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Nuclear microscopic studies of inclusions
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K. N. Yu,"*t S. M. Tangt and T. S. Tay

1 Department of Physics, National University of Singapore, Kent Ridge, Singapore 119260
2 Far East Gemological Laboratory, 19, Tanglin Road, #B2-02, Tanglin Shopping Centre, Singapore 247909

Maps recorded by micro-proton-induced x-ray emission (micro-PIXE) were obtained for different chemical
elements for natural and synthetic emeralds. Eighty pieces of natural and synthetic stones were examined.
The following inclusions and minerals were observed: (1) color zoning/elemental zoning; (2) brine com-
ponents; (3) calcite/dolomite; (4) chromite/magnetite; (5) pyrite and the accompanying sphalerite/wurtzite;
(6) mica (biotite, phlogopite and muscovite); (7) feldspar (orthoclase and anorthite of plagioclase); (8) flux
residues/nutrient residues; and (9) seed crystal. These (a) demonstrated the power of micro-PIXE in reveal-
ing inclusions in emeralds, which was useful for easy and unambiguous identification, and which made the
identification of inclusions in rough stones possible; (b) provided some criteria for discrimination between
natural and synthetic emeralds; and (c) gave the source of some chemical elements, so that their presence
derived from the PIXE spectra would be further supported (e.g. Cl in the brine component in natural and
flux grown emeralds; Cl was previously said to be present only in hydrothermal grown emeralds). Further-
more, the present work showed the power of micro-PIXE in thein situ study of minerals. Copyright © 2000
John Wiley & Sons, Ltd.

INTRODUCTION identification of inclusions in rough stones. It is true that
one cannot always decide on the mineralogy unambigu-
ously from the chemical composition alone derived from
Emerald is the green variety of the mineral called beryl micro-PIXE, e.g. in theory CaC(an be aragonite or cal-
with the chemical composition of beryllium aluminum cite. In these cases, traditional knowledge in gemmology
silicate, BgAl,(SiO;)s. Other varieties of beryls include can help, e.g. calcite is one of the commonest inclusions
aguamarine, morganite, heliodor, vanadium beryl, red in emerald whereas aragonite is not. Nevertheless, these
beryl, yellow beryl, violet beryl, colorless beryl, etc. In cases should be handled with caution.
the early 1980s, relatively comprehensive non-destructive Second, we provided some criteria for discrimination
analyses of emeralds were carried out using energy-between natural and synthetic emeralds; most of these
dispersive x-ray fluorescence (EDXRF) and electron mic- were in fact due to the presence of different inclusions
roprobe methods? and valuable results were obtained.  for different emeralds.

In the present work, the nuclear microscopic features Third, we gave the source of some chemical elements.
recorded using micro-PIXE were used for studying natural In doing so, their presence derived from the PIXE spectra

and synthetic emeralds. The objectives that were achievedvould be further supported. In previous investigations, Cl
in the present work are as follows. was not detected in all natural emeraitlbut was detected

First, we demonstrated the power of micro-PIXE in in all the hydrothermal emeralfleand was believed to

revealing inclusions in emeralds. The optical-microscopic come from the chloride hydrate (CriBH,O) used to
examination of inclusions is by far the most accurate supply Cr as a coloring agehfThis is surprising because
method among traditional techniques in discriminating Cl should be present in emerald samples. It is known
between natural and synthetic emeralds, and between natthat the well-known three-phase inclusions in Colombian
ural emeralds from different localities. However, some Stones contain brine and a crystal which is likely to be
inclusions are extremely difficult, if not impossible, to halite (NaCl) [and it is assumed that there is also some
observe and identify, and some inclusions can easily besubordinate sylvite (KCI); the mixture of sylvite and halite
confused with others. In the special case of rough stones,is called sylvinite] when it is cubic, or calcite (Cag)O
information on inclusions will be totally lacking based on or dolomite (CaMg[CG],) when it is rhombohedral, and
traditional methods. Micro-PIXE maps are useful for the these cavities were originally filled with a single-phase

easy identification of inclusions, and are essential for the brine with a salt content of approximately 40 wt% Cl and
Na with Ca, K, et For synthetic stones, information on
the nutrient input can also be revealed.
* Correspondence to: K. N. Yu, Department of Physics and Materials Finally, we demonstrated the power of micro-PIXE
?Ciencsbrf:it)&(%niversity of Hong Kong, Tat Chee Avenue, Kowloon in the in situ study of minerals. Theoretically, micro-
oq'glsermgnent gddress: Department of Physics and Materials Science,PI_XE should be a super_b method for Stgdymg. mme_rals.
City University of Hong Kong, Tat Chee Avenue, Kowloon Tong, Hong It iS non-destructive, which keeps the mineral inclusions

Kong. intact and free from contamination or chemical changes
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NUCLEAR MICROSCOPY OF INCLUSIONS IN EMERALDS 179

on contact with the polishing machine or on exposure to and the detector to cut down the aluminum and silicon
air or water vapor. Furthermore, it is more economical as signals in order to enhance the detectability of the heav-
larger amounts of stones can be borrowed from dealers forier trace elements. The typical beam spot size was about
the study. Electron microprobe analysis is the only other 1 um. In addition to the PIXE and RBS spectra, elemental
non-destructive method which has a scanning feature.maps were also recorded for a number of chemical ele-
Micro-PIXE has the advantages over electron microprobe ments of interest, including Si, S, Cl, K, Ca, Ti, V, Cr, Fe,
analysis that it collects properties of the stone from areasCo, Ni, Cu, Zn, Ga, Rb, Mo, Cs, Pt, Au and Pb. Before
down to greater depths and has much higher sensitivity each run with an emerald sample, data were recorded for
(much lower limits of detection). a few minutes so that the elemental maps could be exam-
ined carefully. A user-defined raster of any shape could be
selected for the actual irradiation. The silicon map gave
EXPERIMENTAL an outline of the emerald so that it was easy to ensure
that the irradiation was on the stone itself. The silicon
intensities would help identify a flat surface which could
be chosen for irradiation; a non-flat surface, such as the

The nuclear microscopy facility employed for the present ncorporation of a tilted facet, would lead to an image with
non-uniform silicon intensities. The imaging time for our

research comprised a 2.5 MV Van de Graff accelerator samples was around 10—20 min, depending on the count

and coupled triplet of magnetic quadrupole lenses. The ; .
data acquisition system was PC-based and operated undgite: but the actual ime needed for a real life test may be

Windows. It allowed a target area of any shape to be shorter.
defined easily for imaging. Details of the experimental
set-up can also be found elsewhere. _ _ INCLUSION ANALYSIS
Our study involved the use of two techniques simul-
taneously, namely PIXE and Rutherford backscattering
spectroscopy (RBS). The former was employed to obtain Different types of known inclusions relevant to the
the elemental compositions of the specimens and the latterstudies on emeralds which can be identified from
for determining the specimens’ matrix and estimating the our micro-PIXE maps include the following: (1) color
total charge of irradiation. An Si(Li) detector of active area zoning/elemental zoning; (2) brine; (3) calcite/dolomite;
71 mn? with a 12um thick beryllium window was used (4) chromite/magnetite; (5) pyrite; (6) mica/biotite;
for x-ray detection and a PIPS detector of 25 frsensi- (7) feldspar; (8) flux/nutrient residues; and (9) seed
tive area was used for counting the backscattered protonscrystal. Some of these inclusions were identified in our
sample stones under the optical microscope. Sample
micro-PIXE results for some of the stones in which
micro-PIXE identifications were made will be discussed
under different headings for inclusions. The corresponding
micro-PIXE maps are shown in Figs 1-13, grouped
according to the sources of the emeralds. The definitions,
information and discussions of these inclusions are given
in the following paragraphs. Finally, as a summary, the
criteria for the identification of inclusions in emeralds
for the traditional optical microscopic method and for the
nuclear microscopic (micro-PIXE) method, are presented
in Table 1.

Equipment

Samples

For natural emeralds, we had 20 specimens from Colom-
bia, six from Pakistan, 25 from Zambia and five from
Brazil. For synthetic emeralds, we had five Chatham, four
Gilson, five Russian, two Taiwan and one Lennix stones
which were manufactured using the flux method and three
Biron, five Russian and one Lechleitner stones which were
manufactured using the hydrothermal method.

The stones were mounted on a layer of Blu-Tack
adhered to a copper sample holder of size& 2 cm in
such a way that a flat surface of each stone was facing
upwards, and all these surfaces of the stones were on theColor zoning
same plane to facilitate the focusing of the proton beam on
their surfaces. For stones with emerald cuts, the table facetColor zoning is defined to be zoning of the chromophore
was chosen as the surface for irradiation; for cabochons,elements Cr, V and Fe (regional difference in intensi-
the base was used; and for rough stones, a flat surfacdies) in the PIXE maps. The correspondence between the
was employed. Special care was taken not to contaminatecolor zoning and the zoning of the above elements was
this surface with the Blu-Tack. If it was contaminated,
structures characteristic of the Blu-Tack would appear on
the maps of the elements. Prior to the measurements, thesecr v Fe
mounted stones together with the Blu-Tack were coated
with a thin layer of carbon to prevent the accumulation of
charges on their surfaces during the proton bombardment,
which would increase the background for the detection of
x-ray signals.

Method

Figure 1. Nuclear microscopic maps of a Colombian emerald

L. (CB9). Zoning of Cr and V is identified but seemingly not with
Protons of 2 MeV were used for excitation and a Kapton re, charge = 0.075 uC; the square grid represents an area of

filter of thickness 5um was placed between the specimen 2 x 2 mm.

Copyrightd 2000 John Wiley & Sons, Ltd. X-Ray Spectrom2000;29: 178—186
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Figure 2. Nuclear microscopic maps of a Colombian emerald (CB17). Brine components are identified which show strong correlations
between Cl and K, and weaker correlations with Ca and S. Charge = 0.033 uC; the square grid represents an area of 3.6 x 3.6 mm.

Cs Fe Ti ¥

Figure 3. Nuclear microscopic maps of a Zambian emerald (ZB9). Zoning of elements is obvious in the maps of Cs, Fe, Ti and V.

Charge = 0.062 uC; the square grid represents an area of 3.6 x 3.6 mm.

Cr Fe Si

Figure 4. Nuclear microscopic maps of a Zambian emerald
(ZB11). The maps of Cr and Fe show the presence of chromite
and magnetite. The anticorrelation between the pattern with Si
implies that this set of inclusions was rather near the surface.
Charge = 0.063 uC; the square grid represents an area of
3.6 x 3.6 mm.

confirmedwith the help of the optical microscopeand

after the examinationof a large number of emeralds.

Elemental zoning is definedto be zoning of the non-
chromophorelementsThisfeaturecanonly beconfirmed
optically if a color zoningoccursin the sameregions.

It was found that color zoning occurredin most of
the natural emeraldsirrespectiveof their localities. In
contrast,color zoning was not identified in any of our
syntheticsamplesalthoughtherewerealsoreportssaying
that differentcolor zoneshad beenidentifiedin synthetic
emeraldqe.g.Ref. 6). Zoning of Cr andV wasidentified
but seeminglynot with Fe in the Colombianstone CB9

(Fig. 1). This is not consistentwith the proposalthat the
elementsof chromophoresncludeCr, V andFe? In fact,
two setsof color zoningsrevealedby the chromophore
elementsCr andV likely to be hexagonakould be seen.
The first set consistedof a sharply defined paler core
at the lower right region of the scansurroundedby a
more saturatedshell. This could also be seenoptically.
The secondset consistedof alternatebandsabove the
pale core mentionedabove.Color zoning and elemental
zoningwere observedn the PakistanstonePK1 (Fig. 7),
which consistedf a sharplydefinedpalerhexagonatore
at the lower left region of the scan surroundedby a
more saturatedshell, and were also seenoptically. The
paler region containedless Cr, V, Fe, Ti and Cs. A
cloudy color zoning was observedn the Cr map for the
PakistarstonePK4 (Fig. 8), which couldalsobeidentified
underthe microscope However,the cloudy color zoning
was not readily observablen the mapsof otherpossible
chromophoreslements/ andFe.Zoning of elementsvas
obviousin the mapsof Cs, Fe, Ti andV for the Zambian
stoneZB9 (Fig. 3). This alsoshowedthat theseelements
were somewhatcorrelated. The zoning of a particular
elementshown in a map was in fact evidencefor the
presencef thatparticularelementin the stone.Therefore,
the elementsmentionedabovewere presentin this piece
of stone,which might not be deducedrom a broadbeam
PIXE bulk analysisbecauseof their low concentrations.

Figure 5. Nuclear microscopic maps of a Zambian emerald (ZB13). Two calcite/dolomite inclusions are shown in the Ca map, chromite
and magnetite are identified across the middle of the scan from top to bottom as shown in the Cr and Fe maps, mica inclusions are
shown in the top right-hand corner of the K map and the biotite inclusion is shown in the Fe and K maps. Charge = 0.031 pC; the
square grid represents an area of 3.6 x 3.6 mm.

Copyright0 2000JohnWiley & Sons,Ltd. X-RaySpectom 2000;29: 178-186
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Zn Cl

Si

Figure 6. Nuclear microscopic maps of a Zambian emerald (ZB19). A brine component is shown as the darkest spot near the lower
edge of the Cl scan; calcite/dolomite inclusions are identified in the Ca map; chromite inclusions are shown on the left of the Cr map
and a magnetite inclusion is shown besides the three darkest spots in the Fe map; pyrite inclusions are identified in the Fe map (the
three darkest spots) and the S map. The pyrite inclusions might be accompanied by the mineral sphalerite/wurtzite (ZnS). The origin
of the correlation between the pyrite inclusions with the element Cl is not yet known. Charge = 0.032 uC; the square grid represents

an area of 3.6 x 3.6 mm.

Cs

Figure 7. Nuclear microscopic maps of a Pakistan emerald (PK1). Color zoning and elemental zoning are observed, which consist of a
sharply defined paler hexagonal core at the lower left region of the scan surrounded by a more saturated shell. Charge = 0.101 uC; the

square grid represents an area of 2 x 2 mm.

Cr Fe v

Figure 8. Nuclear microscopic maps of a Pakistan emerald
(PK4). A cloudy color zoning is observed in the Cr map.
Charge = 0.051 uC; the square grid represents an area of
3.6 x 3.6 mm.

Brine components

As mentionedbefore,cavitiesin Colombianstoneswere
originally filled with a single-phasebrine with a salt
contentof approximately40 wt% CIl and Na with Ca,
K, etc? It is also interestingto note from our PIXE
maps that Cl is always correlated with one or more
of the elementsK, Ca and S, in other natural emer-
alds and in synthetic emeralds. Therefore, it is nat-
ural to treat the correlations betweenCl and K, ClI
and Ca or uncorrelatedCl as brine components.lt is
known that the mineralshalite (NaCl) and sylvite (KCI)
are often accompaniedby anhydrite (CaSQ), gypsum
(CaSQ-2H,0), kainite (KMg[CI|SQ,]-3H,0), kieserite

Copyrightd 2000JohnWiley & Sons,Ltd.

(MgSO,-H,0) and polyhalite (K,CaMg[SO,],-2H,0).’
Thereforethe correlationbetweernCl andS, althoughusu-
ally a weakone, may just showthat S is also presentin
thebrine.In fact, brine componentsvereobservedn most
emeralddrom our PIXE maps,no matterwhethernatural
or synthetic,andno matterwhatthe localitiesor the man-
ufacturerswere, exceptfor the very clean Chathamand
the Lechleitnerstones.

Brine componentswere identified in the Colombian
stone CB17 (Fig. 2), which showedstrong correlations
betweenCl and K, andweakercorrelationswith Ca and
S; in the ZambianstoneZB19 (Fig. 6), being shownas
the darkestspot nearthe lower edgeof the Cl scan;in
the Russiarflux stoneRF2 (Fig. 10), beingshownasthe
correlationof the dark spotin the Cl mapwith the dark
spotshownin the K map, andthe weak correlationwith
that shownin the Camap.

Brine componentsvere alsofoundin the Biron hydro-
thermal stone BH1 (Fig. 11), and thesewere the only
featuresthat could be identified from all its maps.It had
beenconcluded that Cl wasdetectedn all hydrothermal
emeraldsand was believedto come from the chloride
hydrate (CrCl;-6H,0) that was usedto supply Cr as a
coloring agent However, correlationsbetweenCr and
Cl werenot identifiablein our maps.Optical microscopic
inspectionof the stoneconfirmedthatit wasvery cleanbut
revealedvery tiny white dust-like inclusionsjust below
the table facet for the scans.Thesemight be the brine

X-RaySpectom 2000;29: 178-186
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Cr Cu
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&

Figure 9. Nuclear microscopic maps of a Russian flux-grown synthetic emerald (RF1). The flux residue for PbO-V,0s is positively
identified in the Pb and V maps. The correlation between S with Pb and V might be due to the addition of the flux in the form
of a sulfate or a sulfur-bearing mineral. Correlations among the elements Cu, Ga and Zn indicate that these nutrients were added.
Charge = 0.075 pC; the square grid represents an area of 3.6 x 3.6 mm.

Ca Cl

Ph 3

Figure 10. Nuclear microscopic maps of a Russian flux-grown synthetic emerald (RF2). The flux residue for PbO-V,05 is positively
identified in the Pb and V maps. The correlation between S with Pb and V might be due to the addition of the flux in the form of a
sulfate or a sulfur-bearing mineral. Along with the flux residues revealed in the Pb and V maps, added nutrients Ca, K, S, V, Cr and CI
are also identified. Brine components are identified as the correlation of the dark spot in the Cl map with the dark spot shown in the K
map, and the weak correlation with that shown in the Ca map. Charge = 0.073 uC; the square grid represents an area of 3.6 x 3.6 mm.

componentanentionedabovebut confirmationwas still
not possible.

Calcite/dolomite

Calcite is CaCQ whereasdolomite is CaMg(CG;),, so
theseare definedto be dotsin the Ca mapaloneandno

Ca Cl K

Figure 11. Nuclear microscopic maps of a Biron hydrother-
mal-grown synthetic emerald (BH1). The only features that can
be identified are the brine components. Charge = 0.063 uC; the
square grid represents an area of 3.6 x 3.6 mm.

Copyrightd 2000JohnWiley & Sons,Ltd.

othermaps.n fact, from our mapswe cannotdifferentiate
betweencalcite and dolomite, becausewe do not have
informationon Mg. Two calcite/dolomiteinclusionswere
identified in the Zambian stone ZB13 (Fig. 5), which
wereshownin the Camapandwereconfirmedby optical
microscopicinspection.Calcite/dolomiteinclusionswere
identified in the Zambian stoneZB19(Fig. 6) from its
Camap.

Chromite/magnetite

Chromiteis (Fe,Mg)CsO, whereasmagnetiteis Fe;O,.
Therefore chromiteis definedto be small dotswhich are
shownin the Cr map,with or without simultaneoushow-
upsin the Fe map; magnetiteis definedto be small dots
which areshownin the Femap.Whenchromiteis present,
it is difficult to tell whethermagnetiteis presentor not.
Only when dots show up in the Fe map but not in the
Cr map can magnetitebe identified without confusion.
Chromite/magnetiténclusionswere identified in four of

X-RaySpectom 2000;29: 178-186



NUCLEAR MICROSCOPY OF INCLUSIONS IN EMERALDS

183

Cs

Cl Cr

Figure 12. Nuclear microscopic maps of a Biron hydrothermal-grown synthetic emerald (BH2). The scans clearly identify the boundary
between the seed and the hydrothermal-grown emerald, and show the presence of Au and Pt, and also some excessive S here. The
first two elements might have been used as the crucible for the synthetic growth of emeralds to take place. Charge = 0.071 uC; the

square grid represents an area of 3.6 x 3.6 mm.

Ph 5

Figure 13. Nuclear microscopic maps of a Russian hydrothermal-grown synthetic emerald (RH1). It is surprising to find veil-like
inclusions correlating Pb, V and S, which resemble those found in Russian flux-grown emeralds, because Pb is thought to be a flux
component. The resemblance is not yet understood. Charge = 0.031 uC; the square grid represents an area of 3.6 x 3.6 mm.

our Zambianstones.In ZB11 (Fig. 4), the mapsof Cr

and Fe showedthe presenceof chromite and magnetite.
The anticorrelationbetweenthe patternwith Si implied

that this set of inclusionswere rather near the surface?

The identitiesof chromiteand magnetitewere confirmed
under the microscope.In ZB13 (Fig. 5), chromite and
magnetitewere identified acrossthe middle of the scan
from top to bottomasshownin the Cr andFe maps.The
inclusionsof chromite and magnetitewere confirmedby

opticalmicrocsopidnspectionin ZB19 (Fig. 6), chromite
inclusionswere shownon the left of the Cr mapwhile a
magnetiteinclusion was shown besidethe three darkest
spotsin the Fe map. The chromite and magnetitewere
confirmedoptically.

Pyrite

Pyrite is FeS, and is thus definedto be dots simul-
taneouslyclearly shownin the Fe and S maps. Pyrite
inclusions were identified in the Zambian stone ZB19
(Fig. 6) asshownin the Fe map (the threedarkestspots)

Copyrightd 2000JohnWiley & Sons,Ltd.

and the S map. The pyrite inclusions were confirmed
optically. It was noticed that the pyrite inclusionswere
also shownin the mapsof Zn and Cl. On checkingthe
mineralswith Zn contentsusually accompanyingpyrite,’
this might imply the mineral sphalerite/wurtzite(ZnS).
However,the mineral contributing the elementCl is not
yet known, but is likely to come from remnantof the
brine.

Pyrite crystalswere seldomidentified in our samples
(only in two Zambianstones)which might be dueto the
following reasonSincealmostall of our samplesverecut
stonesandthe cutting hadbeenperformedin sucha way
asto keepthe large piecesof pyrite crystalsaway from
the table facetto makethe stonemore beautiful. At the
sametime, however,our irradiation of the samplestook
placeon the table facetif the stonewas not a cabochon
or rough stone,so the pyrite crystalscould escapefrom
the irradiation most of the time. For example, optical
inspectionof the emeraldZB11 revealedthe presenceof
large pyrite crystalssomewherebeneaththe table facet,
but thesedid not showup in the PIXE maps.Only when
the crystalswere sufficiently closeto the surfaceof the

X-RaySpectom 2000;29: 178-186
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Table 1. Summary of the criteria for the identification of inclusions in emeralds for the traditional optical microscopic method
and for the nuclear microscopic method, with the sample stones listed in which the nuclear microscopic identifications

have been made

Inclusion

Color zoning

Calcite and dolomite

Chromite

Magnetite
Pyrite

Mica

Feldspar

Flux residues

Nutrient residues

Seed

Elemental zoning

Brine component

Features under optical microscope

Zoning of colors

Calcite: trigonal; rhombohedral-rhombic
faces; transparent and colorless
Dolomite: rhombohedral; similar to
calcite, bread-crumb like, often in cluster
Cubic; often as black opaque minute
cubic crystal and in cluster, associated
with dolomite, difficult to separate from
magnetite

Cubic; similar to chromite, opaque,
formed in cluster

Cubic; brassy metallic appearance,
opaque, can appear in dodecahedra
Monoclinic; often appears flaky and
transparent; phlogopite and biotite
slightly tinted brown

Monoclinic; tabulated appearance,
colorless or white, others tinted green,
red, pink or yellow

Coarse to fine whitish and wispy veil-like
appearance

Fine veil-like appearance

Different appearance of the seed plate
crystal

Not observed

Not observed

Features in micro-PIXE maps

Zoning of chromophore
elements Cr, V, Fe
Dots in Ca map alone

Small dots in Cr map, with
possible simultaneous show up
in Fe map

Small dots in Fe map alone

Dots in Fe and S maps
simultaneously

Phlogopite and muscovite: dots
in K map alone Biotite: dots in
K and Fe maps simultaneously
Orthoclase and plagioclase:
dots in K and Ca maps
simultaneously

Veils in maps of flux elements
such as Mo, Pb, Bi and W
Veils or clusters in elemental
maps, with possible
simultaneous show-up in maps
of flux elements

The same boundary identified
in almost all maps; features
may be identified in elemental
maps of exotic elements such
as Au, Pt

Zoning of non-chromophore
elements

Correlations between the Cl
map with the K or Ca map, or

Sample stones (Fig. No.)

CB9 (1), PK1 (7),
PK4 (8)
ZB13 (5), ZB19 (6)

ZB11 (4), ZB13 (5),
ZB19 (6)

ZB11 (4), ZB13 (5),
ZB19 (6)
ZB19 (6)

ZB13 (5)

RF1 (9), RF2 (10),
RH1 (13)
RF1 (9), RF2 (10),
RH1 (13)

BH2 (12)

ZB9 (3), PK1 (7)

CB17 (2), ZB19 (6),
RF2 (10), BH1 (11)

features in the Cl map alone

table facet could they be revealed in the PIXE maps. EvenFeldspar

in this case, the number of pyrite crystals shown in the
maps was far smaller than that observed optically.

Mica

Mica is a group of silicates with the general formula
XY2_3Z40]_0(OH,F)2, Where X= K, Ca, Ba, ("&O), Na,
(NH,), Y = Mg, F&*, Fe', Al, Cr**, Li, Mn*", V**, Zn
and Z = Al, Fe*", Be, Si°® The more common micas
are paragonite, Nagl(OH,F),|AlISi;O.), phlogopite,
KMg,[(F,OH),|AlSizO,q], biotite, K(Mg,Fe)s[(OH,F),]
AlSizO,0], and muscovite, KAI(OH,P),|AlSiz0,g].’
Within these, paragonite will not show up in our maps,
phlogopite and muscovite will show up in the K map
alone and biotite will show up in both the K and Fe

Feldspar can be divided into orthoclase feldspar,
K[AISi;Og], and plagioclase feldspar, and the latter can
be further divided into albite, Na[AIgDg], and anorthite,
Ca[Al,Si,Og]. If present, the orthoclase feldspar will
be confused with the phlogopite/muscovite micas, and
the anorthite will be confused with the calcite/dolomite.
Although feldspars have been found in emeralds from
different localitiesl® these are less frequent than the
corresponding micas and calcite/dolomite, so we believe
that the effects of not considering feldspars are
small. Nevertheless, since the orthoclase and plagioclase
feldspars accompany each other, a correlation between K
and Ca only may imply a feldspar inclusion.

maps. Phlogopite/muscovite were found in emeralds from Flux residues/nutrient residues

all localities in the present investigation, but biotite was
found only in Zambian emeralds. For example, mica
inclusions were identified in the Zambian stone ZB13
(Fig. 5) as shown in the top right hand-corner of the
K map, and the biotite inclusion shown in the Fe and
K maps.

Copyrightd 2000 John Wiley & Sons, Ltd.

It is well known that a typical internal feature of flux-
grown emerald is the veil-like flux residues. Therefore,
the flux residues are defined as features shown in the maps
of possible flux elements. In the past, the oxides of Mo,
Pb and Bi have been used as flux components. The most

X-Ray Spectrom2000;29: 178—-186
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suitable flux used for the growth of gemstones appears to
be one with high contents of PbO, Me@r Bi,05.1! It

185

the brine components K, Ca and Cl and also the chro-
mophore element Cr.

has also been suggested that the chemical behavior of W

is very similar to that of Mo and can also be used as a
flux component? The flux used for Russian flux-grown
emeralds is PbO—-)D:.*® Nutrient residues are defined to
be the chemical elements which are not themselves flux
elements but exist in a veil or cluster with or without the
flux elements.

Flux residues/nutrient residues were identified in two of
our Russian flux stones, RF1 (Fig. 9) and RF2 (Fig. 10).
It has been documented that the flux used in the Rus-
sian flux-grown emeralds is PbO-®5, which is heated
together with the nutrients and the coloring agents to
1250°C in a platinum crucible for the growth of the
crystalst®* From the maps, the flux PbO-®s; was pos-
itively identified. Pb was not observed in the elemental

maps for natural emeralds. Furthermore, S was also found

to correlate with Pb and V. The reason might be that the
flux had been added in the form of a sulfate or a sulfur-
bearing mineral had been added together with the flux.

Seed crystal

A seed was clearly identified from the scans for the
Biron hydrothermal stone BH2 (Fig. 12), which proved the
hydrothermal synthetic nature of the emerald. The scans
clearly identified the boundary between the seed and the
hydrothermal grown emerald, and showed the presence
of Au and Pt, and also some excessive S here. The first
two elements might have been used as the crucible for
the synthetic growth of emeralds to take place. Careful
examination of the boundary under the microscope also
revealed a layer with metallic luster which was linked to
Au and Pt.

CONCLUSIONS

Correlations among the elements Cu, Ga and Zn were also’Sing maps recorded by micro-PIXE for different chemi-
observed for RF1, which represent part of the nutrients cal elements for natural and synthetic emeralds, the power

added for the Russian growth stones. For RF2, along with
the flux residues revealed in the Pb and V maps, added
nutrients Ca, K, S, V, Cr and Cl were also identified. The
flux residues could also be seen optically.

Although flux-filled (MoQ) tubes was said to be
present in Lennix stonésthese were not observed from
our maps for the Lennix stone. It was surprising to find
veil-like inclusions correlating Pb, V and S in the Russian
hydrothermal stone RH1 (Fig. 13) and two other Russian
hydrothermal stones, which resembled those found in Rus-

sian flux-grown emeralds, because Pb is thought to be a

flux component. It was noticed that Pb was not identi-
fied in other hydrothermal-grown emeralds studied in the
present investigation, i.e. the Biron and the Lechleitner
emeralds. The resemblance is not yet understood.

It was interesting to note that a lot of the flux or nutrient
residues had correlations with the brine components (K,
Ca, CI). The correlations among these elements might
mean that brine components had been artificially added.
However, it was noted that brine components were also
common in natural stones, and it was also observed for

of this technique for revealing inclusions in emeralds
was demonstrated, even for rough stones. The inclu-
sions identified were color zoning/elemental zoning, brine
components, calcite/dolomite, chromite/magnetite, pyrite,
mica (biotite, phlogopite and muscovite), feldspar (ortho-
clase and anorthite of plagioclase), flux/nutrient residues
for synthetic emeralds and seed crystal in hydrothermal
emeralds.

Some criteria for discrimination between natural and
synthetic emeralds were provided. The Chatham and the
Lechleitner had nearly featureless maps, which were not
observed for natural stones. The most informative inclu-
sions for a synthetic stone were the flux residues or the
nutrient residues. Natural stones had color zoning in gen-
eral. Although there were also reports saying that different
color zones had been identified in synthetic emeralds,
these were not identified in our synthetic samples. Non-
biotic micas were absent in synthetic stones, but were
present in natural stones from all localities.

In previous investigations, Cl was not detected in all
natural emerald€ but was detected in all the hydrother-
mal emerald$, which was believed to come from the

natural stones that there were correlations between thechloride hydrate (CrGI6H,0) used to supply Cr as a col-
brine components (K, Ca, Cl) and other elements, such aspring agen In the present investigation, Cl was identified

Cu, Zn, Fe and Ti (mostly in Colombian stones).
Along the flux veils of Gilson and Russian flux-grown

as a brine component in most of the natural and also the
synthetic stones.

emeralds, elements such as the brine components K, Ca, " Micro-PIXE was demonstrated to be a superb method
Cl and S and the chromophore Cr had been identified. for in situ studies of minerals. Compared with elec-

Nutrient residues correlating the elements K, V, Fe and tron microprobe analysis, PIXE can examine miner-
Cr had also been found. As mentioned above, an inter-als at greater depths from the crystal surface and has
esting cluster containing specks of the elements Zn, Cumuch higher sensitivity (much lower limits of detec-
and Ga was recorded in the Russian flux stone RF1. Thetion). In particular, during the present investigation, spha-
Lennix flux grown stone contained specks correlating the lerite/wurtzite were found to accompany pyrite in Zam-
brine components K, Ca, Cl and S with Cu. For the Biron bian stones. These minerals have not been found for
hydrothermal emeralds, a very patchy pattern had beenemeralds before. However, we must still be cautious of
obtained for the brine componens K, Ca and ClI, which pile-up effects.

had a very strong correlation between K and Ca but a
weaker correlation with Cl. The brine components were
also found to correlate with Fe and Ti. The veil-like inclu-
sions correlating Pb, V and S observed in the Russiang. n. vu acknowledges the hospitality of the Department of Physics of
hydrothermal-grown emeralds were also correlated with the National University of Singapore during his stay.
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