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Introduction

Karl Schmetzer and Lore Kiefert

Except for the Colombian deposits, the mining area of the Urals northwest of the city of Ekaterin-

burg in Russia is the largest historically known emerald mining field of economic importance in the

world. In the fall of 1830 Maksim Stefanovich Kozhevnikov, a peasant of the Beloyarsk district, dis-

covered the first emeralds in the roots of a fallen tree on the banks of the Tokovaya River. Mining and

exploration activities began in January 1831 under the guidance of Yakov Vasilevich Kokovin, Direc-

tor of the Ekaterinburg lapidary works. January 1831 is the date normally quoted by Russian authors

for the discovery of the Uralian emerald deposits." Within a period of about ten years numerous emer-

ald occurrences were discovered and subsequently mined.?

The mining area, the Izumrudnye Kopi, contains two im-
portant emerald-bearing zones termed the lzumrudnye
Kopi belt. The main belt strikes north-south for more than
20 km and, at its southern end, intersects a northwest-
southeast trending belt of about 8 km in length’.

The Mariinskoye deposit located in the northern part
of the longer belt was discovered in 1833 and initially ex-
ploited as the historic Mariinsky Mine.* As with many his-
toric mines it was later renamed, circa 1927, the Maly-
sheva Mine. Emerald was mined throughout the early
years but after World War Il it was a by-product as com-
mercial beryl was exploited for the Russian nuclear pro-
gramme.

In the communist era Ekaterinburg (Sverdlovsk) was
closed to foreigners and very limited information about
gem mining in the area has been available. In 1992 Pe-
ter Lyckberg managed to visit the area, including the
Malysheva Mine, and was informed by his Russian hosts
that he was the first foreigner to visit since 1916.°

A large quantity of faceted emerald from the Maly-
sheva Mine that had been stockpiled during the com-

munist era came onto the market in 1990, thus permit-
ting a detailed gemmological description of the materi-
al.” Since 1990, the mine has been operated by a suc-
cession of different owners under licenses granted by the
Russian government although for several years it was
closed completely due to lack of investment.

In July 2005, the Tsar Emerald Corporation, a Canadi-
an company, acquired ownership of the Zelen Kamen
(green stone) company that held licences for both the op-
eration of the mine and the export of emeralds. Under-
ground mining at the Malysheva Mine, considered to
contain 80% of the known emerald reserves in the
Uralian emerald belt, recommenced in 2006 with de-
velopments to a depth of about 360 m.” However, the
mine has been closed since the fall of 2007 because of a
licensing dispute with the Russian administration.’

Alexandrite, together with emerald, has been recov-
ered from the Malysheva Mine and several other mines
and emerald occurrences in the Uralian gemstone belt
(Izumrudnye Kopi belt, Fig. 1.1). During the summer of
2007, two of the authors (LK and KS) were permitted to

See Vice-President of Appanage Department (1831).
Von Pott (1842); Emlin (1996); Burlakov et al. (1997).
Grewingk (1854); Fersman (1929); Schmetzer et al. (1991).

Personal communication from P. Lyckberg (2009).
Schmetzer et al. (1991).

N~ o o AW N =

For the transcription of names from Russian and German original literature see Appendix.

For details about Malysheva mine ownership and activities see Alferova and Boyd (2007) and "Competent person's report on the
Malyshev emerald mine, Sverdlovsk oblast, Russian Federation” (2007).

Personal communication from W. Boyd (2009).



Fig. 1.1 Place-name of the Izumrud (emerald) village en
route from Ekaterinburg to the Malysheva (Mariinsky)
mining site in the Izumrudnye Kopi emerald belt. Photo-
graph by L. Kiefert in 2007.

visit the underground workings and examine the exposed
micaceous emerald-bearing rock at the Malysheva Mine
(Fig. 1.2 to 1.4).

Emerald is the main gem produced from the Maly-
sheva Mine (Fig. 1.5 and 1.6) with alexandrite as a by-
product (Fig. 1.7); the ratio of emerald to alexandrite by
volume is in the range of about 100:1 to 200:1. The
alexandrite is a much sought after gem because of its

Fig. 1.2 aand b Two of the authors (LK and KS) on a vi-
sit underground at the Malysheva Mine in 2007.

o
3 < 0
Fig. 1.3 View into the tunnel system at the Malysheva
Mine. Photograph by L. Kiefert.

intense colour change between daylight and incandes-
cent light.

Because of the relative rarity of facetable quality
alexandrite, many gemmologists and gem dealers con-
sider itto be as important as diamond, ruby, sapphire and
emerald, the big four of the gem world. In 2006 the Tsar
Emerald Company requested one of the authors (LK) to
issue identification reports for their Russian alexandrites
and asked if origin reports were possible on these gem-
stones. There will always be a demand also for origin re-
ports on exceptional pieces of historical jewellery set
with large faceted alexandrites (Fig. 1.8).

In recent years there have been many articles and
books describing in detail the emerald-alexandrite
mines, the history and naming of Russian alexandrite, the
morphology and crystallography of historical alexandrite
crystals and the chemical and spectroscopic properties
of the material.” However, compared to emeralds, ° there
is very little data available in gemmological laboratories
concerning inclusions, microscopic features and other
properties useful for the identification of provenance.

Our examination started with material currently pro-
duced from the Malysheva Mine; more information was

Popov et al. (1998); Kozlov (2005); Weinberg (2007); Zhernakov (2009).

10

Schmetzer et al. (1991).
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added from 19" and 20™ century rough and faceted sam-

ples from various museum collections and the trade."

The contributing authors examined all the alexandrite
samples that were made available. In different chapters
of this book they present an overview of the crystallo-
graphical, mineralogical and gemmological properties of
alexandrite that was unearthed from the Uralian gem-
stone belt over a period of almost 180 years.

Two chapters are devoted to the history of the emer-
ald mines northwest of Ekaterinburg and to the discov-
ery, naming and use of Russian alexandrite. The con-
nection between two generations of scientists and

Fig. 1.4 a, b and ¢ (a) and (b) Visitors observing at an
emerald producing location at the Malysheva Mine.
(c) Emerald in glimmerite host rock. Photographs by
L. Kiefert (a and b) and A. Bosshart (c).

famous collectors with the Russian emerald and alexan-
drite mines is shown; the “older” generation including
von Worth, Nordenskiold, Rose, Maximilian von Leuch-
tenberg and Perovskii, with the “younger” generation of
Koksharov, Kochubei, and Nicolas von Leuchtenberg,
followed by Fersman and other Russian scientists in the
20™ century.

The last two chapters deal with modern techniques for
the description and evaluation of colour and colour
change in alexandrites and of modern techniques based
on trace element chemistry for origin determination in
gemmological laboratories.

" Refer to title figures of chapters 3, 7 and 8, respectively.
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Fig. 1.5 a and b Conveyor belts for sorting emerald in
the mineral processing plant at the Malysheva Mine.
Photographs by L. Kiefert in 2007.

Fig. 1.6 a, b and ¢ Emerald production from the Malysheva Mine. Photographs by L. Kiefert (a and b) and
K. Schmetzer (c) in 2007.
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Fig. 1.7 a, band ¢ Alexandrite
production from the Malysheva
Mine shown in daylight (b) and in
incandescent light views (a and c).
Size of the small container is ap-
proximately 6 x 8 cm. Photographs
(2007) by L. Kiefert (a) and G.
Bosshart (b and ¢).

Fig. 1.8 Antique bangle with a centre alexandrite and a
diamond cluster surround and shoulders. From the cut of
the diamonds and the style of the goldsmith's work, this
piece of jewellery is dated between 1870 and 1880.
Jewellery of this period is typical of pieces submitted to
gemmological laboratories for locality and origin deter-
mination of their faceted alexandrites. The 5.9 to 6.0 ct
alexandrite from this piece of jewellery was determined
as originating from Sri Lanka by the SSEF, Basel, Swit-
zerland. By courtesy of Ernst Farber Company, Munich,
Germany. Photograph by C. Merkl.



Emerald crystal group in phlogopite matrix; sample size
approximately 7.3 x 8.2 cm. The faceted stone with a
weight of 7.19 ct was cut from the rear of the sample.
Photograph by J. Scovil, by courtesy from the collection
of Peter Lyckberg.




The emerald mines in the Tokovaya
area — a short historical overview

Marina Epelboym and Karl Schmetzer

Gem minerals such as emerald, alexandrite and phenakite are found in the Ural Mountains, in an area

referred to as the Uralian emerald mines (Izumrudnye Kopi belt) that contains the oldest and rich-

est deposits of these stones in Russia. The history of the Uralian emerald mines has been described

in numerous papers and books in the Russian language and a detailed presentation of this interest-

ing topic as well as a comprehensive overview were recently published." A short summary of the vo-

luminous book by Semyonov and Timofeev is given in this chapter.

The importance of Russian alexandrite is inseparable
from the history of the Uralian emerald mines. In 1830,
Maksim Stefanovich Kozhevnikov, working on the
shores of the Tokovaya River, found several crystals and
chunks of a green stone in the roots of fallen trees. In ear-
ly 1831 it was established that these green stones were
emeralds. In the same year a cutting factory for the emer-
alds mined in the Beloyarsky Province was established
in Ekaterinburg. The head of the factory was Yakov
Vasilevich Kokovin who was the first to write about the
Uralian emerald mines.’

The first area to be prospected was north and south of
the Tokovaya River, close to the first emerald find. Even-
tually three mines, consisting mostly of open pits and sur-
face workings, went into production in this area: Starsky-
Troitsky, Tokovsky and Sretensky mines (Fig. 2.1). In the
following years, prospecting extended further north and
south.

In 1833, the Mariinskoye deposit was discovered sev-
eral miles north of the Starsky Mine and in the following
year production commenced as the Mariinsky Mine.
During the prospecting work south of Sretensky Mine, a
promising area was discovered at the end of 1837 and
named Krasnobolotsky (red swamp). Following further
prospecting in the area during 1838, serious production
started in 1839. This is the area from which the best
alexandrites and largest alexandrite crystal groups were
found in 1839 and 1840.

Further work around the Krasnobolotsky Mine led to
the last of the important discoveries made before the

middle of the 19" century. In 1839, a large area north-
west of Krasnobolotsky Mine, five kilometres long and
one to two kilometres wide, was covered by a series of
exploratory holes. The Ostrovnoye deposit was discov-
ered during this work. Despite high expectations of rich
deposits, success was limited with very few chrysoberyls
and phenakites found. Mine workings were stopped at
depths of four to six metres and the miners left. In the
same year, 1839, the Chitny deposit south-east of Kras-
nobolotsky Mine was discovered.

In summary the seven most significant historical min-
ing areas had been discovered before 1840. These in-
clude the four mines in the main gemstone belt that runs
north-south over a distance of more than 20 km and three
mining areas in the second belt running northwest-south-
east.’ The most productive years for emerald production
were 1831-1834, 1836, 1839 and 1840. Alexandrite
was always regarded as a by-product of emerald pro-
duction and was not a specific prospecting or mining tar-
get.

During 1840, financing for the mines was reduced to
twenty percent of previous amounts, all the development
work stopped and the miners left the Krasnobolotsky
Mine. During an inspection of the mining area in 1853
by C. Grewingk, only one pit in the whole gemstone field
was operational and most workings and pits were al-
ready flooded. Later in 1853 all mining officially stopped
and only an academic interest remained for the mineral-
ogy of the main gem minerals: emerald, alexandrite and
phenakite.

" Semyonov and Timofeev (2005); Zhernakov (2009).
Kokovin (1831).
See also Veits (1842).
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& The emerald mines in the Tokovaya area - a short historical overview 19

<« Fig. 2.1 This map of the Tokovaya mining area shows the seven most important historical emerald mines. The
Mariinsky, Starsky-Troitsky, Tokovsky-Lyublinsky, and Sretensky mines are located within the northern and central
parts of the main belt that runs north-south over a distance of more than 20 km and the Chitny, Krasnobolotsky
and Ostrovnoye mines are located within a second belt, approximately 8 km long, that runs northwest-southeast.

Artwork by K. Schmetzer, modified from Fersmann (1929).

During this period to 1853, production was under the
direct control of two government institutions, namely the
Appanage Department and the Imperial Cabinet. From
1831 to 1835 this was under the guidance of Ya.V.
Kokovin who was succeeded by I.I. Veits, both of whom
also acted as head of the lapidary cutting factory in Eka-
terinburg. All stones had to be delivered either to the Ap-
panage Department or to the Imperial Cabinet; stones
belonging to the Appanage Department were kept sepa-
rate from emeralds belonging to the Cabinet." The emer-
alds were regarded as the private property of the Imperi-
al family. The workers were paid a very small salary plus
some commission if they found good stones.

In 1861 the Tsar decided to rent out this land. That
year work was done on the most important mines, the
Sretensky, Tokovsky, Mariinsky and Krasnobolotsky
mines. Further prospecting was done in the Mariinsky
and Starsky areas but several attempts to find emeralds
in the Krasnobolotsky Mine were unsuccessful. From
1861-1882 the ground was leased to different persons
and companies. For example, the mines were on lease
to Maria Alexandrovna Trunova between 1863 and
1869 with almost 6000 people working for her in the
mines during this period. Between 1878 and 1882, the
mines were leased to Alfons Fomich Poklevsky-Kozell
(Fig. 2.2), a councillor of the State and business man
from Ekaterinburg. All work during this period was done
with simple hand tools. Working conditions at Kras-
nobolotsky were worse than at other mines; the prox-
imity to the swamp area resulted in mosquito and black
fly swarms and workers had to kindle fires and wear
masks.

In 1882 control of the Beloyarsky emerald mines was
returned to the cutting factory in Ekaterinburg. South of
these mines, at Krasnobolotsky, there were no emeralds
found, only alexandrite. From 1883 to 1896 no one ap-
plied to lease the land and all work stopped except for a
two-year period when local villagers continued to look
for emeralds.

In 1897 the Beloyarsky Province emerald mines were
leased to Nechaev for 24 years. However, no work was

s
Fig. 2.2 Portrait of Alfons Fomich Poklevsky-Kozell who

leased emerald mines in the Tokovaya region from 1878
to 1882. Photograph by courtesy of W. Boyd.

done and in 1899 Nechaev subleased the mines to the
Anglo-French “New Emeralds Company” that, in the
same year, made the first new find since the first historic
period. They discovered the Makaryevsky Mine, located
between the Starsky-Troitsky and Tokovsky mines that
was renamed Lyublinsky that year. In April of 1899 they
produced emeralds of the same quality as mined in the
first historic period. Alexandrites, beryls and aqua-
marines were also found. This was the first year in the his-
tory of the Uralian emerald mines that stones legally ap-
peared in Europe and was followed by the most suc-
cessful period of emerald mining before the Revolution
(Fig. 2.3). The company stopped its activities in 1915 and
the lease officially ended in 1916.

4

See report by Khroshevitskii (1835).
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Fig. 2.3 a and b (a) Photograph showing exploration work in a forest area near the Sretensky Mine. (b) Photograph
showing washing of emerald-bearing rocks during exploration work in the Tokovaya mining area.

The photographs are undated, but probably date from 1899 to 1916 when most of the mines were leased to the
Anglo-French "New Emeralds Company". Photographs published by Fersmann (1929).

In 1917, after the Revolution, nationalization of the
cutting factory abolished the rights of the lease holders
and the mines became ownerless. During 1918 and
1919, civil war resulted in several ownership changes. In
1919 the mines were nationalized by the Soviet govern-
ment and from 1923 they were controlled by the
“Russkiye Samotsvety” (Russian Gem Trust) that con-
ducted large scale mining for export. In the following
years of communist rule the organization and control of
the mines changed frequently. Under the Soviet govern-
ment, most mines officially changed their names in 1927
(Table 1 and Fig. 2.4).

Two new mines were discovered or rediscovered in
the 20" century and came into production. Around
1917, Aulsky Mine, situated north of the Mariinsky area,
yielded some emeralds as did Starkovsky Mine, south-
west of Mariinsky. Several less important emerald oc-
currences were also found south of the Sretensky area.
Additionally, the Cheremshansky Mine, located south of
Bolshoy Reft (Great Reft) close to the Krasnobolotsky
Mine, located between the northern and southern parts
of the historic Uralian emerald mines, became produc-
tive. This mine had been found in the early 1830s, but
no systematic follow-up work had occurred. The initial
development of this mine was done between 1926 and
1929 and the official opening was in 1930.

During the period between 1931 and 1951 unique de-
posits of emeralds were used as a main source of beryl-
lium for metallurgical applications and, after 1945, the
mines mainly produced beryl for nuclear power plants
and emerald was not used as a gemstone. After 1945, on-
ly four mines were worked for beryl and emerald: the
Aulsky (beryl), Malysheva (beryl), Cheremshansky (emer-
ald) and Krasnoarmeisky (molybdenum and beryl)
mines. In addition, the whole area was exploited for dif-
ferent rare earths and heavy metals such as molybdenum
and tungsten. At Krasnoarmeisky (previously the Chitny
Mine) an extraction factory for the enrichment of molyb-
denum was established in 1941. In 1942 the name of the
whole area changed from “emerald mines” (Izumrudnye
Kopi) to State Mine Industrial Complex Number 3; they
had become part of the State Mine Industrial Complex.
In 1951, all emerald mines except Malysheva were
closed.

In 1955, the extraction of beryl and emerald contin-
ued from the Malysheva Mine to supply material for a
new technological process constructed for the enrich-
ment of beryl and a new factory was built in 1957
(Fig. 2.5). Underground development at the Malysheva
Mine, conducted from 1965, reached depths not
achieved at any other deposit. With the discovery of new
beryllium deposits made elsewhere in the early 1970s,
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mining gradually shifted from the production of berylli-
um ore back to the production of gem quality emerald.
The period between 1970 and 1980 became the renais-
sance of the Uralian emerald mines (Fig. 2.6).

In 1975, a new emerald extraction factory was built
incorporating the most modern technology and the ex-
traction rate per volume doubled. In 1990 large quanti-
ties of stockpiled emeralds came onto the market and, in
the same year, the mines changed completely and only
produced gemstones. The Uralian emerald now became

Fig. 2.4 Map showing various localities in the Tokovaya
area that were mined from 1831 for emerald, with alex-
andrite and phenakite as by-products. A general over-
view is given by Fersmann (1929) and Popov et al. (1998).
Map was modified after Burlakov et al. (1997) with ad-
ditional information taken from Fersmann (1929), Las-
kovenkov and Zhernakov (1995), Emlin (1996), Popov et
al. (1998), Kupriyanova (2002), Kievlenko (2003), and
Kozlov (2005).

A granites, granite pegmatites and granite gneisses;
B gabbros, metagabbros, dunites, peridotites, serpentini-
tes; C diorites, diorite porphyrites, granodiorites;
D amphibolites, quartzites, carbonaceous siliceous
schists, talc serpentinites, talc chlorite rocks; E faults;
F shear zones.

The mines are: 1. Aulsky, 2. Malysheva, 3. Starkovsky,
4. Pervomaisky, 5. Artema, 6. Krupskoy, 7. Sverdlovsky,
8, 9 and 10 marking less important pits or veins,
11. Cheremshansky, 12. Krasnoarmeisky, 13. Krasnobo-
lotsky and 14. Ostrovnoye. Historical names used before
1927 are shown in Table 1 and Fig. 2.1. Artwork by
K. Schmetzer.

a potential participant in the world emerald market and,
in 1990, a Russian-Israeli company “Emural” was found-
ed in Moscow for the extraction and cutting of modern
emeralds. Emeralds from the Urals were exhibited at the
Tucson mineral show for the first time.

In 1995 a group of investors tried to reopen the famous
Sretensky Mine, where a number of large historical emer-
alds had been found. Open pit mining was performed on
a large scale (Fig. 2.7), but no emeralds of good quality
were discovered and work stopped in 1996.
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Fig. 2.5 Open pit mining was
performed on a large scale at the
Malysheva Mine (formerly the
Mariinsky Mine) over a period of
almost 140 years. The length of
the open pit reached 1400 m with
a depth between 115 and 125 m.
Photograph by K. Schmetzer in
2007.

Fig. 2.6 a, b and ¢ Underground mining at the Malysheva Mine replaced open pit mining in the mid-1960s.
These views of underground working scenes date from the 1970s or 1980s. Photographs by courtesy of W. Boyd.

Fig. 2.7 aand b In 1995, a group of investors attempted to reopen the famous Sretensky Mine where some of the
best quality and largest emeralds had been found in the 19% century. Although open pit mining was performed on
a large scale, work stopped in 1996 because no emeralds of high quality had been discovered. Photographs by
P. Lyckberg.
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In 1995 mining at the Malysheva Mine by “Emural”
stopped because of various problems. The next 10 years
were characterized by frequent changes of ownership
and/or mining rights between different groups of in-
vestors and share holders. However, due to the lack of
investment, production was limited during this period.®

The major companies involved in this period were
“Izumrudnye Kopi Urala” (Ural Emerald Mines), Norfin
and “Zelen Kamen” (green stone). In 2005, mining rights
of Malysheva emerald mine as well as export licences for

emerald and alexandrite were transferred to the Canadi-
an “Tsar Emerald Corporation” and/or their Russian sub-
sidiary.”” The mine closed in the fall of 2007.

Over the years the emerald mines have had a compli-
cated history. However, even when mining ceased for a
few years, there was always someone ready to pick up
the work again. Clearly these precious stones will con-
tinue to be a source of interest and great value for gen-
erations to come.

Production figures for rough, cleaned alexandrite (without admixtures of mica and other minerals) are available for an almost four-
year period from 2001-2004, when Malysheva Mine was worked, at least partly, by the “lzumrudnye Kopi Urala" (Ural Emerald
Mines) company. The total production of facetable material was 9,167 grams, which were classified and subdivided according to the
following table (courtesy of Vitalii Repei, personal communication 2010):

Clarity and size

0.29 %
0.44 %
0.47 %
1.20 %

160%  147¢
751 g
2151% 1972

31.31 %

2870 ¢

It is concluded that larger clean (gem quality, facet grade) samples with good colour change were extremely rare.

6

For details about Malysheva Mine ownership and activities see Alferova and Boyd (2007) and "Competent person's report on the

Malyshev emerald mine, Sverdlovsk oblast, Russian Federation” (2007).

7

See also chapter 1; a detailed history of Malysheva Mine since 1990 including production figures for emerald and alexandrite for

different years is available from "Competent person's report on the Malyshev emerald mine, Sverdlovsk oblast, Russian Federation”

(2007).



Alexandrite crystal group and antique ring with facet
alexandrite, Naturhistorisches Museum, Vienna, Austria. N S
faceted Russian alexandrite (No. F 9122) weighs 12.8 ct, the ;

sample was purchased in 1890. The crystal group (No. A. f. 484)
was purchased in 1842 and measures about 7 x 7 cm with the
size of the crystals varying from 3.5 to 5 cm.

The same crystal group shown in different orientations (a) in
incandescent light. Photograph copyright Naturhistorisches
Museum, Vienna, Austria, reproduced by permission. (b) In day-
light. Photographs by K. Schmetzer.




Discovery, naming and historical
use of Russian alexandrite

Karl Schmetzer

Alexandrite can almost be called the national gemstone of Russia’ and until recently, the identifica-

tion of the first alexandrite crystals was not attributed to a particular person. In the 19t century, the

great prestige of alexandrite was based on two facts: its name, in honour of the Tsarevich,” the fu-

ture Tsar Alexander Il, and its colours, green in daylight and red in incandescent light, represented

the national military colours of Imperial Russia.

3.1 The first mineralogical descriptions of alexandrite

The first details of the discovery of alexandrite are report-
ed in a book describing the scientific activities of the Rus-
sian Imperial Mineralogical Society entitled “Schriften der
Russisch-Kaiserlichen Gesellschaft fiir die Gesammte
Mineralogie”.” This book, a special 25" anniversary vol-
ume of the Russian Imperial Mineralogical Society, was
edited by H. A. G. von Pott, the first Secretary of that So-
ciety. It records that in 1833 Count L.A. Perovskii, at that
time Vice-President of the Appanage Department, sub-
mitted four samples from the Uralian emerald mines to the
Society in Saint Petersburg for investigation.

It is further stated that these crystals were identified as
chrysoberyl by Franz von Woérth as a result of the meas-
urement of crystal angles and blowpipe examination
(Fig. 3.1). Additional samples submitted to von Worth in
1834 confirmed the first identification. Perovskii also
mentioned a “special dichroism” that led to the discov-
ery of colour change in daylight and incandescent light.

Itis recorded also that Nils von Nordenskitld made the
same observations and concluded that the mineral “de-
serves the first rank among the gemstones” because of
these particular optical properties. He suggested naming
the colour-change gem variety of chrysoberyl as
ALEXANDRITE in honour of the Tsarevich Alexander
Nikolaevich (see Fig. 3.30), the future Tsar Alexander Il

Fig. 3.1 Portrait of Franz lwanowitsch von Worth
(1786-1856). Worth was one of the founding members
of the Russian Imperial Mineralogical Society (establis-
hed in 1817) and served as their second Secretary until
1856. He examined the first crystal fragments of the new
mineral from the Uralian emerald mines that was later
named alexandrite. Lithograph by courtesy of the Rus-
sian Mineralogical Society.

(reigning from 1855 to 1881), who celebrated his coming
of age on the day the mineral was discovered in Urals.*

However three years previously (1839), the first de-
tailed mineralogical and crystallographic description of
Uralian alexandrite had already been published by

"Alexandrite is believed to be Russia's symbol”; Kozlov (2005).
Crown Prince.

Edited by von Pott (1842¢) in German, meaning the "Russian Imperial Society for the Complete Mineralogy”
In the Russian Empire the older Julian calendar was used until 1917, this differs from the Gregorian calendar used in Western Eu-

rope by 12 days. In parts of the original documents cited such as in most of the letters from Count Perovskii to Nordenskiold, both
dates are given. However in many other historical documents, letters or 19" century references, it is not always clear as to which
calendar the dates refer. Thus, in order to avoid confusion and if not conclusive in its context, the author sometimes only quotes

the month of an historical event.
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Fig. 3.2 Portrait of Gustav Rose (1798-1873). Rose be-
came professor of mineralogy at Berlin University in
1826. Together with Christian Gottfried Ehrenberg, he
accompanied Alexander von Humboldt on research ex-
plorations to the Urals, the Altai and the Caspian Sea
(1829). Investigations based on crystal morphology and
chemistry led to the discovery of several new minerals
from the Ural Mountains. For example, he first described
perovskite (1839a). In another paper of the same year, he
published the first mineralogical descriptions and crystal
morphology of the colour-change chrysoberyl trillings
from the Urals (Rose, 1839b). This chrysoberyl variety
was later named alexandrite in 1842. Lithograph from
Rohrbach after a drawing of Paul Biirde, circa 1829. By
courtesy of Museum fiir Naturkunde, Mineralogical Col-
lection, Humboldt University Berlin and reproduced with
permission.

Gustav Rose (Fig. 3.2) in Poggendorff’s Annalen der
Physik and Chemie,” at that time a leading journal of sci-
ence. This was also reported in a supplement to the sec-
ond volume of the description of his Russian expedition
with A. von Humboldt and G. Ehrenberg in 1829.° Rose
was unaware of the name given in honour of the future
Tsar Alexander Il and in both publications he described
the mineral as chrysoberyl and not alexandrite. Howev-
er Rose had already determined the chromium content of
the samples and described the mineral as a potential new
gemstone, although the samples made available to him
by Perovskii were only translucent and heavily fractured.

Rose published the first crystal drawings of pseudo-
hexagonal twins (Fig. 3.3 a) consisting of three individu-
als and also the morphology of a theoretical single crys-
tal (Fig. 3.3 b); a real untwinned single crystal was not

Fig. 3.3 aand b Alexandrite crystals from the Tokovaya
area, Urals, Russia. (a) The first drawing of a cyclic twin
(trilling) was published by Rose (1839b) after crystallo-
graphic studies of the first samples he obtained in Ber-
lin. (b) The first (theoretical) drawing of a single crystal
was published by Rose (1839b) after crystallographic
studies of several trillings. An actual single crystal was
not available to him at the time and the occurrence of
single crystals still remains very rare.

available to him. He described the main crystal forms as
a {100}, b {010}, 0 {111} and n {121} and mentions crys-
tals with re-entrant angles formed by the faces n or by a
combination of n and b. When the faces n and b are
small, almost no re-entrant angles are seen. Furthermore,
Rose described the colour change between daylight and
incandescent light.

In the Berlin collection, several historic alexandrites
from the Urals still have the original labels handwritten
by Rose (Fig. 3.4), but it is not documented which sam-
ples he used for his investigations. Some representative
alexandrites that were documented as being presented to
Rose by the Saint Petersburg Mining Institute’ do not
record the year in which they came into the Berlin col-
lection.

The first quantitative chemical analysis of chrysoberyl
from the Urals, including both colour-causing trace ele-
ments iron and chromium, was published in 1842.° The
author was a member of the Russian Mining Engineer
Corps working in Heinrich Rose’s (a brother of Gustav
Rose) laboratory at Berlin University. He analysed two
different samples of chrysoberyl, one from Brazil and one
from the Urals, but did not use the designation alexan-
drite in his paper.

Rose (18390).

Refer to title figure of chapter 9.

5
¢ “Reise nach dem Ural, dem Altai und dem kaspischen Meere", Rose (1842).
7
8

Awdejew (1842).
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Fig. 3.4 The collection of the Museum fiir Naturkunde,
Berlin, hosts several alexandrite crystals with original la-
bels written by Gustav Rose. The sample pictured mea-
sures about 1.5 x 1.5 cm. It was not possible to identify
the actual alexandrites that were examined by Rose in
his first studies of their crystal morphology as published
in 1839. Photograph by K. Schmetzer.

Consequently, to this author’s knowledge, the name
alexandrite was first published in the “Schriften der Rus-
sisch-Kaiserlichen Gesellschaft fir die Gesammte Min-
eralogie”, edited by von Pott and was not previously
generally known or used. This book (Fig. 3.5) describes
various activities in the fields of mineralogy, geology and
palaeontology between 1817 and 1842. In the chapters
dealing with emeralds from the Urals,” two extraordi-
nary samples belonging to the Cabinet of Tsar Nicolas
are mentioned. The first sample, made up of a group of
emerald crystals in matrix, is probably the specimen
kept at the Mineralogische Staatssammlung, Munich.
The second sample is a crystal that, together with its mi-
caceous matrix, weighs about 2226 grams and is now
preserved at the Fersman Museum, Moscow. We will
follow the history of these two extraordinary samples lat-
er in this chapter.”

Pages 116 to 126 of the 1842 book mentioned above
are dedicated to the first description of Uralian chry-
soberyl that was named alexandrite in honour of the
Tsarevich (Fig. 3.6). The mineral normally occurs as sin-
gle crystals in mica schist, but it is mentioned that sever-
al larger crystal groups were in the collection of Perovskii.

Fig. 3.5 This book entitled “Schriften der in St. Peters-
burg gestifteten Russisch-Kaiserlichen Gesellschaft fiir
die gesammte Mineralogie”, was published in 1842 by
the Russian Imperial Mineralogical Society, the volume
summarizes activities of the Society from 1817 to 1842.
The book contains a ten page summary of the mineralo-
gical properties of chrysoberyl from the Urals and the
first details of the naming of this gem variety in honour
of the Tsarevich, the future Tsar Alexander II. Photograph
by P. Reith.

Specifically, the chemical examination of the mineral
performed by von Wérth using blowpipe techniques' is
reported and chromium is mentioned as the colour-caus-
ing trace element. The crystal morphology and twinning
determined by Rose is reproduced, including his crystal
drawings. The colour change from green in daylight to
purple or violet in incandescent light, especially when
viewed by candle light in the dark, is quoted. A slice cut
from an alexandrite trilling, examined by von Lenz using
polarized light, is described in great detail.

° \on Pott (1842b).

' See sections 3.3.1 and 3.3.3, respectively.
"

A standard chemical examination at that time; see, e.g., Berzelius (1828).
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a

s

b

Fig. 3.6 aand b The 1842 volume of the Russian Imperial Mineralogical Society contains two drawings of an alex-
andrite crystal group in both (a) daylight and (b) incandescent light. However the sample orientations are different.
The alexandrite drawings were prepared by Franz von Worth and lithographed by J.P. Hubert. In the hand coloured
plate a more natural appearance for the crystal group was achieved by gluing on minute mica flakes. Photographs

by P. Reith.

Following the extended description of this extraordi-
nary dichroism," it is only briefly mentioned in the 1842
book that von Nordenskiold determined identical phys-
ical and chemical properties. Because of the colour
change, transparent crystals of this mineral were de-
scribed as being comparable to gemstones of the first
rank and Nordenskiold suggested the name ALEXAN-
DRITE for this chrysoberyl variety. Finally, it is reported
that Veits, Director of the Ekaterinburg lapidary works
and successor to Kokovin, discovered another occur-
rence of alexandrite in 1839. From the approximate lo-
cality given, this occurrence is one of the mines located
in the southern northwest to southeast-striking gemstone
belt. It is mentioned" that the Ostrovnoye deposit was
discovered by Veits which fits the 1842 description.

Nordenskiold first visited the Urals in 1849 and it has
always been a matter of speculation as to where he ob-

tained the alexandrite samples that were used in his work
and whether an original paper by him exists on this sub-
ject. This information is not given in the 1842 book. The
author (KS) recently found a short note from 1835"
which clarifies the first point. Brewster (Fig. 3.7) de-
scribed a new mineral that was “supposed to be a vari-
ety of cymophane” (Fig. 3.8), a synonym used at the time
for chrysoberyl. Brewster received one sample of this
material from Nordenskiold, whom he had known since
the early 1820s."* The draft of a letter from Nordenski6ld
to Brewster,” written in December 1834, confirms a
statement by Brewster that several specimens were giv-
en to Nordenskiold from Perovskii in the spring of 1834.
Brewster had already referred to the colour change of his
sample and described the chrysoberyl (cymophane) as
consisting of three single crystals united at angles of 60°.
To the author’s knowledge, this is the first note in a

Haidinger (1847, 1849).

Semyonov and Timofeev (2005).

Eichwald (1870); Golynskaya and Svirina (1997).
"> Brewster (1835).

Eichwald (1870); Golynskaya and Svirina (1997).
See section 3.2.

What we would call now pleochroism in daylight and incandescent light and its relation to colour change; for more details see also
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Fig. 3.7 Portrait of Sir David Brewster (1781-1868).
Brewster was based in Edinburgh, Scotland for most of
his working life and devoted an important part of his
scientific researches to various problems concerning op-
tics. He was also an active editor of various scientific
journals. In December 1834, he was consulted by Nils von
Nordenskiéld about the cause of colour change in a
newly discovered variety of chrysoberyl from the Urals
and one crystal was submitted to him for research. After
a short period, Brewster published the preliminary des-
cription of the new material in February 1835. This is
now regarded as the first scientific publication of alex-
andrite. Photograph circa 1860, Hulton Deutsch Collec-
tion/Corbis.

Fig. 3.8 The first scientific publication by David
Brewster on the new colour-change mineral, later na-
med alexandrite. The mineral variety was first described
as colour-change cymophane and the article was pu-
blished in February 1835 in the London and Edinburgh
Philosophical Magazine and Journal of Science.
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scientific journal about, what was later named, alexan-
drite. Brewster also noted the chromium content of the
samples and observed a similar colour change in certain
chromium salts and their solutions. Although this note
has been mentioned," it has not been cited in later pa-
pers about alexandrite.

It is obvious that von Pott, who is mentioned as editor
of the “Schriften der Russisch-Kaiserlichen Gesellschaft
fur die Gesammte Mineralogie” did not write the various
anonymous contributions collected within this volume.

An index in the 1854 volume of the “Verhandlungen der
Russisch-Kaiserlichen Mineralogischen Gesellschaft”
covers all publications of the Society from 1830 to 1854.
In this, index pages 116 to 126 of the 1842 volume con-
tain the description of alexandrite that is attributed to
Lenz, Rose, Veits and Nordenskiold as authors. This in-
dicates that, neglecting the work of von Worth, the first
description of colour-change chrysoberyl using the name
alexandrite was assigned to these four authors. This view
was still current in the 20t century.”

3.2 Documents from the Nordenskiold family archive
and correspondence with Berzelius

The Nordenskiold family archive housed at the Nation-

al Library of Finland, University of Helsinki, contains sev-

eral thousands of unpublished documents. Following a

request by the present author (KS), Mrs. llona Fors, one

of the staff members of the National Library examined

hundreds of documents and selected the following letters

belonging to Nils Gustaf von Nordenskiold (Fig. 3.9):

a) two letters from F.I. von Woérth to Nordenskiold (1831
and 1832, in German)

b) two letters from I.1. Veits to Nordenskiold (1838 and
1857, in German)

¢) three letters from Heinrich Rose to Nordenskiold
(1844, 1845 and 1853, in German); Heinrich Rose
was the brother of Gustav Rose, a chemist at Berlin
University

d) eleven letters from L.A. Perovskii to Nordenskiold
(1831-1852, ten in French, one in German)

e) one letter from D. Brewster to Nordenskiold (1825, in
English).

She also selected the following drafts of letters to various

persons:
a) four drafts of letters from Nordenskiold to L.A. Per-
ovskii (1838-1853, in French, partly bilingual

French/Swedish)

b) one draft of a letter from Nordenskiold to D. Brewster
(1834, in English)

¢) two drafts of letters from Nordenskiold to F.I. von
Woérth (one in German, 1837 one in Swedish, unda-
ted)

Fig. 3.9 Portrait of Nils Gustaf Nordenskicld (1792-
1866). From 1823 Nordenskiold was superintendent of
mines in Helsingfors (Helsinki), Finland. His work was de-
voted to the development of the mining industry and
study of mineralogy in Finland. He was also in close con-
tact with Count Perovskii from whom he received many
interesting mineralogical specimens from Russian loca-
lities over a period of more than 20 years. Nordenskiold
first described the beryllium silicate phenakite as a new
mineral originating from the emerald fields in the Ural
Mountains and he was also involved in the determinati-
on of the chromium-bearing colour-change chrysoberyl
variety from the Tokovaya area. Portrait work by A. Jan-
ke, circa mid-1850s, National Board of Antiquities, Ar-
chives for Prints and Photographs, Helsinki, Finland.

'8 |n detail by Poggendorff (1835), and also briefly by Berzelius (1837).

19

Laitakari (1934).
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d) one draft of a letter from Nordenskiold to A. Kimmer-
er (1837, in German); Kammerer was a pharmacist
and a member of a group of mineral collectors in Saint
Petersburg

e) eight drafts of letters from Nordenskiold to ). Berzelius
(1832-1838, in Swedish); Professor Berzelius was one
of the most famous chemists of the first part of 19%
century, Nordenskiold worked in his laboratory in
Stockholm for about one year during 1819.”

In general, there is no gap in the 1820s, 1830s and
1850s, but the archive contains a smaller number of let-
ters from the 1840s than the decades before and after.”

The letters from von Worth, Veits and Rose were be-
tween colleagues or close friends dealing with miner-
alogical problems, the exchange of research samples and
with economic mineralogy but did not mention the
alexandrite discovery. The drafts of letters to von Worth
and Kdmmerer are of the same type.

Most of the letters from Perovskii (Fig. 3.10) document
the intense cooperation between him and Nordenskiold
during the whole period under consideration. They deal
with the submission of numerous research samples from
Perovskii’s collection and/or from the Uralian emerald
mines. Some of the “unknown” samples mentioned are
difficult to identify, because Nordenskiold's replies to
Perovskii are not available. Two letters, dated April 1833
and May (?) 1833, contain details of their cooperation in
the discovery and description of phenakite as a new min-
eral from the Uralian emerald mines.

Two fragments of another unknown mineral were sent
to Nordenskiold together with a letter dated January 23
1834. It has already been mentioned that these frag-
ments resemble chrysoberyl in hardness and crystal
form. The translation from French reads: “The emerald
mine has not provided any new material except the 2
small crystal fragments that | am sending to you, | would
like to know your opinion about this mineral, which ac-
cording to its hardness and the crystallisation has some
resemblance with chrysoberyl.”

Subsequently, in a letter dated May 24% 1834
(Fig. 3.11), five additional samples of alexandrite were
sent to Nordenskiold. The translation from French reads:
“I have the honour in sending you a mineral that I just re-
ceived from Siberia, it was found in the Ural emerald
mine. The two numbered samples are part of my private

Fig. 3.10 Portrait of Count Lev Alekseevich Perovskii
(1792-1856). Circa 1833 to 1834 Perovskii was the first
to submit various alexandrite crystals from the emerald
deposits in the Urals to the Russian Imperial Mineralo-
gical Society for identification. In January and April 1834
he also sent alexandrite samples to Nordenskidld in Hel-
sinki for identification and further study. At the time of
the alexandrite discovery Perovskii was Vice-President of
the Appanage Department of the Russian Tsar, which, to-
gether with the Imperial Cabinet, received all emeralds
that were mined from the Tokovaya area. Drawing by
Franz Kriiger, lithograph by Jentzen and published in the
collection of Russian lithographies by Morosov (1913);
Staatsbibliothek zu Berlin, PreuBischer Kulturbesitz.

collection; as for the two others, they are for your collec-
tion; with the exception of the first two samples, these are
the best specimens sent to me; besides | am also sending
a small piece for analysis. After completion of your analy-
ses, | would be grateful if you could send me the first two
samples, with your opinion on this mineral; its uncom-
mon tabular crystallisation, which consists in 3 prisms that
cut each other crosswise by the middle; its hardness close
to that of sapphire; its property to appear dark green in
daylight and red when observed under candlelight, make
me think that this is a new mineral. Moreover, we can

20

Eichwald (1870); Golynskaya and Svirina (1997).

' Personal communication from |. Fors (2009).
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3.11 A letter from Count Perovskii to Nils von Nordenskidld, dated May 24™ 1834, that accompanied five alexan-
drite crystals for examination. Letter source: The Nordenskiold family archive of the National Library of Finland, Uni-

versity of Helsinki, Finland.

observe its red colour even in daylight, but it is not as in-
tense as under candlelight and is seen only in certain parts
of the stone while the rest keeps its green colour.”

Most interestingly, the letter contained a description of
what is now referred to as the cyclic twins (trillings) of
alexandrite, the colour change between daylight and in-
candescent light and the strong pleochroism of the sam-
ples.

The four drafts of letters from Nordenskiold to Per-
ovskii deal with information on economic minerals, such
as the quality and cost of marble and barite, the shipping
costs of ore from Finland to Russia (two drafts from the
late 1830s) and research information about lapis lazuli
from Baikal (two drafts from the early 1850s).

The draft of a letter from Nordenskiold to Brewster is
dated December 12" 1834 and accompanies the sub-
mission of one alexandrite crystal named cymophane,
that was the English synonym for chrysoberyl at that
time. Nordenskiold was primarily interested in the un-
usual colour change of the material.

The drafts of letters from Nordenskiold to his teacher
Professor Berzelius (Fig. 3.12) in Stockholm, who be-
came a close friend in the 1830s, cover the large field of
mineral analyses. In one letter, dated February 1833, the
discovery, properties and analysis of phenakite are de-
scribed. In a draft written in October 1834, the proper-
ties of a new gemstone are described and its colour
change between daylight and incandescent light is men-
tioned and admired. Because of these properties, the
colour-change cymophane is designated as a mineral
with the most striking and unusual properties that Nor-
denskiold had ever seen. In a draft dated February 1837,
Nordenskiold again mentions Siberian minerals includ-
ing colour-change cymophane.

The correspondence between Nordenskiold and
Berzelius was edited by Séderbaum” and covered 148
documents written between October 1817 and Septem-
ber 1847. The Library of the Stockholm Academy of Sci-
ences possesses the originals of the letters from Norden-
skiold and copies of the letters from Berzelius, that were

? Spderbaum (1927).



(j Discovery, naming and historical use of Russian alexandrite 33

Fig. 3.12 Portrait of Jons Jacob Berzelius (1779-1848).
Berzelius was Professor of Chemistry in Stockholm and
founder of modern chemical element analyses. In the
1820s, Nordenskidld spent two lengthy periods of study
and research in Berzelius' laboratory in Stockholm. From
this time until Berzelius' death, a continuous correspon-
dence is available, firstly between a professor and his
former student and later between close friends. In the
1830s, Nordenskidld discussed analytical problems with
the new colour-change chrysoberyl variety with Berze-
lius and also sent him several samples for analysis and
study. Painting by P.H. van den Heuvell, circa 1836, li-
thograph by F. J. Backer.

prepared at the end of the 19" century by A. E. Norden-
skiold. The first series of letters, until 1833, are respect-
ful letters between a professor and his former student, but
later reflect a correspondence between close friends:
“My brother ...”. From the contents of these letters it is
evident that the sequence is incomplete and that there
were more written than are available. Some of the letters
from Nordenskiold that were edited by Soderbaum are
identical to the drafts preserved in the Nordenskiold fam-
ily archive in Helsinki.

Letters Nos. 64 (February 1833), 65 (April 1833) and
68 (July 1833) describe the examination and naming of
the new mineral species phenakite, the first samples of
which had been received in the fall of 1832 from Per-
ovskii. Several letters (Nos. 71, 74, 76) discuss the on-
going research on a possible new mineral that Norden-
skiold wanted to name in honour of Perovskii.

In letter No. 72 (August 24" 1834) Nordenskiold de-
scribes his research on a mineral that did not prove to be
a new species but a new variety of chrysoberyl. He writes
(translated from Swedish): “Peroffsky sent to me two or
three months ago for investigation a rock specimen from
the (emerald mines) of the Urals. Although the mineral
is not a new species as Peroffsky believed, it is, howev-
er, very remarkable. It is chrysoberyl but occurs as large
distinct crystals, partly as simple crystals, partly as
trillings about 1 to 2 inches in diameter and they are al-
ready in that point of view uncommon but the remark-
able thing is that they are in daylight grass-green resem-
bling emerald in colour and are weakly transparent; in
candlelight their transparency is clearly higher and the
colour is like that of pyrope or staurolite from St. Gott-
hard, one cannot see any trace of green colour. As far as
I know, there is no mineral with such a distinct phe-
nomenon described above; there is no way to measure
it. Peroffsky sent me also his specimens for investigation;
the crystals were exceptionally beautiful in appearance,
with some formerly unknown faces, which I have drawn.
| keep some not so good specimens. Best of them I’ll
send to you or Kongl. Vetenskapsakademi® together
with some other little things.”

Several specimens of Siberian chrysoberyl were sent
by Nordenskiold to Berzelius between 1834 and 1837
(letters Nos. 73, 75, 82), and Berzelius carried out analy-
ses of the material (letter No.107 by Berzelius, January
1840). As far as can be ascertained from this partly in-
complete sequence of letters, their main interest was the
evaluation of the cause of the colour change. Vanadium
was discussed as a possible colour-causing trace element
(letter No. 108 by Nordenskiold, January 1840), and, fi-
nally Berzelius was able to prove the presence of vana-
dium from his analysis (letter No. 117, June 1841).

In summary, all available documents do confirm some
of the details published later, especially those under the
given name alexandrite in the 25" year anniversary vol-
ume of the Russian Imperial Mineralogical Society. Per-
ovskii initially had two groups of alexandrite available,
the first comprising small fragments of crystals, two of
which he sent to Nordenskiold in January 1834. The sec-
ond group consisted of larger and better formed crystals
(trillings) that he submitted to Nordenskiold together with
a letter dated May 1834. Nordenskiold described colour-
change cymophane in letters to Berzelius dated August
and October 1834. He also sent one of the crystals to

* Rovyal Academy of Sciences.
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Brewster in December 1834; this resulted in the first
publication by Brewster in February 1835, shortly after
having received this sample.

In the complete correspondence between Norden-
skiold and Berzelius written between 1837 and 1841,
both use the names cymophane and chrysoberyl to de-
scribe what was later renamed alexandrite. Neither the
documents found in the Nordenskiold family archive in
Helsinki nor any of the letters in the correspondence be-

tween Nordenskiold and Berzelius edited by Soder-
baum, use the name alexandrite.

According to published documents and unpublished
letters from the Nordenskiold family archive, it is evident
that Nordenskiold did not acquire any alexandrites in the
Urals himself and only decided to examine some sam-
ples called emeralds when he realised that the material
was chrysoberyl. Neither of these stories that are cur-
rently found on many internet websites is correct.

3.3 Emeralds and alexandrites from the Leuchtenberg,
Koksharov and Kochubei collections

In the first volume of his “Materialien zur Mineralogie
Russlands”, Koksharov’* only briefly mentions two ex-
traordinary samples of Russian emerald from the Cabi-
net of the Emperor. This may indicate that, at that par-
ticular time, these samples were not available for scien-
tific research. He cited the description of alexandrite by
von Pott in the chapter about chrysoberyl and alexan-
drite in the fourth volume of his “Materialien zur Mi-
neralogie Russlands”.” However the chapters about
alexandrite and emerald in the 1842 anniversary vol-
ume of the Russian Imperial Mineralogical Society are
rarely cited by 20" century Russian authors. This indi-
cates that this extremely rare book was not easily avail-
able in Russia.

3.3.1 Emeralds and alexandrites from the
Leuchtenberg collection

The Leuchtenberg collection, part of the Mineralogische
Staatssammlung (Bavarian State Collection for Mineral-
ogy) housed in Munich, contains some “old” alexan-
drites. These, according to the history of the collection,
provide some understanding into samples that were def-
initely found and preserved before 1850. The history of
the collection also provides insight into the relationships
between Maximilian, Duke of Leuchtenberg, and Tsar
Alexander Il and the Russian Imperial family. In this col-
lection one of the two extraordinary emerald specimens
from the Cabinet of the Emperor mentioned by von Pott
is preserved.

Eugeéne de Beauharnais was the stepson of Napoléon
Bonaparte, Emperor of France. In 1806 he married
Princess Augusta Amalia of Bavaria, the daughter of the
first Bavarian King Maximilian . After the fall of
Napoléon in 1814, the family moved to Munich. In
1817, his royal father-in-law made him Duke of Leuch-
tenberg and gave him the administration of the Princi-
pality of Eichstatt. In 1824 he died in Munich. There is
little information about Eugene’s mineral collection but
it was enlarged by his son Auguste, the 2" Duke of
Leuchtenberg, who died childless in 1835.” He was suc-
ceeded by his younger brother, Maximilian de Beauhar-
nais, who became the 3 Duke of Leuchtenberg. Maxi-
milian (Fig. 3.13 a), born in 1817, married Grand
Duchess Maria Nikolayevna of Russia (Fig. 3.13 b),
daughter of Tsar Nicolas | and sister of Tsarevich Alexan-
der Nikolaevich in 1839. It has been mentioned that the
Mariinsky Mine (now Malysheva Mine) was named in
honour of Maria Nikolayevna.”

Tsar Nicolas | granted Maximilian the title of Imperial
Highness, Prince Romanovskii (Fig. 3.14) and the couple
remained in Russia.” In 1844, Maximilian became First
Director of what is now the Saint Petersburg State Min-
ing Institute and Technical University,” at that time the
only technical university in Russia, a position he retained
until his early death in 1852 (Fig. 3.15). Today, his pic-
ture can still be seen on one of the tables in the entrance
hall of the Mining Institute in Saint Petersburg which
describes its history. To honour his contribution to the

24

** Published in 1862.
® Pfaffl (1978).

N}

*® Nicolas, July 2" (1839); Grimm (1866); Diener (2008).

“Materialien zur Mineralogie Russlands" (Materials of Russian Mineralogy) by Koksharov (1853b).

Competent person's report on the Malyshev emerald mine, Sverdlovsk oblast, Russian Federation (2007).

In the same time P. Schroder and S. Volkov are named as Second Directors, Amburger (1966).
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Fig. 3.13 a Portrait of Maximilian Eugéne Josephe Na-
poléon de Beauharnais, 3 Duke of Leuchtenberg
(1817-1852). In 1839 Maximilian married Maria Niko-
layevna, daughter of Tsar Nicolas | and sister to Tsarevitch
Alexander Nikolaevich, who became Tsar Alexander Il in
1855. In 1844, Maximilian, now a Russian citizen and tit-
led Prince Romanovskii, became Director of the Saint Pe-
tersburg Mining Institute. In this capacity he travelled to
the Urals to inspect the mines, conduct geological studies
and complete his mineral collection. The collection was
moved to his own independent principality, Eichstatt that
was located in the northern part of Bavaria, at that time.
Painting by E. de Ron, circa 1840. By courtesy of R. Die-
ner and reproduced with permission.

mineralogy of Russia, Komonen named a member of the
chlorite group “leuchtenbergite” in 1842.

Although Maximilian and Maria lived in the comfort-
able Mariinsky Palace in the centre of Saint Petersburg it
was decided to relocate part of his famous mineral col-
lection to Eichstatt in the second part of the 1840s. There,
the collection was kept in the former summer residence
of the Bishop of Eichstatt. These samples were combined
with the existing collections of his father Eugene and his
older brother Auguste that had been on public display

since 1831.%

Fig. 3.13 b Portrait of Grand Duchess Maria Nikolay-
evna of Russia (1819-1876), daughter of Tsar Nicolas |
and sister to Tsarevich Alexander Nikolaevich, later Tsar
Alexander II. In 1839 Maria married Maximilian, Duke of
Leuchtenberg, and became Duchess of Leuchtenberg. Li-
thograph by J. Velten, Saint Petersburg, circa 1840. By
courtesy of R. Diener and reproduced with permission.

In 1855 the formal independence of the Principality of
Eichstatt was annulled and the collection transported to
Munich in the Bavarian State where it was merged with
a collection of Russian minerals. On the initiative of
Maximilian von Leuchtenberg, the latter collection had

e B

Fig. 3.14 Coat-of-arms of Maximilian, Duke of Leuch-
tenberg, printed in his personal copy of Volume | of the
“Schriften der in St. Petersburg gestifteten Russisch-
Kaiserlichen Gesellschaft fiir die gesammte Mineralogie”
(1842). Photograph by K. Schmetzer.

% pfaffl (1978).
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Fig. 3.15 Portrait of Maximilian, Duke of Leuchtenberg,
Prince Romanovskii, pictured in one of the plates on dis-
play in the entrance hall of the Mining Institute in Saint
Petersburg that describes the history of the school and
mineralogical museum. Photograph by K. Schmetzer.

b

Fig. 3.16 a and b Cyclic twins (trillings) of alexandrite
from the Tokovaya area, Urals, Russia. Mineralogische
Staatssammlung Munich, (a) size 4 x 4 cm, (b) size 2 x 2
cm. Photographs by K. Schmetzer.

been donated by himself in the second half of the
1840s *' and by the Russian Academy of Science to the
Bavarian Academy of Science.” From the old invento-
ries, it is possible to identify those alexandrites in the Mu-
nich collection that can be dated back to the late 1840s
or 1850s. The collection®™ contains some alexandrite

Fig. 3.17 Crystal group of cyclic twins (trillings) of alex-
andrite from the Tokovaya area, Urals, Russia. Mineralo-
gische Staatssammlung Munich, size 5 x 9 cm. Photo-
graph by K. Schmetzer,

Fig. 3.18 Faceted alexandrite from the Tokovaya area,
Urals, Russia. Mineralogische Staatssammlung Munich,
weight 1.33 ct. Photograph by K. Schmetzer.

trillings (Fig. 3.16) and a larger crystal group (Fig. 3.17).
A faceted gemstone of 1.33 ct (Fig. 3.18) is the oldest his-
torical piece that was microscopically studied during
this research project.

In addition to these alexandrites, the famous Leuch-
tenberg emerald druse with phlogopite matrix
(Fig. 3.19) forms part of the collection. The emerald
sample, found in 1831, was examined at the Mining In-
stitute in Saint Petersburg before Tsar Nicolas | gave it to
his son-in-law Maximilian, Duke of Leuchtenberg as a
birthday present. A detailed drawing of the sample,

31

Konigliche bayerische Akademie der Wissenschaften (1847).
Personal communication from R. Hochleitner (2009).
¥ See also Groth (1891).
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prepared in the 1840s, is still kept at the Mining Institute

and was recently published.” Comparing this drawing
with a photograph of the sample (Fig. 3.19), it can be
seen that one emerald crystal and some matrix material
has since broken away (see arrow in Fig. 3.19).

A first short description of an emerald crystal group of
that size dates back to January 1832.% It is obvious that
this sample, consisting of more than 20 emerald crystals
in matrix, as described by von Pott may be the Leuch-
tenberg emerald druse. The dimensions given roughly fit
with the sample kept in the Munich collection, but, for
an irregularly shaped piece, these would be largely de-
pendent on the measurement direction selected. The
weight given in 1842 recalculated to 6270 grams is close
to the actual weight of 6265 grams.™ The difference can
be explained by taking into consideration the crystal lost
at the edge of the sample. Thus, the first sample from the
Cabinet of the Emperor described in the 1842 anniver-
sary volume can now be identified as the Leuchtenberg
emerald druse.

Fig. 3.19 Emerald crystals-in-matrix
from the Tokovaya area, Urals, Russia.
Mineralogische Staatssammlung Mu-
nich, size 31 x 32 cm, weight 6 265 g.
Known as the Leuchtenberg emerald
druse, it was found in 1831 and came
into the Cabinet of Tsar Nicolas I. It
was presented to his son-in-law, Ma-
ximilian von Leuchtenberg, on his
birthday and came into his mineral
collection at Eichstdtt in the late
1840s. Photograph by courtesy of the
Mineralogische Staatssammlung Mu-
nich.

The oldest son of Maximilian, Duke of Leuchtenberg,
also played an important role in Russian mineralogy in
the 19" century. Nicolas, Duke of Leuchtenberg (1843-
1891) was a passionate mineral collector and friend of
Nicolai von Koksharov and Prince Petr Kochubei.” Some
extraordinary samples in his collection are described in
the various volumes of Koksharov’s Russian Mineralogy.
Koksharov also mentioned a journey he made to the
Urals together with Nicolas von Leuchtenberg, who was
President of the Russian Mineralogical Society from 1865
to 1890. Following his death, Nicholas” mineral collec-
tion was given by his widow to the Mining Institute in
Saint Petersburg, and was one of their most valuable ac-
quisitions at the end of the 19" century.”

3.3.2 The largest alexandrites — samples and
brief history of the Kochubei and Koksharov
collections

The most famous alexandrite crystal group originating
from the Krasnobolotsky Mine was found in 1839 or

¥ Zhernakov (2009).
Struve (1832): see section 3.3.3.
Personal communication from R. Hochleitner (2008).

Devnina et al. (1994).

For the complete family history see Sakharov (1998), Diener (2009); see also section 3.3.2.
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Fig. 3.20 Volume 4 of Koksharov's "Materialien zur Mi-
neralogie Russlands" (1862a) contains a detailed mor-
phological study of single alexandrite crystals and tril-
lings from the emerald fields in the Urals. This book also
contains a drawing of the largest crystal group of alex-
andrites that was ever found in Russia, known now as
Kochubei's druse (refer to title figure of chapter 6); the
same drawing was also published in a separate mono-
graph on alexandrite by Koksharov (1862b). Photograph
by P. Reith.

1840.” It is known in the literature as Kochubei’s druse”

and was pictured and described by Koksharov in his
1862 book “Materialien zur Mineralogie Russlands,
Vierter Band” (Fig. 3.20) and in his 1862 monograph
about alexandrite.

Prince Petr Arkadevich Kochubei (1825-1892,
Fig. 3.21)"", who started his mineral collection in the
1840s, was later a member of a mineralogical circle in
Saint Petersburg and a friend of Nicolas, Duke of Leuch-
tenberg. Kochubei shared his mineralogical interests
with many scientists such as A.V. Gadolin and N.I.

Fig. 3.21 Portrait of Petr Arkadevich Kochubei (1825-
1892). Prince Kochubei was a passionate mineral collec-
tor and close friend of von Koksharov. He bought the Pe-
rovskii collection in 1856; this most probably contained
the largest alexandrite crystal group ever found in Rus-
sia which became Kochubei's druse. Kochubei's collec-
tion also contained the largest emerald crystal that was
mined in the Urals in the 19% century and known as the
Kochubei emerald (see Figure 3.25). Photograph from
the collection of the Library of the Moscow Society of
Naturalists by courtesy of E. Minina.

Koksharov. He purchased Perovskii’s private collection
after his death in 1856. Up to now, no catalogue or other
list of samples transferred from the Perovskii collection
to Kochubei is mentioned in Russian literature. We can
only speculate which samples originated from Perovskii
and which samples were added to Kochubei’s collection
before or after 1856.

After Kochubei’s death in 1892, his mineral collection
was kept in his private country estate, and part of it was
lost when the house burnt down in 1905. Later,
Kochubei’s son moved the collection to Kiev in the
Ukraine and thence to Vienna in Austria. In 1908, the
collection was catalogued and negotiations with muse-
ums began for its sale. In 1910, the collection was offered
to the Russian Academy of Sciences and evaluated by V.I.
Vernadsky and A.E. Fersman during 1911. After lengthy
negotiations the collection was purchased in 1913 for
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Refer to title figure of chapter 6.

“ Fersman (1929); Lyckberg (1993); Kozlov (2005); Bukanov (2006).
A detailed description of the life of Prince Kochubei was published by Sreznevskii (1893) and the history of his collection was com-

4

piled by Moisseeva (2003).
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Fig. 3.22 Analexandrite trilling from the Koksharov collection, housed at the Natural History Museum, London sin-
ce 1865 is the largest Russian alexandrite crystal examined in this study. The original label is written in German,
most probably by Koksharov himself. The diameter of the crystal is 7.5 cm. Photograph by K. Schmetzer.

165 000 roubles (prices between 100 000 and 300 000
had been discussed) and was moved to Saint Petersburg.
In 1934 the collection was moved to Moscow with the
museum.

The largest alexandrite crystal group ever found in
Russia is one of the most valuable specimens of the
Kochubei collection. It is now housed in the Fersman
Museum in Moscow” and consists of a 5.38 kg aggre-
gate of 22 crystals, the largest with a diameter slightly
over 7 cm. This sample had previously been described
by Koksharov in 1862 and published as a lithograph. Us-
ing Koksharov’s data the sample weight was recalculat-
ed as 5379 grams. He also mentioned that the druse was
unearthed in 1840 and most probably originated from
the Perovskii collection. This crystal group known as
Kochubei’s druse was used as the symbol of Fersman
Museum that houses the oldest mineral collection in
Russia. In commemoration of the date celebrating the
250% anniversary of the museum (1716 to 1966) a spe-
cial medal that used the druse as its emblem was struck.

The largest Russian alexandrite trilling seen by the au-
thor (Fig. 3.22) is preserved in the Natural History

Museum in London and originates from the Koksharov
collection.

Nicolai Ivanovich von Koksharov (1818-1892;
Fig. 3.23) is the most famous Russian mineralogist and
crystallographer of the 19" century. He was educated at
the Mining Institute in Saint Petersburg in the 1830s and
devoted his scientific career to the study of crystal mor-
phology and the teaching of mineralogy and crystallo-
graphy. In 11 volumes of his “Materialien zur Mineralo-
gie Russlands” published between1853 to 1891, Kok-
sharov detailed mineralogical and crystallographic de-
scriptions of numerous mineral species. He was elected
Director of the Russian Imperial Mineralogical Society
from 1865 to 1891 and Director of the Saint Petersburg
Mining Institute from 1872 to 1881, losing this position
after one of his students was involved in the assassina-
tion of Tsar Alexander Il in 1881."

Koksharov’s collection was described as containing
samples comparable to, or even better than, those
housed in the Saint Petersburg Mining Museum.” This
collection included numerous samples of tourmaline,
topaz, beryl and alexandrite (Fig. 3.24) and was sold in

2

Refer to title figure of chapter 6.

Fersman (1961).

In German, the first volumes also published in Russian.
“ Kulibin (1892): Bessudnova (2006).

“* Roemer (1862).
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Fig. 3.23 Portrait of Nicolai Ivanovich von Koksharov
(1818-1892), one of the most famous Russian minera-
logists and crystallographers of the 19% century.
Koksharov was Director of the Russian Imperial Minera-
logical Society (1865-1891) and Director of the Saint
Petersburg Mining Institute (1872-1881). His main work
was published as "Materialien zur Mineralogie Rus-
slands” in 11 volumes (1853-1891/1892) together with
an "Atlas" (1853). In Volume 4 (1862a) he published a de-
tailed mineralogical description of alexandrite; the
"Atlas" contains the first detailed crystal drawings of
alexandrite trillings showing different habits. Photo-
graph circa 1865, on display at the Mineralogical Mu-
seum of Saint Petersburg State University, Saint Peters-
burg. Photograph by K. Schmetzer.

Fig. 3.24 Tabular alexandrite cry-
stals-in-matrix, Koksharov collec-
tion. From the Museum of Natural
History, London, Size 1.5 x 2.5 cm.
Photograph by K. Schmetzer.

1865 to the British Museum, and later transferred with
other geological samples to the collection at the Natural
History Museum.” The largest alexandrite trilling in
London, originating from the Koksharov collection
(Fig. 3.22), measures approximately 7.5 cm diagonally
through the middle of the edges of the hexagon and
approximately 8 cm diagonally through the tips of the
hexagon (viewed parallel to the a-axis). Samples with a
diameter of up to 9 cm, occasionally mentioned in the

| BRITISH MUSEUM (Mingnat Devr.)
]

literature, have never been seen in any of the museums
visited by the author.

Other large alexandrite crystal groups from the 19
century have not been documented, although some out-
standing samples, often dated from the 1840s, are
housed in various museums such as in Vienna, London
and Munich.” Since 1980, four outstanding alexandrite
crystals or crystal groups have been found in the Maly-
sheva Mine. These unique samples weigh 446, 207, 161
and 66 grams, respectively.”

7" British Museum (1904).
“ Refer to title figure of chapter 3, 6 and 9 and figure 3.17.

° Competent person's report on the Malyshev emerald mine, Sverdlovsk oblast, Russian Federation (2007); these four alexandrite

samples are pictured by Zhernakov (2009).
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Fig. 3.25 a The emerald crystal shown here was found at
the Sretensky Mine in 1831and is how housed in the Fers-
man Mineralogical Museum, Moscow. The crystal, Kochu-
bei's emerald, measures 10 x 18 cm and weighs 2226 g.
The length was measured from the top right to the base.
The sample originated from Prince Kochubei's collection
and came into the Fersman Museum in 1913 from Vien-
na (see section 3.3.2). Photograph by E. Sokolova.

Fig. 3.25 ¢ Photograph of the Kochubei emerald, pu-
blished in 1961 in a book under the name of A. Ye. Fers-
man. In a chapter devoted to the history of this emerald
it is erroneously assumed to be the "Kokovin emerald”,
which was lost in 1835.

Fig. 3.25b The 1842 Volume of the Russian Imperial
Mineralogical Society contains several drawings of em-
erald crystals mined from the Tokovaya gemstone belt.
The sample pictured is described as belonging to the
Cabinet of the Emperor, size 10 x 18 cm, weight 2226 g;
the natural appearance of the sample is achieved by mi-
nute mica flakes glued on to the hand coloured plate.
Photograph by P. Reith.

3.3.3 Kokovin's or Kochubei's emerald?

The Fersman Museum also contains a 2226 gram emer-
ald crystal with micaeous matrix that originates from the
Kochubei collection (Fig. 3.25a). This sample referred to
as “Kokovin’s emerald’ but recent research indicates
there are some errors and misunderstandings in the liter-
ature. The ownership of this sample can only be reliably
traced to Kochubei and not to Kokovin as the so-
called “Kokovin’s emerald’ weighed approximately
400 grams.”

There are two topics to discuss; the fate of Kokovin
and the identity of the stolen or lost emerald. There are
different versions quoted for both historical events.” In
1923, Fersman mentions three primary sources of rele-
vant documents; the archives of the Imperial Cabinet, the
Appanage Department and the stone cutting factory in
Ekaterinburg. Both the Imperial Cabinet and the
Appanage Department shared the cost for emerald

0 Moisseeva (2003); see also Zhernakov (2009).

*" One by Fersman (1923, 1947, 1961) and the other by Semyonov and Shakino (1982).
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Fig. 3.26 Portrait of Count Lev Alekseevich Perovskii
(1792-1856). At the time when the first alexandrites
were discovered, Perovskii was Vice-President of the Ap-
panage Department, he became Minister of the Interior
in 1841 and in 1852 Minister of the Appanages and Pre-
sident of the Imperial Cabinet. In 1847 Perovskii sold nu-
merous samples from his mineral collection to the Mu-
seum of the Mining Institute in Saint Petersburg, inclu-
ding several emerald and alexandrite crystals. Portrait by
E.l. Botman, 1875 is a copy of an older portrait. State
Memorial Museum of A.V. Suvoroy, Saint Petersburg by
courtesy of E. Minina.

exploration and mining.” Reports by Kokovin and his
successor Veits, Directors of the Ekaterinburg stone cut-
ting factory in the 1830s, were addressed to one or oth-
er of these government institutions. However, the only
factual, referenced document was published by Fersman
in 1923;* other papers that have been written are with-
out factual proof from the primary documents with no
mention of such documents in reference lists. Different
Russian authors in general followed one or the other of
these two versions.™

In both versions, Count Lev Alekseevich Perovskii
plays an important role in Kokovin’s downfall. In 1831,
Perovskii (1792-1856, Fig. 3.26) was Vice-President of
the Appanage Department; he became Minister of the In-
terior in 1841 and Minister of Appanages and President
(Dirigent) of the Imperial Cabinet in 1852.” He is also
mentioned in the list of honorary members of the “Rus-
sisch-Kaiserlichen Gesellschaft fir die Gesammte Mi-
neralogie”, published in 1842. Perovskii was a passion-
ate mineral collector and it is commented ... “He used
to take advantage of his rank to fill his collection” and
“All the best stones that went to the Appanage Depart-
ment settled down in the Vice-President’s Cabinet”.” In
spite of this Golowin,” in his highly critical book,
ajudges Perovskii’s administration and work as Minister
of the Interior positively, in contrast to most of the other

Fig. 3.27 Portrait of Tsar Nicolas | (1796-1855) Empe-
ror from 1825. By an unknown artist, circa 1845; Berlin-
Lichterfelde, Johanniterorden, Collection Werner. Copy-
right bpk Bildagentur fiir Kunst, Kultur und Geschichte,
Berlin. Photograph by Jiirgen Liepe, reproduced with per-
mission.

52
53
54

(2005).
55
Udelov see Amburger (1966) and Blum (1971).
Semyonov and Shakino (1982); Moisseeva (2003).
Golowin (1845).

56
57

von Pott (1842b); Svirina (1994); Semyonov and Timofeev (2005).
The report of Khroshevitskii dated 1835, an examiner of the Appanage Department who was sent out to Ekaterinburg.
See e.g. Emlin (1996); Burlakov et al. (1997); Avdonin and Polenov (2002); Moisseeva (2003); Kozlov (2005); Semyonov and Timofeev

Pierer's Universal-Lexikon (1861); Amburger (1966); for details about Appanage Department, Ministry of Appanages, Department
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ministers of the Imperial Cabinet who are considered a
group of incapable persons. Additionally, it is also men-
tioned that Perovskii tried to improve the economic well-
being of the Appanage peasants.” It has already been
mentioned that after his death Perovskii’s collection was
bought by Prince Kochubei.

Yakov Vasilevich Kokovin was head of the Ekaterin-
burg stone cutting factory and, after 1831 was in charge
of emerald prospecting and the mining of deposits in the
Tokovaya area, especially from the Sretensky Mine.
There is no question that prior to 1835, the relationship
between Kokovin and Perovskii was full of tension. In
1835, Kokovin was accused of misusing his position and
stealing some of the best emerald crystals as well as oth-
er items. Although there are different versions of this
tragedy, it is certain that Perovskii initiated an investiga-
tion of Kokovin’s work in June 1835. Further develop-
ments even personally involved Tsar Nicolas (Fig. 3.27)
and Kokovin was imprisoned in December 1835. In Fer-
man’s version (Fig. 3.28) Kokovin committed suicide af-
ter some years. Other more recent versions” contend that
he was released from prison in 1839. His health was poor
as a consequence of losing his position and all the hon-
ours bestowed on him for his work as a lapidary artist and
stone cutter (in the 1820s) and for the discovery and ex-
ploitation of the emerald deposits (in the 1830s). He at-
tempted to re-open his case but died in 1840.

Directly connected to Kokovin's tragedy is the mystery
concerning the missing emerald of extraordinary quali-
ty. An inspector,” sent by the Appanage Department in
1835 examined Kokovin’s house collecting and listing all
samples he found in his private apartment and offices.
Among these numerous specimens of emerald, amethyst,
aquamarine and others was an emerald crystal of ex-
traordinary quality that warranted special mention in the
report. No dimensions were recorded but the weight was
stated to be about one Russian pound, which is about
400 grams. All the samples were packed in boxes and
sent to the Appanage Department in Saint Petersburg.
Following a reinspection of these boxes it was estab-
lished that this emerald crystal had disappeared. All
Russian authors agree that a member of high rank with-
in the Appanage Department, probably Perovskii, had
taken the emerald.

Fig. 3.28 Portrait of Alexander Yevgenyevich Fersman
(1883-1945), one of the most famous Russian minera-
logists and geologists of the 20t century (see Kameney,
1995; Novgorodova and Leybov, 2008). Professor Fers-
man devoted some of his studies to geochemical pro-
blems, particularly to the migration of elements during
geological and geochemical processes. A summary of his
work on the formation of emeralds in the Tokovaya gem-
stone belt was published in 1929. In connection with
alexandrite and emerald, he was one of the official Rus-
sian evaluators of the Kochubei collection in Vienna
(1911) and editor of the catalogue “Russia's treasure of
diamonds and precious stones" (1925, 1926). Picture on
display at the Vernadsky State Geological Museum, Mos-
cow. Photograph by K. Schmetzer.

There are two different explanations describing the
later history of this specimen. A book about the history
of gem materials, edited under the name of Fersman in
1961, describing semitransparent or opaque materials
used for decorative objects such as vases, includes a
chapter describing Kokovin’s tragedy. It is concluded that
the 2226 gram emerald, part of the Kochubei collection
that returned to Russia from Vienna in the early 20" cen-
tury and now preserved in the Fersman Museum in
Moscow, is identical to the emerald previously recorded
from Kokovin’s house. More recent papers® conclude
that the original emerald found in Kokovin’s house by in-

* Blum (1971).
% Semyonov and Shakino (1982); Semyonov (2003).

60

Named Khroshevitskii by Fersman (1923) and Yaroshevitskii in more recent Russian texts.

*" See e.g. Semyonov and Shakino (1982); Moisseeva (2003); Semyonov and Timofeev (2005); Zhernakov (2009).
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spector Yaroshevitskii is lost. The main argument sup-
porting this conclusion is the discrepancy in the weight
of the emerald; approximately 400 grams versus 2226
grams.

It is stated that the possible error in Fersman’s 1961
book was a mistake by the editor, who prepared Fers-
man’s texts more than one decade after his death in
1945. However, there is an identical version directly re-
lated to Fersman that correlates the 2226 gram specimen
with the lost Kokovin emerald. This was published in
English® as part of a series on “Jewels in the Russian di-
amond fund”. Part one mentions that this is a direct trans-
lation of an article that appeared in the Russian magazine
“Novyi mir” in 1946. It is probable that this article was
directly related to Fersman and no major changes were
made by the editorial staff in 1946.

If Fersman’s version is incorrect the question of the ori-
gin of the 2226 gram emerald in the Kochubei collection
remains. There are only a limited number of samples of
comparable size that were found in the Russian emerald
mines in the 19" century. As already stated” only two ex-
traordinary samples are mentioned by von Pott, one of
which is now identified as the Leuchtenberg emerald
druse. The second extraordinary sample was pictured in
the 1842 book (Fig. 3.25 b) with the colour drawings of
an alexandrite crystal group in daylight and incandescent
light. It was mentioned that this emerald crystal belonged
to the Cabinet of the Emperor (p. 56). The photograph
published in Fersman’s 1961 book (Fig. 3.25 c) is not
helpful because the sample pictured in the 1842 book is
in another orientation. However, a more recent photo-
graph taken by Elena Sokolova in the Fersman Museum
during 2009 (Fig. 3.25 a) definitely proves that both sam-
ples are the same.

In the literature there is some debate about the year
that the Kochubei emerald was excavated but there are
no direct references. A recently discovered document
may clarify this point. In a short note dated January 17
1832, von Struve mentions two extraordinary emerald
samples from the Cabinet of the Emperor. According to
the sizes and descriptions given these could be the
Kochubei emerald and the Leuchtenberg druse, proving
that 1831 was the most probable year of excavation of
both samples. H.C.G. von Struve (1772-1851; Fig. 3.29),
a passionate mineral collector, was a Russian diplomat

- .

Fig. 3.29 Portrait of Heinrich Christopher Gottfried von
Struve (1772-1851), a Russian diplomat who resided in
Hamburg, Germany. Von Struve was a passionate mine-
ral collector, and sent a letter dated January 17™ 1832
to the editor of the "Jahrbuch fiir Mineralogie, Geogno-
sie, Geologie und Petrefaktenkunde” in which he repor-
ted new finds of emeralds in Russia. Two notable sam-
ples mentioned are most likely the Leuchtenberg em-
erald druse and the Kochubei emerald. Lithograph by
J. Velten, Carlsruhe. By courtesy of Fersman Museum,
Moscow.

and Minister-Resident in Hamburg, Germany. A great
part of his collection is preserved at the Fersman Miner-
alogical Museum, Moscow.*

However, there is an apparent gap in information be-
tween the mention in the 1842 book when the sample
was housed in the Cabinet of the Emperor to that in the
early 20™ century when Kochubei’s collection was pur-
chased by the Russian government and moved from Vi-
enna. In the first volume of Koksharov’s books on Rus-
sian mineralogy, two extraordinary samples that approx-
imate in size to the Leuchtenberg druse and the
Kochubei emerald are only briefly mentioned and no

62

Fersman (Part IV, Gems and Gemology, 1947).
% See section 3.1.
* Novgorodova and Mokhova (2005).



C - - - - . .
()) Discovery, naming and historical use of Russian alexandrite 45

further information on these two Uralian emeralds is
given.”

Some recent publications make the assumption that
the Kochubei emerald came into Kochubei’s collection
when he bought the complete Perovskii collection after
his death in 1856. However, according to what is known
by this author (KS), there are no documents available that
unequivocally prove this assumption.

A recent description gives some insight into the mag-
nificent Perovskii collection.”

In her paper E. Svirina mentions that, in 1847, the
Mining Museum of the Mining Institute in Saint Peters-
burg purchased a suite of minerals, including Uralian
emeralds, from Perovskii for 32 000 roubles. This pur-
chase of about 2000 (!) samples from Perovskii’s private
collection was done by special order of Tsar Nicolas I.*
When compared to the annual income of 400 roubles
that Koksharov earned as a Captain in the Saint Peters-
burg Mining Corps in 1846,” we can imagine the enor-
mity of this sum.

3.4 The naming of alexandrite

In her paper published in1994, Svirina includes Per-
ovskii’s bibliographic data and describes how he was
able to acquire such an extraordinary collection of su-
perb mineral specimens. She mentions his connections
to Kokovin in Ekaterinburg and his position as Vice-Pres-
ident of the Appanage Department through which
he ... “was able to assemble his beautiful collection”.

In summary the Kochubei emerald and the sample de-
scribed and pictured in 1842 from the Cabinet of the Em-
peror can be proven to be one and the same. However,
we can only trace the history of this emerald (Fig. 3.25
a—c) initially from its excavation in 1831 to the Cabinet
of the Emperor in 1842 and later as part of the Kochubei
collection which was sent from Vienna to Saint Peters-
burgin 1913. The specimen is now preserved in the Fers-
man Mineralogical Museum, Moscow. From the cir-
cumstances described, the missing link between the Cab-
inet of the Emperor and the Kochubei collection could
have been the Perovskii collection, but it is not clear in
what way and at what date this extraordinary emerald left
the Cabinet of the Emperor.

As has already been mentioned in section 3.1, in 1833
four samples that had been discovered in the Uralian
emerald mines were submitted for investigation by Count
L. A. Perovskii to the Russian Imperial Mineralogical So-
ciety in Saint Petersburg. Franz von Worth identified
these crystals as chrysoberyl. Additional samples sub-
mitted to von Worth in 1834 confirmed the first identifi-
cation. According to a note by Brewster dated 1835, Nils
von Nordenskitld made the same observations on sam-
ples obtained from Perovskii in the spring of 1834. Nor-
denskiold sent one of these crystals to Brewster for fur-
ther testing. The identification of the first alexandrites as
chrysoberyl was obviously not easy because of the qual-
ity of the first crystals and crystal fragments and the fact
that only cyclic twins (trillings) and no single crystals
were available.

According to the 25" anniversary volume of the Russ-
ian Imperial Mineralogical Society, it was Nordenskiold
who suggested that this colour-change gem variety of
chrysoberyl should be named ALEXANDRITE in honour
of the Tsarevich Alexander Nikolaevich (Fig. 3.30) who
became Tsar Alexander Il, reigning from 1855 to 1881.
It was stated that he celebrated his coming of age on the
day the mineral was discovered in the Urals. This volume
was prepared in the spring of 1842 and passed by the
censor on April 17" 1842. Obviously it was intended to
be available in time for the silver wedding of Tsar Nico-

[, a great event celebrated on the 1+ July 1842.

las

Tsarevich Alexander Nikolaevich, the future Tsar
Alexander Il, was born in April 17t [Jul.]/29% [Greg.]
1818 and came of age on his 16" birthday, which was

celebrated at the end of April 1834.”" A public ceremony
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Svirina (1994).

Personal communication from E. Svirina (2009).

Bessudnova (2006).

An event already mentioned in the introduction of this book.
See footnote 4.
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n

Koksharov (1853b), referring to a short note in Gornyi Zhurnal, Vol. 1834, Part 3, p. 154.

Early May 1834 after the Gregorian calendar; Venturini (1836); Grimm (1866); Halvorsen and Molesworth (2007).
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Fig. 3.30 Tsarevich Alexander Nikolaevich (1818-1881)
on horseback. Emperor of Russia from 1855. Painting by
Egor Botman after Franz Kriiger, circa 1850. Picture on
display in the Hermitage Museum, Saint Petersburg. Pho-
tograph by K. Schmetzer.

was performed in Saint Petersburg for this occasion. At
that time it was a tradition in the Russian monarchy to
celebrate the coming of age at 16 years. The discrepan-
cy between this date (end of April/beginning of May
1834) and the discovery of the first alexandrites in 1833
was never a problem for Russian authors. The naming of
the mineral and its discovery have always been linked
with the coming of age of Alexander and used in subse-
quent descriptions about Russian alexandrite.

In his 1862 book Koksharov describes the discovery of
chrysoberyl, closely following the details already pub-
lished in the 1842 volume. On page 56, he comments
that the first colour-change chrysoberyl (alexandrite) crys-
tals were discovered in the Urals on the day when the
Tsarevich came of age (this was April 1834). Furthermore,

he mentions on page 57, that the first alexandrite crystals
were submitted to von Worth for examination by Per-
ovskii in 1833. This story is repeated by von Kobell in
1864 who mentions that the first crystals were discovered
in the Urals in 1833. At the suggestion of Nordenskiold
this chrysoberyl variety was named ALEXANDRITE be-
cause it was discovered on the day that the Tsarevich cel-
ebrated his coming of age. He also mentions that Per-
ovskii discovered the colour change effect.

Since their discovery in 1831 the Uralian emerald
mines were controlled by both the Imperial Cabinet and
the Ministry of Appanages (also Appanage Department,
Department Udelov; Fig. 3.31) which was responsible
for the private properties and income of the Imperial fam-
ily.” In the summer 1853, Perovskii instructed Grewingk
to examine the emerald mines and determine the cause
of the continuing decrease in emerald production. Ac-
cording to his report that included the first geological
map of the Uralian emerald belt, Grewingk found only
one partly working mine with most trenches, holes and
pits flooded. In later decades, the emerald mines were
leased and subleased under various conditions to both
Russian and foreign companies.”

In the 2005 English version of his book about alexan-
drite, Yu.S. Kozlov published a letter from Kokovin to
Prince Gagarin, the Vice-President of the Imperial Cabi-
net. Gagarin (1784-1842) is also mentioned in the list of
of the
Gesellschaft fir die Gesammte Mineralogie”, holding
this Cabinet position from 1833 to 1842. Kokovin’s let-
ter was also published in two Russian books.”* Unfortu-

honorary members “Russisch-Kaiserlichen

nately, in all three books mentioned, the letter is neither
dated nor is its detailed source given.

A search by Peter Lyckberg, at the request of the au-
thor, finally solved this problem. The letter is dated June
16" 1834 and is preserved as Kokovin’s letter No. 421 in
the Governmental Archives of Sverdlovskaya Oblast
(Ekaterinburg Region).” The document was discovered
by V.B. Semyonov around 1997 during his research on
the history of the Tokovaya emerald deposits.”

Kokovin’s letter to Gagarin reports the discovery of
several crystals of what was probably a new mineral in a

"2 \on Pott (1842b); Grewingk (1854); Svirina (1994); Semyonov and Timofeev (2005).

" See also chapter 2.

Kozlov (2003), as well as Avdonin and Polenov (2002).
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Vainera Street 17, Ekaterinburg, 620014 Russia (http://www.midural.ru/gov/Docs/Ministr/arch/newpage4.htm).

The exact location of the document is: Fond 36 (part of archive is number 36), description 1, document 660, pages 131-135 (per-
sonal communications from P. Lyckberg and V.B. Semyonov, 2009).
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See the detailed documentation about history of Uralian emeralds by Semyonov and Timofeev (2005).
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Emperor Tsar Nicolas |

Appanage Department
(Department Udelov)
Minister of Appanages P.M. Volkonskii
Vice-President of Appanage Department
L.A. Perovskii

instructions and finance
emeralds and for emerald prospection
a.fexandﬂfﬂs as and mining
yield of mining
activities

Head of Ekaterinburg Lapidary Plant

Ya.V. Kokovin

vein that was worked during emerald mining. The letter
describes some crystals and faceted stones of this un-
known mineral that show a remarkable colour-change
feature from dark green in daylight to crimson red in in-
candescent light. It also mentions that during faceting this
new mineral was found to have a relatively high hardness
comparable to that of sapphire. The first samples found
in 1833 were handed to the Vice-President of the De-
partment Udelov and a second parcel of samples was
given to that same person in April 1834.

In all previous publications,” the text of Kokovin’s let-
ter mentions that the alexandrites were given to the Vice-
President of the Department of Uyezds. In the Russian
Empire, Department Uyezds is responsible for the ad-
ministration of provinces, so this comment doesn’t real-
ly make sense. Kokovin had to report directly to the Im-
perial Cabinet and/or to the Appanage Department (De-
partment Udelov; Fig. 3.31). In the Russian original text
of Kokovin’s letter, submitted by V.B. Semyonov to the
author, it states that the samples were submitted to the
Vice-President of the Department Udelov, who is un-
equivocally identified at this time as Count L.A. Per-
ovskii.

This letter provides the definitive announcement of
the finding of the first crystals of the mineral that later be-
came known as alexandrite. All the details fit the known

Imperial Cabinet
Dirigent of Imperial Cabinet

P.M. Volkonskii
Vice-President N.S. Gagarin

Fig. 3.31 Organisational chart show-
ing the command structure for the
mining of emeralds at around 1833
to1834 when the first alexandrites
were discovered. Finance was given
by both the Appanage Department
and the Imperial Cabinet and the
mine yield was shared between both
Departments of the Imperial organi-
sations. Artwork by K. Schmetzer.

emeralds and

alexandrites as

yield of mining
activities

circumstances: the first alexandrite crystals were re-
ceived by Perovskii in two lots in late 1833 and in the
spring of 1834. The first few small crystals were submit-
ted to von Worth for examination and two fragments
were also sent to Nordenskiold in January 1834. Samples
from the second lot, including the first complete trillings,
were given to both von Worth and Nordenskiold in May
1834; the latter sent one of his crystals to Brewster in
Scotland in December 1834. Based on the information
in Kokovin’s letter it is now understandable why the dis-
coverer of the first samples of alexandrite was never
mentioned. In 1837 the Tsarevich visited Ekaterinburg
and the Urals and was told of Kokovin’s tragedy. Alexan-
der was informed that Kokovin was still in prison.” Fur-
thermore, Tsar Nicolas’ personal involvement in the case
centred on the supposed lost Kokovin emerald was al-
ready mentioned in section 3.3.3.

Nordenskiold (Fig. 3.32) remained in close contact
and on good terms with Perovskii for more than 20 years
from the early 1830s. The first letter from Perovskii found
in the Nordenskiold family archive, dates from Novem-
ber 1831 and deals with the submission of some of the
firstemeralds found in the Urals. The last letter dated No-
vember 1852 deals with a research project on lapis
lazuli. The last draft of a letter from Nordenskicld to Per-
ovskii is in April 1853 and contains some results of the
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drite book (2003, 2005).
78 Kaluzhsky (2001).

In the book by Avdonin and Polenov (2002) about Uralian minerals as well as in the Russian and English editions of Kozlov's alexan-



48 (3 Discovery, naming and historical use of Russian alexandrite

1

Fig. 3.32 Nils Gustaf Nordenskild (1792-1866) on the
left shown together with Alexander von Nordmann
(1803-1866) in the centre and Karl Eduard von Eichwald
(1795-1876) on the right. Nordenskidld was involved in
the examination of the first alexandrites in 1834 and, in
1842 he suggested naming the new colour-change va-
riety of chrysoberyl as alexandrite in honour of the Tsa-
revich, who later became Tsar Alexander Il. Photograph
by C.A. Hardh, 1864. National Board of Antiquities, Ar-
chives for Prints and Photographs, Helsinki, Finland.

lapis lazuli research project.” In 1833 Nordenskitld was
working on the description of a possible new mineral that
he wanted to name in honour of Perovskii®’ and in a reply

dated January 23" 1834, Perovskii writes that he is
pleased about this idea. However, because of analytical
problems, this research work was never finished.” The
naming of a new mineral in honour of Perovskii, per-
ovskite, was done some years later by Rose who also
published the first mineralogical description of alexan-
drite.”

Between 1833 and 1834 Nordenskicld was working
on another new beryllium mineral named phenakite, he
briefly mentions it in a paper published 1833 and de-
scribed it in detail in 1834. The material was discovered
in samples from the Urals and had been sent to him by
Perovskii.” Between 1846 and 1847 Nordenskiold de-
scribed diphanite, another new mineral, also sent to him
by Perovskii.” In 1857, as was already mentioned, Nor-
denskiold published a description of lazurite from sam-
ples given to him by Perovskii in 1852. Thus Norden-
skiold described several new mineral species and vari-
eties from the Urals in the 1830s and 1840s, although his
first visit there was in 1849.%

Nordenskiold always considered colour-change
chrysoberyl or cymophane as a mineral with extraordi-
nary properties,” although no publication by him on this
variety has been found prior to the naming of alexandrite
in 1842. Several reasons could explain this: possibly he
concentrated on describing phenakite, a new mineral, in
1833 to 1834, or because the chrysoberyl variety, that
later became alexandrite, was not a new mineral species
and had already been identified by von Worth in Saint
Petersburg and confirmed by himself.

It can be assumed that, with the limited number of
samples available to him, in 1835, he did not have much
data to add to the properties already determined in Saint
Petersburg and also mentioned in the note by Brewster
the same year. It is possible that he had been informed
about the crystallographic investigations made by
Gustav Rose in Berlin.” Nordenskitld had known both
Rose brothers since 1819 when they had spent about a
year working together in the laboratory of Berzelius in
Stockholm.” Obviously, the most interesting point for

”® Nordenskiold (1857)
8 Berzelius (1836); see also section 3.2.
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82 Rose (1839a) and (1839b).
83
tion 3.2.

See section 3.6.

Golynskaya and Svirina (1997).
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Refer to the correspondence between Nordenskidld and Berzelius, section 3.2.

Letters from Perovskii to Nordenskiold (April 1833 and May? 1833); correspondence between Berzelius and Nordenskiéld; see sec-

Drafts of letters to Berzelius and Brewster, both 1834; correspondence between Berzelius and Nordenskidld, section 3.2.
Some letters of Gustav Rose's brother Heinrich, who was also Professor at Berlin university document this close contact.
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Nordenskiold was the evaluation of the colour change in
alexandrite, but proving the presence of vanadium as a
possible colour-causing element was difficult (corre-
spondence between Berzelius and Nordenskiold). Even-
tually chromium was detected in chrysoberyl from the
Urals in 1839 and a quantitative analysis for chromium
in Uralian chrysoberyl was published in 1842.%

In 1839 the Krasnobolotsky Mine was intensely
worked, and between 1839 and 1840, the best alexan-
drite crystal groups ever found in Russia, together with
facetable material were unearthed. Thus, Perovskii and
possibly other members of the Imperial Cabinet with an
interest in mineralogy (the list of honorary members of
the Society in the 1842 volume contains numerous Min-
isters of the Emperor’s Cabinet and many members of the
highest rank within the Saint Petersburg administration
and scientific community) may have concluded that to
name the new chrysoberyl variety in honour of the Tsare-
vich was desirable and possible. Although Kokovin, as
finder and discoverer of alexandrite, should have had
some association with the naming process, his disgrace,
having been accused of stealing emeralds from the Em-
peror’s property, made this impossible.

Between 1837 and 1841 Nordenskiold and Berzelius
still used both the terms cymophane and chrysoberyl in
their correspondence.Thus, although we have no docu-
ment concerned with the naming of alexandrite before
the 1842 publication, it is possible that Perovskii and
Nordenskiold discussed this in the early 1840s. Howev-
er the detailed roles of both Perovskii and Nordenskiold,
who had suggested the name alexandrite in honour of the
Tsarevich, are still not clear. No direct documents are
available to the present author that would describe any
of these details or circumstances.

Letter No. 118 of the Soderbaum edition was written
by Nordenskiold to Berzelius in Saint Petersburg, dated
April 2341842, just before leaving. This might indicate
that Nordenskiold was in Saint Petersburg at the time the
25" anniversary volume manuscript was prepared (it was
passed by the censor on April 17" 1842) and explain why
there is no written communication about any arrange-
ment or suggestion for the naming of alexandrite. All sug-
gestions and arrangements could have been done ver-

bally with no written correspondence necessary. In letter
No. 122, August 1842, Nordenskiold informs Berzelius
that he was awarded the Swedish Order of the North Star
and that he expected to receive 5000 roubles in silver di-
rectly from the Tsar for one of his discoveries on im-
provements in iron metallurgy. These very personal let-
ters to his close friend Berzelius show that Nordenskicld
also kept him informed on non-scientific news, but no
letters in the Soderbaum collection mention the naming
of alexandrite.

From the correspondence between Nordenskiold and
Berzelius we conclude and the draft of a letter to Brew-
ster verifies that Nordenskiold always considered
Uralian chrysoberyl to be a gem mineral with extraor-
dinary properties, especially to the colour-change effect
between daylight and incandescent light. It is therefore
possible that his suggestion for the naming of alexandrite
was made without any prompting from high ranking
members of the Imperial Cabinet. It is, however, almost
impossible to assume that his suggestion was passed by
the censor in April 1842 and published without having
been previously approved, at least verbally, by members
of the Imperial Cabinet or even by the Tsar himself.

In the most detailed biographies of Nordenskiold
available to the author, published by his colleagues and
friends only a few years after his death in 1866, only
mention is made that he described some new minerals
from the Urals. There is no mention of either the nam-
ing of alexandrite or of his close cooperation with Per-
ovskii. Nordenskiold had serious problems to face in the
later years of his life. Because of political activities, his
son Adolf Erik (Nils) Nordenskiold (1832-1901) was
forced to leave Finland in 1857, at that time part of the
Russian Empire, and to live as an exile in Sweden. Ad-
ditionally Nordenskitld’s position as Superintendent of
the Mining Board in Helsinki was cancelled. He sold his
beloved mineral collection to the Saint Petersburg Min-
ing Institute Museum, most probably because of finan-
cial problems.”" Under these circumstances the naming
of alexandrite was not a topic intensely discussed
among his close friends in Helsinki in the 1860s nor was
it a matter that he was proud of and would have want-
ed documented.
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Eichwald (1870); Golynskaya and Svirina (1997).
% Rose (1839b); Awdejew (1842).

" Arppe (1867); von Eichwald (1870).

" Golynskaya and Svirina (1997).
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3.5 Developments in the late 19 century

In a special volume celebrating the 50" anniversary of
the Russian Imperial Mineralogical Society in 1867,
there is an article by von Lawrow describing the miner-
alogical achievements of Franz von Woérth. In it are sum-
marized the minerals von Worth had examined and new
discoveries resulting from his scientific work. It is cor-
rectly reported that he obtained his first crystals, of what
was later to be known as alexandrite, from Perovskii in
1833 and that he determined chromium as the cause of
colour.

By contrast many variations of these facts and of the
details from the1842 volume appear in the literature and

especially on the internet. It is not possible to determine

Fig. 3.33 Portrait of Tsar Alexander 11 (1818-1881), Em-
peror from 1855. By an unknown artist, circa 1865. Por-
trait on display in the Hermitage Museum, Saint Peters-
burg. Photograph by K. Schmetzer.

fact from fiction from these unsubstantiated accounts.
Many of these modern variations of the true story are
based on a novel by Nikolai Semyonovich Leskov, enti-
tled “The Alexandrite”, written in 1884 three years after
the assassination of Tsar Alexander II (Fig. 3.33). In this
mystic novel Leskov describes the colour change and
properties of this gemstone that is dedicated to the late
Tsar Alexander II. From original Russian literature sources
giving details of the naming of the gemstone, Leskov
quotes as follows (translated from Russian): “The name
was given to the gemstone because of its discovery on
April 17" 1834, the day on which the later Emperor
Alexander Il came of age. The name was given by the
Finnish mineralogist Nordenskiéld, because he (Nor-
denskiéld!!) found the gemstone at this day in the gem-
stone mines of the Urals at the river Tokovaya”. The
colour change of alexandrite “green by day, red at night”
was also associated with Alexander’s life: green morning
— full of hope, and red evening — the colour of blood and
a symbol for the end of the Russian monarchy.

Before he wrote this novel Leskov consulted his friend
Mikhail Pylyaev, who had already published a book on
gemstones, about the mineralogical facts.” The 15 (1877)
and 2" (1888) editions of this textbook were published
before and after the assassination of Tsar Alexander Il in
1881. From these we learn that Nordenskiold who had
discovered the precious gemstone on the day of the com-
ing of age of the Emperor on April 17" 1834 * named it
alexandrite after Tsar Alexander Il. It becomes apparent
that the errors perpetuated by Koksharov in 1862 were
modified in the late 1870s and Nordenskicld had be-
come the discoverer and finder of alexandrite.

More interestingly, the 2" edition of Pylyaev’s gem-
mological textbook mentions that alexandrites from Sri
Lanka had been available on the market for seven
years.” This indicates that alexandrite in antique jew-
ellery dating from the last two decades of the 19" cen-
tury could be of Sri Lankan origin and that samples col-
lected by museums or by private individuals after 1880
might also be Sri Lankan and should be re-examined
with this in mind.

2 MclLean (1977).
% See also the reprint of the 2™ Edition, published in 1990.
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In the 1%t Edition, alexandrites from Sri Lanka were not mentioned.
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3.6 Alexandrite or diaphanite?

In addition to the stories by Leskov and Pylyaev further
fabrications followed and in this way Nordenskiold be-
comes credited with examining and identifying the first
samples of alexandrite. Nordenskiold is also mentioned
for suggesting the name diaphanite for the new
chrysoberyl variety. This name is similar to the mineral
diphanite already mentioned™ as occurring with other
minerals associated with chrysoberyl and alexandrite in
the Uralian emerald deposits.

Afurther literature search revealed that diphanite was
a name given by Nordenskitld to a mica found in a rock
sample from one of the emerald deposits in the Urals.”
This sample had been sent to him by Perovskii and the
mica was named diphanite due to the fact that it changes
in appearance when viewed from different directions.

The name is given as diaphanite” in a few 19" century
documents that reviewed Nordenskiold’s description of
the new silicate mineral. Later it was established that
diphanite is identical to margarite, a mica frequently
found in the mineral assemblages containing alexan-
drite and emerald in the Uralian deposits. Diphanite is
now accepted as a synonym for margarite.” It seems un-
likely that the eminent mineralogist Nordenskitld
would have suggested an identical or almost identical
name for both the new chrysoberyl variety and for a va-
riety of mica that occurs in the same mineral assem-
blage. Finally, the names diphanite and diaphanite are
not found in any of the documents from the 1830s”
dealing with colour-change chrysoberyl or cymophane
from the Urals.

3.7 Use and production of alexandrite

The Krasnobolotsky Mine (Krasnobolotskoye deposit), sit-
uated in the southern part of the northwest to southeast-
striking Uralian emerald belt, came into production in
1839. During 1839 and 1840 this mine supplied the most
beautiful alexandrites as large crystals and crystal groups.'”
Trillings, with a maximum diameter of about 7.5 cm were
found by the present author (KS). The most famous alexan-
drite crystal group from this locality and its history is de-
scribed in section 3.3.2. Other alexandrites were un-
earthed in the Ostrovnoye deposit, also located in the
southern belt, northwest of the Krasnobolotsky Mine."
The largest faceted 19* century alexandrites examined
by the present author are housed in the Natural History
Museum, London (Fig. 3.34). These two gemstones,
weighing 17.60 and 17.25 carats respectively, were ac-
quired from Nicolas, Duke of Leuchtenberg, in 1867.
Nicolas was the son of Maximilian von Leuchtenberg
and nephew of the reigning Tsar Alexander Il. Nicolas
von Leuchtenberg was also President of the Russian Im-
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perial Mineralogical Society from 1865 to 1890.

Unfortunately there are no individual prices recorded
for the two alexandrites, although the complete parcel of
cut stones comprising four alexandrites, three
phenakites, three sphenes, one sapphire, one rubellite
and one topaz was purchased by the British Museum for
the sum of £56 and 3 shillings in 1867." This can be
compared with the annual income of a general labourer
or miner in England in the 1860s that was in the range of
£50 to £60. Historical 19" century antique jewellery set
with larger Russian alexandrites (Fig. 3.35 and title figure
of chapter 3) is amongst the most valuable.

It is extremely difficult to give production figures for
gem quality alexandrite mined between 1833 and 1853,
the date when most mining ceased until the mines were
leased to the Anglo-French New Emeralds Company that
operated from 1899 to 1916. In Leskov’s 1884 novel ™ he
describes faceted alexandrites as being extremely rare
and very difficult to obtain from Russian jewellers. For-
eign jewellers would have never have seen such stones.

He also describes that special rings set with alexandrite

By Grewingk (1854) and von Kokscharow (1862 a,b).
Nordenskiold (1846, 1847).

See, e.g. Berzelius (1848).

See, e.g., Hey (1955).

See section 3.2.

Fersman (1929); Kozlov (2005); Bukanov (2006).
Fersman (1929).

Refer section 3.3.1.

Personal communication from A. Hart (2009).

Refer section 3.5.
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Fig. 3.34 This faceted Russian alexandrite of 17.25 ct
is one of the largest cut 19t century historical Russian
alexandrites examined by the author (KS). The sample
was acquired in 1867 by the British Museum, London,
from Duke Nicolas von Leuchtenberg and was later
transferred to the Natural History Museum (see chapter
3 section 3.3.1). Photograph by K. Schmetzer.

were produced in memory of the late Tsar, who was as-
sassinated in Saint Petersburg in 1881. A ring that Leskov
wore at that time is described as set with an alexandrite
and two smaller diamonds. These gems symbolized
Alexander’s two major achievements; the liberation of
the Russian peasants from serfdom and the reformation
of the judicial system.

The use of Russian alexandrite and its rarity outside
Russia are confirmed by Bauer'® who states.... “The, at
first, exclusively Russian occurrence of the stone and the
fact that it combines the national military colours, green
and red, gives it a peculiar value in the eyes of the Rus-
sians, by whom it is worn with great pride.” Most alexan-
drite crystals are heavily fractured and facet grade mate-
rial of good quality is extremely rare.

Published information on the use of alexandrite by the
Imperial family is difficult to obtain.

In 1960 Twining mentions that the collection of pre-
cious stones of Catherine the Great (1729-1796) con-
tained some alexandrites. However, this is not possible,
as she lived in 18" century before the recorded discov-
ery of the first alexandrite in the 1830s. The web site roy-
al-magazin.de shows a portrait of Empress Alexandra

"% the wife of Tsar Nicolas | and mother of

Feodorovna,
Alexander 1l, wearing different items of jewellery con-
taining green and red gemstones and is entitled “Alexan-
drite Parure of Empress Alexandra Feodorovna...” It was

concluded that the artist, Franz Kriger, wanted to show

the colour change of alexandrite in this painting, but un-
fortunately no written proof of this idea exists.” A search
for the original painting (Fig. 3.36) almost certainly ex-
cluded this possibility. A photograph of this portrait is
available on at least two websites on the internet.” In
both, the caption indicates a painting by Franz Kriiger cir-
ca 1830, a date definitely too early for alexandrite jew-
ellery. The first reference states that the original portrait
is housed in the Muzej Istorii Moskvy (Historical Muse-
um), Moscow. From a gemmological perspective it is
possible that the gemstones depicted are emerald and ru-
by or emerald and spinel.

The huge four volume catalogue entitled “Russia’s
treasure of diamonds and precious stones” published un-
der the supervision of A.E. Fersman between 1925 and
1926 comments that Russia’s diamond treasure com-
prised the best portion of the state-owned jewellery and
regalia, formerly the property of the Tsars. This catalogue
was originally produced at the request of the communist
government in order to sell the various items by auction.
The catalogue, published in Russian, English and French
was later withdrawn and is not available in Russian pub-
lic libraries." In his search, the present author consult-
ed an English edition available at the Bavarian State Li-
brary in Munich. In total 406 items are described in great
detail all with photographs and all gemstones are identi-
fied and listed. There are different items of jewellery set
with Russian emeralds, the first dated at 1835, but there
are no items of jewellery containing alexandrite.

There are, however, three interesting notes found in the
general description that emphasises the fact that no Rus-
sian alexandrite was available in the 1920s. These are:

Page 15 ...“There is also a remarkable collection
of ... topazes, alexandrites, aquamarines, beryls ...”

Page 18 ...”Something ought to be said here in
connection with our own native-stones. When and how
disappeared from the Treasure the purple amethyst
gleaming at night like red fire for the search of which
Catherine Il sent thousands of miners to the Ouralian
borders? Where are now the bewitching cherry-
coloured sherls, dark under artificial light (worn by our
courtiers as Badges of Honour)? Also missing our irides-
cent emeralds and the celebrated alexandrites once so
abundant in the imperial caskets! No explanation of this
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Bauer (1896, 1904); also Schrauf (1869).
For a detailed biography, Grimm (1866),
Personal communication from Ursula Butschal (2007, 2008).
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Bildarchiv Preussischer Kulturbesitz, bpk No. 00019408; and "Royal Family Imperial Style".
Refer to "Russian imperial Diamond necklace expected to fetch US$2 Million”.
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Fig. 3.35 Antique diamond brooch set with an alexan-
drite, circa 1860 (top) and the same faceted alexandrite
that is shown in both daylight and incandescent light
(bottom). The sample was determined as alexandrite ori-
ginating from Russia by the Giibelin Gem Lab, Lucerne,
Switzerland. This unmounted alexandrite weighs 7.85 ct.
Photograph of the brooch (top) by courtesy of Sotheby's
Hong Kong. Photographs of the faceted alexandrite (bot-
tom) by courtesy of the Giibelin Gem Lab, Lucerne.

loss has ever been given although one may suppose that
our last tsars, too ready to despise Russian stones gave
them away as souvenirs.”

Page 22 ... “... many other fine stones: pink brazilian
topazes, deep-green Ceylan-alexandrites (red at night) —
morning’s green, evening’s red said Leskov — aqua-
marines ..."”

Finally, there is some information contained in the
publication “Treasures Hidden by the Imperial Family in
Tobolsk” that describes a list of 154 items of jewellery
that were still in the possession of the Imperial family dur-
ing their imprisonment in Tobolsk after the Revolution.
Item 80 describes a ... “gold cross with alexandrite” .

From these references it may be concluded that the
Imperial family possessed alexandrite jewellery but no
Russian alexandrite jewellery or unmounted stones were
available after the Revolution. The faceted alexandrites
that remained in the treasure were from Sri Lanka. The
present author does not know whether any alexandrite
jewellery was amongst the numerous items sold by the
Imperial family after the Russian-Japanese war in 1906
for a fraction of their present value.™

Twining only mentions one instance where alexan-
drite was used in other European Regalia. This was in the
Norwegian crown, made after the separation from

Denmark in 1814 and first used at the1818 coronation.
However, this date is definitely too early for alexandrite
to have been used in jewellery. In addition, a detailed de-
scription of the Norwegian Regalia" does not mention
alexandrite among the various gemstones in the Crown.
Thus Twining’s note is possibly incorrect.

Fig. 3.36 Portrait of Empress Alexandra Feodorovna
(1798-1860), wife of Tsar Nicolas | and mother of Tsar
Alexander Il, shown bejewelled; wearing a parure com-
prising kokoshnik, matching bracelets, corsage elements,
ear pendants and a pearl necklace. Portrait by Franz Krii-
ger, circa 1830, Muzej Istorii Moskvy, Moscow, Russia
(possibly painted during Kriiger's stay in Saint Petersburg
from June 1832 to May 1833). The gemstones were de-
signated alexandrites, but the early date of the painting
precludes this. There is a possibility that the gemstones
were re-coloured at a later date. Several versions and co-
pies of this painting are in existence. One version kept in
the Hermitage Museum, Moscow, and assigned to A.
Maliukov (1836) shows all the gemstones painted in a
unique green colour. For reference see Alexandra Feodo-
rovna (Charlotte of Prussia). Copyright bpk Bildagentur
fuir Kunst, Kultur und Geschichte, Berlin. Photograph by
Alfredo Dagli Orti and reproduced with permission.

"% Twining (1960).
" Risasen (2006).
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Russian alexandrites in mineralogical
museums and in the trade

Karl Schmetzer

Chapters 5 and 6 of this book are based on the examination of the morphology of about 400 alexan-

drite crystals and crystal groups from both public (museum) and private collections. In addition about

20 light green, yellowish green and yellow green chrysoberyl crystals and crystal groups in matrix

were examined. The mineral assemblages of 55 crystals and crystal groups, mostly the micaceous

matrix and some associated minerals, were examined by micro Raman spectroscopy. Ten mica sam-

ples were chemically characterized by electron microprobe or by an electron microscope (SEM-EDX).

Further characterization of gem-quality samples by mi-

croscope examination included:

» 30 transparent rough crystals with no matrix

P 120 faceted alexandrites and colour-change green to
yellowish green chrysoberyls

» 21 cabochon cut alexandrites and chrysoberyls

P 10 faceted chrysoberyls that did not show a distinct
colour change between daylight and incandescent
light.

Mineral inclusions in 15 of the faceted samples were

identified by Raman spectroscopy.

The study commenced with 17 transparent gem quality
crystals produced from the Malysheva Mine after the
year 2000 and progressed to the examination of a limit-
ed number of both gem and non-gem quality crystals and
crystal groups in matrix loaned by private collectors in
Germany. The latter samples had been purchased after
1990 and probably most were excavated from the Maly-
sheva Mine in the second half of the 20" century.

Following this preliminary study, it was decided to ex-
pand the research project to include museum speci-
mens and commercially available faceted and rough
samples. One of the authors (KS) was permitted to study
the complete inventories of eight collections in order to
get an overview of alexandrite samples in museums
since the 1830s. This included all samples on public dis-
play as well as those in stock. These eight collections are
housed in museums in Saint Petersburg and Moscow,
Russia (Nos. 1 to 4); Vienna, Austria (No. 5); London,
England (No. 6); and Munich and Berlin, Germany (Nos.
7 and 8).

1. Museum of the Saint Petersburg State Mining Institute
and Technical University, Saint Petersburg, Russia. Es-
tablished 1773.

2. Mineralogical Museum of Saint Petersburg State Uni-
versity, Saint Petersburg, Russia. Established 1785.

3. Fersman Mineralogical Museum, Moscow, Russia.
Founded in 1716 as the Mineral Cabinet of the Kunst-
kammer in Saint Petersburg and moved to Moscow in
1934.

4. Vernadsky State Geological Museum, Moscow, Rus-
sia. Established 1755.

5. Naturhistorisches Museum (Natural History Museum),
Vienna, Austria. Established 1750.

6. Natural History Museum, London, England. Original-
ly established as the British Museum in 1753.

7. Mineralogische Staatssammlung (Bavarian State Col-
lection for Mineralogy), Munich, Germany. Estab-
lished 1803.

8. Museum fur Naturkunde (Museum of Natural Histo-
ry), Berlin, Germany. Established 1770.

The same general problems were encountered in all the
museum collections:

All samples had well preserved labels, inventory num-
bers or even individual filing-cards that clearly document
when and how the alexandrite specimens came into the
collection. This provided information on details such as
the origin of the sample, the date on which it was pur-
chased or donated to the museum by a private collector,
mineral dealer or Russian mining company. However the
complete history of the sample prior to its acquisition by
the museum is usually unknown.
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Fig. 4.1 View into an exhibition
room at the Museum of the Saint
Petersburg State Mining Institute.
The showcase contains malachite
and is part of the museum furnitu-
re dating back to the late 18% cen-
tury. In other parts of the museum,
display furniture dates back to the
first part of the 19" century
(Kolomensky and Fainstain, 1994).
Photograph by K. Schmetzer.

Samples were kept in one or more private collections
and over fifty years could pass between the discovery of
a specific sample and the time it came into a museum
collection. One notable example is the famous crystal
group, described and drawn by Koksharov in 1862 that
came to the Fersman museum in 1913 as part of the
Kochubei collection.' Samples were acquired by Russian
museums in the 20" century from complete collections,
such as Carl Fabergé’s gemstone collection. In these in-
stances it could be established from the former owner
that the samples are from the 19% century and had been
kept for several years in a private collection.

The two largest collections of 19" century samples are

found in the museum of the Mining Institute in Saint Pe-
tersburg and the Fersman Museum in Moscow (Fig. 4.1
and title figures of chapter 4). The oldest crystal groups
and individual crystals kept in the Mining Institute were
purchased from Count Perovskii. A large group of 19
century samples in the Fersman museum (Fig. 4.2) was
part of Prince Kochubei’s collection and came into the
museum in 1913. Most of these samples originated from
Perovskii’s private collection and were purchased from
Kochubei after his death. From this history it can be de-
duced that many alexandrite samples from these early
years passed into Perovskii’s hands as a result of his

Refer to title figure of chapter 6; for the history of the Kochubei collection see chapter 3, section 3.3.2.
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Fig. 4.2 Some alexandrite specimens on display in the Fersman Mineralogical Museum, Moscow. Photograph by

K. Schmetzer.

positions as Vice-President of the Appanage Department
(1831-1841) and Minister of the Interior (1841-1852).
However, the fine line that divides Perovskii’s activities
as a private collector from those of his official duties is
not always clear.

The precise locations of samples originating within
the Tokovaya mining region were seldom recorded
(Fig. 2.4). Most samples are labelled “Tokovaya”,
“Urals” or even “Ekaterinburg”, with no further details
because they were not considered to be of interest at that
time. For example, the first inventory of the Mining In-
stitute in Saint Petersburg,” lists 37 chrysoberyl crystals
from the emerald deposits (Fig. 4.3) with no further de-
tails on specific localities. In some cases, the specific lo-
cation of a particular sample can only be surmised. As
an example, if a complete collection of samples was giv-
en to a museum by the Directors of the Malysheva Min-
ing Company in 1980, we may conclude that most of
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Fig. 4.3 Some alexandrite specimens on display in the
Museum of the Saint Petersburg State Mining Institute.
Photograph by K. Schmetzer.

2 Nefedev (1871).
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Fig. 4.4 This series of Russian alex-
andrite specimens from the Rolf
Goerlitz Company, Idar-Oberstein,
Germany was examined in this pre-
sent study. The variability of colour
in both daylight (above) and incan-
descent light (below) is demonstra-
ted. Samples from left to right are
from 1.61 ct to 7.73 ct, respectively.
Photographs by K. Schmetzer.

these samples were collected from the Malysheva Mine
after 1950. Another example is in the Vernadsky Muse-
um that now houses Yu. Kozlov’s collection, samples of
which are pictured in his alexandrite books.” Most of
these samples, collected between 1968 and 1998, orig-
inate from the Malysheva Mine, but there may be a few
“older” alexandrites from other locations in the Uralian
mining area that found their way into the Kozlov collec-
tion.

Further alexandrites from the Urals as crystals, crystal
groups or samples in matrix were loaned from three
sources. Two German collectors, Christian Weise from
Munich and Frank-Jirgen Schupp from Pforzheim, had
purchased their samples from Russian dealers since 1990
and the third group of samples, mined by the Tsar Emer-
ald Company between 2006 and 2007 was obtained
from Warren Boyd, Oakville, Ontario, Canada.

Unfortunately, only a small number of 19" or early
20™ century faceted alexandrites are housed in miner-
alogical museums. The Munich Museum contains one
alexandrite from the Leuchtenberg collection that is dat-
ed before 1850 (Fig. 3.18)." In Vienna, two faceted Rus-
sian stones, one an extraordinarily large stone of 12.8 ct,’
were purchased in 1890. The Fersman Museum in
Moscow has on display two faceted stones with excel-
lent colour change. These have been in the museum
since 1925 and originate from the private collection of
Carl Fabergé which implies that they are also from the
19% century. The Natural History Museum in London
holds two extraordinarily large stones weighing 17.60
and 17.25 ct purchased from Nicolas, Duke of
Leuchtenberg, the son of Maximilian von Leuchtenberg
in 1867.° In addition, there is a smaller sample in the
London collection purchased in 1882. The Berlin

See Kozlov (2003, 2005).
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Title figure of chapter 3.
Refer to chapter 3, sections 3.3.1 and 3.7.

For the history of the Leuchtenberg collection see chapter 3, section 3.3.1.
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collection holds three faceted stones purchased in the
1920s.

Using the author’s own immersion microscope, an ex-
amination was completed on some of the stones in the
Munich, Berlin and Vienna collections.

In addition to the limited number of faceted alexan-
drites with some historical background mentioned
above, seven Russian stones from a private German col-
lection, in existence since the early 1920s, were exam-
ined. Given the circumstances under which these sam-
ples were acquired, they are most probably older than
the 1920s.

At the beginning of the study, we included several
samples traded as Russian alexandrite, but most of these
were excluded because their origin and history were not
clearly proven. Consequently, in general only faceted
stones available through three different trade sources

Fig. 4.5 Faceted Russian alexandrite showing excellent
colour change from bluish green in daylight to purple in
incandescent light. This 1.08 ct sample was supplied by
the Tsar Emerald Company and R. T. Boyd Limited, Oak-
ville, Ontario, Canada and originated from the Malyshe-
va Mine, Russia in the 21t century. Photograph by
K. Schmetzer.

were used. Two were dealers in Germany who either
bought the rough material directly from Ekaterinburg or
Malysheva in the Urals or obtained it in Germany and
personally faceted the material. If faceted stones were al-
so bought from the same suppliers, they were accepted
for the present research project providing original rough
material was available for study. Most alexandrites
(Fig. 4.4) from these two dealers originated from the
Malysheva Mine and were mined after 1970 however,
some of them may be older and we cannot completely
dismiss the possibility that there might also be a few 19t
century stones within this group.

The third group of faceted stones (Fig. 4.5) are defi-
nitely from the Malysheva Mine and were produced by
the Canadian-based Tsar Emerald Company after 2000.
The faceted stones were cut from samples produced dur-
ing this time period.



The Natural History Museum in London hosts two alexandrite trillings from the Koksharov collection. The different faces
of the individuals are labelled with Miller indices, shown in different colours, twinning and twin boundaries can be easily

recognized using this system. (a) The sample size is approximately 3.5 x 4.5 cm. (b) The sample size is approximately 6.5 x
6.5 cm. Photographs by K. Schmetzer.



Morphology and twinning

Karl Schmetzer

In this book we designate the different individuals of a twin with | and II, the individuals of a cyclic

twin (trilling) with I, Il, and Ill. The same faces on different individuals of a twin or trilling are desig-

nated with the number of the crystal. Thus the 01, 02 or a1, a2, a3 indicate the o or a faces of the

first, second or third individual of a twin or trilling. Symmetry equivalent faces of one individual crys-

tal are designated as follows,01and 01',wland w1',ori1and i1. Furthermore, we have distinguished

between the o faces forming an angle of 139.79° (designated as 01 and 01" adjacent), two o faces

forming an angle of 86.16° (designated as 01 and 01’ opposite) and two o faces forming an angle of
72.34° (designated as 01 and 01" diagonal) (Fig. 5.1 and Table 2).

5.1 Review of the literature

The first description of alexandrite crystals from the Urals
was published by Gustav Rose.' He realized that most of
his specimens occurred as repeatedly twinned crystals
with pseudohexagonal dipyramidal habit. Rose prepared
the first drawing of this type of alexandrite crystal and
constructed a “theoretical” line drawing of a single crys-
tal (Fig. 3.3 a, b). Both drawings were also published by
von Pott in 1842. Koksharov’ produced crystal drawings
of two single crystals, two contact twins and eight mul-
tiple twinned pseudohexagonal crystals.” He also noted
crystals with a second tabular habit and described most
samples as pseudohexagonal twins. Single crystals are
rare and only two simple contact twins consisting of two
individuals were known at that time, one in each of Kok-
sharov’s and Kochubei’s collections.” The discovery of
another alexandrite twin in 1863 was noted;’ this under-
lines the rarity of Uralian alexandrite twins discovered
during the period 1830-1870.

Later, additional single crystals and twins were de-
scribed by various authors.® The first overview on the mor-
phology of Russian alexandrite and chrysoberyl from var-
ious localities was presented by Schrauf, who redrew
some crystals and presented them in unique orientations.
Goldschmidt, on the other hand, summarized the mor-
phology of chrysoberyl and presented crystals in their
original setting and orientation, i.e. as described in the dif-
ferent original publications.” The 32 Russian crystals de-
scribed by Goldschmidt were also depicted, in the same
orientation, in Kozlov’s’ recently published books on
Uralian alexandrite. Zhernakov also used the crystal draw-
ings as published by Koksharov without changes, but er-
roneously assigned one twin described by Klein to Kok-
sharov.” Zhernakov also described the different habits of
alexandrite trillings and used hexagonal crystal system
terminology such as hexagonal bipyramid and hexagonal
prism based on the pseudohexagonal habit of the samples.

1

Rose (1839b, 1842).
Koksharov (1853a, 1862 a,b).

2
3

twinning in Russian alexandrite.

Although rarely cited in scientific literature, the monograph of Koksharov (1862b) is the most detailed treatise on morphology and

The alexandrite twin from Koksharov's collection, drawn as Figure 10 in the "Atlas” (Koksharov 1853a) and in his alexandrite mono-

graph (Koksharov 1862b) fits in morphology to a crystal from the Koksharov collection which is kept in the Natural History Museum

London (see Fig. 5.79).
Protokoll der Sitzung am 26. Januar (1863).

Schrauf (1877); Goldschmidt (1913).
Kozlov (2003, 2005).
Klein (1869); Zhernakov (2009).

© ® N o o

E.g. Klein (1869, 1871); Schrauf (1877); Cathrein (1882); Melczer (1900); Duparc and Sabot (1911).
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Fig. 5.1 Asingle crystal of alexan-
drite shown in different clinograph-
ic projections; (A) view parallel to
the a-axis, (B) view parallel to the b-
axisand (C, D and E) show two views
parallel to the c-axis. Adjacent o
dipyramids form angles of 140° to
each other, opposite o dipyramids
form angles of 86° to each other and
diagonal o dipyramids form angles
of 72° to each other, all o dipyramids
in green colour. Crystal drawings
and artwork by K. Schmetzer.

A unique elongated (columnar) alexandrite trilling in
the Pelepenko collection is pictured twice, * but there is
no record of any detailed research on this particular crys-
tal habit.

Twinning of Russian alexandrite and chrysoberyl in
general has been examined in detail by various authors."
Koksharov first assumed that two different twin laws
might exist: penetration twinning on (011) and contact

twinning on (031). Detailed goniometric measurements

obtained later on samples from other occurrences ex-
cluded the first possibility. It is now generally accepted
that both chrysoberyl and alexandrite are twinned on
(031) and (031) with both (031) and (031) as twin and
composition planes. It is also assumed, that both contact
twins and penetration twins exist (Fig. 5.2)."

5.2 Morphology and twinning in Russian alexandrite in particular

The twinning of Russian alexandrite has already been de-
scribed by Rose in the first scientific paper on the new
gem material. The crystals most commonly described are
cyclic twins or trillings, but crystals consisting of six in-
dependent chrysoberyl individuals are also mentioned in
the literature. Single crystals or twins from the Tokovaya
area are rare and an understanding of the morphology of
the common Russian crystals requires an interpretation
of their twinning formation.

At the time of the publication of the first comprehen-
sive work on the morphology of Uralian alexandrites by
Koksharov,” only two twinned and a few single crystals
were available from this area. These crystals mainly dis-

played six different crystal forms: the two pinacoids a
{100} and b {010}, the two prisms i {011} and s {120}, and
the two dipyramids o {111} and n {121}. Later, prisms m
{110} for single crystals and twins were frequently de-
scribed in the literature. As a result of this current work,
the dipyramid w {122} has been added as an additional
crystal form frequently observed in crystals found from
Malysheva Mine after 1945.

Russian chrysoberyl is described as consisting of ei-
ther three interpenetrant single crystals (trillings) or six
individuals that show repeated contact twinning (Fig.
5.2). The governing twin law reflection on (031) and
(031) is mentioned in mineralogical textbooks. Both

' Burlakov et al. (1997); Zhernakov (2009).

1
(1900); Liffa (1902).

" See, e.g., Niggli (1927).

" Koksharov (1853a, 1862 ab).

Koksharov (1862 a,b, 1865); Frischmann (1867): Schrauf (1877): Melczer (1900); Goldschmidt (1900): Goldschmidt and Preiswerk
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twin planes are also the composition planes of the crys-
tals. The investigation of whether there are three pene-
tration crystals or six contact twins requires exact go-
niometric measurements of well developed crystals.This
is not in the scope of the present volume because the fi-
nal description of the observed samples would not be
different.

To understand the morphology of the Russian alexan-
drite crystals, it is helpful to consider an untwinned sin-
gle crystal and its orientation in the repeatedly twinned
trilling. In the left column of Fig. 5.3 two different single
crystals are each drawn in two orientations perpendicu-
lar to each other. In the central column, the orientation
of these crystals in the transparent outline of the trilling
is shown. In the right column, the complete trilling and
the twin boundaries are drawn. From these drawings in
the right column, it is evident that the samples can be de-

Fig. 5.2 Different twin types in alexandri-
te. On the twin plane (031) two different
single crystals (1A and 2A) are shown for-
ming penetration twins (1B and 2B) or con-
tact twins (1C and 2C). Cyclic twins consist
of three penetration twins (1D and 2D) or
six contact twins (1E and 2E). According to
the relative sizes of different faces of the
single crystals shown as (1A and 2A), the
different types of twins show either distinct
re-entrant angles (1B to 1E) or almost no
re-entrant angles (2B to 2E). Crystal draw-
ings and artwork by K. Schmetzer.

scribed as interpenetrant trillings or as crystals consisting
of six individual contact twins, twinned by repeated re-
flection (Fig. 5.2).

However, it is significant that the angle between the c-
axes of single individual crystals is almost exactly 60°,
forming the complete pseudohexagonal habit of the
trilling. In twinned individuals, the prisms i (011) and the
dipyramids o (111) are almost parallel to each other with
less than 0.5° deviation from 180°. Therefore the inter-
grown i or the o faces of two individual crystals form sin-
gle plane faces in the cyclic twins. Thus, the twin bound-
aries on these plane faces are only occasionally observed
as weak striations on the faces. However if the re-entrant
angles are formed by the pinacoid b (010), the prism s
(120), the dipyramid n (121) or by combinations of these
faces, the twin boundaries (composition planes) are
clearly seen.
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Fig. 5.3 Formation of cyclic twins
(trillings) in alexandrite. Two different
single crystals (A and D) and trillings
(Cand F) are shown in different orien-
tations in views parallel to the a-axis
(upper rows) and perpendicular to the
a-axis (lower rows). After reflection
on (031) and (031) the final trillings
are formed (C and F). The intermediate
drawings (B and E) show the full out-
lines of the final trillings and the
orientations of the complete single
crystals. According to the relative
sizes of different faces of the single
crystals (A and D), the cyclic twins
show either distinct re-entrant angles
(C) or almost no re-entrant angles (F).
Crystal drawings and artwork by
K. Schmetzer.

Fig. 5.4 Interpenetrant twin of alex-
andrite from Lake Manyara, Tanzania.
A slice of a crystal was cut parallel to
the a pinacoid (100) and perpendicu-
lar to the b pinacoid (010) and the
i prism (011); the two individuals of
the interpenetrant twin start in the
centre at the origin of crystal growth
(see schematic crystal drawing); just
beyond the centre, a contact twin
(marked by an arrow) is shown
attached to the main individual. The
length of the part of the twin shown
in this image is 3.9 mm. Photograph by
H.-J. Bernhardt.
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In the crystals shown in Fig. 5.3 A, B and C the sizes
of the b and s face are selected relative to faces a, o and
i in order to show large re-entrant b pinacoid faces and
smaller re-entrant s prism faces. Similarly the crystals in
Fig. 5.3 D, Eand F, the relative sizes of the different faces
were selected in order to show the formation of a trilling
and with parallel intergrowth of undivided i and o faces,
almost without re-entrant angles. The twin boundaries
depicted on these trillings in the right column are not nor-
mally observed on these plane faces (see also Fig. 5.2).

A slice of a twin from Lake Manyara, Tanzania
(Fig. 5.4), also demonstrates twinning in alexandrite. The
sample is cut perpendicular to the a-axis and is parallel
to the pinacoid face a (100). Growth zoning is parallel to
both the pinacoid b (010) and the prism faces i (011) as
well as the external crystal faces of this interpenetrant
twin. This is extremely rare in Russian alexandrites.

5.2.1 Single crystals

About ten untwinned single crystals were studied, some
as part of larger crystal groups (Fig. 5.5 a—g). The samples
show all the combinations of the common forms ob-
served in Uralian alexandrites, namely pinacoids a and
b, prisms m, s and i as well as dipyramids o0 and n. The
habit of the crystals can be described as prismatic
(Fig. 5.6 Ato D) or prismatic to dipyramidal (Fig. 5.6 E, F).
The morphology is more or less consistent with the
alexandrite crystals described by Koksharov and
Cathrein.” Samples comparable to the single crystals
drawn by Klein or by Duparc and Sabot were not seen."”

5.2.2 Single contact twins

Although it was sometimes difficult to decide if a specif-
ic crystal was a true contact twin or part of a broken
trilling, we were able to examine about 20 twins that were
complete crystals or at least showed evidence that the
zone with the faces (hkO) including a, m, s and b was not
broken (Fig. 5.7 a-m). In this zone, pronounced striations
were commonly seen on the m and s prism faces. This is
an indication that other prisms such as u (230) and r (130)
are present in this zone'® but the small size of these faces
made confirmation of this impossible without precise
measurements using an optical reflecting goniometer.
Some of the crystals had no, or only very small, re-entrant

angles (Fig. 5.6 G to J), but others showed clear re-
entrant angles formed by the pinacoid b (Fig. 5.6 L to N),
occasionally in combination with the dipyramid n
(Fig. 5.6 K). In samples with re-entrant angles, the pina-
coid a was, in general, larger than in others and as a
result the habit of these contact twins becomes more
tabular.

Penetration twins as described by Cathrein (Fig. 5.7 n)
were only rarely seen in the collections of the Mining In-
stitute in Saint Petersburg, the Museum of Natural Histo-
ry in Vienna and the Museum fiir Naturkunde in Berlin.
These samples consist of elongated crystals with com-
position planes at both ends.

5.2.3 Cyclic twins (trillings)
The majority of samples examined comprised pseudo-
hexagonal cyclic twins (trillings) of variable habit:
dipyramidal (three different types), tabular, equidimen-
sional and columnar. An overview of habits, the faces
present and their relative sizes is given in Table 2. The
three different types with dipyramidal habit are subdi-
vided according to the subordinate forms present: a (type
1), aand b (type 2) or a, b, and i (type 3). The maximum
diameter of crystals examined in the different museums
was 7.5 cm (Fig. 3.22); crystals up to a diameter of 9 cm,
as reported in the literature, were not found.
Dipyramidal crystals, type 1, (Fig. 5.8 a—j) show vari-
ations in thickness and diameter and some show small
re-entrant angles at their edges between two o dipyra-
mids, formed by the pinacoid b or the dipyramid n. Re-
entrant angles at the edges between the pinacoid a and
the dipyramid o are seen when prism faces s (Fig. 5.9 A
to F) and occasionally a small prism i are present
(Fig. 5.8 g, Fig. 5.9 C). In contrast to these trillings with
dipyramidal habit formed by large dipyramids o, crystals
with tabular habit (Fig. 5.10 a-h) show smaller dipyra-
mids o and larger pinacoids a. Most crystals of this
tabular type also have distinct prism faces i, occasional-
ly with re-entrant angles formed by smaller pinacoids b
(Fig. 5.9 G, H). Crystals with this habit have been previ-
ously described by Koksharov, and Fersman mentioned
that around 1000 crystals of this type were excavated
from the Krasnobolotsky Mine and found their way into
various mineralogical collections.”

* Koksharov (1853a, 1862 a,b): Cathrein (1882).
® Klein (1871): Duparc and Sabot (1911).

® As described by Melczer (1900).

" Koksharov (1853a, 1862): Fersman (1929).
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Fig. 5.5 a—g Single crystals of chrysoberyl and alexandrite from the Tokovaya area, Urals, Russia: b, ¢, e, fand g are
single crystals, a and d are crystal groups made up of single crystals. Specimen locations and sizes are: a) Fersman
Museum, 2.5 x 3.5 cm; b) Natural History Museum, 1.7 x 3.4 c¢cm; ¢) Museum fiir Naturkunde, 1 x 1.5 cm;
d) Vernadsky Museum, 3 x 3.5 cm; e) Schupp collection, 0.8 x 2.0 cm; f) Vernadsky Museum, 2 x 2 cm; g) Fersman
Museum, 2.5 x 3 cm. Photographs by K. Schmetzer.
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Fig. 5.6 Single crystals (A to F) and contact twins without re-entrant angles (G-J) and with re-entrant angles (K-N)
of chrysoberyl and alexandrite from the Tokovaya area, Urals, Russia. Crystal drawings and artwork by K. Schmetzer.
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Fig. 5.7/1 a to g Twinned alexandrite crystals from the Tokovaya area, Urals, Russia; a-g are contact twins without
re-entrant angles, a and c are contact twins with matrix. Specimen locations and sizes are: a) Collection of Lorien
Gems Company, Moscow, 3.2 x 3.3 cm; b) Museum fiir Naturkunde, 1.5 x 2.5 cm; ¢) Vernadsky Museum, 2.5 x 4 cm;
d) Natural History Museum, 0.7 x 1.0 cm; e) Schupp collection, 1.1 x 1.2 cm; f) Natural History Museum, 0.5 x 0.7 cm;
g) Natural History Museum, 0.6 x 0.9 cm (Koksharov collection). Photograph Fig. 5.7 a by Vitalii Repei, Moscow, all

others by K. Schmetzer.
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Fig. 5.7/2 h to n Twinned alexandrite crystals from the Tokovaya area, Urals, Russia; h-m are contact twins with
re-entrant angles, h is a contact twin with matrix, n is an interpenetrant twin. Specimen locations and sizes are:
h) Vernadsky Museum, 3.5 x 5 cm; i) Museum flir Naturkunde, 1 x 1 cm; j) Schupp collection, 0.6 x 0.7 cm;
k) Museum fiir Naturkunde, different views, 1.5 x 1.5 cm; 1) Fersman Museum, different views, 1.3 x 1.3 cm; m) Schupp
collection, 1 x 1 cm; n) Naturhistorisches Museum, 0.5 x 1.5 cm, No. F4315. Photographs by K. Schmetzer.
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Fig. 5.8 atoj Cyclic twins (trillings) with dipyramidal habit (type 1) of alexandrite from the Tokovaya area, Urals, Rus-
sia. Specimen locations and sizes are: a) Mineralogische Staatssammlung, different views, 4.5 x 6 cm; b) Museum fiir
Naturkunde, 2.5 x 3 cm; ¢) Fersman Museum, 4 x 5 cm; d) Fersman Museum, different views, 3.5 x 3.5 cm; ) Fersman
Museum, 4 x 4 cm; f) Museum fiir Naturkunde, 2 x 2.5 cm; g) Museum fiir Naturkunde, 6.5 x 6.5 cm; h) Vernadsky
Museum, 1.0 x 1.3 cm; i) Fersman Museum, 1.5 x 2 cm; j) Vernadsky Museum, 4 x 4 cm. Photographs by K. Schmetzer.
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Fig. 5.9 Cyclic twins (trillings) with dipyramidal habit (type 1) (A to F) and cyclic twins (trillings) with tabular habit
(G and H) of chrysoberyl and alexandrite from the Tokovaya area, Urals, Russia; views parallel to the a-axis (upper
rows) and perpendicular to the a-axis (lower rows). Crystal drawings and artwork by K. Schmetzer.
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Fig. 5.10 a to h Cyclic twins (trillings) with tabular habit of alexandrite from the Tokovaya area, Urals, Russia; (b, d,
f, g, and h) are cyclic twins, (a, c and e) show cyclic twins-on-matrix. Specimen locations and sizes are: a) Fersman Mu-
seum, 6 x 12 cm; b) Fersman Museum, 1.8 x 1.8 cm; ¢) Fersman Museum, 3.5 x 6 cm; d) private collection, 1.5 x 2.1 cm;
e) Vernadsky Museum, 3 x 5 cm; f) Fersman Museum, 1.5 x 1.8 cm; g) private collection, sample below 1.2 x 1.2 cm;
h) Museum fiir Naturkunde, the crystal on the lower right measures 1.5 x 1.5 cm. Photograph 5.10 d by P. Reith, all
others by K. Schmetzer.
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Fig. 5.11 a to h Cyclic twins (trillings) with dipyramidal habit (type 2) of alexandrite from the Tokovaya area, Urals,
Russia; (a to e and g) are cyclic twins, (f and h) are crystal groups of cyclic twins. Specimen locations and sizes are: a)
Fersman Museum, 5.5 x 7 cm; b) Natural History Museum, 2 x 3.5 ¢cm; ¢) Fersman Museum, 6 x 7 cm; d) Fersman Mu-

seum, 3 x 3 cm; e) Museum fiir Naturkunde, different views, 2 x 3 cm; f) Saint Petersburg University, 3.5 x 4.5 cm; g)
Natural History Museum, 1 x 1.5 cm; h) Saint Petersburg University, 1.5 x 2.5 cm. Photographs by K. Schmetzer.
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Fig. 5.12 Cyclic twins (trillings) with dipyramidal habit (type 2) (A to E) and dipyramidal habit (type 3) (F and G) of
chrysoberyl and alexandrite from the Tokovaya area, Urals, Russia; (A to F) views parallel to the a-axis (upper rows) and
perpendicular to the a-axis (lower rows); (G) view parallel to the a-axis (left) and perpendicular to the a-axis (right).
Crystal drawings and artwork by K. Schmetzer.
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In contrast, samples with dipyramidal habit, type 2,
(Fig. 5.11 a-h) resulting from larger o faces and large re-
entrant angles were common. Often museum specimens
showed the spaces within these re-entrant angles are in-
filled with mica. The re-entrant angles result from larger
pinacoids b, from dipyramids n or from prism faces s
(Fig. 5.12 A, B). Occasionally the re-entrant faces n and
s are connected to each other and separate the dipyra-
mids o of different individuals (Fig. 5.12 C). In rare cas-
es, these cyclic twins also show small prism faces i
(Fig. 5.12 D) as had already been illustrated by Kok-
sharov. In a limited number of crystals, it was clearly
shown that the re-entrant angles are also formed by the
prism m (Fig. 5.12 E). Occasionally some distorted cyclic
twins showed re-entrant angles for only part of the edges
between o faces of the two individuals (Fig. 5.13 a—c).

In addition to these observations some further details
not yet described in the literature were noted. These ob-
servations were made primarily on crystals collected af-
ter 1945, many of which originated from the Malysheva
Mine. This was the most productive beryl-emerald-
chrysoberyl-alexandrite mine in the years post 1945.

The first observation was done on cyclic twins with
dipyramidal habit, type 3 (Fig. 5.14 a-e). In many sam-
ples of this type the prism i was larger (Fig. 5.12 F), and
a further dipyramid w was observed (Fig. 5.12 G). Al-
though it was mentioned once by Klein for a single crys-
tal with a non-common habit, this form of cyclic twin
was not described in the 19% century. Only one 19" cen-
tury cyclic twin with that particular habit was noted from
the collection of the Mining Institute in Saint Petersburg.

Fig. 5.13 a to ¢ Distorted cyclic twins (trillings) with dipyramidal habit of alexandrite from the Tokovaya area,
Urals, Russia. These crystals showed re-entrant angles for only part of the edges between o faces of different
individuals. Specimen locations and sizes are: a) Saint Petersburg University, different views, 6.5 x 6.5 cm;
b) Naturhistorisches Museum No. A. f. 394, 5 x 5 cm; ¢) Naturhistorisches Museum No. A.a.6128, 2.5 x 2.5 cm.

Photographs by K. Schmetzer.
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Fig. 5.14 a to e Cyclic twins (trillings) with dipyramidal habit (type 3) of alexandrite from the Tokovaya area, Urals,
Russia; (b, c and e) are cyclic twins, (a and d) are cyclic twins with matrix. Specimen locations and sizes are: a) Schupp
collection, different views, 2.5 x 4.5 cm; b) Schupp collection, 2 x 2.5 cm; c) Schupp collection, 1.2 x 1.4 cm;
d) Schupp collection, different views, 1.5 x 2.5 cm; e) Vernadsky Museum, different views, 2 x 2.5 cm. Photograph

5.14 c by P. Reith, all others by K. Schmetzer.
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Fig. 5.15 a to e Cyclic twins (trillings) with equidimensional to columnar habit of alexandrite from the Tokovaya
area, Urals, Russia; (c and d) are cyclic twins, (a, b and e) are cyclic twins in matrix; (a to ¢) show samples in diffe-
rent views, (a, b and d) show samples in daylight and incandescent light, (c and e) show samples in incandescent
light. Specimen locations and sizes are: a) Weise collection, different views, 2.5 x 4 cm; b) Weise collection, diffe-
rent views, 1.5 x 2.5 cm; ¢) Boyd collection, different views, 12 x 14 mm; d) Boyd collection, 10 x 11 mm; e ) Boyd
collection, 2.5 x 3 cm. The massive white material component of the matrix in samples (b) and (e) is plagioclase.
Photographs 5.15 a and b by K. Schmetzer, 5.15 c and d by L. Kiefert, 5.15 e by P. Reith.
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Furthermore, a habit change from dipyramidal to
columnar was frequently seen (Fig. 5.15 a-e, 5.16). This
change is the result of an increase in the relative sizes of
the prism i and a decrease in size of the dipyramid o. As
a result the habit of the pseudohexagonal cyclic twins
changes from dipyramidal (Fig. 5.17 A) through equidi-
mensional (Fig. 5.17 B, C) to columnar (Fig. 5.17 D to F).
In columnar samples, only small or no dipyramid faces

o are present. Re-entrant angles caused by smaller pina-
coids b were frequently present and restricted to mostly
below 1 cm crystals. On several alexandrite crystal
groups in matrix with equidimensional and columnar
habit (Fig. 5.16), the ratio of sizes of different faces varies
considerably. For example in one sample a crystal with

the o:iratio of 1: 1 is present together with another crys-
tal with the o: i ratio of 1: 3.

Fig. 5.16 Crystal group with cyclic twins (trillings) with equidimensional to columnar habit of alexandrite from
Tokovaya area, Urals, Russia in daylight (a) and incandescent light (b,c); the photos were taken with different
orientation of the sample and show one particular crystal (arrows) parallel (a), perpendicular (b) and oblique (c) to
the a-axis. Boyd collection, 2 x 3 cm. Photographs by P. Reith.
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Fig. 5.17 Cyclic twins (trillings) of chrysoberyl and alexandrite from the Tokovaya area, Urals, Russia with
dipyramidal (A), equidimensional (B and C) and columnar habits (D to F), views parallel to the a-axis (upper rows)
and perpendicular to the a-axis (lower rows). Crystal drawings and artwork by K. Schmetzer.
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Fig. 5.18 a to g Cyclic twins (trillings) of alexandrite from the Tokovaya area, Urals, Russia, that show a mosaic-
like surface structure due to the oscillating growth of different faces. Specimen locations and sizes are: a) Collec-
tion of Paul Wild Company, Idar-Oberstein, different views, incandescent light, 4 x 4 cm; b) Mineralogical Museum
at the Urals State Mining University, Ekaterinburg, 4 x 4 cm; ¢) Schupp collection, 6.5 x 7 cm; d) Schupp collection,
4.5 x 7.5 cm; e) Weise collection, 2 x 2 cm; f) Vernadsky Museum, 3.5 x 5 cm; g) Vernadsky Museum, 3.5 x 5 cm.
Photographs 5.17 a by the P. Wild Company; 5.17 b by G. Bosshart; all others by K. Schmetzer.
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Fig. 5.19 a and b Small crystals of green chrysoberyl in a micaceous matrix. Specimen locations and sizes are:
a) Museum fiir Naturkunde, 4.5 x 6.5 cm; b) Vernadsky Museum, 2 x 3.5 cm. Photographs by K. Schmetzer.

Numerous samples that were inspected showed a
skeletal mosaic-like surface structure (Fig. 5.18 a-g).
A detailed examination revealed that this structure was
due to oscillating growth of different faces; mainly the
pinacoid a, the prism i, the dipyramid o, and also pos-
sibly the pinacoid b. Obviously, these crystals formed

under oscillating, frequently changing growth condi-
tions.

Green chrysoberyl, without significant crystal morphol-
ogy and mostly in micaceous matrix, was also frequently
seen in various museum collections (Fig. 5.19 a, b).



(b) Since 1913 the famous ale-
xandrite sample described as
Kochubei's druse has been
housed in the Fersman Muse-
um, named after A. Ye. Fersman.
Photograph by K. Schmetzer.

(a) The largest alexandrite group ever
found in Russia, Kochubei's druse, was
discovered in 1840 in the Krasnoboltsky
mining field within the southern part of
the Tokovaya gemstone belt. The crystal
group is described as consisting of 22
alexandrite trillings, the largest one meas-
uring slightly over 7 cm diameter. The
druse measures approximately 14 x 20 cm
and weighs 5.38 kg. In 1862 it was part of
the famous Kochubei collection. Drawing
by W. Enderleit, lithograph by A. Munster,
published by Koksharov (1862 a,b).

(c) According to the 250% anniversary pub-
licity in 1966, Kochubei's druse has been
used as a symbol of the Fersman Museum.
The museum was founded by Peter the
Great in Saint Petersburg in 1716 as the
Mineral Cabinet of the Kunstkammer and
was later moved to Moscow in 1934.
Photograph by K. Schmetzer.



Mineralogical and
gemmological properties

6.1 Mineral assemblages

Karl Schmetzer and Lore Kiefert'

To determine whether the various crystal habits described
in the previous chapter were the result of different miner-
al assemblages, small amounts of material were taken
from the matrices of rough alexandrite crystals and exam-
ined using Raman microspectroscopy. Although sufficient
small grains from rough crystals and crystal groups adhere
to the hands of the examiner more material was removed,
with permission of the owners, to allow examination of at
least 3 to 5 tiny grains from each sample. Samples were
selected to include all different habits as well as from all
different time periods commencing with those from the
Leuchtenberg collection in Munich, that came to the mu-
seum before 1850 and ending with samples obtained from
the Malysheva Mine in the 21 century.

Raman spectroscopy was performed with a confocal
Renishaw 1000 Raman system equipped with a 514 nm
laser and operated with GRAMS32 software. Raman
spectra were taken between 200 and 1800 cm.
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Altogether the main matrix minerals from 55 alexan-
drite crystals and crystal groups were examined. Phlo-
gopite was determined as the main matrix mineral com-
ponent in 53 samples representing all different habit
types, different time periods and probably different loca-
tions within the Tokovaya mining area (Fig. 6.1). Two
samples with equidimensional to columnar habit from
the recent production of the Malysheva Mine contained
margarite mica as the main matrix mineral. Two samples
of the same habit contained massive white matrix com-
ponents that were identified as plagioclase (Fig. 6.1).
Fluorite occurred as an accessory component of the mi-
ca matrix in a few rock samples.

To further characterize the main component of the min-
eral assemblages, several tiny phlogopite crystals in 5 sam-
ples were examined by electron microprobe and 5 others
by SEM-EDX analyses. All the examined phlogopite crys-
tals were iron- and fluorine-bearing, and showed chemical
variation in the iron and fluorine content of the samples.
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Fig. 6.1 Raman spectra of phlogopite inclusions in faceted alexandrite as well as spectra of phlogopite, margarite
and plagioclase, the main mineral species within the matrices of alexandrite crystals and crystal groups.

The experimental work described in this chapter, which was performed by Dr. Kiefert, e.g. Raman spectroscopy and X-ray fluores-
cence analysis, was done in 2007 and 2008 when she was director of the AGTA Gemological Testing Center, New York, USA.
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These studies contradicted the first working hypothe-
sis that suggested that different crystal habits might have
been associated with different matrix mineral assem-
blages. However, it was shown that all different crystal
habit types are associated with a predominantly phlogo-
pite mica matrix and that some of the crystals with
equidimensional to columnar forms have an association
with margarite mica or with plagioclase.

In a few samples some additional lines within the Ra-
man spectra of micas were observed that could not be as-
signed to the standard spectra of phlogopite. These lines

6.2 Gemmological properties

were always found at more or less identical positions, the
strongest lines at 815, 971, 1003, 1452, and 1728 cm™'.
Two phlogopite samples with these additional Raman
peaks were examined by SEM-EDX and showed some
chlorine in addition to the elements generally observed
for phlogopite. These additional Raman lines, indicating
chlorine, were attributed to the intentional or uninten-
tional organic contamination of sample surfaces as re-
cently described as a general problem with museum
specimens’.

The colour of faceted alexandrite in daylight varied from
different intensities of green or bluish green. Intense
green and intense to lighter bluish green samples
changed to purplish red or reddish purple in incandes-
cent light (Fig. 6.2); lighter green samples changed to vi-
olet or purplish violet. Samples that are very light green,
yellowish green or yellow green in daylight did not show
any remarkable colour change and are designated green,
yellowish green or yellow green chrysoberyl rather than
alexandrite.’

Alexandrite shows strong pleochroism. This was part-
ly described by von Pott from a slice of a trilling cut per-
pendicular to the a-axis and for all three directions by
Haidinger." In the orientation used in this book the fol-
lowing scheme was observed® for polarized daylight and

polarized incandescent light:

DAYLIGHT

X || a violet purple to reddish purple to
purple purplish red

Y || b yellow green yellow orange

Z || ¢ bluegreen blue green

The strongest hue change between daylight and in-
candescent light is observed for Y, a somewhat smaller
change for X, whilst Z is almost unchanged.

The colour and pleochroism viewed parallel to the
three crystallographic axes in non-polarized light is

discussed in detail in chapter 9 and summarized in
Table 4. The most prominent hue change to the unaided
eye in non-polarized light is that parallel to the c-axis,
whilst in views parallel to the a- and b-axes, hue changes

Fig. 6.2 This extraordinary 27.71 ct Russian alexandrite
from the Rolf Goerlitz Company, Idar-Oberstein, Germa-
ny shows a distinct colour change from daylight (top row,
left) to incandescent light (top row, right). The extent of
colour change is demonstrated in the photograph below
that shows the sample in incandescent light without any
colour correction. Photographs by K. Schmetzer.

Elder et al. (1997); Vandenabeele et al. (2000 a, b).

von Pott (1842c); Haidinger (1847, 1849).
See also Schmetzer et al. (1980).

aoa W

For a detailed study of colour and colour change see chapter 9.
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are distinctly smaller. The strongest pleochroism in day-
light is between X and Y, viewed parallel to ¢, and in in-
candescent light between Y and Z, viewed parallel to a.

6.3 Chemical properties

Refractive indices varied from 1.740 to 1.752 for n_
and from 1.748 to 1.760 for n with a birefringence
A n of 0.008 to 0.009. Specific gravity was determined
in the range of 3.69 to 3.75.

To characterize the alexandrite samples from the Urals
qualitative chemical data of 35 faceted gemstones and
10 rough crystals without matrix were collected by
energy-dispersive X-ray fluorescence (EDXRF) spec-
troscopy using an EDAX DX-95 X-ray fluorescence spec-
trometer.

The alexandrites examined show varying amounts of
titanium, vanadium, chromium, iron and gallium
(Fig. 6.3). Itis out of the scope of this work to correlate the
amount of the colour-causing trace elements, mainly
chromium and iron, to the intensity of colour change (see
chapter 9). The application of trace element contents for
locality determination is addressed in detail in chapter 10.

Fig. 6.3 Trace element contents in

alexandrites from the Tokovaya area,
Russia are variable as demonstrated

by X-ray fluorescence spectroscopy.

Distinct amounts of colour-causing
trace elements, mainly V, Cr, and Fe, as

well as variable amounts of Ti and Ga
were observed in most samples; small

peaks of silicon indicate the presence

of silicate inclusions, mostly phlogo-
pite mica.
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6.4 Microscopic properties

Examination of faceted stones showed some to have nu-
merous growth structures, several of which exhibited
complicated growth patterns. However, it is not easy to
determine the orientation of growth planes in relation to
crystal axes. In optically biaxial chrysoberyl it is time
consuming searching for the optic axes using interference

patterns and then, using this information, determining
the orientation of the crystal axes and evaluating the
growth patterns by the stepwise application of this infor-
mation. Because of this, focus is given to the dominant
growth pattern frequently seen in faceted stones that con-
sist of twinned individuals or single crystals.
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6.4.1 Examination of structural properties
(twinning and growth structures)

in alexandrite

For the examination of structural properties it is neces-
sary to observe a faceted alexandrite in different orienta-
tions by rotating it through 360° in the sample holder. The
observed structural properties and their orientations
within the gemstone relative to the table facet were no-
ted. Orientation of alexandrite samples into special set-
tings, followed by subsequent rotations, will give the in-
formation necessary to determine the most characteris-
tic structural properties. Some examples that follow il-
lustrate this procedure better than the theoretical con-
siderations.

Example 1: Initial information from a microscope ob-
servation shows the sample has different growth planes
and one twin boundary. The twin boundary is identified
from its interference pattern (Fig. 6.4 a) or from the
pleochroism observed in a view parallel to the twin
boundary (Fig. 6.4 b, c). Upon rotation of the sample
about an axis perpendicular to the twin plane, the twin
boundary remains sharp under the microscope. A series
of growth planes perpendicular to the twin plane
(Fig. 6.4 d) is observed in one particular orientation;
these may be the prism i, pinacoid a or dipyramid o.
Then the twin boundary is inclined by rotating about an
axis perpendicular to the growth planes which remain
sharp under the microscope. With this step, another se-
ries of growth planes are observed forming an angle of
140° with the first series (Fig. 6.4 e). In alexandrite this
measured angle is formed between adjacent dipyramidal
faces o (Table 2). Consequently the pattern observed
comprises a series of 0 growth planes in the first individ-
ual of the twin, designated o1, and parallel o growth
planes within a second individual of the twin, designat-
ed 02. Furthermore, the pattern consists of dipyramidal
o planes adjacent to the o1 planes of the first individual,
designated o1’.

Example 2: In a situation similar to example 1, under
the initial microscope observation the sample shows dif-
ferent growth planes and one twin boundary. In one par-
ticular orientation, the sample shows a series of growth
planes perpendicular to the twin boundary (Fig. 6.4 f). In
the same orientation these growth planes in each part of
the twin intersect an additional set of growth planes
forming two characteristic angles of 120°. This indicates
that all growth planes are prism faces i, with parallel
prism faces i1 and i2 in both parts of the twin together
with adjacent prism faces i1’ and i2’.

Example 3: This sample shows various growth planes
and three twin boundaries (Fig. 6.4 g, h). With rotation
of the polarizer, the pleochroism within the three parts of
this trilling can be observed. This indicates that the
alexandrite is cut in such a way that it reveals all three
cyclic twin planes with the intersecting edges parallel to
the crystallographic a-axis. In a view parallel to this ax-
is, the growth planes seen are parallel to the prisms i and
upon further rotation, other characteristic growth planes
can be determined.

Examples 1 to 3 above describe twinned individuals.
By keeping the orientation of an observed twin bound-
ary in the faceted alexandrite in mind, it is possible to ori-
entate the sample in such a way under the microscope,
as to allow a view perpendicular to a twin plane. In this
orientation, the most typical growth pattern of
chrysoberyl and alexandrite can be seen. This pattern is
also seen in untwinned single crystals when orientated
the same way under the microscope as described in ex-
ample 4 below.

Example 4: The faceted alexandrite shows no twin
boundary but several sets of growth planes associated
with distinct pleochroism and strong colour zoning. In
one particular orientation a pattern consisting of three
sets of growth planes can be observed (Fig. 6.4 i, j). The
two dominant sets in the centre intersect at an angle of
86°, and each of these forms an angle of 133° with an-
other series of growth planes. This observation is consis-
tent with a pattern formed by two opposite dipyramids
o1 and o1’ of the alexandrite and one prism i at its cen-
tre. When rotating the alexandrite about a perpendicular
axis to the pinacoid a, this characteristic pattern is some-
times repeated. In another orientation of the same crys-
tal, a growth pattern consisting of two series of planes
forming an angle of 72° can be observed (Fig. 6.4 k,I).
This pattern is assigned to two diagonal dipyramids o1
and ot’.

6.4.2 Twinning

Although most natural alexandrites from the Uralian
deposits are cyclic twins or trillings, many of the
faceted stones are untwinned. This can be understood
by considering the probabilities of cutting twinned and
untwinned stones from larger rough trillings that are
heavily fractured and included. If an alexandrite was
cut from the outer parts of crystals with larger re-entrant
angles, the faceted sample will not show any twinning.
If the faceted stones were cut from crystals without re-
entrant angles or from the centre of samples with larger
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J
Fig. 6.4 a to| Examples of typical microscopic features in alexandrites from the Tokovaya area, Urals, Russia showing:
(a) twin boundary with interference pattern; 50x, |, # pol.; (b and ¢) twin boundary showing pleochroism by rotation
of the polarizer; 40x, |; (d) view parallel to the twin plane, showing the growth pattern parallel to the o dipyramid; 40x,
l; (€) growth pattern consisting of two adjacent o dipyramids; 40x, |; (f) view parallel to the twin plane, growth pat-
tern shown parallel to adjacent i prisms; 40x, |; (g and h) trilling with two twin boundaries showing pleochroism upon
rotation of the polarizer; 40x, I; (i and j) growth structures with pleochroism upon rotation of the polarizer showing
two opposite o dipyramids and one i prism; 40x, |; (k and 1) same sample as (i and j) after rotation showing two dia-
gonal o dipyramids; 50x, I. All photographs by K. Schmetzer; | = immersion, # pol. = crossed polarizers.
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J
Fig. 6.5 a to | Twinning and structures related to twinning in alexandrites from the Tokovaya area, Urals, Russia:
(a and b) twin boundaries and pleochroism; 40x, I; (c) trilling with two twin boundaries and pleochroism; 15x, I; (d and
e) twin boundary with interference pattern; 30x, |, # pol.; (f, g and h) trilling with two twin boundaries showing pleo-
chroism upon rotation of the polarizer; 25x, I; (i) irregular twin boundary with interference pattern; 50x, |, # pol.;
(j) irreqgular twinning; 30x, |, # pol.; (k) irreqular twin boundary with interference pattern; 30x, I, # pol.; (I) twin boun-
dary with needle-like structures parallel to the a-axis; 40x, I. All photographs by K. Schmetzer; | = immersion, # pol. =
crossed polarizers.
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re-entrant angles or from smaller trillings, it is more like-
ly that they would show twinning. Only when a faceted
stone is cut from the centre of a trilling, would all three
individuals of that trilling be present.

These theoretical considerations that are based on the
morphology of rough specimens can be confirmed by
microscope observations. Of the examined faceted Rus-
sian alexandrites, some were untwinned crystals, some
were twins and only a few showed more than one twin
plane or the complete centre section of a crystal with all
three trilling individuals. Under polarized light different
individuals of the twin or the trilling can easily be
observed. This is because of the combination of the dis-
tinct pleochroism of chromium-bearing chrysoberyl and
the different orientations of the individuals of twins
(Fig. 6.5 a, b) and trillings (Fig. 6.5 c). Interference
colours related to the twin boundary are observed under
crossed polarizers (Fig. 6.5 d and e).

One faceted sample, containing the complete centre
of the crystal, consisted of one dominant individual with
the other individuals as contact twins on both sides
(Fig. 6.5 f, g and h). This dominant crystal showed a
growth pattern similar to an hourglass structure.

In most cases twin boundaries are planar structures,
but occasionally show steps or other irregular structural
elements (Fig. 6.5 i). Irregular twinning formed by irreg-
ularly intergrown individuals was rarely observed
(Fig. 6.5 j). Usually twin boundaries are transparent con-
tact planes, but can frequently be decorated with inclu-
sions (Fig. 6.5 k). Occasionally, twin boundaries contain
numerous parallel lines or needle-like structures that are
always orientated parallel to the a-axis [100] and per-
pendicular to the pinacoid a (Fig. 6.5 I). This orientation
can be proven if two intersecting twin boundaries are
present. From structural considerations the intersection
edge between such twin planes in chrysoberyl is always
parallel to the a-axis.

6.4.3 Growth structures

The most characteristic growth pattern seen in Russian
alexandrites can be observed in a view perpendicular to
atwin boundary. This pattern can also be observed in un-
twinned single crystals. A general overview is given in
Fig. 6.6. The pattern is formed by combinations of the
dominant faces: the prism i, the pinacoid a or the dipyra-
mid o (Fig. 6.7 a-i). In addition growth planes parallel to
the dipyramid w can also be seen in this orientation.

e T
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Fig 6.6 Examples of the most characteristic growth patterns in Russian alexandrites are observed in a view perpen-
dicular to a twin boundary. In untwinned samples, the pattern is also observable in the same direction of view. The
patterns consist of various combinations of the a pinacoid, the i prism and two o and w dipyramids. Characteristic
interfacial angles formed by these faces are also given. A combination of some of the given examples, 1 to 6, reflects
the habit change of part of the alexandrites during crystal growth. Artwork by K. Schmetzer.
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A growth pattern consisting of the faces aoww’o’a’ or
aowiw’o’a’, or part of these sequences, is the most usu-
al type observed in Uralian alexandrites, especially those
from the Malysheva Mine obtained after 1945. The same
pattern without the dipyramids w, comprising a combi-
nation of aoo’a’ or aoio’a’, or part of these sequences,
was frequently observed. Occasionally, part of these
growth patterns were seen combined with colour zoning
parallel to these different faces.

If the a-axis of an alexandrite twin or single crystal is
orientated parallel to the rotation axis of the immersion
microscope, the typical growth pattern described above
can be seen repeatedly. If, based on the information
available, the dominant dipyramids o within the growth
pattern are identified, it would be possible to observe and
identify a pattern consisting of adjacent o and o’ faces
(Fig. 6.7 j) or a pattern consisting of adjacent dipyramids
o in combination with dipyramids n (Fig. 6.7 k). Occa-
sionally, a pattern consisting of diagonal dipyramids o
can also be seen (Fig. 6.7 I).

Colour zoning can be observed from both within the
same growth sector and between different growth sectors
(Fig. 6.7 a-l).

Occasionally, there can be a variation of the growth
sequence from the centre to the rim of a crystal:

a) Only 00’ growth faces appear in the centre with large
faces i developed at the rim (Fig. 6.8 a, Fig. 6.6 exam-
ples 1 and 2).

b) Only 00’ growth faces appear in the centre with ww’
increasing towards the rim; between the centre and
the rim, small faces i may develop but disappear again
in later stages of growth (Fig. 6.8 b-e, Fig. 6.6 exam-
ples1and 3 or1,2,3).

¢) The centre shows a characteristic oww’o’ sequence,
and towards the rim faces i increase in size

(Fig. 6.8 f- k, Fig. 6.6 examples 3 and 4).

d) The centre shows aowiw’o’a’, and w and o subse-
quently decrease leaving only a and i at the end of
crystal growth (Fig. 6.8 |, Figure 6.6 examples 4, 5, 6).

Crystal drawings Fig. 5.9 and 5.12 A-F show specimens
with only 00’ and no growth sequence or samples with
sequence a) as above; Fig. 5.12 G with sequences b) and
) and Fig. 5.17 with the sequence d).

6.4.4 Mineral and fluid inclusions
in faceted stones

Chrysoberyl, not alexandrite, from the Urals was
analysed previously using Raman spectroscopy.® The au-
thors described muscovite and plagioclase (oligoclase)
together with two-phase and three-phase fluid inclu-
sions. Various plagioclases from the emerald mines,
characterized by X-ray diffraction and chemical analy-
ses, showed a compositional range from albite to ande-
sine.’

Although rough alexandrite is often found embedded
in a matrix composed mostly of fine grained phlogopite
mica, samples containing mineral inclusions of sufficient
size for identification by Raman microspectroscopy were
rare. In the current research project some 15 faceted
samples, representing about 10 % of the examined gem-
stones, were selected to determine their solid mineral
inclusions. The instrument used is described in section
6.1.

The majority of mineral inclusions were determined by
Raman spectroscopy as phlogopite (Fig. 6.1). The phlo-
gopite flakes and more irregular crystals appear colour-
less under the microscope (Fig. 6.9 a-h). Fluorite and ap-
atite crystals were identified in a few samples.

The numerous internal fractures in the alexandrite
crystals are filled with liquid and two-phase inclusions
that contain a liquid and gas or occasionally liquid and
birefringent mica (Fig. 6.9 i-l). The Raman analyses of a
few larger cavities revealed the presence of CO,.

Gromalova et al. (2006).
Meiksina and Evdokimov (2003).
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j k |

Fig. 6.7 a to | Growth structures in alexandrites from the Tokovaya area, Urals, Russia, are frequently associated with
colour zoning; characteristic angles are formed by combinations of the dominant faces forming the morphological pat-
tern and habit of the sample (see Figure 5.1). (a to i) show opposite o dipyramids, forming angles of 86°; (j and k) show
adjacent o dipyramids, forming angles of 140°; (I) shows diagonal o dipyramids, forming an angle of 72°. All photo-
graphs by K. Schmetzer; | = immersion, # pol. = crossed polarizers; (a, b, h and i): 30x, I; (c, d, e, g and 1): 40x, I; (f, j,
and k): 50x, I.
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J
Fig. 6.8 a to | Growth structures in alexandrites from the Tokovaya area, Urals, Russia, frequently show a distinct ha-
bit variation from the centre to the rim of the crystal. (a) growth patterns with o o' in the centre and o i o' towards
the rim; (b to e) growth patterns with o o' in the centre and o w w' o' towards the rim; (f to k) growth patterns with
ow w' o' in the centre and o w i w' o' towards the rim; (I) growth patterns a o w i in the crystal and only a and i as
external faces representing the last stage of crystal growth. Photograph 6.8 h by L. Kiefert, all others by K. Schmetzer;
| = immersion, # pol. = crossed polarizers; (a, d, e and k): 50x, I; (b, c and h): 25x, I; (f): 40x, I; (i, j and 1): 30x, I.
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Fig. 6.9 a to | Many faceted Russian alexandrites are heavily fractured with healed or partly healed feathers consi-
sting of liquid and two-phase inclusions. The most common mineral inclusion is phlogopite mica as flakes or platelets.
Occasionally, tiny mica crystals were also seen as part of two- and three-phase inclusions. These are most readily seen
under crossed polarizers: (a, b and ¢) same sample with mica flakes in reflected light (a), transmitted light (b and c) and
under crossed polarizers (c); (d to h) samples with mica flakes shown under crossed polarizers; (i and k) two-phase in-
clusions; tiny mica flakes become visible under crossed polarizers (j and I). Photograph 6.9 a by L. Kiefert, all others by
K. Schmetzer; | = immersion, # pol. = crossed polarizers; (a): 60x; (b): 60x, I; (c, e, and h): 60x, |, # pol.; (d): 30x, |, #
pol.; (fand 1): 70x, I, # pol.; (g and j): 40x, |, # pol.; (i): 40x, I; (k): 70x, I.
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6.5 Mineral assemblages,

growth conditions and growth sequences

Numerous Russian papers are available discussing the
formation of beryl- and emerald-bearing ore bodies (fre-
quently called glimmerites in Russian literature) in the
Uralian emerald mines.’ However, it is only recently that
some research findings concerning the formation of
chrysoberyl and alexandrite have been published. In old-
er papers, it was mentioned that alexandrites were not
found in close proximity to emeralds. Because of this,
miners disliked finding alexandrite-bearing ore bodies or
veins, as it indicated there would not be gem quality
emeralds in these pits.

Various papers published from the early 1990s discuss
the occurrence and formation of chrysoberyl and alexan-
drite in the Uralian emerald mining area in more detail.
These papers are mainly based on observations of min-
eral assemblages and investigations of samples from the
Malysheva Mine. Generally all authors’ agree that the
main occurrences of alexandrite are within emerald-
bearing ore bodies, also known as glimmerites. Several
authors also describe the occurrence of chrysoberyl
and/or alexandrite in quartz-plagioclase veins" or in pla-
gioclase-margarite-talc veins."

It was possible to deduce two stages of alexandrite
crystallisation within the main emerald-bearing glim-
merite ore bodies. In the first stage chrysoberyl and emer-
ald were formed within mica schist or a plagioclase-rich
host rock. In the later second stage beryl (emerald), pla-
gioclase, and chrysoberyl (alexandrite) crystallized. It is
empbhasised that mineral formation in the main ore body
of the Malysheva Mine has to be regarded as a sequen-
tial process."”

Both historical specimens from museums and some of
the more recent samples, mostly from the Malysheva
Mine, show alexandrite with dipyramidal (type 1 and 2)
and tabular habits in association with phlogopite mica.
Most alexandrite samples from the Malysheva Mine are
also associated with phlogopite and have a dipyramidal
habit (type 3). Samples from the Malysheva Mine with
equidimensional to columnar habits were found in asso-

ciation with phlogopite, phlogopite and plagioclase, or
with margarite mica.

The interpretation of internal growth features was lim-
ited by a lack of pre-1900 material with a known histo-
ry for microscope examination. Only a limited number
of gem quality samples of recent origin from the Maly-
sheva Mine was obtained before faceting. Most rough
crystals were heavily included and fractured and this did
not allow for the determination of growth sequences un-
der the immersion microscope. Depending on the frac-
tion of the original sample removed by the cutting
process, some faceted samples only reveal part of the in-
formation of the complete crystal growth history. To
achieve this would require the preparation of orientated
thin sections and slices.

All faceted alexandrites examined showed growth
features consistent with the external morphology de-
scribed in chapter 5 (Table 2). Only some of the samples
showed changes in morphology with a distinct habit
change in crystal growth from the centre to the rim. The
pinacoid a is not involved in this habit change, allowing
the study to be concentrated on the other larger faces,
namely o, i, and w. In some samples, a habit change from
0 0’ in the centre to 0 i 0’ at the rim (represented by a se-
quence 1 — 2 of Fig. 6.6) was observed. Most common-
ly, there was an increase of w in addition to 0 and, in a
later stage, the additional appearance of i. This stage of
crystal growth is consistent with samples with dipyrami-
dal habit of type 3 (represented by the sequence 1 — 3
— 4 of Fig. 6.6). In some samples with equidimensional
to columnar habits there is a decrease in size of 0 or of o
and w in favour of i and, in a last stage of crystal growth,
only the presence of i in addition to a (represented by the
sequence 4 > 5 — 6 in Fig. 6.6). In several samples there
was clear evidence of oscillating growth. Certain faces
such as i or w, showed firstly an increase in size and sub-
sequently a decrease in size during later stages of crystal
growth (represented by the sequences 1 > 2 —~>1or1 —
3 - 1 in Fig. 6.6).

See, e.g., Kupriyanova (2002).

Zolotukhin and Laskovenkov (1991); Ustinov and Chizhik (1994); Emlin (1996): Burlakov et al. (1997); Meiksina and Evdokimov

(2005).

Zolotukhin and Laskovenkov (1991).
Emlin (1996); Burlakov et al. (1997).
" Ustinov and Chizhik (1994).
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Probably, growth conditions for most historic samples
unearthed from surface mining were slightly different
from those obtained from the Malysheva Mine after
1945: the former showing a sharp edge between two op-
posite o faces or only small prism faces i. Conversely, the
more recent Malysheva samples obtained by under-
ground mining down to a present depth of 360 m below
surface always showed strong prism faces i, frequently
associated with dipyramids w, and with no sharp edges

between opposite dipyramids o. A second morphologi-
cal type of alexandrite from the Malysheva Mine com-
prises crystals with equidimensional to columnar habits.
This habit type of alexandrite was neither previously de-
scribed nor currently observed within “historical” sam-
ples and is possibly associated with the second, later,
growth type of alexandrite within the complex formation
of the main emerald- and alexandrite-bearing ore body
at the Malysheva Mine.



Alexandrite crystal group shown in both daylight and incandescent light; this extraordinary piece was submitted to
the Gemmological Laboratory, Liechtenstein for examination in 2009. The sample measures about 6.5 x 9 cm. Pho-
tograph by Th. Hainschwang.




Alexandrite cat's-eyes
and chrysoberyl stars

Karl Schmetzer

Chatoyancy can be observed in chrysoberyl and alexandrite from numerous different sources. How-

ever, asterism in chrysoberyl is extremely rare and to the knowledge of the author, four-rayed asteri-

ated alexandrite is only mentioned in one short description in the gemmological literature.!

Gemmological literature contains few notes on different

types of star chrysoberyl. These include:

» Four-rayed star chrysoberyl with 90° light band inter-
sections is mentioned by a few authors.’

» An asymmetrical six-rayed star chrysoberyl was de-
scribed by G.I.A. Research service.’

» Four- and six-rayed star chrysoberyls from Sri Lanka
with light bands inclined to each other are mentioned
by Kumaratilake.*

In theory, the first example requires two series of 90°-ori-
entated needle- or channel-like inclusions, and the sec-
ond type of asterism requires two or three sets of inclu-
sions inclined to one another.

The production of synthetic chrysoberyl and alexan-
drite cat’s-eyes is described in numerous patent applica-
tions, many published in the 1980s,” and involves a two-
step growth process. The first step involves the produc-
tion of homogenous single crystals containing a specific
dopant such as titanium. Such specifically-doped crys-
tals can be grown by any known technique suitable for
the crystal growth of chrysoberyl. The second step in-
volves annealing at elevated temperatures in an oxidiz-
ing atmosphere. During this process elongated particles,
most probably rutile needles, are precipitated and are re-
sponsible for the chatoyant effects of the material when
cut as a cabochon.

7.1 Alexandrite cat's-eyes from Russia

Although it was possible to cut some Uralian samples as
cabochons exhibiting chatoyancy, there is little appreci-
ation for this type of gemstone in Russia and it is rarely
done.’ Although some samples were available (Fig. 7.1 a)
microscope examination of these did not reveal individ-
ual needle-like inclusions, only darker, somewhat
brownish areas.

It was possible to determine the orientation of the light
band relative to the twin boundary and other growth
structures in three twinned Russian alexandrite cat’s-eyes
(Fig. 7.1 b). From examination of these, it was deduced
that the tiny needles responsible for the light band of the
cat’s-eye are oriented parallel to the a-axis and the light
band itself is seen perpendicular to this direction and to

the needle axes of the tiny inclusions. This observation
is consistent with the structural properties, as only the
a-axes are parallel in twinned individuals. If it was oth-
erwise, twinned alexandrite or chrysoberyl could display
asterism more frequently, but this phenomenon is ex-
tremely rare in this mineral.

Only one Uralian alexandrite sample showed numer-
ous needle- or channel-like inclusions that were inclined
to the twin boundary of the crystal (Fig. 7.1 c). These
were oriented parallel to the different c-axes of the
twinned crystals that form an angle of 60° and paralleled
the striations that are frequently seen on the pinacoid a
of twinned and untwinned chrysoberyl and alexandrite
(Fig. 7.2).

Crowningshield (1963).

G. I. A. Research Service (1937).
Kumaratilake (1997).

[ YRS, T O SCR NN

Personal communication from V. Repei (2008).

Crowningshield (1960), Liddicoat (1976); Fryer (1989); Koivula and Kammerling (1989).

Shindo et al. (1982); Kunugi (1984); Oguri and Hirota (1985); Isogami and Nakata (1986); to mention only a few examples.
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boundary
gufc-axis

Fig. 7.1 a to ¢ (a) 3.30 ct alexandrite cat's-eye from the Tokovaya area, Urals, Russia. Schupp collection. (b) Alex-
andrite cat's-eye from the Tokovaya area, Urals, Russia; view perpendicular to a twin plane, small needle-like in-
clusions are present in a direction perpendicular to the a pinacoid; 50x. (c) Alexandrite from the Tokovaya area, Urals,
Russia. Numerous needle- or channel-like inclusions are inclined to the twin boundary and run parallel to the c-
axis, parallel to the striations that are frequently seen on the a pinacoid of both twinned and untwinned chrysoberyl
and alexandrite; 20x, all photographs by K. Schmetzer.

-— C-axis

~— twin

boundary <«— peedle
direction

--— C-axis

Fig. 7.2 Diagrams showing the orientation of channels and needles in chrysoberyl and alexandrite. Left: view par-
allel to the a-axes showing how channels and needles parallel to the c-axes form angles of about 60° with each
other and angles of about 30° with the twin boundaries in cyclic twins. Centre: Clinographic view of an untwinned
chrysoberyl crystal. Right: the same crystal rotated and viewed parallel to the a-axis showing the orientation of
channels and needles parallel to two i prisms forming angles of about 60 and 120° with each other. Crystal draw-
ings and artwork by K. Schmetzer.
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7.2 Alexandrites from Sri Lanka with needle-like inclusions

In the course of this study a comparison was made be-
tween some alexandrite from Sri Lanka and material from
Russia. Three faceted samples from Sri Lanka showed
areas with a dense concentration of inclusions. Micro-
scopic examination was difficult in these areas of the
stones, but three individual sets of needles were noted
from the zone between transparent parts without needle-
like
(Fig. 7.3 a). Additionally, these samples were twinned

inclusions and the dense translucent areas

and were easily oriented under the microscope

(Fig. 7.3 b). The following observations confirm the con-

clusions made earlier from Russian samples and illustrate

the possible causes of asterism in chrysoberyl.

1) The alexandrites have a predominant set of needles
that are parallel to the a-axis [100] in both single crys-
tal and twinned examples.

2) The alexandrites show two additional sets of needles,
both of which are inclined at 90° to the first set and
additionally inclined to each other at approximately

120° (Fig. 7.2, Fig. 7.3 b). These two sets of needles
were oriented parallel to the prism i in the directions
[011] and [011].

These observations assist in the understanding of aster-
ism in chrysoberyl. Assuming that different sets of nee-
dles in similar concentration are present and that the
sample is cut as a cabochon in a direction in which the
light bands caused by different sets of needles are visi-
ble, the following observations would be made:

a) If one set of needles is oriented parallel to the a-axis,
these needles produce a light band in the b-c plane.

b) If one set of needles is oriented parallel to [011] or
[017], these needles produce a light band in a plane
intermediate between the a-b and the a-c planes.

c) If one set of needles parallel to the a-axis, the usual di-
rection of needles in chrysoberyl or alexandrite cat’s-
eyes, and one set of needles parallel to [011] or [011]
are present, a 90° four-rayed star would be formed.

Fig. 7.3 a and b (a) Three series of needle-like in-
clusions are seen in a faceted alexandrite from Sri
Lanka. 60x. (b) Three series of needle-like inclusions
are seen in a faceted alexandrite from Sri Lanka. View
parallel to the a-axis. Needles of the first series run
parallel to the a-axis, needles of the second and third
series run parallel to two i prisms. 50x. Photographs
by K. Schmetzer.
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7.3 Asteriated chrysoberyl from Sri Lanka

This general explanation of the rare asterism of
chrysoberyl required further experimental work to show
that the considerations presented above are confirmed
with star chrysoberyls. For the present study, four asteri-
ated samples, probably originating from Sri Lanka, were
available. Three samples showed a 90° four-rayed star
more or less in the centre of the samples (Fig. 7.4 a) and
one sample showed four-rayed asterism with somewhat
inclined arms of the star (Fig. 7.4 b). However, examin-
ing this sample in an orientation with the light source ex-
actly parallel to the direction of view confirmed that the
arms of this sample also intersected at right angles. The
identity of all four asteriated cabochons was confirmed
as chrysoberyl by Raman spectroscopy.

The samples examined were untwinned chrysoberyls.
In part of the samples, one set of needles was observed,
with individual needles that were distinctly smaller than
those described in section 7.2 for alexandrites from Sri
Lanka. Several other sets of needles, when present, were

not resolved using the normal magnification of gemmo-
logical microscopes.

For one sample showing a 90° four-rayed star consist-
ing of two somewhat stronger arms and two somewhat
weaker arms (Fig. 7.4 a) it was possible to observe both
optical axes in the immersion microscope after appro-
priate orientation of the sample. With this observation
the optic plane, also called optical axial plane (OAP), the
a-c plane in chrysoberyl, was known and it was possible
to determine the approximate position of all three rhom-
bic axes a, b, and ¢ of the chrysoberyl cabochon
(Fig. 7.5 a, b). The light bands forming the four-rayed star
were located in the b-c plane and between the a-b and
a-c planes. These observations indicate that the four-
rayed star is caused by two sets of needles: parallel to the
a-axis and parallel to [0kl], most probably parallel to
[011].

Using a second sample showing four-rayed asterism
(Fig. 7.4 b) we were permitted to cut a slice from the base

Fig. 7.4 a and b (a) A 4.46 ct chrysoberyl from Sri
Lanka showing rectangular four-rayed asterism.
(b) A 13.46 ct chrysoberyl from Sri Lanka showing
oblique four-rayed asterism. Photographs by cour-
tesy of M. P. Steinbach, Idar-Oberstein.
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Fig. 7.5 a Orientation of the optic plane and the optic
axes relative to the crystallographic axes a, band cin op-
tically biaxial chrysoberyl; the optic plane is represent-
ed by the ac-plane; the pleochroism of X, Y and Z for the
chromium-bearing chrysoberyl variety alexandrite with
X || aY || bandZ || cinincandescent light as ob-
served under the immersion microscope is indicated in
the figure. Crystal drawing and artwork by K. Schmetzer.

of the cabochon. From this transparent slice it was
possible to determine the orientation of the optical axes
and using this information and, knowing the orientation
of the slice relative to the asteriated chrysoberyl cabo-
chon, it was possible to determine the orientation of light
bands. The results were consistent with those of the oth-
er sample described, the needles causing the somewhat
stronger light band were oriented parallel to the a-axis
and a second set of needles or needle-like particles was
oriented in a direction perpendicular to the a-axis, i.e. in
the b-c plane, most probably parallel to [011].

For one of the two other samples with somewhat
weaker four-rayed stars, the author was not able to de-
termine the orientation of the light bands relative to the

Fig. 7.5b Interference figure of alexandrite, view
slightly inclined to one of the optic axes. Tilting the crys-
tal towards a position in which the optic axis is parallel
to the direction of view moves the interference rings to-
wards the centre of the sample. Consequently, a proce-
dure which includes a search for the interference figures
of both optic axes can be used to determine the crystal
orientation of faceted samples by optical means. Im-
mersion, crossed polarizers, 30x. Photograph by K.
Schmetzer.

crystallographic axes by optical methods because the
sample was only partly translucent. The other available
sample showed a combination of a light band of an or-
dinary cat’s-eye and a somewhat diffuse reflected light
band caused by reflection from minute fluid inclusions
in plane fissures.

Consequently, the results obtained from these two
chrysoberyls with the most intense stars confirm the ob-
servations reported in faceted alexandrites from Sri Lan-
ka. Four-rayed asterism in our two samples with the most
intense stars is caused by two sets of needles, parallel to
the a-axis and parallel to a second direction in the b-c
plane, most probably parallel to [011].



Alexandrite crystal group in phlogopite matrix from the Malysheva Mine and shown in both daylight and incandes-
cent light. Fersman Mineralogical Museum, Moscow, Russia. The crystal group measures about 5 x 8 cm and was
donated to the museum in 1980. Photograph by K. Schmetzer.




Comparison of growth patterns
of Russian, other natural and

synthetic alexandrites

Karl Schmetzer

The most commonly observed crystal forms of Russian alexandrites are the dipyramid o and the pina-

coid a. These faces were also seen in many faceted samples as part of the observed internal growth

pattern and reflect the external morphology. These two faces, 0 and a, are commonly observed in the

growth pattern of natural alexandrite from sources other than Russia and in the growth pattern of

flux-grown synthetic alexandrite.

A single crystal of alexandrite from Sri Lanka is pictured
in Fig. 8.1 a, and a cyclic twin of Russian flux-grown
alexandrite is shown in Fig. 8.2 a. A growth pattern in a
faceted alexandrite from Sri Lanka formed by two dipyra-
mids o and 0’, is shown in Fig. 8.1 b whereas a growth
pattern with two prism faces a and two dipyramids o as
observed in Russian flux-grown alexandrite is shown in
Fig. 8.2 b. From this it can be seen that the identification
of a and/or o faces in the growth pattern of an alexandrite
sample of unknown origin does not permit either origin

determination or the distinction of natural from synthetic
samples.

In many Russian alexandrites there is a characteristic
growth pattern of two dipyramids w in combination with
other faces such as i, 0, and a. The author has not seen
this type of growth pattern in samples from other locali-
ties. A complete description of growth patterns and in-
clusions of alexandrite from all other sources is not pos-
sible within this study but it is known that characteristic
differences exist. Sri Lankan samples for example, with

Fig. 8.1 a Habit of natural alexandrite from Sri Lanka; di-
agram of a single crystal with dominant a pinacoid,
r prism and o dipyramid with subordinate b pinacoid and
i prism faces. Crystal drawing and artwork by K. Schmetzer.
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Fig. 8.1 b and ¢ Growth pattern of natural alexandrite from Sri Lanka; (b) Growth pattern in an alexandrite from
Sri Lanka; the growth planes are parallel to two o dipyramids and parallel to an i prism face, 60x.
(c) Growth pattern with colour zoning in an alexandrite from Sri Lanka consisting of a and b pinacoids and r prism
faces. View parallel to the c-axis, 30x. Photographs by K. Schmetzer.

Fig. 8.2 a to ¢ Habit and growth pattern of Russian flux-grown synthetic alexandrite produced in Novosibirsk, Rus-
sia; (a) Diagrams of cyclic twins (trillings) with dipyramidal habit; the a pinacoid, the k and the x prisms as well as
the o dipyramid are shown. Crystal drawings and artwork by K. Schmetzer. (b) Growth pattern in Russian flux-grown
synthetic alexandrite; growth planes parallel to two o dipyramids and an a pinacoid (top right), 50x. (c) Growth
pattern in Russian flux-grown synthetic alexandrite; in this cyclic twin growth planes parallel to the k prism form
characteristic re-entrant angles of 141.5°. View parallel to the a-axis, 45x. Photographs by K. Schmetzer.
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Fig. 8.3 aand b Natural alexandrite crystal from Mananjary, Madagascar showing typical habit and growth pattern.
(a) Diagram of a single crystal with dominant a and b pinacoids and i prisms as well as subordinate o0 and m faces.
Crystal drawing and artwork by K. Schmetzer. (b) Characteristic growth pattern of dominant b and i faces. View

parallel to the a-axis, 30x. Photograph by K. Schmetzer.

their morphology shown in Fig. 8.1 a, have growth pat-
terns that sometimes consist of a dominant prism r (130)
in combination with pinacoids a or b (Fig. 8.1 c). This
pattern, with dominant faces r, was never observed in
Uralian alexandrite. Characteristic angles are given in
Table 3.

In synthetic alexandrite grown by the flux method in
Novosibirsk, the prism k (021) and the prism x (101) are
frequently observed (Fig. 8.2 a)." This morphology is re-
flected by a characteristic growth pattern with re-entrant
angles of 141.5° observed in a view parallel to the twin

planes (Fig. 8.2 c). This type of growth pattern is easily
observable and was not seen in natural Uralian samples.

Natural alexandrites from other sources such as
Hematita, Brazil and Orissa, India or Mananjary, Mada-
gascar show either small or no dipyramids o (Fig. 8.3a).
Typical growth patterns comprise planes parallel to oth-
er dominant crystal faces, e.g. the pinacoid b and the
prism i (Fig. 8.3 b).

This suggests that growth zoning could also provide a
negative indication of provenance. The absence of a par-
ticular growth pattern, for example, zoning parallel to the
o faces, may indicate the specimen is not Uralian.

1

See Schmetzer et al. (1996).



The Museum fiir Naturkunde, Berlin, hosts this group of alexandrite crystalé—in—matrix that were originally present-
ed to Gustav Rose by the Saint Petersburg Mining Institute. Sample size approximately 7 x 8.5 cm. (a) Daylight views.
Photograph by K. Schmetzer. (b) Incandescent light view. Photograph by Hawja G6tz, by courtesy of the Museum fiir
Naturkunde, Berlin.



Colorimetric data of Russian alexandrite
and yellowish green to green chrysoberyl

Karl Schmetzer and George Bosshart

9.1 The three-dimensional CIELAB colour space

and colorimetric parameters

Colorimetric systems are used for the quantitative de-
scription and prediction of colour phenomena. For the
description of colour, special colour coordinate systems,
known as colour spaces, were developed.

Many colour systems used today correlate with the
uniform CIE L* a* b* colour space (CIELAB colour space),
published in 1976 by the Commission Internationale de
I’Eclairage (CIE, International Commission on lllumina-
tion). The CIELAB colour space is the most complete
colour model conventionally used to describe colours
and colour differences visible to the human eye. The term
‘uniform’ indicates that equal distances in the colour
space ideally equate to equally perceived colour differ-
ences as seen by the standard observer. The three-
dimensional CIELAB colour space (Fig. 9.1) shows light-
ness/darkness along the vertical axis (L*). This space is
conventionally projected parallel to L* onto a two-
dimensional horizontal plane with redness/greenness

hue or
hue angle

along a first axis (a*) and blueness/yellowness along a
second axis (b*), running perpendicular to a*. The
colours related to this rectangular coordinate system are
(Fig. 9.2):

+ a*-axis: red purple + b*-axis: yellow
— a*-axis: bluish green — b*-axis: blue
The parameters a* and b* are also expressed as hue an-
gle h, and chroma C*  , which alternatively may be des-
ignated as saturation (Fig. 9.2). The hue angle h | is meas-
ured in degrees and ranges from 0° to 360° starting with
h_, = 0°atthe +a* axis and increasing counterclockwise.
Chroma C*  represents the distance of a sample locus
from the origin of the a*b* plane. Hue angle h , and chro-
ma C*_ are calculated from a* and b* values as follows:
» h = arctan (b*/a*) and
> C*ab — (a*z + b*Z) A

A lightness

ma or
aturation

Fig. 9.1 General outline
of the three-dimensional
CIELAB colour space; the
principal parameters rep-
resenting a specific colour
are hue or hue angle (h_),
chroma or saturation (C*,)
and lightness (L*). Artwork
by K. Schmetzer.
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yellow
+b*

bluish _, .,
green

o 45+ Fed
purple

C;, chroma

e
-b*
blue

Nab hue
angle

Fig. 9.2 Geometric representation of hue angle and
chroma relative to the a*b* plane (the rectangular a*b*
coordinate system) of the three-dimensional CIELAB co-
lour space; the third parameter lightness L* (the third axis
of the coordinate system) is perpendicular to the a*b* pla-
ne; a and b are the coordinates of a sample locus.

Alexandrite, sinamnﬁ!a, Brazil

Fig. 9.3 Colorimetric parameters of an alexandrite from
Hematita, Brazil in the CIELAB colour space.

The distance between the two loci of one sample in
the three-dimensional CIELAB colour space for two dif-

ferent light sources (illuminants) is represented by the pa-
rameter AE* . Furthermore, the hue angle difference Ah
is a frequently used parameter to characterize the extent
of colour change for a specific pair of illuminants, such
as D, for daylight and A for incandescent light.
Quantitative data for colour difference and hue angle
difference between two sample loci, | and Il in the
CIELAB colour space are easily obtainable as follows:
» The colour difference AE* | is calculated as
AE* | = [(AL*)* + (Aa*)* + (Ab*)*]
where AL*, Aa* and Ab* represent the difference be-
tween the L*, a* and b* values of the two points | and
I, respectively.
» The hue angle difference Ah_, is calculated as
Ah_, =h_(pointl)—h_(point ).

Colour differences AE* | of less than 1 CIELAB units are
practically invisible, differences above 3 CIELAB units
are clearly recognizable. Hue angle differences of less
than 10° are difficult to observe.

The colorimetric data of a faceted alexandrite from
Hematita, Brazil in the CIELAB 1976 colour space are
given as an example in Fig. 9.3. The parameters were cal-
culated as follows:

» Coordinates for daylight D,,: L* = 56.82; a* = -14.95;

b* =6.01
» Further parameters for daylight D,: chroma C*

=16.11; hue angle h = 158°; colour: green
» Coordinates for incandescent light A: L* = 55.54;

a* =4.58; b*=-3.07
P Further parameters for incandescent light A: chroma

C, =5.51; hue angle h = 326°; colour: purple
» Colour difference AE* | = 21.56; hue angle difference

Ah, =168°

Fig. 9.4 illustrates a specially developed colour wheel
that shows the dependency of hue angles and colours. In
this illustration colours with high chroma are arranged at
hue angle distances of 10° each although for practical
use it was desirable to have intermediate colours at hue
angle differences of 5° available for the yellow to orange
range.’

For further details, especially for the detailed mathe-
matical algorithms needed for the calculation of coordi-
nates in various colour spaces from spectroscopic data,
the reader is referred to standard textbooks or treatises on

For this colour wheel, the names of the colours were taken from Schmetzer et al. (2009).
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Fig. 9.4 Hue circle or colour wheel
of the CIELAB colour space repre-
senting examples of colours at dif-
ferent hue angles of the three-
dimensional colour solid at high
chroma and lightness 50. Copyright
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colour and colorimetry.” A text describing the CIELAB
colour space for gemmological applications was pub-
lished by Liu and Hurwit in 2008, and a detailed treatise

9.2 Materials and methods
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of colorimetric parameters for colour-change garnets
from Madagascar is also available.’

The visually observable colouration of alexandrites and
chrysoberyls is not only dependent on the change of il-
luminants from daylight to incandescent light, but is al-
so very sensitive to different types of natural light; direct
sunlight, diffuse light from cloudy skies, light of the blue
sky in the northern hemisphere, morning, noon, or
evening light. The colour temperature of daylight de-
pends on geographic location, time, date, and atmos-
pheric conditions, and is mostly in the range of 5500 to
6500 K. Because of these variations it is desirable to cor-
relate and confirm the results of visual colour observa-
tion and compare them with colorimetric measurements.

D, is an artificial daylight with an ultraviolet compo-
nent that is designated “standard noon daylight” with a

colour temperature of approximately 6500 K whilst A is
tungsten light with a nominal colour temperature of 2856
K. According to their spectral power distribution, both
are the best suited, standardized substitutes for the two
traditional natural light sources: diffuse daylight and can-
dle light. D, is produced by xenon lamps with the UV
component partly filtered and is widely used in simulta-
neously recording spectrometric systems whilst A is sim-
ulated by tungsten-filament bulbs or by tungsten-halogen
lamps and is used in sequentially recording spectrome-
ters. Both D, and A have widespread uses in the indus-
try, such as in GretagMacbeth colour viewing booths.
In general, colorimetric parameters can be determined
from each absorption spectrum. Specially designed

See, e.g., Wyszecki and Stiles (1982); CIE (1986, 2004); Richter (1996); Kuehni (1997); Hunt (2004); Ohta and Robertson (2005);

MacEvoy (2005).
Schmetzer et al. (2009).

3
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spectrophotometers provide software that allows a direct

calculation of colorimetric parameters from the spectrum

measured. Using this type of instrument, colorimetric
and spectroscopic data for 29 faceted chromium-bearing
chrysoberyl and alexandrite specimens from the Urals,

Russia (Fig. 9.5, 9.6 a, b, 9.7 a, b), were measured in

transmission mode with a Zeiss multi-channel colour

spectrometer, version MCS 311, and a Gemprobe GP 311

integration sphere.

The Zeiss MCS 311 is a double-beam colorimeter
equipped with:

» a pulsed Xenon lamp housed in a BaSO-lined inte-
gration sphere of 60 mm internal diameter providing
diffuse, indirect illumination

» Schott quartz-type fibre-light guides

Fig. 9.5 Faceted 7.95 ct Russian alexandrite with colour
change shown from green in daylight to reddish purple
in incandescent light. Sample belongs to group B of the
present study (see section 9.4). Sourced from the Rudolf
Schupp Company, Pforzheim, Germany. Photograph by K.
Schmetzer.

» two identical dispersive modules, each with a con-
cave holographic grating and a 512-channel photodi-
ode array

» a BaSO,-lined sample platform with a central 3 mm
mask hole for light transmission through the sample.

The instrument is designed for (nearly) simultaneous light
intensity measurement of sample and reference beams
and for colorimetric data processing. The orientation of
samples is described below.

Colorimetric data processing was performed with the
Zeiss MCS 311 system using the Zeiss DIAMOCR soft-
ware that instantly provides the CIE 1931 chromaticity
values x, y, Y and the CIELAB parameters L*, a*,b*, hue
angle h  and chroma C*  for two light sources D, (day-
light) and A (incandescent light). These values are based
on the absorption spectrum recorded from 375 to

6= o 0® 680 O
B
a

Fig. 9.6 a and b Chrysoberyl and alexandrite from the Urals show a wide variation of colours in both daylight and
incandescent light. Although all samples pictured contain distinct amounts of chromium as a trace element, not all
samples should be designated alexandrites. The three yellowish green and light green chrysoberyl samples on the
left in the top row are greenish yellow or yellowish green in incandescent light. Similarly the more intensely green
to bluish green chrysoberyls that are the second and third samples from the left in the bottom row maybe grey in
incandescent light. In contrast, the three samples of alexandrite located in the top row, right and the bottom row
extreme left and right are green to bluish green in daylight and purple, reddish purple, red purple or purplish red in
incandescent light. Samples with a bright colouration under both light sources are rare. Sample weights are from
0.30 ct (bottom row, third from the left) to 0.60 ct (top row, left) from the reference collection of the Giibelin Gem
Lab, Lucerne, Switzerland. Photographs by K. Schmetzer.
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Fig. 9.7 a and b Chrysoberyl and alexandrite from the Urals show a wide variation of colours in daylight and in-
candescent light. Although all samples pictured contain distinct amounts of chromium as a trace element, yello-
wish green (bottom row left and centre) and green chrysoberyl (top row left) are greenish yellow or grey in incan-
descent light whereas green to bluish green alexandrite changes colour to purple, reddish purple, red purple or pur-
plish red in incandescent light. Samples from 0.38 ct (bottom row right) to 1.84 ct (top row centre). Samples sour-
ced from the Rudolf Schupp Company, Pforzheim, Germany. Photographs by K. Schmetzer.

774 nm at 10 ms integration time, 0.8 nm spectral pixel
spacing, 2.4 nm spectral resolution, and =<0.1 nm wave-
length accuracy and reproducibility.

In order to evaluate the influence of sample orienta-
tion a synthetic Czochralski-grown alexandrite crystal
was examined. This sample was cut as a cube with the
orientation of the edges of the cube exactly parallel to the
crystallographic axes a, b and c. The deviation from the
ideal orientation was compared with that of the optical
axis under the immersion microscope and was found to
be less than 5°. The lengths of the edges of the cube var-
ied from 9.0 mm to 9.2 mm, and consequently, the path
lengths of the primary light beam in different directions
were almost identical. Chemical examination of the sam-
ple by Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS)* gave as average values of

three analyses for this sample: V,O, 0.09 wt%, Cr,O,
0.21 wt%, Fe,0,< 0.0T wt%.

In addition to the Russian specimens mentioned
above, about 30 faceted natural and synthetic alexan-
drites from different occurrences and different producers
were examined, taking at least two spectra from different
orientations. Routinely, each sample was placed with its
table facet on the aperture of 3 mm diameter, with the
primary beam entering the sample through the pavilion.
The influence of sample orientation was evaluated in two
steps:

P after rotation of each sample through an axis perpen-
dicular to the table facet and

» placing a larger pavilion facet on the aperture with the
primary beam entering through different crown facets
as well as the table.

9.3 Dependence of colour change on sample orientation

The colours of the synthetic Czochralski-grown alexan-
drite cube in directions parallel to the three crystallo-
graphic axes (a, b and c) as well as the pleochroic colours
in polarized light (X, Y and Z) are given in Table 4. Col-
orimetric parameters measured for the alexandrite cube
are also listed. In a similar colorimetric investigation of
an alexandrite cube performed by Liu et al.,” hue angle
changes were reported but no values for chroma in day-
light and incandescent light were given.

When an orthorhombic chrysoberyl crystal is viewed
under polarized light, three colours X, Y and Z can be ob-

served. In a view parallel to the a-axis, the colours for Y
and Z can be seen on rotation of the polarizer. This ap-
plies as well to observations viewed parallel to b and ¢
under polarized light; X and Z are seen parallel to b and
X and Y parallel to c. The colour observed by the unaid-
ed eye looking parallel to any one of the three crystallo-
graphic axes a, b, and c is always a mixture of two of the
X, Y and Z components. More specifically, the colour ob-
served in a view parallel to the a-axis is a mixture of the
components Y and Z, parallel to the b-axis it is a mixture
of X and Z and parallel to the c-axis it is a mixture of X

Perfomed by A.-K. Malsy at Giibelin Gem Lab, Lucerne, Switzerland.

Liu et al. (1995).
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. DAYLIGHT.
with polarization

NS

without polarization

INCANDESCENT LIGHT
with polarization

LR

without polarization

Fig. 9.8 a Schematic representation of colour and pleochroism in a Czochralski-grown synthetic alexandrite cube
in both daylight and incandescent light. With the unaided eye in a view parallel to one of the three crystallographic
axes, a, b, or ¢, the colour is always dependent on two of the three components X, Y, and Z, that are observed with

polarized light. Photographs and artwork by K. Schmetzer.

and Y. These changes for the examined alexandrite cube
are shown schematically in Fig. 9.8 a. The same scheme
applies under incandescent light in which two of the
three components, X and Y, show a distinct colour
change and thus, the colours observed parallel to one of
the three crystallographic axes a, b and c also show a dis-
tinct colour change (Table 4 and Fig. 9.8 a).

Polarized and non-polarized absorption spectra of the
cube of synthetic alexandrite® viewed in directions par-
allel to the a-, b-, and c-axes (Fig. 9.8 b) show three dif-
ferent polarized spectra X, Y, and Z with strongly
pleochroic absorption bands. The non-polarized spectra
in all three directions are always composed of the two
polarized spectra that were measured in these particular
directions of view.

Absorption bands for vanadium and chromium can-
not be separated in the spectra of vanadium- and chromi-

um-bearing samples. In synthetic samples containing on-
ly one of the colour-causing trace elements, vanadium or
chromium,” the absorption maxima are located in the
same spectral areas (Fig. 9.8 c). On the other hand, vana-
dium- and chromium-bearing chrysoberyls have differ-
ing pleochroism. In chromium-bearing samples, the
three spectra X, Y, and Z are distinct and three different
colours are produced. Whilst in vanadium-bearing sam-
ples the Y and Z spectra are similar and differ distinctly
from the X spectrum (Fig. 9.8 c). It is mentioned that pure
vanadium-doped synthetic chrysoberyl shows a colour
variation from yellowish green to bluish green in non-po-
larized light, but no alexandrite-like colour change.
Colorimetric parameters for non-polarized spectro-
scopic measurement with the primary beam parallel to
the three crystallographic axes are given in Table 4 while
colorimetric parameters in the CIELAB colour space are

Perfomed by A.-K. Malsy at Glbelin Gem Lab, Lucerne, Switzerland.

Bukin et al. (1980).
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Fig. 9.8 b Polarized and non-polarized spectra of a
Czochralski-grown, vanadium- and chromium-bearing
synthetic alexandrite cube in views parallel to the three
crystallographic axes, a, b, or c; the spectra taken with-
out polarized light represent a mixture of the two polar-
ized spectra (X, Y, or Z) taken in the same orientation.

plotted in Fig. 9.9. From these it can be clearly seen that
different measurements taken through two parallel faces
of the cube result in minor variations. In contrast, meas-
urement through the other parallel faces of the cube pro-

POIVTNO0OMLTOD

1

500 600 760

wavelength (nm)
Fig. 9.8 ¢ Polarized spectra of vanadium and chromium
doped synthetic chrysoberyl and alexandrite; both types
of spectra show two dominant absorption bands in the
visible range, the chromium spectra indicate a more in-

tense pleochroism compared to the vanadium-bearing
sample; after Bukin et al. (1980).

duces distinct differences. The hue angle difference be-
tween daylight and incandescent light is at its maximum
for the direction parallel to ¢ and distinctly smaller for
measurements parallel to a and b. In daylight, the view
parallel to a produces the highest chroma, indicating that
this direction gives the most brilliant green. In contrast,
in incandescent light, the colour parallel to a is a less at-
tractive bluish grey. The hue angle change between day-
light and incandescent light is largest for the direction
parallel to ¢ and, in this direction, the colour is light
green in daylight and a light greyish purple in incandes-
cent light. In the direction parallel to b, the colour
changes from greenish blue to an intense red purple with
high chroma.

Consequently, there is no ideal orientation for the de-
sired combination of high chroma in both daylight and
incandescent light, together with high hue angle change.
This is one of the reasons to explain why alexandrites that
show an attractive bright green or bluish green colour in
daylight as well as a bright purple colour in incandescent
light are rare. This fact is mentioned in many gemmo-
logical textbooks. Gem cutters know that the best green
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Czochralski-grown
synthetic alexandrite

e ™
B

300

Fig. 9.9 Colorimetric parameters of a Czochralski-
grown synthetic alexandrite cube in both daylight and
incandescent light. Measurements in two parallel direc-
tions perpendicular to parallel faces of the cube show
only small observable differences between the colour lo-
ci. The distance from the centre of the coordinate system
represents the chroma in the direction of measurement.
In daylight chroma is maximal for a view parallel to a,
and in incandescent light chroma is maximal for a view
parallel to b. For measurement in the c direction, the lar-
gest hue angle change is observed.

colouration in daylight is obtained with an orientation of
the table facet parallel to the a pinacoid and perpendi-
cular to the a-axis. However, a better colour change and
a better colouration in incandescent light are obtained °
when the orientation of the table facet is parallel to the b
pinacoid and perpendicular to the b-axis. For single crys-
tals, a good colour change is also produced when the
table facet is perpendicular to the c-axis.

For twins or trillings, the a-axes of the different indi-
viduals are parallel and, as a result, the orientation of the
table facet parallel to the a pinacoid gives the best colour
in daylight. In a view perpendicular to the a pinacoid, all
twins and trillings reveal crystals in different orientations
and, therefore, the observed colour is always a mixture of
the colouration parallel to the b- and c-axes of compo-
nent single crystals. Thus, to obtain a good colour change
and high chroma for incandescent light, table facets
should be orientated perpendicular to the a pinacoid.

1,2 synthetic flux-grown alexandrites, Russia

3,5 natural alexandrites, Hematita, Brazil

4,6,7 natural alexandrites,
Lake Man yara, Tanzania

270

Fig. 9.10 Examples of colorimetric parameters for fa-
ceted natural and synthetic alexandrites; each sample
was measured in non-polarized light in slightly different
orientations against the primary beam of the spectro-
meter entering either through the pavilion or through
the crown of the samples. The bars between the colour
loci in daylight and incandescent light for different mea-
surements of one sample are almost parallel to each
other and show only a small shift parallel to the a*- and
b*-axes of the CIELAB coordinate system.

These conclusions are not consistent with the data of Liu
et al. Most probably, the crystallographic orientation of
their examined cube of synthetic alexandrite was not
consistent with the crystallographic orientation of their
natural alexandrite single crystal and alexandrite trilling.

To avoid the disadvantages caused by the pleochroism
of chromium-bearing chrysoberyl, some faceted alexan-
drites were manufactured as composite gems by assem-
bling two pieces of synthetic alexandrite in different crys-
tallographic orientations.” Although this method might
improve the situation for synthetic alexandrite, it is not
practical for expensive natural alexandrite crystals, as the
final product would be a doublet or even a triplet, and
considered as an assembled gemstone.

Although alexandrite shows distinct pleochroism
(trichroism) in polarized light as described above, the ori-
entation of samples for colorimetric measurement using
non-polarized light is not critical. Fig. 9.10 shows a plot

8 See Fischer (1954).
Morris and O'Dell (1981).
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of sample loci of natural and synthetic alexandrites in
daylight and incandescent light. Measurements were
made on a single sample in different orientations with the
primary beam entering through the crown or pavilion.
For each of the samples measured in the different orien-
tations as mentioned above, the admixture of the three
basic colours X, Y, and Z in different proportions, ac-
cording to the orientation of the sample, causes a paral-
lel shift of the connecting line between sample loci in
daylight and incandescent light. This means that, under
the measuring conditions described above, the orienta-
tion of the sample has an almost negligible influence.
Furthermore, the colorimetric data obtained clearly rep-

resented the visually observed face-up coloration of the
alexandrites.

Thus, a single measurement in non-polarized light
with the sample in face-down alignment is sufficient for
a reliable determination of the colorimetric parameters
for a faceted gemstone. However, a second or even third
measurement, taken in different orientations with the
primary beam entering through the crown or pavilion is
recommended for control. It should be emphasised that
the colorimetric data would show differences as de-
scribed above for the alexandrite cube, if the sample is
examined at right angles to the table facet.

9.4 Distinction of alexandrite from yellow
to green colour-change chrysoberyl

The absorption spectra of all 29 measured chrysoberyls

and alexandrites from the Urals showed distinct absorp-

tion bands of iron and chromium of variable intensities.

These results are consistent with chemical investigations

by X-ray fluorescence spectroscopy and LA-ICP-MS."

There are numerous papers describing the absorption

spectra of natural and synthetic alexandrite, the assign-

ment of absorption maxima to chromium and iron relat-
ed absorption bands as well as the distribution of chromi-
um and iron between the two relevant aluminium sites
of the chrysoberyl lattice."

It is evident that the colour of a faceted alexandrite is

a complex function of at least three basic parameters:

» the concentration of colour-causing trace elements,
mainly chromium and iron, occasionally also vanadi-
um, and their distribution between different lattice
sites

P the orientation of the table facet relative to the crystal
axes

» the thickness of the sample, which determines the
variable path length of light travelling through the
faceted gemstone.

However, the characterisation of colour in a faceted
gemstone as described below is based on spectroscopic

measurement and the colorimetric evaluation of spec-
troscopic results.

According to visual colour estimations in daylight and in-
candescent light combined with colorimetric parameters,
the samples can be divided into 5 distinct groups labelled
Ato E. The colours in daylight and incandescent light to-
gether with the main colorimetric parameters are summa-
rized in Table 5. The sample loci are plotted in the a*b*
plane of the CIELAB colour circle in Fig. 9.11 and 9.12.

The colour difference AE* | in the three-dimensional
CIELAB colour space and the hue angle difference Ah
in the CIELAB colour circle are graphically presented in
Fig. 9.13. The five preselected sample groups with their
various extents of colour change are individually notat-
ed as demonstrated in Fig. 9.13.

The colorimetric parameters calculated for all spectra
of the 29 examined samples show a minimal change in
lightness for different illuminants. Consequently, for
these samples, the graphic representation in the a*b*
plane of the CIELAB colour circle (Fig. 9.11 and 9.12)
shows the characteristic change for the three-dimen-
sional CIELAB colour space. In other words, the length
of the line connecting the two loci of one sample in the
a*b* plane and the direction of this line are a good graph-
ic representation of the colour difference AE* .

' See chapter 10.

"

See, e.g., Farrell and Newnham (1965); Hassan and El-Rakhawy (1974); Walling et al. (1979); Schmetzer et al. (1980); Powell et al.

(1985); Rager et al. (1998); Rabadanov and Dudka (1998); Pinheiro et al. (2000); Yeom and Choh (2001); Weber et al. (2007).
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«_ groupA

210 330

Fig. 9.11 Colorimetric parameters for Russian alexan-
drites (groups A and B) in the CIELAB 1976 colour circle;
the neutral point (white point) is in the centre of the a*b*
coordinate system; the small black circles represent the
coordinates for the alexandrites in daylight D, and the
ends of the differently coloured bars represent their
coordinates for tungsten light A; the outer circle repre-
sents a chroma of 22. The typical alexandrite-like colour
change from daylight to incandescent light is evident.

All samples show a clearly observable colour change
between daylight and incandescent light. As shown by
Fig. 9.5-9.7, this colour change is caused by an increase
of red and blue with the change of light source (illumi-
nant) from daylight to incandescent light. Samples from
groups A and B reveal the classic alexandrite colour
change from yellow green, green or bluish green in day-
light and to violet, purple, red purple, red or orange in
incandescent light (Fig. 9.11). The extent of colour
change for all samples in groups A and B is strong to very
strong (Fig. 9.13).

Samples of cat’s-eyes from group C which show mod-
erate colour change, from yellow to greenish yellow in
daylight and orange to yellow orange in incandescent
light do not represent the classic alexandrite colour
change (Fig. 9.12). Their colour in daylight is more yel-
low than green and consequently these samples are des-
ignated yellow chrysoberyl cat’s-eyes with moderate
colour change.

210 330

Fig. 9.12 Colorimetric parameters for yellow, yellowish
green or green Russian chrysoberyls (groups C, D and E)
in the CIELAB 1976 colour circle; the neutral point (whi-
te point) is in the centre of the a*b* coordinate system;
the small black circles represent the coordinates for the
chrysoberyls in daylight D, and the ends of the differently
coloured bars represent their coordinates for tungsten
light A; the outer circle represents a chroma of 22. The
typical alexandrite-like colour change from daylight to
incandescent light was not observed in these samples.

Samples from group D show a moderate colour
change between daylight and incandescent light; this
change is strong in samples from group E (Fig. 9.12). Al-
though the colour of the group D and E samples in day-
light is within the range observed for alexandrites, the in-
crease in red is distinctly less than in samples from
groups A and B. Thus, samples from group D are yellow
green or yellow in incandescent light whilst those from
group E show low chroma in incandescent light and
therefore are bluish grey or yellowish grey. Although
both groups of samples show a clearly observable mod-
erate to strong colour change between daylight and in-
candescent light (Fig. 9.13), the colour change is differ-
ent from the classic alexandrite colour change that re-
quires a distinct red component in incandescent light.
Thus, these samples should be designated colour-change
yellowish green or green chrysoberyls rather than as
alexandrites.
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Fig. 9.13 Graph showing the correlation of the main colorimetric parameters of hue angle difference and colour
difference in alexandrites and colour-change chrysoberyls from the Urals, Russia, with correlations representing the
extent of colour change referred to as faint, moderate, strong and very strong. The extent of colour change for alex-
andrites (groups A and B) is strong to very strong; the extent of colour change for most yellow to green chrysoberyls

(groups C, D and E) is moderate to strong.

9.5 Alexandrite or green chrysoberyl
from India — a practical application

Colorimetry is also useful to distinguish green chry-
soberyl and alexandrite from sources other than Russia.
Morawaka in Sri Lanka followed the discovery of the
Uralian alexandrites as the second classic locality for
large facetable colour-change alexandrites in the
1880s. Although resources from this locality are now
exhausted, both chrysoberyl and alexandrite are known
from additional sources in Sri Lanka and India. The
states of Orissa and Andhra Pradesh, in India have been
a source of both chrysoberyl and alexandrite since the
1990s. For some of this material, there is ongoing dis-
cussion in the trade and gemmological laboratories as
to a proper designation of these gemstones: alexandrite
or chrysoberyl.

The application of colorimetry to solve this gemmo-
logical nomenclature problem was demonstrated as
follows; a group of 10 faceted samples from India'* show-
ing a clear colour change from a bright, intense green in
daylight to slightly greyish green, almost colourless in in-
candescent light (Fig. 9.14 a,b) were examined.
Chemical examination of all samples by Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS)"” indicated a very homogeneous trace element pat-
tern consistent with the pattern of material of Indian ori-
gin." The ranges of colour causing trace elements were
determined as:
> V,0, 0.08-0.11 wt%, Cr,0, 0.09-0.14 wt%, Fe,O,

0.41-0.59 wt%, demonstrating comparable amounts

of V and Cr.

"> Some gem dealers also supplied this type of material and designated its origin as Sri Lanka.

13

""" See chapter 10.

Perfomed by A.-K. Malsy at Giibelin Gem Lab, Lucerne, Switzerland.
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Fig. 9.14 a and b Colour-change chrysoberyls from India show a bright green colouration in daylight and become
almost colourless to slightly grey in incandescent light. Sample weights are from 0.14 to 0.23 ct, sourced from Tay
Thye Sun, Singapore. Photographs by K. Schmetzer.
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Fig. 9.15 V,0,/Cr,0, binary diagram showing the variability of these two colour-causing trace elements in natu-
ral alexandrite and green chrysoberyl from the Urals, Russia and green colour-change chrysoberyl from India. The
chemical data show a clear separation of the source fields of both types of natural chrysoberyl and alexandrite. Che-
mical data and artwork by A.-K. Malsy, Giibelin Gem Lab, Lucerne, Switzerland.
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Fig. 9.15 shows a plot of V,0, against Cr,O, for
alexandrite and green chrysoberyl from the Urals, Rus-
sia and the ten faceted samples from India, pictured in
Fig. 9.14 a and b. Two distinct fields are apparent; it is
evident that this particular type of chrysoberyl from In-
dia is coloured by comparable amounts of vanadium and
chromium, while in the Russian samples, the influence
of chromium is dominant compared to that of vanadium.

The colorimetric data were consistent with visual ob-
servation (Fig. 9.16). The samples are green with high

Fig. 9.16 Colorimetric parameters for colour-change
chrysoberyls from India in the CIELAB 1976 colour cir-
cle; the neutral point (white point) is in the centre of the
a*b* coordinate system; the small black circles represent
the coordinates for the alexandrites in daylight D, and
the ends of the differently coloured bars represent their
coordinates for tungsten light A; the outer circle repre-
sents a chroma of 22. The typical alexandrite-like colour
change from daylight to incandescent light was not ob-
served with these samples.

chroma (saturation) in daylight, but show an extreme
light green with low chroma and only small hue angle
changes in incandescent light. When changing the light
source from daylight to incandescent light, the increase
of redness is too small and consequently the samples are
only slightly greyish green and do not change to purple
or reddish purple. Consequently, it is suggested that this
type of material is designated colour-change chrysoberyl
rather than alexandrite.



Faceted 1.11 ct oval and 0.87 ct round Russian alexandrites and Canadian diamonds set in platinum, shown in day-
light and incandescent light. By courtesy of Warren F. Boyd of R.T. Boyd Limited, Oakville, Ontario, Canada.
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10.1 Origin determination in gemmology

The provenance or birth place of a gemstone has always
been a matter of interest, not only to gemmological lab-
oratories, but also to the gemstone market. Tumultuous
history, exceptional gemstones and their adventures
combined with continuous production periods, con-
tribute to the prestige of some particular gemstone de-
posits. Geographic places such as Kashmir or Burma
stand for the most beautiful sapphires and rubies and, as
a consequence, they achieve the highest prices in the
market. However, the visual appearance and quality of a
gemstone can only provide very limited indications of its
geographic origin.

Origin determination is basically achieved by com-
paring all features and properties of an unknown gem-
stone with those of samples from a fully documented ref-
erence collection that includes all relevant mining areas
worldwide. The most important gemmological and min-
eralogical criteria for the characterization of a gemstone
are solid and fluid inclusion features, growth structures,
the major, minor and trace element composition, and ab-
sorption spectra in the UV-Vis-NIR-range. Directly or in-
directly, these gemstone properties are always deter-
mined by the geological environment in which the stone
was formed.’

However, the assumption that the determination of
origin can be accomplished by the textbook is oversim-
plified and several complicating factors have to be con-
sidered. First of all, with every new discovery of a de-
posit, there is the possibility of having overlapping char-
acteristics with stones from established occurrences. This
is particularly true for sapphires found in Madagascar
and Tanzania that have similar characteristics to those
from “traditional” occurrences such as Burma or Sri Lan-
ka. Similar geological environments may result in simi-
lar characteristics of the gemstone and it requires the
captious work of gem testing laboratories to find subtle

distinctive features. Secondly, one should be aware that
many gemstones lack the so-called diagnostic inclusions
and features that are unique for a specific mine or min-
ing region. Some gemstones are even free of inclusions.
In these cases, chemical data provides the most promis-
ing basis for distinction between the different geograph-
ical origins of gemstones.

In gem testing laboratories, energy dispersive X-ray
fluorescence spectrometry (EDXRF) is used as the stan-
dard technique for chemical analysis. X-ray fluorescence
is a non-destructive method and no time-consuming
sample preparation is needed. However, most commer-
cially available instruments are limited in their ability to
measure precisely and accurately trace elements in those
low concentrations needed for origin determination of
gemstones. Furthermore, some light elements cannot be
measured at all.

Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS) is one of the most sensitive
techniques for trace element analysis of solid materials.
It has a wide range of applications in many different
fields of science and industry. In recent years LA-ICP-
MS has increased in importance in gemmological ap-
plications as, in many cases, standard analytical tech-
niques are reaching the limits of their ability. LA-ICP-MS
requires the removal of some material from the gem-
stone by ablation resulting in a shallow laser pit (about
50-100 pm in diameter), and it is designated a quasi
non-destructive method. The LA-ICP-MS allows for the
detection of almost all elements from very light, such as
lithium, to heavy, such as uranium and from major ele-
ments at high concentrations down to ultra-trace ele-
ments at concentrations of parts per billion (ppb) levels.

Several studies using LA-ICP-MS as an analytical
method for gemstones have been published within the
last decade and some are mentioned here. Articles with

1

Bern, Switzerland.
> Gubelin Gem Lab (2006).

Co-work of Glibelin Gem Lab, Lucerne, Switzerland and Mineralogical Crystallography, Institute of Geological Sciences, University of
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their main focus on origin determination or the character-
ization of one specific mining region by trace-element
chemistry have been published for sapphires, rubies, Parai-
ba-type tourmalines and emeralds.’ LA-ICP-MS has also
been used on more specific and unique gemmological
topics for example, the coating on tanzanite, natural red

/0 Trace element chemistry and locality determination

andesine from Tibet and rare earth elements in yellow
danburite from Tanzania.” With the increased possibili-
ties offered by LA-ICP-MS to gemmological laboratories,
it seems that this field of research interest has been ex-
panded.

10.2 Principles of Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS)

The principle behind Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) is the use of a
high-power laser to ablate small amounts of material
from the surface of a sample, which is subsequently an-
alyzed by an ICP Mass Spectrometer. The laser facility
serves to collect the sample and introduce it into the ICP-
MS unit; this coupling of the ICP-MS with the laser makes
this method applicable for gemstones.

Fig. 10.1 is a diagram of a LA-ICP-MS system. The en-
ergy provided by a pulsed laser is absorbed by the sample
resulting in the release of material as particles, ions, atoms
and molecules. Subsequently, the ablated material is
transported by a carrier gas into a high-temperature
(~ 6000 °C) argon plasma, where particles are completely

disintegrated and ionized. A quadrupole mass spec-
trometer separates the ions by their mass-to-charge ratio
(m/z) by setting up a combination of voltages to guide the
respective ion of selected m/z to the detector. Although
the quadrupole allows only one specific m/z to pass at a
time, the very rapid change of voltage settings allows this
method to quasi simultaneously detect almost all chem-
ical elements.

The quantitative concentration of an element is deter-
mined by comparing the signal intensities to both the in-
tensities of an internal standard element with known con-
centration and measured intensities acquired on external
standard reference materials with known composition
such as multi-element glass standard NIST SRM 610.

Mass Spectrometer (MS) I Inductively I Laser Ablation (LA)
coupled plasma
(ICP)
Detector .
uadrupole
o CEAROD o opies \\Pl2SMa 150D

evacuated

)
( 0] ()__@//ﬂ

—INd:YAG Laser|

He (Ar) out

4--,_
é |E<-He (Ar)in

Fig. 10.1 Schematic diagram showing the experimental setup of the LA-ICP-MS facility. The high-energy Nd:YAG
laser removes material from the sample surface and transports it to the ICP-MS device by the carrier gas (helium).
In passing the inductively coupled plasma (ICP), the sample is disintegrated and ionised. A lens system focuses the
ions into the quadrupole mass spectrometer, where they are finally separated by their mass-to-charge ratio and

recorded by the detector.

3

For sapphires (Guillong and Giinther, 2001; Abduriyim and Kitawaki, 2006), for rubies (Saminpanya et al., 2003; Schwarz et al,,

2008), for Paraiba-type tourmalines (Abduriyim et al., 2006), and emeralds (Rondeau et al., 2008).

(Chadwick and Laurs, 2008).

Coating on tanzanite (McClure and Shen, 2008), natural red andesine (Abduriyim and Kobayashi, 2008), danburite from Tanzania
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10.3 Materials and methods

In the present study, 30 gem-quality alexandrite and
green chrysoberyl samples from the Tokovaya mining
area in Russia and a total of 86 alexandrite samples from
other sources such as Hematita, Brazil (13), India (28), Sri
Lanka (36) and Lake Manyara, Tanzania (9) were inves-
tigated. Samples from Russia included alexandrites with
strong colour change from yellowish green, green or
bluish green in daylight to violet purple or red purple in
incandescent light (groups A and B in chapter 9) and
samples that are almost grey or yellowish grey in incan-
descent light (groups D and E in chapter 9); these should
be designated as green chrysoberyl. Some of these sam-
ples were rough crystals, a few of the alexandrites were
windowed (polished on one or two sides) but most were
faceted gemstones ranging from 0.1 to 4.6 ct, from either
the Giibelin Gem Lab reference collection or the collec-
tion of the senior author (KS). It should be emphasised
that the origin research project completed by the Giibe-
lin Gem Lab incorporated alexandrites from additional
mining areas in Brazil, Sri Lanka and Tanzania. Howev-
er the presentation of these results is beyond the scope
of the present study, which intends to give an insight in-
to the method used and a simplified model only.

A set of four individual spot analyses, with a laser beam
diameter of 100 pym, was performed on each sample.

Table 6 lists the instrumentation and the measuring con-
ditions for the data. With the addition of small amounts
of hydrogen (13 ml/min) to the helium carrier gas, there
is an increase in sensitivity and therefore lower limits of
detection (LOD) were achieved for most elements.’

A multi-element glass standard RSM NIST610 was
used as the external standard. Data processing and con-
centration calculations were performed using in-house
developed MSExcel spreadsheet based on equations by
Longerich et al. (1996). The transient (time resolved) sig-
nals for Na, Cu and Pb were observed to decrease from
the sample surface downwards, indicating a surface con-
tamination problem. These elements have therefore not
been taken into further consideration.

To verify the LA-ICP-MS data for Ca, Ti, V, Cr, and Fe
concentrations, electron microprobe analyses were per-
formed using a JEOL JXA8200 instrument. Analytical
conditions consisted of an accelerating voltage of 15 kV
and a beam current of 20 nA with a10 pm diameter. Da-
ta for all elements were corrected using the PRZ method
(Phi-Rho-2).

The results are displayed graphically in Fig. 10.2 to
10.4. The individual points represent measurements on
various alexandrites; multiple analyses of different spots
on the same crystal are plotted separately.

10.4 Trace element content of Russian alexandrites

and green chrysoberyls

Table 7 summarizes concentrations for some of the ele-
ments that were determined. Other elements have values
below the detection limit or are not relevant for the ex-
emplary model presented here.

The values for V, Fe, Cr and Ga are in good agreement
with most published data for Russian alexandrites.® How-
ever, other literature presents data giving significantly
higher V concentrations, as well as individual higher val-
ues for Cr and Fe.” The comparison of data obtained by
electron microprobe analyses and LA-ICP-MS showed a

good agreement with a deviation of <10% for Fe,O,,
whereas higher deviations were observed for V,O, and
Cr,O,. The much lower CaO concentrations found by
electron microprobe indicates that calcium concentra-
tion was affected by interference and the key problem is
assumed to be an interference of *°’Ar'H'H and “°Ar?H*
on “2Ca.’ Therefore Ca concentrations determined by
LA-ICP-MS were ignored.

A comparison of the chemical data for alexandrite of
groups A and B of chapter 9 and green chrysoberyl of

Guillong and Heinrich (2007).

® Vlasov and Kutukova (1960); Ottemann (1965); Ottemann et al. (1978); Kuhlmann (1983); Weber et al. (2007).

Kozlov, 2005).
Guillong and Heinrich (2007).

Vanadium (Henn, 1985; Kozlov, 2005), higher values for chromium (Henn, 1985; Kozlov, 2005) and iron (Vlasov and Kutukova, 1960;
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groups D and E of chapter 9 show that the chromophore
elements Cr and Fe reach higher concentrations in the
alexandrite. However values overlap to a large extent,
suggesting that additional parameters affect colour and
colour change, for example the orientation of the sam-
ple (see chapter 9). Likewise other trace element con-
centrations overlap and this would not allow the dis-
tinction between alexandrite and green chrysoberyl only
by chemistry. This lack of variation in trace element con-
tent may be traced back to the fact that alexandrite and
chrysoberyl are found together in the Tokovaya mining

area in Russia. Gallium is homogeneously distributed
within all the Russian samples tested and as concentra-
tions are very uniform it qualifies as a significant element
in the distinction of Russian alexandrites from other
sources.

Tin has long been known as a trace element in
alexandrite and the values of the present study (Table 7)
are consistent with published data.” To the knowledge
of the author, Ge has not been detected in natural
alexandrites to date, but only in flux-grown synthetic
alexandrites."”

10.5 Separation of Russian alexandrites from other sources

Fig. 10.2 shows a plot of Fe values against Cr. It is inter-
esting to note that Fe,O, concentrations are generally
higher than, or close to, the Cr,O, values and only a few
samples from Russia and Tanzania contain considerably

higher Cr than Fe. The highest Fe contents were deter-
mined from Russian alexandrites, but only two samples
have values above 1 wt% Fe,O,. The highest Cr contents
were found in alexandrites from Lake Manyara,

1.5
® Russia
¢ Hematita, Brazil
. * 4 India
— 10 5 = Sri Lanka
§ ' ¥ * Lake Manyara, Tanzania
Z,
9
O 0.5
0 : : :
0 0.5 1.0 1.5 2.0 2.5
Fe,O, [wt%]

Fig. 10.2 Fe,0./Cr,0, binary diagram showing the variability of the main two colour-causing trace elements in nat-
ural alexandrites from different locations. High Fe contents were determined for only a few Russian alexandrites.
Most of the samples have concentrations in the range from 0.23 to 0.84 wt% Fe,0, and overlap with data from all
other sources. Chromium contents of up to 1.2 wt% Cr,0, were found for some alexandrites from Lake Manyara,
Tanzania, but concentration ranges overlap extensively for all sources investigated. The diagram shows that alexan-
drites from the present sources can not be differentiated by their Fe,0, and Cr,0, contents.

®  QOttemann (1965).

' Schmetzer et al. (19986).
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Tanzania. It can be seen from Fig. 10.2 that the results

from all five sample groups show the chromophore ele-

ments Cr and Fe overlapping and therefore other trace el-
ement data are required to identify provenance.
Significant differences are summarised as follows:

P After evaluating all elements and different element
combinations, B, V, Ga, Ge, Sn and Ta were found to
be most relevant for the recognition of Russian alexan-
drites. In comparison with other sources, Russian
alexandrites are characterized by the highest Ge and
Ta, high Sn and intermediate B and Ga values
(Table 7).

P The highest Sn values were for samples from Hemati-
ta, Brazil and coupled with their low B contents of be-
low detection limitto 2.2 ppm, these alexandrites can
be unambiguously distinguished from all other
sources (Fig. 10.3).

» Alexandrites from India stand out by their high V con-
tent of up to 0.15 wt% V,0, and their low Sn
(0.3-3.5 ppm), but they can also be distinguished from
Russian samples by other element combinations such
as the Ga to Ge or B to Ta ratios.

» Alexandrites from Sri Lanka are characterized by high
B (7-125 ppm) and Ga (230-1333 ppm) values. These
elements show a strong positive correlation through-
out the data obtained from all sources.

» The ternary Ga-Ge-Cr diagram (Fig. 10.4) defines two
separate population fields for alexandrites from Rus-
sia and Sri Lanka.

» Alexandrites from Lake Manyara, Tanzania differ from
Russian specimens chiefly by their lower Sn values,
with only slightly overlapping data. However, by ad-
ditionally considering the B-Sn-Fe and the Ga-Ge-Cr
ternary diagrams Fig. 10.3 and 10.4, a proper differ-
entiation between the two source areas can be
achieved.

B x 1000

e Russia

¢ Hematita, Brazil

2 India

= Sri Lanka

* Lake Manyara, Tanzania

Sn x 100

Fe

Fig. 10.3 Ternary diagram showing relative percentages of B, Fe and Sn; components are weighted differently and
source fields are defined by the outline of individual plotting points. The fields of alexandrites from Hematita, Brazil,
India and Lake Manyara, Tanzania are distinctly separated from the field of Russian samples due to different B and
Sn concentrations. The source field for the Sri Lankan alexandrites overlaps with that of Russian samples and oth-
er elements have to be considered for a clear separation from these sources.
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® Russia

¢ Hematita, Brazil

& India

= Sri Lanka

* Lake Manyara, Tanzania

Cr

Ge x 1000

Figure 10.4 Ternary diagram showing relative percentages of Ga, Ge and Cr; components are weighted different-
ly and source fields are defined by the outline of individual plotting points. Alexandrites from Sri Lanka show typi-
cally high Ga concentrations and have a distinctive plot when Ge is also considered. Data from other sources over-

lap with Russian samples to some extent.

It should be emphasised that only a few diagrams are giv-
en here as examples and numerous other ternary dia-
grams with additional elements and sources are applied
for the origin determination of alexandrite as a routine
laboratory service.

In summary, it was found that Russian alexandrites
from Tokovaya mines in the Ural Mountains can be dis-
tinguished from other sources by their trace element con-
tents, especially by a combination of various ternary

plots of selected trace elements. In addition to V, Cr and
Fe as the main chromophore elements, B, Ga, Ge, Sn and
Ta were shown to be the most relevant trace elements.
As some of these elements such as B, Ge and Ta cannot
be measured by energy dispersive X-ray fluorescence
spectrometry in the small concentrations required, LA-
ICP-MS is considered as a new standard analytical
method for origin determination of alexandrites.
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Tables 1-7

Table 1: The most important emerald mines of the Tokovaya area, Urals, Russia (Izumrudnye Kopi)

Aulsky Aulsky
Mariinsky Malysheva

Starkovsky

Starsky with Troitsky pit Pervomaisky

Makaryevsky Artema

Tokovsky, changed to Krupskoy
Lyublinsky in 1899 by
“"New Emeralds Company”

Sretensky (Stretensky) Sverdlovsky

less important pits or veins

Cheremshansky

Chitny (Khitny) Krasnoarmeisky

Krasnobolotsky* Krasnobolotsky

Ostrovnoye Ostrovnoye

in recent publications, the historical names are reused again (see Zhernakov, 2009)
after Laskovenkov and Zhernakov (1995), Semyonov and Timofeev (2005)
reopened from 1995 to 1996

also named Sarevtinsky mine in the first years (Grewingk, 1854)

N
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Table 2: Morphological properties of Russian alexandrites

Crystal class 2/m 2/m 2/m = D2h, single and repeated twinning on (031) and (031)

s S0 w3 oo

*Based on a morphological cell with a 4.42, b 9.39, ¢ 5.47

Characteristic angles frequently observed in Russian alexandrites, especially in trillings

Habit of cyclic twins (trillings)
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Table 3: Characteristic angles observed in alexandrites from Sri Lanka for faces of the zone [001]

*Miller indices hkl: pinacoid a (100); pinacoid b (010); prism r (130)

Table 4: Colour, pleochroism and colorimetric parameters of a Czochralski-grown synthetic alexandrite'

daylight D, blue green

incandescent light A blue green
daylight D, violet purple blue green
incandescent light A red purple blue green
daylight D, violet purple -

incandescent light A red purple

daylight D,

incandescent light A
daylight D, 26.03
incandescent light A
daylight D, 25.88

incandescent light A

' Orientation: a 4.42,b9.33,¢ 5.47; X || a, Y|/ b, Z| ¢

lengths of the edges of the cube between 9.0 and 9.2 mm

between daylight and incandescent light

®  between daylight and incandescent light in the three dimensional CIELAB colour space
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Table 5: Colorimetric parameters of alexandrites and chrysoberyls from Urals, Russia

5 3 3

Yellow green to Yellow to Yellowish green
yellowish green greenish yellow to green

Purplish red to Orange to Bluish grey
orange yellow orange or yellowish grey

10.24-19.54 11.56-15.27 8.90-11.31

120.9-143.7 88.1-97.4 151.7-165.31

3.32-11.84 13.16-16.37 0.59-2.02

11.9-60.2 51.4-70.08 74.5 or 248.1
or 257.4

71.4-126.4 27.4-429 77.2-101.2

11.27-19.51 6.93-11.64 8.92-11.22

! cat's-eyes cut as cabochons

C*,, = chroma; h_ = hue angle
Ah,, = hue angle difference between daylight and incandescent light
A E*, = colour difference between daylight and incandescent light in the three-dimensional CIELAB colour space

Table 6: Operating parameters for Laser ablation and ICP-MS

CETAC LSX-213 Nd:YAG
213 nm

10 Hz

100 mm

single-spot

Perkin Elmer ELAN DRC-e
1400 W

1 I/min (He)

0.68 - 0.76 |/min (Ar)
0.60 - 0.65 I/min (Ar)

14 |/min (Ar)

Auto lens on




Transcription of names

131

Table 7: Ranges of trace element and ultra-trace element contents of alexandrites and “green chrysoberyls"

obtained by LA-ICP-MS.

0.002-0.031
0.04-0.80
0.23-2.01

0.010-0.021
0.05-0.55
0.71-1.39

4.3-49
86-393
0.7-17
22-1530
0.01-1364

bdl-2.2
56-131
bdl-1.4
274-2294
bdl-0.11

bdl = below the detection limit

Transcription of names

0.002-0.073
0.02-0.41
0.52-1.29

7=125
230-1333
bdl-2.6
1.22-461
bdl-78

The English transcriptions of the original names of au-
thors and other important persons have been used in this
text in place of those used by 19" century Russian or Ger-
man authors who published in Russian or German. In the

*

reference list, the authors’ names are cited as published
in the original document. To avoid any confusion, a short
list of the most frequently used names is given below.
Less commonly used names are given in brackets.

Zarin Alexandra Feodorowna

Fersmann

Fiirst Kotschubey

Kokowin

von Kokscharow

Leskow (LjeBkow)

Zar Nikolaus |

von Nordenskiéld (Nordenskjold)

Graf Perowsky (Peroffsky)*

Flirst Romanowsky, Herzog von Leuchtenberg
Russisch-Kaiserliche Gesellschaft flir die Gesammte Mineralogie
St.-Petersburg

Tokowaya

Zarewitsch Alexander Nikolaewitsch

Weitz

von Wérth

the signature in his handwritten letters in French and German is L. Peroffsky
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Timetable

Events relating to the discovery and naming of phenakite
and alexandrite and the history of exceptional emerald
and alexandrite specimens (1829-1913):

1829: Count Perovskii becomes Vice-President of the
Appanage Department (Department Udelov) of the Rus-
sian Empire under Tsar Nicolas I.

1830: Kozhevnikov discovers emeralds in the roots of a
fallen tree in the Tokovaya area.

January 1831: Start of emerald exploration under the
guidance of Kokovin.

1831: Discovery of the Kochubei emerald and the
Leuchtenberg emerald druse.

1831/1832: First notes about emeralds from the Urals in-
cluding the Kochubei emerald and the Leuchtenberg
emerald druse.

Fall 1832-Winter 1832/1833: First samples of phena-
kite were submitted by Perovskii to Nordenskiold.

February 1833: Nordenskiold reports on the properties
of phenakite to Berzelius.

1833/1834: Discovery of Mariinsky deposit (Malyshe-
va Mine in the 20% century).

1833/1834: Nordenskiold describes phenakite as a new
mineral from the Uralian emerald mines using the sam-
ples submitted by Perovskii.

Fall 1833: Discovery of the first alexandrites; samples
are given by Kokovin to Perovskii and submitted to von
Worth for examination.

January 1834: Two small fragments of alexandrite are
submitted by Perovskii to Nordenskiold.

April 1834: Tsarevich Alexander Nikolaevich becomes
of age.

April/May 1834: Additional alexandrite crystals are ob-
tained by Perovskii from Kokovin and submitted to von
Worth and Nordenskicld for examination.

June 1834: Report from Kokovin to Prince Gagarin in
which he mentions the first colour-change alexandrite
crystals and faceted gemstones.

August/October 1834: Nordenski6ld reports the prop-
erties of alexandrite as colour-change cymophane to
Berzelius.

December 1834: Nordenskitld sends one alexandrite
crystal described as colour-change cymophane to Brew-
ster for additional study.

February 1835: Note by Brewster on alexandrite de-
scribing it as colour-change cymophane.

June 1835: Inspection of Kokovin'’s office and private
apartment was conducted by Yaroshevitskii from the Ap-
panage Department resulting in the discovery of
Kokovin’s emerald, its transport to Saint Petersburg and
the disappearance of this stone of exceptional quality.

December 1835: Kokovin is accused of misusing his po-
sition and of stealing emeralds and imprisoned; Veits be-
comes his successor.

1837: Tsarevich Alexander Nikolaevich visits the Urals
and Ekaterinburg.

1838: Discovery of Krasnobolotsky deposit.
1839/1840: Discovery of large alexandrite crystals and
crystals groups including Kochubei’s druse in the Kras-

nobolotsky mining area.

1839: Rose describes perovskite as a new mineral from
the Urals.

1839: Rose publishes a morphological description of
alexandrite trillings.

1839: Maximilian, Duke of Leuchtenberg, marries
Grand Duchess Maria Nikolayevna, the daughter of Tsar

Nicolas | and sister of the future Tsar Alexander Il.

1840: Death of Kokovin.
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January 1840/June 1841: Berzelius reports on the an-
alytical results of Uralian chrysoberyl to Nordenskiold.

1841 : Perovskii becomes Minister of the Interior.

1842: Awdejew publishes the first quantitative analysis
of chromium and iron in Uralian chrysoberyl.

1842: Description and naming of alexandrite, including
drawings by von Worth in a contribution attributed later
to Lenz, Rose, Veits and Nordenskiold in the 25t year an-
niversary volume of the Russian Imperial Mineralogical
Society edited by von Pott. In the same volume is a short
description of the Kochubei emerald and the Leuchten-
berg emerald druse as samples from the Imperial Cabi-
net.

1846/1847: Nordenskiold describes diphanite as a new
mineral from the Uralian emerald mines using samples
submitted by Perovskii.

Circa 1847/1848: The Leuchtenberg emerald druse, a
birthday present from Tsar Nicolas to his son-in-law,
Maximilian, Duke of Leuchtenberg, is transported to the
Principality of Eichstatt, Bavaria.

1849: Nordenskiold visits the Urals for the first time.

1852: Perovskii becomes Minister of the Appanages and
President of the Imperial Cabinet.

1852: Maximilian, Duke of Leuchtenberg dies in Saint
Petersburg; subsequently his mineral collection includ-
ing the Leuchtenberg emerald druse is transferred from
Eichstatt to Munich, Bavaria.

1853:In his chapter on emeralds in Volume 1 of his “Ma-
terials of Russian Mineralogy” Koksharov briefly mentions
exceptional samples that could be the Kochubei emerald
and the Leuchtenberg emerald druse.

Summer/Fall 1853: Inspection of the emerald mines by
C. Grewingk upon instruction of Perovskii.

1854: Grewingk publishes his report that includes a ge-
ological map of the Tokovaya area.

1855: Death of Tsar Nicolas I; the Tsarevich Alexander
Nikolaevich becomes Tsar Alexander II.

1856: Death of Franz von Worth.

1856: Death of Count Perovskii; his mineral collection
is bought by Prince Kochubei.

1862: In the chapter on alexandrite in Volume 4 of his
“Materials of Russian Mineralogy” and in a separate
monograph, Koksharov describes a large alexandrite
crystal group later named Kochubei’s druse.

1865: The Koksharov collection is purchased by the
British Museum.

1866: Death of Nils von Nordenskiold.

1877: Pylyaev mentions in a gemmological textbook
that it was Nordenskiold who discovered alexandrite in
the Urals.

1881: Assassination of Tsar Alexander Il in Saint Peters-
burg.

1884: Leskov writes his novel “The Alexandrite”, in
which it is mentioned that Nordenskiold discovered
alexandrite in the Urals.

1891: Death of Nicolas, Duke of Leuchtenberg; in 1893,
his widow donates his collection to the Mining Institute.

1892: Death of Nicolai von Koksharov.

1892: Death of Prince Petr Kochubei; his collection is
kept at his country estate.

Post 1905: The Kochubei collection is transported to
Kiev and later to Vienna by his son.

1911: Fersman and Vernadsky inspect the Kochubei col-
lection in Vienna.

1913: Return of the Kochubei collection to Saint Peters-
burg; this includes the Kochubei emerald and Ko-
chubei’s druse, the largest alexandrite crystal group ever
found in Russia.
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