microscopic properties. They have
a number of features that thus far have not been
reported for rubies from other occurrences. These
include:
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A distinct color zoning confined to specific
growth structures, with one or two violet "cores"
surrounded by a red "rim."

* Spectroscopic features in the red to yellow por-
tion of the visible spectrum, with absorption
bands that are removed during heat treatment to
change the cores from violet to red.

* The presence of whitish particles in certain
growth zones, formed as a result of heat treat-
ment.

We found that the color zoning in our samples is
closely related to a complex chemical zoning con-
fined to growth layers formed parallel to the basal
pinacoid, to the positive thombohedron, and to two
hexagonal dipyramids. We observed a distinct
growth sequence whereby red and violet areas
formed in various growth cycles, with a specific
habit change between different growth zones. The
variation in physical properties, such as refractive
indices, is closely related to the chemical composi-
tion of the samples. Although those properties of
the crystals that are related to different growth con-
ditions during the formation of the rubies—that is,
growth zoning, color zoning, and chemical zoning
related to temperature and/or pressure and/or
chemical composition of the environment—are
well understood. Only preliminary models are
presently available to provide a detailed explanation
of the cause of successive growth cycles (Peretti and
Mouawad, 1994).

Nor is there a comprehensive explanation for
those properties of Mong Hsu rubies that change
with heat treatment. Likewise, no model is avail-
able that can explain all features related to the
change in UV-visible and 1R spectroscopic proper-
ties, which are closely related to the color change
and possibly also to the formation of the whitish
particles.

The distinctive properties of Mong Hsu rubies
are useful in separating faceted samples from their
synthetic counterparts and also in establishing the
locality of origin. The most prominent diagnostic
properties of faceted, heat-treated Mong Hsu rubies
require careful microscopic examination, using
immersion techniques in conjunction with fiber-
optic illumination. Key features include growth
structures confined to a distinct color zoning
between cores and rims; different types of whitish
particles and whitish streamers are also of diagnos-
tic value. Specialized laboratory techniques, such as
XRF analysis and IR spectroscopy, provide addition-
al diagnostic information. Problems for the trade
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arise, however, from the large numbers of stones
with fractures that appear to have been filled with a
foreign material, especially partially healed frac-
tures with glassy and/or crystalline fillers.
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THE YOGO SAPPHIRE DEPOSIT

Yogo Gulch, discovered more than 100 years
ago, is one of four major sapphire-producing
areas in Montana, United States. Yogo sap-
phires are known for their uniform, well-satu-
rated blue color; relative absence of inclusions
and zonation; and high luster and brilliance in
both artificial and natural Iight; they do not
require heat treatment. Rough crystals, usual-
Iy flat with low cutting retention, generally
weigh less than one carat (but have been
reported up to 19 ct). Unlike the other
Montana deposits, which are secondary, Yogo
sapphires are mined directly from a lampro-
phyre host rock. There are al least six known
dikes, five sapphire-bearing, at Yogo. From
1895 to 1994, the Yogo deposit produced an
estimated 18.2 million carats of rough that are
believed to have yielded more than 500,000
carats of cut stones. Considerable reserves
remain.
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28 Yogo Sapphire Deposit

By Keith A. Mychaluk

he state of Montana, in the western United States,

hosts several large and economically important sap-
phire deposits. The four major deposits—at Yogo Gulch,
Missouri River, Rock Creek, and Dry Cottonwood Creek—
were all discovered in the late 1800s by gold prospectors.
Three of the deposits are large secondary (placer) occur-
rences for which the original source rocks have not been
conclusively identified. At Yogo Gulch (henceforth referred
to as Yogo), however, the sapphires are found in situ in a
lamprophyre dike system, with only minor related placer
deposits. Yogo is one of the few major sapphire mines
worldwide where sapphires are extracted directly from their
host rock.

Not only are Yogo sapphires unique among Montana
sapphires in terms of deposit type, but they also exhibit dis-
tinctive gemological features. The vast majority of Yogo
sapphires are naturally the same uniformly saturated blue
{figure 1), whereas sapphires from the placer deposits of
western Montana are predominantly pale green, blue, or
yellow before heat treatment. The relative absence of inclu-
sions, fractures, and color zoning also distinguishes Yogo
sapphires from other Montana sapphires.

Unlike sapphire-producing areas elsewhere in the state,
which have received little geologic investigation since the
significant contribution made by Clabaugh {1952), Yogo
Gulch has been studied since the late 1970s by various geol-
ogists (see, c.g., Meyer and Mitchell, 1988; Brownlow and
Komorowski, 1988; Dahy, 1988, 1991, and Baker, 1994,

The author was the first geologist to study the Vortex
mine, an extension of the Yogo sapphire deposit developed
in 1987 (Mychaluk, 1992). Between 1990 and 1992, the
author collected and studied 200 rock and 100 rough sap-
phire samples from the Vortex mine and tailings from the
nearby English and American mines. Representative sam-
ples of various rock types, and the minerals separated from
them, were examined by thin-section microscopy and X-ray
diffraction analysis. The author also analyzed core-drilling
logs and samples from drill holes made by Vortex Mining
Company in 1993. Further, the author visited the Vortex
mine many times between 1990 and 1995, and was the first
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Figure 1. The sapphires
from the historic deposit
at Yogo Gulch, Montana,

are noted for their deep,
uniform color and their
brilliance when cut.
Unlike most sapphires on
the market today, they
are not heat treated. _

Typically, though, they 4

are small (the rough aver-
ages less than 1 ct). The
loose Yogo sapphires illus-
trated here weigh 0.93—
1.34 ct; they and the pin
set with Yogo sapphires
are courtesy of Mac Mader
and American Gem Corp.
The Yogo sapphire in the
ring weighs 1.04 ct; it is
courtesy of Robert E.
Kane. Photo © Harold &
Erica Van Pelt.

geologist to view the lowest workings of the 61-m-
deep mine in 1994 .

This article reviews the history of the sapphire
deposit at Yogo Gulch and the distinctive gemologi-
cal properties of the sapphires. The geology and
occurrence of the sapphires is discussed, including
examination of various theories as to how they
were formed and emplaced. Attention is also given
to historical production and ore-grade variability of
the entire Yogo deposit.

LOCATION AND ACCESS

The Yogo Gulch sapphire deposit is located about
25 km (15 miles) southwest of Utica, Montana, in
Judith Basin County (figure 2). The deposit lies
within the legal land description of T.13.N, R.11.E,
sections 20 through 24, on the northeastern flanks

Yogo Sapphire Deposit

X

A

of the Little Belt Mountains; it is about 33 km (20
miles) from the historic lead-zinc-silver mining
camps of Neihart and Hughesville. The mine is
accessible all year by U.S. Forest Service gravel
roads leading south from Utica. Utica itself is locat-
ed on Montana Route 239, approximately 28 km
(17 miles) southeast of Stanford, the county seat,
and roughly 125 km {78 miles) southeast of Great
Falls.

The eastern portion of the deposit is located in
grass-covered rolling hills, whereas the western por-
tion is situated in rugged and heavily forested ter-
rain. Yogo Creek, in Yogo Gulch, flows across the
deposit in the west and has carved a canyon
through ancient limestone formations. Yogo Creek
is a tributary of the Judith River, which in turn
flows into the Missouri River.
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HISTORY OF MINING AT YOGO GULCH
Sapphires were first discovered in Montana—in the
Missouri River near Helena—on May 5, 1865, by Ed
Collins. Gold prospectors later found sapphires in
Dry Cottonwood Creek north of Butte in 1889, and
in Rock Creek near Philipsburg in 1892 (Clabaugh,
1952; again, sec figure 2). In general, the sapphires
from these three deposits proved to be of low-satu-
rated colors; natural, deep blue stones were rare.
However, the last significant sapphire discovery in
Montana, at Yogo Gulch in 1895, yielded superb
blue stones. The history and general geology of
Yogo are discussed in detail by Clabaugh (1952} and
Voynick {1987a). Except as noted, the author has
drawn the following account from these two
authors.

Placer gold was discovered by prospectors in
the upper end of Yogo Creek in 1866, but the area
was not given serious attention until 1878. Several
more years passed before, in 1895 gold prospector
Jake Hoover began to collect the translucent blue
stones that were being trapped in his sluices in
lower Yogo Creek. He sent samples to an assay
office, which then forwarded them to Dr. George F.
Kunz, at Tiffany & Co. in New York City
(Clabaugh, 1952). The stones were identified as sap-
phires of unusual quality, and Kunz sent Hoover
and his partners a check in the amount of $3,750
{about twice what his gold operation had paid]. This
figure was based on the current London prices paid
for rough sapphires from Southeast Asia: $6 per

30 Yogo Sapphire Deposit
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carat for first-quality stones, $1.25 per carat for sec-
ond quality, and $0.25 per carat for everything else
(Voynick, 1987a). Tiffany & Co. eventually became
an important buyer of Yogo sapphires and manufac-
tured some important pieces of reportedly Yogo
sapphire jewelry, including the famous Iris Brooch
(figure 3).

In 1896, Jim Ettien, a local sheep herder, discov-
ered several hundred carats of sapphires around bad-
ger and gopher burrows aligned along a linear
depression that marked the surface exposure of an
igneous dike {now called the "A" dike; see tigure 4)
on the flatlands above Yogo Creek (Weed, 1899). He
staked the first claims to the dike that year. Soon
others, notably John Burke and Pat Sweeney, staked
more claims to the dike. By 1897, Hoover and his
partners had bought out Ettien's claims and formed
the New Mine Sapphire Syndicate.

In 1898, London gem merchants Johnson,
Walker and Tolhurst Ltd., acquired the majority
interest in the New Mine Sapphire Syndicate and
began an intensive mining and marketing effort.
They initially concentrated on removing sapphire-
bearing ore from surface outcrops of the middle sec-
tion of the A dike by means of hydraulic mining;
this area is now referred to as the English Cut (fig-
ure 5). By 1902, the syndicate had two underground
operations, the English (or British) mine and the
Middle mine, working the dike.

The American Sapphire Company of New York
began operations on the western third of the A dike
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by purchasing Burke and Sweeney’s claims in 1904,
it opened the American mine—also underground—
in 1905 (Clabaugh, 1952). In 1909, its capital
exhausted, the firm reorganized as the Yogo
American Sapphire Company. The New Mine
Sapphire Syndicate acquired Yogo American in
1914. Although the syndicate never reopened the
American mine, they recovered the $80,000 pur-
chase price under the supervision of the company's
renowned mine manager, Englishman Charles
Gadsden, by reworking the mine's tailings.

The New Mine Sapphire Syndicate continued
underground mining at the English and Middle
mines until 1923, when a severe storm destroyed
equipment and infrastructure alike. The operation
continued by processing stockpiled ore until 1929,
when economic factors {including the loss of the
market for industrial-quality corundum to synthet-
ics, and taxation by both the U.S. and British gov-
ernments) finally forced it to close. After more than
25 years of inactivity, the New Mine Sapphire
Syndicate sold the property to American interests
in 1955. Total production from 1895 to 1929
amounted-to 16 million carats of sapphires, of
which about 2.25 million carats were gem quality—
with an estimated value between $20 million and
$30 million {in 1952 dollars; Clabaugh, 1952).

Various groups attempted to reopen Yogo
between 1955 and 1968, but met with little success;
the geology of the deposit was not well understood,
mining costs were high, and marketing was limit-
ed. In 1968, Sapphire Village Inc. purchased the
property. The firm raised capital by subdividing
agricultural land near the mine and selling the resi-
dential lots with the right to dig limited quantities
of sapphire-bearing ore from the eastern portion of
the A dike (Voynick, 1987a). In 1972, Chikara
Kunisaki bought out the other sharcholders of
Sapphire Village and formed Sapphire International
Corp. The Kunisaki Tunnel, which reportedly cost
$5 million to construct, was driven ecastward into
the A dike at the old American mine site. The oper-
ation proved uneconomic and in 1978 was leased to
a new venture, Sapphire-Yogo Mines. Full-scale
mining never materialized, and the property was
returned to Sapphire International the following
year (Voynick, 1987a).

Colorado-based Intergem Inc. leased the proper-
ty from Sapphire International from 1980 to 1986.
Intergem's mining effort focused on the eastern por-
tion of the A dike, now known as the Intergem Cut
(figure 4; Dahy, 1988). Intergem also expanded into
jewelry manufacturing and made a serious attempt

Yogo Sapphire Deposit

Figure 3. One of the most famous pieces of Yogo
sapphire jewelry is this “Iris Brooch,” a corsage
ornament containfng 120 Yogo sapphires (as
well as diamonds, demantoid garnets, and
topaz) that was manufactured by Tiffany & Co.
at the turn of the century. Photo courtesy of the
Walters Art Gallery, Baltimore, Maryland.

to reestablish Yogo sapphires in the U.S. market. As
a result of an aggressive promotional campaign,
which guaranteed that their sapphires were not
heat treated, Intergem sold 4,000 carats of cut sap-
phires and $3 million of finished jewelry in 1984
(Voynick, 1987a). However, higher taxes, greater
regulation by the state government, and persistent
financial problems forced Intergem into insolvency
in 1986 (Voynick, 1987a). Ownership of the proper-
ty again returned to Sapphire International, now
called Roncor, in 1987.

Since 1987, Roncor has been reworking tailings
and unprocessed ore left over from the Intergem
era. Roncor, like Intergem, is vertically integrated:
It not only mines Yogo sapphires, but it also manu-
factures jewelry. It, too, guarantees that the sap-
phires are not heat treated. In 1993, Roncor signed a
two-year, $2 million agreement with AMAX Inc.
(now Cyprus-AMAX Inc.) to help evaluate the
potential of the Yogo deposit (Verbin, 1993}.
Cyprus-AMAX has since removed an 8,000-ton
bulk sample from two inclines driven into the A
dike—one at the Middle mine and the other along
the Intergem Cut {L. Perry, pers. comm., 1995). The
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Figure 4. The Yogo sapphire deposit consists of at A— )

least six subparallel lamprophyre dikes, labeled \)\Oe’ S —~C

by the author as “A”, “B”, “C”, etc. All but the Kelly c° E.'

“B” (commonly called the “barren” dike) are F. Vortex

known to be sapphire bearing. The vast majority Mine

of sapphire production at Yogo has been derived = 150 m

from the main A dike; it is this dike that is com- | ¢} : Highly brecc ated areas - SN

monly referred to when the Yogo sapphire
deposit is discussed. The inset provides detail on
the area that is currently active. The dike system has intruded into limestone of the Mission Canyon for-
mation (Mm) and shales of the younger Kibbey (Mk) and Otter (Mo) formations, probably along a pre-exist-
ing fault or fracture. Dahy (1988) mapped several faults paralleling the dike system to both the north and
south (where upthrown side = U and downthrown side = D). Map modified from Dahy {(1991).

) O sample was partially processed during the summer
.o i of 1994 at Roncor's on-site plant (P. Ecker, pers.
comm., 1994}, but the results are confidential.
Cyprus-AMAX was unable to negotiate a new lease
arrangement with Roncor; their lease expired on

January 31, 1995. (P. Ecker, pers. comumn., 1995).

Figure 5. The sapphire-bearing A dike, which
has produced the bulk of Yogo sapphires, aver-
ages 2.4 m wide and has a known length of 5
km (not continuous). The upper portions have
weathered to a soft clay-like material, The A-
dike section shown here was hydraulically
mined by the British New Mine Sapphire
Syndicate at the turn of the century; it is now
referred to as the English Cut. Photo by the
author.
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Figure 6. Yogo blue sapphires are known for
their well-saturated color and brilliance when
faceted. These three stones, which range from
0.50 to 1.69 c¢t, were cut from Vortex mine
material. Courtesy of Vortex Mining Co.;
photo © GIA and Tino Hammid.

The Vortex Mining Company was formed in
1984 by a group of local Utica, Montana, prospec-
tors, Vortex's exploration effort resulted in signifi-
cant discoveries on the west end of the deposit,
including several new sapphire-bearing dikes and
associated breeciation zones (Voynick, 1987a and b;
Dahy, 1988, 1991; Mychaluk, 1992). The Vortex
mine began operations in 1987, and it is currently
the only active underground mine at Yogo. Vortex
Mining is also involved in jewelry manufacturing as
well as mining. Both Roncor and Vortex Mining
continue to market Yogo sapphires as the world's
only sapphire that is guaranteed not to be heat
treated.

GEMOLOGICAL CHARACTERISTICS

Color. Yogo sapphires are famous for their uniform
blue color, general absence of inclusions and zona-
tion, as well as for their vivid luster and brilliance
in both artificial and natural light (see, e.g., figures
1, 3, and 6). Approximately 97% of all Yogo sap-
phires are "cornflower blue" and 3% are various

Yogo Sapphire Deposit
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Figure 7. A small portion of Yogo sapphires are
violet to purple, like the 1.27-ct stone shown
here with two blue Yogo counterparts (2.22
and 2.77 ct). Note that all three stones are
rounded, without distinct crystal faces. This is
typical of the Yogo rough. Courtesy of Vortex
Mining Co.; photo © GIA and Tino Hammid.

shades of violet or purple {D. Brown, pers. comm,,
1995; figure 7). George F. Kunz used the term corn-
flower blue to describe the color of Yogo sapphires,
referring to the common garden flower of that
name (Centaurea cyanus). Stones with distinct red,
pink, or green hues are extremely rare and are usu-
ally too small for faceting (M. Ridgeway, pers.
comm., 1993). Hughes {1990) stated that Intergem
recovered only two "true" rubies and 10 green sap-
phires from 300,000 carats of Yogo rough, none of
which were suitable for faceting. New Mine
Sapphire Syndicate mine manager Charles Gadsden
found only three or four rubies between 1895 and
1929 (Clabaugh, 1952).

Because Yogo sapphires are typically a well-sat-
urated, uniform blue—rather than pale or zoned—it
has not been necessary to heat treat the stones for
the commercial market (Voynick, 1987a; L. Perry,
pers. comm., 1994]. Hughes (1990, p. 305] stated,
"More amazing than the color itself is the great con-
sistency of color from one stone to the next.
Virtually all are of the same even-blue hue." Tt is
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Figure 8. Some Yogo sapphires show a distinct
alexandrite effect, like the approximately 1-ct
stone in the center of this photo. It changes
from purple (similar to the stone on the right) in
incandescent light to blue (similar to that of
the stone on the left) in day or fluoresceni

light. Photo by John I. Koivula.

this blue color that has been likened to that of sap-
phires from Kashmir (Sinkankas, 1976), although
other gemologists find that the color appearance
of Yogo sapphires is very distinctive (R. E. Kane,
pers. comm., 1993).

Dichroism in Yogo sapphires can be quite pro-
nounced (Clabaugh, 1952, Allen, 1991): light green
perpendicular to the c-axis, blue parallel to the c-
axis. Some chromium-bearing Yogo sapphires
exhibit an alexandrite effect, appearing blue in day
or fluorescent light and red (Baker, 1994) or purple
(figure 8; J. I. Koivula, pers. comm., 1995) under
incandescent light.

Inclusions. Yogo sapphires also have few detracting
inclusions (Zeihen, 1987; Brownlow and

Figure 9. Although most Yogo sapphires are
relatively clean, inclusions of analcime have
been seen in many stones. Photomicrograph
by John I. Koivula; magnified 40x

[ L LW
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Komorowski, 1988; Hughes, 1990). Giibelin and
Koivula (1986) did note small inclusions of pyrite,
dark mica, calcite, analcime (figure 9), and rutile
(figure 10). Dunn (1976) also identified inclusions of
spinel. Giibelin and Koivula {1986) reported that
many Yogo inclusions appear similar to those
found in Thai rubies, a conclusion later supported
by Hughes (1990).

Crystal Shape and Size. Dominant crystal forms are
short rhombohedral prisms terminated by the basal
pinacoid (Clabaugh, 1952; Hughes, 1990; DelRe,
1994), although Yogo sapphires typically show little
evidence of their original crystal shapes (again, see
figures 7 and 8). Most of the stones recovered are
rounded (figure 11), chipped, abraded, pitted, or bro-
ken into shards and wafers. The apparent modifica-
tion of the original crystal shapes has been
explained by partial dissolution (resorption) by the
host magma (Clabaugh, 1952; Dahy, 1988),
mechanical abrasion during dike emplacement and
brecciation (Mychaluk, 1992), and to some extent
by mining and recovery methods (e.g., blasting and
crushing of the ore). It should be noted, though, that
most Yogo sapphires also have "flat" shapes, as indi-
cated by the crystal faces that can still be seen.
Intergem consulting geologist Delmer Brown (pers.
comm., 1995) has hypothesized that, because the
specific gravity of the sapphires is greater than that
of the host rock, only crystals of this shape (i.e.,
lower mass) wafted to the top; possibly, mining
deeper in the dike will reveal more euhedral and
fewer flat crystals. Chemical reactions between the
sapphires and iron in the magma have also created
dark green hercynite (FeAl,O4) reaction rims
around some of the sapphires (Clabaugh, 1952).

Figure 10. Another inclusion seen in some
Yogo sapphires is rutile. Photomicrograph by
John I. Koivula; magnified 30x
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Figure 11. Rough Yogo sapphire crystals often
appear rounded, broken, or flattened. The
Vortex mine specimen shown here is a classic
example of a Yogo sapphire that was chemi-
cally rounded (actually, partially resorbed)
during transportation in the host magma. The
faceting-quality sapphire measures 5 mm long
x 2 mm deep. Photo by Maha DeMaggio.

- -

Most rough Yogo sapphires weigh less than one
carat, although stones up to 19 ct have been found.
Clabaugh’s list of some larger rough Yogo sapphires
included individual stones weighing 10 and 12 ct.
Nevertheless, Hughes (1990) stated that only 10%
of the rough stones recovered from Yogo exceed one
carat.

The flat shapes of most of the Yogo crystals
recovered thus far is a major drawback for gem cut-
ters. Cutting retention for a standard brilliant cut
averages 20%. The largest rough Yogo sapphire, 19
ct {found in 1910), was reportedly cut into four
stones, one of which weighed 8.5 carats (Clabaugh,
1952). According to Voynick (1987a), the largest
known cut Yogo sapphire weighs 10.2 carats and is
presently in the collection of the Smithsonian
Institution. However, some gemologists feel—
because of its inclusions—that the source of this
stone has been wrongly identified. It has exsolution
needles of rutile in a hexagonal zoned pattern, and
large liquid-and-gas CO, fluid inclusions, both of
which are not found in Yogo sapphires (J. I. Koivula,
pers. comm., 1995).

GEOLOGY

Overview. The Yogo Gulch deposit has traditionally
been described, for simplicity, as a single sapphire-
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bearing igneous dike (Clabaugh, 1952; Meyer and
Mitchell, 1988; Dahy, 1988; Brownlow and
Komorowski, 1988). However, the deposit actually
consists of a complex set of subparallel lampro-
phyre dikes (a lamprophyre is a group of dark, por-
phyritic igneous rocks that usually contain phe-
nocrysts of dark mica, pyroxene, or olivine in a fine-
grained, crystalline groundmass and associated
breccia zones. It appears that the emplacement of
these dikes has been influenced by faulting and the
development of karst in the host limestone (karst is
a type of topography formed on or within limestone
by dissolution; it is characterized by sinkholes,
caves, and underground drainage). Six of the dikes,
labeled "A" through "F" for the purpose of this arti-
cle, are shown in figure 4 and discussed below.

Main (A) Dike. The A dike has produced the bulk of
Yogo sapphires to date. Hence, before the author's
research, it is the only dike that was studied in any
detail. The A dike is about 5 km long and <1 to 6 m
(average 2.4 m) wide (Clabaugh, 1952). The dike has
intruded limestone (Mission Canyon formation)
and shales (Kibbey and Otter formations), probably
along a pre-existing fault or fracture. Only very lim-
ited contact-metamorphic effects are seen in the
host rocks, indicating relatively quick emplace-
ment and cooling. According to Dahy {1991), the
dike may be separated into three en echelon {over-
lapping or step-like) segments in a zone oriented
S75°W; each segment has been significantly mined,
both on the surface and underground. The three
original underground mines at Yogo—the English,
Middle, and American—are all located on the A
dike. They have provided the vast majority of geo-
logic and mineralogic data available to date on the
Yogo deposit.

"Barren" (B) Dike. The B dike lies approximately
183 m to the north of the A dike and runs parallel
to it for about 1.6 km. The apparent absence of sap-
phires in this dike has been explained by the fact
that it is a mafic lamprophyre (specifically, a
minette), whereas thus far sapphires have been
found only in ultramafic lamprophyre (Dahy, 1988},
Given the limited sampling that has taken place to
date, though, further research is needed to verify
this theory.

C Dike. Approximately 46 m south of the A dike,
near the American mine, is the sapphire-bearing C
dike (Dahy, 1988). Discovered at the same time as
the A dike, the C dike was not developed because it
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Figure 12. The Vortex mine was first discov-
ered around 1924, when a group of miners,
related to the old Yogo American Sapphire
Company, sank several prospect pils into this
cliff. Vortex Mining Co. began development of
the long-abandoned site in 1987, The main
shaft, pictured here, has now reached a depth
of 61 m. Sapphires are being recovered from at
least one dike. Photo by the author,

is much thinner {15 cm) than the A dike {an average
of 2.4 m wide). However, the American Sapphire
Company recovered some sapphires from a small,
6-m-long, adit that was driven into it in 1902 (P.
Ecker, pers. comm., 1994). There is no current pro-
duction from this dike. Nor has any mineralogic or
geologic description of the dike ever been pub-
lished, although the author has obscrved that the
dike material has been significantly altered by CO,-
rich ground water to yellow clay mincrals.

D Dike. The D dike is located on the north rim of
Kelly Coulee, at the west end of the Yogo deposit.
[ts orientation is shightly different—due east-west—
from that of the other dikes described here {which
are slightly inclined to the south; Voynick, 1987h).
Vortex mined this dike in the mid-1980s. They
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found it to be approximately 0.6-1.2 m wide and
proved a length of 152 my (P. Ecker, pers. comm.,
1994). Like the C dike, all D-dike material has been
altered to yellowish clay minerals; no original,
unweathered dike rock has been found. As of 1987,
the largest rough stone recovered from the D dike
was 6 ct, whereas the largest cut stone weighed 2.4
ct (Zeihen, 1987). Currently, there is no mining
activity at this dike.

E Dike. Across Yogo Creek from the American
mine is the new Vortex mine (figure 12). This thin,
highly weathered dike was initially discovered from
a set of prospect pits made in 1924. Vortex Mining
began development in 1987 (L. Perry, pers. comm.,
1994). Subsequent work determined that the dike
within the Vortex mine is not an extension of the
main A dike, but rather is a separate dike, labeled
"E" here {again, see figure 4). In the upper levels of
the Vortex mine, the E dike is only a few centime-
ters wide; but along the 30-m section of dike cur-
rently exposed by mining at the 61-m level, the
dike is about 0.5 m wide, strikes S45°W, and is
highly weathered to a reddish brown color.
According to core drilling, unaltered dike material
exists at a depth below 100 m {rotal proven depth is
110 m). Currently, all Vortex minc production is
derived from the E dike and associated breccia
ZONES.

F Dike. In 1993, core drilling by Vortex Mining
revealed this new dike. Although underground tun-
neling has not yet reached the F dike, drilling indi-
cates that it is approximately 1 m wide and strikes
S60°W, on an intersect angle with the E dike to the
southwest. Like the E dike, F has been proved to
exist as deep as 110 m.

Secondary Deposits. Erosion of the dike system has
created minor secondary sapphire deposits.
Colluvial deposits on hillsides below the English
mine and English Cut were quickly mined out at
the turn of the century by the New Mine Sapphire
Syndicate {Voynick, 1987a), In addition, Yogo Creck
cuts through the A dike at the American mine, and
has scattered sapphires as far as 4 km downstream.
However, the sapphire-bearing gravels within Yogo
Creek have never been commercially mined (L.
Perry, pers. comm., 1994). Because the sccondary
occurrences are so limited, Intergem believed that
the primary deposit had only recently been cxposed
by erosion (Voynick, 1987a).
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Figure 13. This photo clearly illustrates the
effect weathering has had on Yogo sapphire-
bearing rock. The greenish-gray sample of
unweathered A-dike lamprophyre (from under-
ground workings of the English mine) is com-
posed of mica, pyroxene, analcime, and car-
bonates. The large circular feature is a carbon-
ate-filled, pyroxene-rimmed vesicle; these vesi-
cles were “bubbles” of an immiscible liquid
within the Yogo magma. The reddish brown
specinren ds-highly weathered material from
the E dike within the Vortex mine; it consists
of clays, carbonates, and some chlorite. After
significant exposure to COp-rich ground water,
the greenish-gray specimen would eventually
look like the reddish sumple. Because it is
muuch easier Lo process weathered dike materi-
al, Yogo sapphire miners still (as they did 70
years ago) expose large piles of hard, unweath-
ered Yogo dike ore to rain, snow, and frost to
accelerate the decomposition process. Photo by
Maha DeMaggio.

Mineralogy of the Dike Material. Mineralogic stud-
ics have shown that unweathered A-dike rock con-
sists of phenocrysts of phlogopite and clinopyrox-
enes {augite) in a groundmass of analcime and vari-
ous carbonates. Lesser amounts of titaniferous mag-
netite, ilmenite, apatite, zeolites, spinel, serpentine,
and chlorite are also present, as are accessory sap-
phire, kyanite, gamet, and quartz (Clabaugh, 1952;
Meyer and Mitchell, 1988; Brownlow and
Komorowski, 1988; Dahy, 1988, 1991). For the
most part, dike material from the Vortex mine has
been altered to clay minerals by CO,-rich surface
and ground water. Analyses revealed that the
weathered lamprophyre contained carbonates, clays
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{montmorillonite and kaolinite; both identified by
X-ray diffraction analysis), biotite, chlorite, mag-
netite, goethite/hematite psecudomorphs after
pyrite, and minor apatite, quartz, pyroxene, rutile,
and feldspar, as well as accessory sapphire and
kyanite (Mychaluk, 1992). Meyer and Mitchell
(1988) classified the unweathered rock as an ultra-
mafic lamprophyre, variety ouachitite (figure 13).
Lamprophyres, like kimberlites and lamproites, are
thought to have been generated at great depths.
Accordingly, Dahy (1991) believed that the Yogo
magma formed at 125 km depth (i.c., in the upper
mantle), but the lamprophyre did not begin to crys-
tallize until it approached the Earth's surface
(Meyer and Mitchell, 1988]).

Although field evidence only indicates an age
younger than about 320 million years [My), the dike
system itself is generally assumed to be approxi-
mately 50 My old and is a member of the central
Montana alkaline igneous province (Meyer and
Mitchell, 1988; Brownlow and Komorowski, 1988).
The geologic province hosts a suite of alkaline (typi-
cally Si deficient.and high in Mg and K), upper-
mantle-derived rocks. These include kimberlites,
lamprophyres, lamproites, shonkonites, and carbon-
atites, which comprise several major igneous cen-
ters and mountain ranges in central Montana
(Baker and Berg, 1991).

Ore-Grade Variability. Although Clabaugh {1952)
stated that the grade of the A dike is 20-50 carats
per ton (ct/t), more recent mining activity has
shown that the grade is even more variable and spo-
radic. In fact, within the Vortex mine alone the
grade may range from zero to as high as 70 carats
per ton (Mychaluk, 1992). Dahy (1988) believed that
multiple episodes of magma intrusion occurred
along the A dike, producing a dilution effect where-
by sapphire-bearing dike rock is diluted with sap-
phire-barren dike rock. Evidence included brecciat-
ed (broken and re-formed) samples of A-dike rock
that contain two mineralogically distinct lampro-
phyres, one having brecciated and incorporated frag-
ments of the first. Textural and mineralogically dis-
tinct samples of lamprophyre are common in the A
dike.

Furthermore, the development of karst may
have influenced Yogo ore grade. Work by Dahy
(1988) led to the conclusion that karst features were
present prior to the emplacement of the dike sys-
tem and that karst continued to develop after dike
emplacement. Sinkholes and small natural caves
are common in and around the current mine work-
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ings. Brecciated rock within these karst featurcs
may or may not contain sapphires, depending on a
complex set of conditions, including whether the
breccia was formed before or after dike emplace-
ment.

There are at least six main brecciated zones
within the Yogo sapphire deposit; four are located
along the A dike, including the Kelly breccia (the
letter “K” in figure 4). Although sapphires have
been mined from the Kelly breccia, underground
workings within breccias of the American mine
produced little or no sapphire (Voynick, 1987a).
Breccias are also quite common within the Vortex
mine, mainly between the E and F dikes. These
breccias are sapphire-bearing, with grades as high as
5 ct/t. The sixth breccia zone occurs on the west
end of the D dike, on the ridge overlooking Kelly
Coulee. These breccias have never been exploited,
80 it is not known whether they contain sapphires.
Originally, the Kelly and Vortex mine breccias were
interpreted to be voleanic breccias related to dia-
treme activity (Dahy, 1988, 1991; Mychaluk, 1992},
although Baker {1994) suggests that they may sim-
ply be karst features such as collapsed sinkholes.

ORIGIN OF THE YOGQO SAPPHIRES

The origin of sapphires in the Yogo dike system has
generated much discussion and debate over the past
century. Many of the first geologists to study the
deposit concluded that the sapphires must have
been formed directly from the Yogo magma as phe-
nocrysts (Pirsson, 1900). These early workers envi-
sioned the silica-deficient Yogo magma incorporat-
ing large amounts of Al-rich shales as it rose toward
the surface. The magma consumed the aluminum
and subsequently crystallized corundum directly
from it. Later researchers, notably Clabaugh (1952},
suggested that the Yogo magma incorporated frag-
ments of a kyanite-bearing gneiss, instead of shales.
The kyanite, a source of aluminum, was then con-
sumed by the magma and later crystallized as
corundum. Baker (1994) agrees with this latter phe-
nocryst model and argues that inclusions he
observed within Yogo sapphires, such as CO, gas
and analcime, could only have been formed directly
from the Yogo magma.

However, it is also possible that the sapphires
were incorporated as inclusions in the Yogo magma
(i.e., are xenocrysts). A detailed model describing
this theory is presented by Dahy (1988). He envi-
sioned that metamorphic rocks (e.g., gneiss) below
the Yogo area already contained corundum, as they
do in other parts of Montana {Clabaugh, 1952). The
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Yogo magma, as it rose toward the surface, cap-
tured fragments of the corundum-bearing gneiss
and transported it upward as xenoliths. The corun-
dum crystals were eventually released into the
magma as foreign fragments (i.e., xenocrysts). Dahy
further hypothesized that magmatic heat naturally
"heat treated" the corundum into uniform blue,
gem-quality sapphire. Much of the corundum was
later resorbed into the magma as it rose to the sur-
face, creating the spinel reaction rims seen around
some sapphires and rounding, pitting, and etching
others. Evidence to support this theory includes the
discovery of a xenolith—containing corundum,
feldspar, augite, and spinel—which Dahy (1988)
interpreted as a metamorphosed clay or bauxite.
Another possibility is that the sapphires crystal-
lized in an earlier magma and were subsequently
borme upward; they would still be called xenocrysts
because they did not crystallize in the transporting
magma. Meyer and Mitchell {1988) also presumed
that Yogo sapphires were xenocrystic.

New evidence supporting the xenocrystic ori-
gin of the Yogo corundum crystals comes from
thermodynamic modeling of the crystallization
sequence of the Yogo magma, which is now repre-
sented by the rock ouachitite. Such models can be
calculated today with computer programs that use
thermodynamic data for multicomponent {SiO,,
Al, O3, FeO, and other chemical constituents) sili-
cate liquids (magmas). Computer simulations of the
crystallization of the Yogo magma by J. Nicholls,
University of Calgary, using the program described
by Ghiorso and Sack {1995} suggest that corundum
could not have crystallized directly from the Yogo
magma. There are, however, some caveats to the
conclusions drawn to date; additional research is
needed to resolve this question.

MINING AND PRODUCTION

Mining and Processing. Gem-quality Yogo sap-
phires are extracted directly from their host rock.
COy-rich surface and ground water has weathered
portions of the lamprophyric dike rock to a soft, fri-
able material that disintegrates in water (owing to
its content of montmorillonite and other clay min-
erals). Unweathered dike rock, on the other hand, is
in a hard, competent state, so mining requires care-
ful blasting. To extract the gems from the rock,
early sapphire miners exposed both types of materi-
al to rain, snow, and frost on large wooden "weath-
ering floors" (Clabaugh, 1952). Within six to 12
months, the dike rock would decompose, at which
point the sapphires could be recovered by simple
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gravity methods such as sluicing. Today, small pro-
cessing plants with rotating trommels break down
the sapphire-bearing ore and trap the sapphires in
modified jigs and sluices that are usually used in
placer gold recovery {figure 14). Both stcam and
dilute HCI acid have been used experimentally to
decrease ore-processing time, although neither
method has been fully implemented (P. Ecker, pers.
comm., 1994). Large amounts of goethite/hematite
{limonite) cubes are also recovered in the processing
jigs. The cubes may be heated to change the
limonite to a magnetic phase for easicr removal
from the jig concentrates, a technique used by the
New Mine Sapphire Syndicate at the turn of the
century (Voynick, 1987a). Final sorting of the con-
centrate for sapphires is done by hand.

Production. Most of the Yogo sapphires recovered to
date have come from six locations in the deposit:
English Cut, English mine, Middle mine, American
mine, Intergem Cut, and Vortex mine. Initially, sap-
phires were extracted by the New Mine Sapphire
Syndicate from surface exposures of the A dike—
and the colluvial gravels weathered from them—by
means of hydraulic mining. This initial mining
{roughly 1895-1901) occurred mainly at the English
Cut, where early miners had to construct a 15-km-
long flume to bring in the water needed for process-
ing. Clabaugh {1952} reported production figures
ranging from 296,862 carats in 1898 to 777,550
carats in 1901.

The next phase of mining at Yogo, which was
also by the New Mine Sapphire Syndicate, occurred
underground at the English and Middle mines.

Yogo Sapphire Deposit

Figure 14. At the Vortex
mine processing plant,
ore 1s loaded into the
yellow hopper, which
feeds into the large rotat-
ing trommel. Heavy
chains in the trommel
help break down sap-
phire-bearing ore, which
is then fed into a jig
behind the bulldozer.
Final clean-up of the
sliice tray in the jig is
done by hand. Photo by
i the author.

Between 1902 and 1929, 200,000 tons of ore were
extracted from the English mine, with a grade of
20-50 carats of rough per ton (Clabaugh, 1952}, At
8-15 m below the surface, the Middle mine con-
nects with the English mine {figure 7 in Clabaugh,
1952); the English mine was worked to a maximum
depth of 76 m. Neither mine has been commercial-
ly operated since 1929, although the old Middle
mine workings were the site of a 1993 Cyprus-
AMAX bulk sample [the results of which have not
been made public).

Between 1901 and 1914, first the American
Sapphire Co. and then the Yogo American Sapphire
Co. extracted a total of 3 million carats of sapphire
rough from the American mine, which was worked
to a depth of 91 m. The mine was not operated
again until the early 1970s: Between 1970 and 1973,
Sapphire International Corp. produced 300,000
carats of rough, of which 15%—or 45,000 carats—
was gem quality (Dahy, 1988). In 1974, a further
250,000 carats of rough was produced {Sinkankas,
1976). Therefore, a total of at least 3.55 million
carats of rough have been recovered from the
American mine.

The three underground mines and hydraulic
operations on the English Cut produced an estimat-
ed 16 million carats of rough sapphires between
1895 and 1929, according to Clabaugh (1952), who
compiled detailed production statistics for this peri-
od. Fourteen percent, or about 2.25 million carats,
of these stones were gem quality.

Intergem undertook a large-scale strip-mining
operation along the east end of the A dike (now
referred to as the Intergem Cut). Between 1980 and
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1986, Intergem produced an estimated one million
carats of rough sapphires from this cut (Dahy,
1988). Because, as discussed above, the sapphire
content can vary greatly from one part of a dike to
another, ore gradcs ranging from 5 to 50 carats of
rough per ton have been reported (Voynick, 1987a).
Cyprus-AMAX also took a bulk sample from the
Intergem Cut in 1993, but little other development
work has occurred there since 1986.

Currently, the Vortex mine is the only fully
operating underground mine at Yogo, albeit relative-
ly small compared to past operations. As of January
1995, the mine was 61m deep with one 50-m-long
tunnel at the 61-m level, three 91-m-long tunnels at
the 18-m lcvel, and one 12-m-long adit at ground
level (L. Perry, pers. comm., 1995). Although first
opencd in 1987, the Vortex mine only recently
began full-time ore extraction. Allen (1991) stated
that the Vortex minc is capable of producing 400
carats of rough sapphires a day, of which half are
suitable for cutting. The mine produced 5,000 and
12,000 carats, respectively, of gem-quality sapphires
in 1992 and 1994. There was no 1993 production
because of a core-drilling and minc-development
program (L. Perry, pers. comm., 1995}. As noted ear-
licr, the orc grade at the Vortex minc also varics
greatly, from 0 to 70 carats of rough per ton.

Roncor, the current owner of the English,
Middle, and American mines and the English and
Intergem Cuts, has not undertaken any under-
ground or hydraulic mining. Rather, most of
Roncor's production is derived from reprocessing
old mine tailings and lcft-over ore from the
Intergem era. With this technique, Roncor has pro-
duced a reported 30,000 to 50,000 carats of rough
sapphires annually {Verbin, 1993},

Total production for the deposit's 100-year
operating period has been estimated by the author,
by updating Clabaugh's figures, to be approximately
18.2 million carats of rough sapphires, of which
14%—or about 2.55 million carats—were of gem
quality. Assuming an average cutting rctention of
20%, the Yogo deposit has probably produced
510,000 carats of cut sapphires.

The geology of the deposit indicates that the
depth of the A dike is considerably greater than the
91 m reached thus far. Given that the specific gravi-
ty of the sapphires is higher than that of the host
rock, there may be even more sapphires at lower
levels. Onc can conclude, therefore, that the
reserves arc significant, perhaps twice what has
already been recovered, although the cost of recov-
ery may be prohibitive.

40 Yogo Sapphire Deposit

SUMMARY AND CONCLUSION

Over 100 years of intermittent operation, the Yogo
sapphire deposit has produced an estimated 18.2
million carats of rough sapphires, of which about
2.55 million were gem quality. More than a half
million carats of cut sapphires have entered the
marketplace from this locality. Approximately 97 %
of these gems are "cornflower” blue, whereas 3%
are various shades of violet; there is no commercial
heat treatment of this material. Yogo sapphires also
contain fewer inclusions and fractures than sap-
phires from most other localities, although only
about 10% of rough Yogo sapphires exceed one
carat—their main drawback as a gemstone. Cutting
retention of these typically flat-shaped crystals
average 20%, producing many stones in the 0.10- to
0.50-ct range. Marketing high-quality sapphires of
this size has becn difficult for past and present pro-
ducers. Profitability is further hampered by the
extra costs associated with underground mining
and subsequent ore processing, which are not
incurred with alluvial sapphire deposits.

Geologic investigations have revealed that the
deposit consists of at least six subparallel ultramafic
lamprophyre dikes—not just one as is popularly
recorded. Sapphires have been discovered in all the
dikes except the B, or "barren,” dike. The deposit
has been influenced by the development of karst
and by pre-existing faults and fractures in the host
limestone, as well as by multiple magma intru-
sions. There is grcat variability in grade within the
dike: Some areas produce little or nothing, and oth-
crs produce as much as 70 carats of rough sapphire
per ton of ore.

There is considerable disagreement in the liter-
ature as to whether the sapphires originated in the
magma (as phenocrysts) or were part of "foreign"
rocks transported to the surface by the magma
[xenocrysts). Recent thermodynamic computer
modeling lends some support to the theory that the
Yogo sapphire crystals were xenocrysts. However,
the original source of the Yogo sapphircs, if truly
XCNocrysts, remains a mystery.

Sapphire reserves at Yogo appear to be consider-
able. On the basis of reports in the literature and his
experience, the author estimates that they proba-
bly—if not practicably—exceed twice what has
already been produced. Because of greater activity
by groups such as Vortex, Roncor, and Cyprus-
AMAX, the author suspects that production will
gradually incrcase during the next decade, yielding
many more of the now-legendary Yogo sapphires.
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NOTES AND NEW TECHNIQUES

MEERSCHAUM FROM ESKISEHIR
PROVINCE, TURKEY

By Kadir Sariiz and Iskender Isik

This study presents o model for the ovigin of the Eskiselnr, Tuvkey, sepiolite
deposits. Known as "meerschaonm” in the gew tvade when it occurs as compact
masses (especiadly nodules), sepiolite is mined by local farmers using basic
implements and traditional tunneling methods. The best nodules ave carved
into objects such as pipe bowls, bracelets, and necklaces. The sepiolite nodules
occur in the Phiocenc-age Imisehiy conglomerates, associated with dolowmite,
magnesite, opal-CT, and lizavdite. Fibrous in movphology, they probably
[formed in velatively shallow water under alkaline conditions, as a vesult of the
veplacement of magnesite gravels that weve subjected to pove waters with bigh

Si0 5 concentrations.

Sepiolite, Mg,Si O, 5/OH),+ 6H,0, is a clay mineral
that has many industrial uses. One of the carliest
was soap, because the compact material has a
greasy texture and lathers when first recovered.
White, compact, massive sepiolite is called meer-
schaum {from the German meer [sea] and schawum
[foam]); it has a very low specific gravity (dry, it can
float on water} and low hardness. Because it is easi-
ly carved and polished, meerschaum historically
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has been a popular ornamental gem material. It is
best known as a carving material for pipe bowls (fig-
ure 1), but it has also been used for objects such as
cameos and jewelry.

Although meerschaum may have been used as
early as the days of the Roman Empire (Ball, 1950;
Ece and Coban, 1994), its use as a carving material
has been documented since the late 1600s, when it
was mined for the manufacture of pipe bowls,
cigarette holders, and building material from the
sepiolite deposit in Vallecas, Spain {Galan and
Castillo, 1984). At present, the Spanish sepiolite
deposits, the largest in the world, are mined for
industrial uses only; there are no recent reports of
gem-quality {nodular) material from Spain.
Relatively new occurrences of sepiolite, some of
which contain material classified as meerschaum,
have been reported in the United States {California,
Nevada), Spain, Kenya, Japan, Russia, and China
{Singer and Galan, 1984; Jones and Galan, 1988),
but the published reports on these areas do not
mention material suitable for carving.

Within Turkey, virtually all meerschaum pro-
duced is from Eskisehir Province. Although another
deposit of meerschaum nodules has been identified
in Yunak Township, Konya Province {150 km [93
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Figure 1. Made for the
1873 Viennese World's
Fair, this intricately
carved meerschaum pipe
bowl is decorated with
amber, turquoise, and
enameled silver. b ‘
Courtesy of the Austrian
Tobacco Museum,
Vienna; photo by bo-
Thomas Reinagl.

miles| southeast of the city of Eskisehir; Yeniyol
and Oztunali, 1985), to date there is no known
commercial production from that area. In the vicin-
ity of Eskischir [the provincial capital), there are
three major and two minor sepiolite districts (figure
2). Turkmentokat-Gokeeoglu is the most important
meerschaum-producing district in Eskisehir,
because of the superior whiteness, purity, and ease
of carving of the material. With regard to the two
other important sepiolite deposits in the region,
Sepetci and Nemli, some meerschaum has been
extracted from the former, whereas both meer-
schaum and industrial-grade sepiolite have been
mined from the latter.

The Eskisehir sepiolite deposits are known to
have been exploited since the 18th century. For
much of this time, the district's meerschaum was
exported to Vienna, Austria, as preforms, as well as

Notes and New Techniques

to Budapest {(Hungary) and throughout Germany,
primarily for carving into objets d’art {figure 3) and
articles for smokers {figure 4). Historically, meer-
schaum was known as "Vienna stone" in the
European market (Uzkesici, 1988); even today,
European pipe makers will use this term to refer to
the finest quality meerschaum (Necdet Altinay,
pers. comm., 1995},

At present, meerschaum products carved by
Eskisehir artisans are supplied directly from Turkey
to the world market. Meerschaum (sometimes
called "Eskisehir stone") articles have been exported
primarily to the United States, Australia, and
Canada, as well as to England, Germany, Norway,
Denmark, and other European countries.

Sepiolite usually occurs in sedimentary rocks,
in forms ranging from massive to earthy, as thin
layers, disseminated, and as concretions. Although
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Figure 2. This map of the
Eskisehir region of
Turkey shows the loca-
tion of the five main sepi-
olite districts identified
to date in this historic
meerschaum-producing
area. The yellow area sur-
rounding the villages of
Turkmentokat and
Gokceoglu—shown here
in dark yellow—was
studied extensively by
the authors (see Sarliz,
1990). Lines marked “A”
and “B” refer to cross-sec-
tions in figure 5.

the Eskisehir sedimentary sepiolite deposits have
been exploited for more than 200 years, their geo-
logic origin has not been studied in detail. The
objective of this study was to develop a genetic
model for the geologic origin of the deposits at
Turkmentokat-Gokceoglu. In the course of this
research, we also studied current mining practices,
the gemological properties of meerschaum, and the
fashioning and distribution of this ornamental gem
material.

LOCATION AND ACCESS

The meerschaum is mined from shafts {or holes) in
an area between the villages of Turkmentokat and
Gokceoglu, approximately 20 km (12.5 miles) east
of the city of Eskisehir (again, see figure 2),. This
region is about 1,000 m (3,280 fect) above sea level;
vegetation is subtropical, The mean temperature is
11.3°C (about 52°F). The mean rainfall in the region
is 250 to 300 mm {10 inches to 1 foot), with cool
sumimers and cold winters (rainy and snowy]. The
city of Eskisehir is located about 250 km west of
Ankara, the capital of Turkey, and 360 km south-
east of Istanbul by road. Access to the mining area
is possible by car via Highway E90 from Eskisehir
to the center of the villages, and then by horse or by
foot [and, in some cases, by car) via dirt trails for
about another 1-2 km.

Eskischir was founded in the first millennium
before Christ by the Phrygions, as they settled on
the banks of Porsuk River. It has an active artistic
and cultural life, with world-class performances of
the ballet, theater, opera, and folk dancing. The city
is especially well known both for meerschaum {for

44
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which it has hosted several international festivals)
and for traditional folk dancing. The main indus-
tries of Eskisehir Province are farming, mining,
carving, clothing, brick, and tile manufacture.

Figure 3. During the 19th century, meerschaum

was also used for cameos, as illustrated by this

37.5 x33.5 cm carving of Emperor Franz Joseph I of
Austria. Courtesy of the Natural History Museum of Vienna.

-
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Figure 4. Carved in 18th-
century Vienna, these
meerschaum cigar hold-
ers depict mythological,
hunting, and historic
scenes. Note the change
in color caused by nico-
tine staining. Courtesy of
the Austrian Tobacco
Museum, Vienna; photo
by Thomas Reinagl.

MATERIALS AND METHODS

Detailed geologic mapping of the study area was
completed during the summer of 1990 (Sariiz,
1990). Descriptions and study of about 100 samples
from the conglomerates in which the meerschaum
deposits occur provided the primary data for this
study.

Polarizing microscopy, X-ray diffraction (XRD)
analysis, and scanning clectron microscopy (SEM)
were used to identify, study, and characterize meer-
schaum and other minerals within the deposit.
XRD analysis was done at the Department of
Geological Engineering of Istanbul Technical
University using a Philips Model 1140 X-ray pow-
der diffractometer. SEM analysis was done at the
Department of Metallurgy of the University of
Texas at El Paso with a dual-stage scanning elec-
tron microscope {Model ISI-DS 130).

Carved meerschaum articles provided by the
meerschaum company Koncak and from the
authors' personal collections were used for gemo-

Notes and New Techniques

logical testing [i.e., determination of optical and
physical properties).

GEOLOGY AND OCCURRENCE

Geology of the Eskisehir District. The oldest rocks
in the district belong to the Upper Paleozoic
Karatepe group, which is composed of dcep marine
{oceanic trench) rocks that have undergone meta-
morphism (high pressure and low temperature) as a
result of subduction. Th