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Gemmological 
Characterisation of 
Emeralds from Musakashi, 
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ABSTRACT: Emeralds from the Musakashi area of Zambia entered the gem trade in early 2002 in 
rather small quantities. Faceted stones are mostly available in smaller sizes (1–5 ct) but occasionally 
reach up to 20 ct or more. They can be of very fine gem quality and exhibit similarities to Colombian 
emeralds, not only in appearance, but also in their gemmological properties, inclusion features and 
chemical properties. Seventy-eight Musakashi emeralds were characterised gemmologically and 
chemically for this report. They can be distinguished from Colombian emeralds (as well as other 
similar emeralds from Afghanistan’s Panjshir Valley) based on certain diagnostic internal features 
(e.g. ‘sawtooth’-outlined multiphase fluid inclusions) and their chemical composition (e.g. plotting 
Fe vs V/Cr, and cluster visualisation using a t-SNE machine-learning algorithm). Separating them 
from the classic schist-hosted emeralds of the Kafubu area in Zambia is straightforward based 
on differences in their gemmological properties, inclusions, UV-Vis-NIR and Raman spectra, and 
chemical composition. 
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E
meralds from Zambia have been known for 
decades, mostly from mines along the 
Kafubu River in north-central Zambia 
(i.e. about 35 km south of the town of 

Kitwe). Kafubu-area emeralds have a schist-type 
origin (Zwaan et al. 2005; Giuliani et al. 2019) 
and account for the greatest share of Zambian 
emeralds in the gem trade. They are characterised 
by rather high Fe concentrations and inclusions 
such as mica, amphibole and feldspar, to name a 
few. In early 2002, emeralds from another Zambian 
source (Figure 1) were discovered at Musakashi in 
the Solwezi District (Zwaan et al. 2005), about 

160 km west of Kitwe. However, this deposit 
has yielded only limited quantities, with about 
15–20 kg of emeralds reported from the time of 
its discovery to late 2010 (Klemm 2010; Pardieu 
et al. 2015). Although some mining activity has 
continued intermittently in subsequent years, it 
has been limited due to legal issues surrounding 
the mining concessions (Klemm 2010; Pardieu 
et al. 2015; Karampelas & Pardieu 2024), which 
reportedly led locals to think the deposit was 
depleted. Interestingly, Musakashi emeralds are 
very different in their formation and occurrence 
from the classic schist-hosted Kafubu material. 
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According to Manyepa and Mutambo (2024), 
Musakashi emeralds are found ‘in random pockets’ 
related to weathered Cr-enriched metasediments 
that are cross-cut by hydrothermal veins (the source 
of Be necessary to crystallise emerald).

Musakashi emeralds are visually and chemically 
very similar to Colombian emeralds and to those from 
the Panjshir Valley in Afghanistan, thus presenting a 
challenge for geographic origin determination (Zwaan 
et al. 2005; Saeseaw et al. 2014).

PREVIOUS MUSAKASHI EMERALD 
DATA AND ERRATUM

Beginning in late 2017, faceted emeralds from 
Musakashi were submitted to the Swiss Gemmo-
logical Institute SSEF for testing without disclosure 
that they originated from this mining area in Zambia. 
Many of these stones were of exceptional quality but 
rather small (mostly 1–5 ct), and they were submitted 
either as single stones or in sets and parcels (e.g. 
Figure 2). Since then, we have analysed several 
hundred emeralds from this relatively new source in 
Zambia (even occasional larger stones up to 20 ct or 
more), although their quantity is far less than those 
circulating in the trade from Zambia’s Kafubu mining 
area and from Colombia. 

Several research samples reportedly from the 
Panjshir Valley were donated to SSEF a few years 
ago—from what at that time were considered reliable 
sources—but they were later found to be from 
Muskakashi. As a result, Krzemnicki et al. (2021a) 
erroneously described those samples as coming 
from recent production in Afghanistan. That article 
nevertheless provides a valuable contribution to the 
gemmological literature on emeralds, such as detailed 
inclusion photos and chemical data of emeralds from 

Figure 1: Gem-quality emeralds 
investigated for this study from the 
Musakashi area of Zambia (here, 2.41–
4.23 ct) resemble fine-quality emeralds 
from Colombia. Composite photo by  
Luc Phan, © SSEF. 

both the Panjshir Valley and the Laghman Province in 
Afghanistan. However, it is important for us to clarify 
that the data and inclusion features attributed to the 
so-called new emeralds from Afghanistan (referred to 
in that article as ‘Panjshir type II’) actually belong to 
those from Musakashi. 

After the publication of the 2021 article, we 
received further research samples from Musakashi 
that were kindly provided by Dr Leo Klemm, who 
had visited the mining area in 2009 and 2010 (Klemm 
2010). During that time he was able to acquire a few 
small specimens directly at the mining site. Thorough 
analysis of these and other documented Musakashi 
samples, as well as the occasional occurrence of 
similar stones in batches of small-sized Zambian 
emeralds submitted by clients, finally enabled us to 
uncover the mislabelling issue. We then reported the 
situation to the wider gemmological laboratory and 
gem trade community, which was not previously 
aware of such misrepresentation. These commu-
nications included a press release (SSEF 2021), a 
short note in The Journal (Krzemnicki et al. 2021b) 

Figure 2: Examples of emeralds from Musakashi examined in the 
past few years at SSEF include a 21.22 ct pear shape (left) and a 
suite of cushion cuts ranging from 0.36 to 0.82 ct (total weight 
14.6 carats). Composite photo by M. S. Krzemnicki, © SSEF.
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and a brief publication in SSEF’s Facette Magazine 
(Krzemnicki 2023).

The aim of the current article is to share a detailed 
and consolidated set of gemmological and chemical 
data on emeralds from Musakashi, with a focus on 
how to separate them from those of Colombia and 
Afghanistan, as well as other Zambian emeralds 
from Kafubu. 

MATERIALS AND METHODS

For this study, we assembled a group of emeralds 
from Musakashi (78 samples, including 36 
that were characterised by Krzemnicki et al. 
2021a), Kafubu (105 samples), Colombia (92 
samples, mainly from Muzo but also from Coscuez 
and Chivor) and Afghanistan’s Panjshir Valley 
(hereafter referred to simply as Panjshir; 33 
samples, including 11 from Krzemnicki et al. 
2021a). Most of the emeralds were faceted, but 
there were a few rough samples with at least one 
polished surface. They were obtained mostly from 
the H. A. Hänni collection (SSEF research collec-
tion) and mining companies (e.g. Gemfields PLC 
and Muzo International SARL), but also from 
reputable gemmologists and emerald dealers. All 
of the samples were characterised by each of the 
techniques described below, except as otherwise 
noted.

Gemmological properties included the collection 
of RI and SG values, UV fluorescence reactions, 
and internal features as observed with a System 
Eickhorst Gemmaster microscope. Polarised 
ultraviolet-visible-near infrared (UV-Vis-NIR) 
absorption spectra were recorded for the o-ray 
using an Agilent Cary 5000 spectrometer (290–900 
nm range, 0.35 nm step size and 0.5 s scan rate/
step). For a few samples, we also used an in-house- 
developed portable unit equipped with an Avantes 
spectrometer (200–1000 nm range).

Fourier-transform infrared (FTIR) spectra were 
obtained with a Thermo Nicolet iS50 spectrometer 
(400–4000 cm–1 range and 4 cm–1 resolution) in 
diffuse reflectance mode, primarily to detect any 
fissure fillings (mainly oil) that may have been 
present in some of the samples.

Raman analyses of selected emeralds and their 
inclusions were performed with a Renishaw inVia 
spectrometer (1.5 cm–1 spectral resolution) coupled 
with a Leica DM2500 M microscope and an 
argon-ion laser (514.5 nm excitation). All analyses 
were carried out in confocal mode using the 20× 
objective of the microscope to focus on the emerald 

surface or on inclusions. For the analysis of water 
molecule orientation in the emeralds, the c-axis was 
oriented perpendicular to the electric field vector 
of the laser beam (i.e. E┴c; cf. Huong et al. 2010).

Chemical analysis of the emeralds was carried out 
by energy-dispersive X-ray fluorescence (EDXRF) 
spectroscopy and by laser ablation inductively 
coupled plasma time-of-flight mass spectrometry 
(LA-ICP-TOF-MS). EDXRF data were collected 
using a Thermo Scientific ARL Quant’X spectrom-
eter in vacuum mode. LA-ICP-TOF-MS analyses 
were done using SSEF’s GemTOF platform, 
consisting of a 193 nm ArF excimer laser equipped 
with a TwoVol2 ablation chamber (NWR193UC 
from Elemental Scientific Lasers) and coupled with 
a commercial ICP-TOF-MS unit (icpTOF from 
Tofwerk AG) that was modified from an optimised 
ICP-Q-MS unit (iCAP Q from Thermo Fisher 
Scientific). On each sample we analysed three or 
four spots (100 µm diameter) on visually inclu-
sion-free areas. All spots were ablated at 20 Hz and 
with a fluence of 5.6 J/cm2. Helium was used as the 
carrier gas (0.8–0.9 L/min). Five pre-cleaning laser 
shots were fired at the beginning of each measure-
ment (30 s ablation time). We used NIST SRM 
610 and SRM 612 glasses as external standards, 
and 29Si+ (for ideal beryl) as an internal standard. 
Further details about instrumental parameters, 
analytical conditions, data processing and plotting 
can be found in Wang et al. (2016) and Wang and 
Krzemnicki (2021).

The GemTOF data were analysed using t-dis-
tributed stochastic neighbour embedding (t-SNE), 
a machine-learning algorithm for the non-linear 
transformation of high-dimensional data sets 
(such as multi-element concentrations from mass 
spectrometry) into a low-dimensional space (van 
der Maaten & Hinton 2008). The unsupervised 
algorithm used by this technique means that the 
data input into the statistical calculation were 
not labelled with their origin a priori. The t-SNE 
scatter points are colour-coded according to their 
respective origins only after t-SNE analysis, and 
the clustering or grouping of data points is purely 
due to their elemental similarities. This method 
allows us to better visualise sample relationships 
and place separate data sets into various subgroups. 
A detailed description of this statistical method-
ology for an emerald case study is provided in 
Wang and Krzemnicki (2021). In the present study, 
we calculated t-SNE plots using concentrations of 
56 elements from 1,088 spot analyses of 308 total 
emerald samples. 
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RESULTS AND DISCUSSION

Table I presents a summary of the gemmological 
properties of the Musakashi emeralds compared 
with samples from Kafubu, Colombia and Panjshir. 
The data show similarities between the Musakashi 
and Colombian emeralds in terms of their physical 
properties (e.g. RI and SG), whereas the Fe-enriched 
schist-type emeralds from Kafubu are easily distin-
guishable by their higher RI and SG values.

Internal Features
The most common and striking internal features in 
Musakashi emeralds were bundles of hollow channels 
oriented parallel to the c-axis (Figure 3). Although not 
present in all samples, these channels were generally 
much more visible than the similar but finer tubes 

parallel to the c-axis that often occur in Colombian 
emeralds (Bosshart 1991).

In addition, many of the studied Musakashi 
emeralds contained irregularly curved (Figure 
4a) to kinked (Figure 4b) hollow tubes (possibly 
etch channels), some of which emerged in comet-
like fashion from a colourless inclusion (feldspar, 
identified by Raman spectroscopy; Figure 4c). 
Cavities and channels were partly filled with 
orange Fe-hydroxide (Figures 4d–f), a feature very 
unlikely to be found in Colombian emeralds based 
on the authors’ experience. In general, Musakashi 
emeralds are very homogeneous and exhibit a 
beautifully saturated green colour, although fine, 
subtle growth lines were present occasionally 
(Figure 4g), sometimes combined with swirl- or 
chevron-like features (Figures 4h–i).

Locality Zambia
(Musakashi)

Zambia
(Kafubu) Colombia Afghanistan 

(Panjshir Valley)

No. samples 78 105 92 33

Weight range 0.11–21.22 ct 0.64–31.56 ct 0.34–64.35 ct 0.62–13.79 ct

RI 1.576–1.586 1.580–1.592 1.568–1.582 1.581–1.589

Birefringence 0.006–0.009 0.007–0.010 0.006–0.008 0.006–0.009

SG 2.72–2.76 2.74–2.80 2.70–2.75 2.73–2.76

Long-wave  
UV reaction* None to moderate red None None to distinct red None to weak red

Internal features

Colour 
zoning

Uncommon; 
homogeneous colour

Occasional; 
homogeneous to distinct 

colour zoning

Common;
often distinct colour 

zones perpendicular to 
c-axis 

Uncommon; 
occasional hexagonal 

colour zoning

Growth 
structures

Fine, subtle
growth lines parallel  

to c-axis, partly swirl- 
to chevron-like

Occasional growth lines 
parallel to prism faces 

and basal pinacoid

Occasional growth lines 
perpendicular to c-axis, 

partly strong graining

Dense growth lines 
parallel to c-axis

Hollow 
channels

Fine and often densely 
arranged parallel to 

c-axis, partly kinked or 
slightly curved

Occasional fine and 
short hollow tubes 
parallel to c-axis

Very fine and often 
densely arranged parallel 

to c-axis

Coarse to fine, parallel to 
c-axis, often filled with 

brown Fe-hydroxide

Fe-hydroxide
Occasional flat, semi-

circular cavities partially 
filled with Fe-hydroxide

Occasional Rare Common

Fluid 
inclusions

Small, spiky to irregular 
and ‘sawtooth’ 

multiphase

Commonly rectangular 
two- and three-phase; 

isolated two-phase 
negative crystals

Spiky three-phase; few 
multiphase

Spiky multiphase, often 
stretched along c-axis

Solid 
inclusions

Few: feldspar, apatite 
and rutile

Frequent: actinolite-
tremolite, phlogopite, 

apatite, magnetite, 
quartz and whitish 

decrepitated disc-like 
inclusions

Occasional: calcite, 
pyrite, quartz and 

apatite

Occasional: pyrite, 
dolomite, rutile and 

feldspar

Table I: Gemmological properties of emeralds from Zambia (Musakashi and Kafubu), Colombia and Afghanistan’s Panjshir Valley.

* All samples were inert to short-wave UV radiation.
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Figure 3: Noticeable hollow channels oriented parallel to the c-axis are one of the most common and distinctive internal features in the 
Musakashi emeralds. Photomicrographs by M. S. Krzemnicki, © SSEF; magnified 10× (left) and 50× (right).

a b c

d e f

g h i

j k l

Figure 4: Characteristic inclusions in the Musakashi emeralds include: (a, b) curved to kinked channel structures; (c) a comet-like 
assemblage consisting of channels emerging from a feldspar grain; (d–f): orange Fe-hydroxide in hollow channels and flat semi-circular 
cavities; (g–i) fine growth lines and chevron-like growth structures; and (j–l) spiky to irregular and sawtooth-edged multiphase fluid 
inclusions. Photomicrographs by M. S. Krzemnicki, © SSEF; magnified 30× (j and l), 50× (a–c, e–i and k) and 60× (d).
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We did not encounter the honeycomb graining 
effect (gota de aceite; Figure 5a) well known from 
Colombian emeralds in any of the Musakashi 
samples investigated for this study. Fluid inclu-
sions occurred in the Musakashi emeralds as spiky 
to irregular multiphase inclusions (Figures 4j–k). 
However, it is not possible to separate emeralds from 
Musakashi and Colombia based on fluid inclusions 
(multiphase vs ‘classic’ Colombian three-phase 
jagged-shaped fluid inclusions consisting of a salt 
solution, a gas bubble and a salt crystal), because 
we occasionally observed similar multiphase inclu-
sions that contained several solid salt crystals in 
Colombian emeralds (see Figure 5b). 

Interestingly, some of the multiphase fluid inclu-
sions in our Musakashi samples showed a distinct 
‘sawtooth’ outline (Figures 4l and 6), which in our 
opinion is highly characteristic for emeralds from 
this locality. 

By contrast, the emerald samples from Kafubu 
showed very different inclusion features. They 
were mainly characterised by rectangular two- and 
three-phase fluid inclusions oriented parallel to the 
c-axis, commonly with isolated two-phase negative 
crystals. Also present were randomly oriented 
phlogopite and colourless prismatic to slightly 
curved needle-like amphibole. For a detailed 
description of inclusions in Kafubu emeralds, see 
Zwaan et al. (2005). 

The characteristic internal features in Panjshir 
emeralds included spiky-to-tubular multiphase 
fluid inclusions containing halite-sylvite, a few 
solid inclusions such as pyrite, dolomite, rutile and 
feldspar (all identified by Raman spectroscopy), as 
well as fine to rather coarse hollow tubes oriented 
parallel to the c-axis (see also the ‘Panjshir type I’ 
emeralds in Krzemnicki et al. 2021a).

Figure 5: (a) Gota de aceite graining is characteristic of Colombian emeralds. (b) The multiphase inclusions seen here in an emerald from 
Colombia resemble those observed in our samples from Musakashi (see, e.g., Figures 4j and 4k). Photomicrographs by M. S. Krzemnicki,  
© SSEF; magnified 50×.

Figure 6: Tubular fluid inclusions with a distinctive sawtooth 
outline (expanded here from Figure 4l) are characteristic of 
Musakashi emeralds, and can be used to distinguish them 
from emeralds of similar appearance from other localities. 
Photomicrograph by M. S. Krzemnicki, © SSEF; magnified 70×. 

UV-Vis-NIR Spectra 
Representative absorption spectra for our samples from 
Musakashi, Kafubu, Colombia and Panjshir are shown 
in Figure 7. They are all similarly characterised by 
two Cr3+ (and/or V3+)-related absorption bands in the 
visible range, but differ mainly in the intensity (from 
absent to strong) of the broad Fe2+-related absorption 
band in the near-infrared region. The green colour of 
emerald is not solely due to the presence of Cr, but to 
a complex interplay of the transition metals Cr, V and 
Fe in the beryl structure. In the polarised UV-Vis-NIR 
spectrum (ordinary ray, equivalent to E┴c) of emerald, 
the octahedrally coordinated Cr3+ and/or V3+ chromo-
phores produce two broad absorption bands at about 
435 and 605 nm, as well as small, sharp, spin-forbidden 
Cr bands in the 600–700 nm range (Wood & Nassau 
1968; Schmetzer 2014 and references therein).
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The presence of octahedrally coordinated Fe2+ in 
beryl (and emerald) results in a broad absorption band 
at about 840 nm in the near-infrared region (Wood & 
Nassau 1968; Taran & Rossman 2001). The Musakashi 
emeralds commonly exhibited a weak Fe2+-related 
band in this region. Although mostly absent from 
Colombian emeralds, a similar weak feature was also 
found in the relatively Fe-rich Colombian emeralds 
investigated for this study, thus making a separation 
of emeralds from these two sources unreliable based 
on this criterion. In the Panjshir emeralds, this Fe2+- 
related band in the near-infrared was more pronounced 
compared to the Musakashi and Colombian emeralds. 
As seen in Figure 7, the Fe-rich schist-type emeralds 
from Kafubu could be easily distinguished from the 
Musakashi and Colombian stones by their distinct-to-
strong Fe2+-related absorption band in the near infrared.  

Raman Spectroscopy: Type I and 
Type II H2O
Beryl readily accommodates water molecules into 
its channel structures parallel to the c-axis (Wood & 
Nassau 1968; Huong et al. 2010; Groat et al. 2014). 
The orientation of these channel H2O molecules 
depends mainly on the presence (and amount) of 
alkali-metal elements (Li, Na, K, Rb and Cs) in 
the channels. The H2O molecule orientation can be 

detected by FTIR (Wood & Nassau 1968) or Raman 
spectroscopy. We used the latter to investigate the 
average orientation of H2O molecules in our emerald 
samples based on the relative intensity of the Raman 
bands at 3608 cm–1 (type I H2O) and 3598 cm–1 (type 
II H2O; Huong et al. 2010).

The Raman spectra for the Musakashi and 
Colombian emeralds were similar, with a dominant 
type I H2O band at 3608 cm–1 (Figure 8). This indicates 
that the axis of the H2O molecules is predominately 
perpendicular to the beryl c-axis (and channel axis; 
see Wood & Nassau 1968; Huong et al. 2010). This is 
also consistent with their low concentrations of alkali-
metal elements (see below). By contrast, the Kafubu 
emeralds revealed a dominant Raman band at 3598 
cm–1 (type II H2O), indicating that the H2O molecules 
are oriented with their axis parallel to the beryl c-axis, 
which is characteristic of emeralds hosted in mafic to 
ultramafic host rocks (i.e. deposit types IA and IIA; 
Giuliani et al. 2019). They typically contain notable 
amounts of alkali metals in the channels of the beryl 
structure, thus affecting the orientation of the H2O 
molecules. Emeralds from Panjshir generally show 
relatively equal intensities of the two H2O bands, thus 
indicating no particular abundance of either of the 
water molecule orientations (see figure 8 in Krzem-
nicki et al. 2021a). 
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Figure 7: Polarised UV-Vis-NIR 
absorption spectra (o-ray) of 
representative emerald samples 
show similarities between those 
from Musakashi and Colombia. 
The spectrum of the Kafubu 
emerald is clearly different, with a 
distinct Fe2+-related band in the 
near-infrared region, although the 
same Fe2+-related band is present 
but very weak in the Musakashi 
emerald spectrum. The spectrum 
of the Panjshir emerald is rather 
similar to that of Musakashi, but 
with a more pronounced Fe2+-
related band in the near infrared. 
The spectra are offset vertically 
for clarity.
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Thus, comparing the water-molecule bands in 
Raman (or FTIR) spectra can distinguish, at least in 
part, the geographic origins of emeralds, by differ-
entiating those of Kafubu and Panjshir from those of 
Musakashi and Colombia.

Chemical Analyses and Machine-learning 
Data Visualisation
Table II provides a summary of the minor- and 
trace-element data obtained by LA-ICP-TOF-MS for 
the Musakashi emeralds as compared to those from 
Kafubu, Colombia and Panjshir. A more extensive 
table containing the complete data set is accessible 
in The Journal’s online data depository. EDXRF data 
are not included here, but showed the same trends 
and correlations as the LA-ICP-TOF-MS data for 
the elements that could be analysed by EDXRF 
spectroscopy.

Chemical Trends. Our analyses revealed distinct 
chemical differences between the Musakashi 
and Kafubu emeralds, consistent with their very 
different geological settings: hydrothermal veins at 
Musakashi and schist associated with altered metaba-
site at Kafubu (Zwaan et al. 2005 and references 
therein). This geological difference is evident when 
comparing the average concentrations of Fe (8,580 

ppm for Kafubu vs 1,490 ppm for Musakashi), and 
also the sum of the alkali and alkaline-earth elements 
(Li, Na, Mg, K, Ca, Rb and Cs), which was high 
in the emeralds from Kafubu (about 30,000 ppm) 
compared to those from Musakashi (about 9,000 
ppm). By contrast, the chemical data for Musakashi 
and Colombian emeralds were very similar, as were 
their visual, gemmological and inclusion features 
(see Table I). Specifically, the Musakashi and 
Colombian emeralds contained relatively low Na, 
Mg and Fe, and distinctly higher V, compared to 
those from Kafubu. Panjshir emeralds were chemi-
cally more similar to those from Kafubu, except that 
they generally contained more V and less Fe. 

Chemical differences in the emeralds from 
Kafubu vs Colombia and Musakashi were also 
evident from other trace elements, such as Rb and 
Cs, in addition to the transition elements Mn, Co 
and Ni, which are commonly enriched in metaba-
sites and thus were found at higher concentrations 
in the Kafubu emeralds. Our Panjshir emeralds had 
similar Rb concentrations as the Kafubu emeralds, 
but contained low amounts of the transition elements 
Mn, Co and Ni. Interestingly, the Panjshir emeralds 
also commonly contained distinct traces of Sc 
(average value of 818 ppm), although they showed 
a large overlap with Colombian emeralds and to a 
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Raman shift (cm-1)

Figure 8: Raman spectra in 
the 3500–3700 cm–1 region 
illustrate various intensities of 
the bands corresponding to the 
two orientations of channel H2O 
molecules—type I and type II H2O 
(Huong et al. 2010)—for emeralds 
from the four origins. The spectra 
are offset vertically for clarity. 

Zambia (Kafubu)

Afghanistan (Panjshir)

Colombia

Zambia (Musakashi)

Type II H2O
3598

Type I H2O
3608

Raman Spectra

Raman Shift (cm–1)

C
ou

nt
s

3500 3550 3600 3650 3700



F E AT U R E  A RT I C L E

346     THE JOURNAL OF GEMMOLOGY,  39(4),  202 4

Locality Zambia  
(Musakashi)

Zambia  
(Kafubu) Colombia Afghanistan

(Panjshir Valley) 

No. samples  
(no. analyses)

78
(273)

105
(393)

92
(306)

33
(116)

Element (ppm)

Li 65.3–109 (89.5) 271–1380 (648) 22.2–146 (48.0) 65.3–218 (117)

Na 2870–6440 (4520) 7990–17400 (13600) 688–8770 (5610) 6730–14400 (10100)

Mg 2570–6680 (4110) 4990–46000 (13000) 605–8430 (5480) 5864–15719 (10300)

K 22.5–143 (44.3) 141–17400 (489) bdl–73.4 (<38.0) 181–1600 (728)

Ca bdl–1080 (<538) bdl–1120 (<721) bdl–613 (<350) 236–941 (495)

Sc 36.8–840 (179) 22.0–304 (85.0) 8.66–1490 (149) 71.1–2780 (818)

V 537–3680 (1380) 30.9–472 (120) 303–9780 (2940) 242–6280 (1410)

Cr 1630–9610 (3480) 509–10620 (2460) 50.8–6990 (2290) 240–5390 (2310)

Mn 0.30–1.01 (0.59) 6.06–156 (31.2) 0.04–3.01 (0.37) 0.72–4.40 (1.99)

Fe 1070–2260 (1490) 4460–18400 (8580) 101–1940 (536) 1010–11300 (4280)

Co bdl–0.13 (<0.04) 1.44–15.1 (2.90) bdl–0.04 (<0.02) bdl–0.21 (<0.10)

Ni 0.50–9.10 (1.73) 4.46–229 (19.8) bdl–2.17 (<0.58) bdl–9.88 (<1.54)

Zn 0.33–16.3 (0.84) 5.41–208 (41.4) bdl–1.34 (<0.22) bdl–1.34 (<0.43)

Ga 13.9–36.2 (21.2) 6.25–22.3 (13.8) 8.18–64.9 (26.9) 10.9–43.0 (23.9)

Rb 1.70–4.75 (3.09) 17.4–382 (60.4) 0.20–5.81 (3.30) 15.4–104 (50.7)

Cs 5.48–11.7 (8.39) 221–3860 (1140) 3.35–21.2 (12.5) 23.2–79.5 (43.2)

Table II: Summary of LA-ICP-TOF-MS data of emeralds from Zambia (Musakashi and Kafubu), Colombia and Afghanistan’s Panjshir Valley.*

* Data include element ranges with average values in parentheses. Musakashi samples include 44 emeralds from Krzemnicki et al. (2021a)  
 that were mislabelled ‘Panjshir type II’. Abbreviation: bdl = below detection limit.

lesser extent with those from Musakashi and Kafubu 
(see Table II).

Geographic Origin Determination. Attributing 
a geographic origin to emerald based on chemical 
data is well known in the gemmological litera-
ture. Distinctions are mainly based on significant 
elemental substitutions that can occur on different 
lattice sites in the beryl structure when emeralds form 
in different geological settings (Cronin & Rendle 
2012; Schwarz & Klemm 2012; Groat et al. 2014; 
Schwarz 2015; Aurisicchio et al. 2018; Giuliani et 
al. 2019; Karampelas et al. 2019; Schwarz & Curti 
2020). 

A bivariate plot of our data for Rb vs Cs (Figure 9) 
reveals that emeralds from Kafubu and Panjshir are 
distinct from Musakashi and Colombian emeralds, 
whereas the data clusters of the latter two overlap 
considerably, which further demonstrates their 
trace-element similarity. A plot of Fe vs V (Figure 10a) 
also shows that distinguishing between Musakashi 
and Colombian emeralds remains ambiguous due to 
overlapping data points, whereas Kafubu emeralds 
again are clearly separated. However, by plotting Fe 

vs V/Cr, emeralds from Musakashi and Colombia 
are separated (Figure 10b). 

Distinctions also can be achieved by applying an 
automated statistical algorithm (such as t-SNE) for 
the purposes of data reduction and visualising of how 
complex multi-dimensional data sets cluster (e.g. 
trace elements). Artificial intelligence—especially 
machine-learning algorithms—has recently become 
an important tool in gemmological research (Bindereif 
et al. 2020; Wang & Krzemnicki 2021; Alonso-
Perez et al. 2024; Bendinelli et al. 2024), notably 
for origin determination. The authors have applied 
such machine-learning algorithms for many years, 
specifically for the origin determination of emerald 
and Paraíba-type tourmaline, amongst other gems 
(Wang et al. 2019, 2021). For a detailed description 
of the unsupervised t-SNE algorithm and its use in 
gemmology, see Wang and Krzemnicki (2021). 

The t-SNE plot in Figure 11 (based on 56 analysed 
elements) shows how effectively this machine-
learning approach can separate Zambian emeralds 
(i.e. Musakashi and Kafubu) from Colombian and 
Afghan emeralds, despite the fact that emeralds from 
Musakashi and Colombia have similar chemical 
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Figure 10: (a) In a plot of Fe vs V, Kafubu emeralds are distinctly separate from Musakashi (and Colombian) emeralds. (b) By plotting 
Fe vs V/Cr, emeralds from Musakashi and Colombia can be separated into two distinct populations.

Figure 9: A plot of Rb vs Cs for the analysed emeralds from 
Musakashi, Kafubu, Panjshir and Colombia shows distinct clusters 
for Kafubu and Panjshir, with a third cluster in which Musakashi 
and Colombian emeralds overlap.

properties and often display overlapping data points 
in bivariate scatter plots (e.g. Figures 9 and 10a). 
Data clusters corresponding to each locality show 
excellent separation; a rotational video clip of Figure 
11 is also available in The Journal’s online data 
depository. 

Elemental differences between the Musakashi and 
Colombian emerald data clusters can be visualised 

in greater detail in the series of diagrams shown in 
Figure 12, in which the relative concentrations of 
selected trace elements have been superposed on 
two-dimensional t-SNE plots. The diagrams provide 
a qualitative indication of which elements are causing 
the separation of the Musakashi and Colombia data 
clusters, and show that most of the Colombian 
emeralds contain distinctly lower Li, Fe and Zn, and 
higher Cs, than the Musakashi emeralds. Interestingly, 
the V concentrations in emeralds from both origins 
cover a rather large and similar range, but with some 
Colombian emeralds having distinctly greater V (dark 
red spots in that diagram) than Musakashi emeralds 
(spots only ranging up to orange). This is confirmed 
by the data presented in Table II.

CONCLUSIONS

Emeralds from Musakashi in the Solwezi District of 
north-central Zambia were first discovered in early 
2002, but initially only a very limited quantity of 
stones found their way into the gem trade. This study 
presents for the first time a detailed characterisa-
tion of emeralds from Musakashi, many of which 
are of very fine gem quality resembling the best 
Colombian emeralds. Musakashi emeralds differ 
in many aspects (geological setting, properties, 
chemical composition and even visual appearance) 
from those of the much larger deposits along the 
Kafubu River in Zambia, which have produced by 
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element concentrations. The plots highlight the elemental differences between the two clusters. The colour scale represents the minimum 
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far the greatest quantity of Zambian emeralds in the 
gem trade to date.

One aim of this article is to correct a previous 
publication about Afghanistan emeralds (Krzem-
nicki et al. 2021a), in which Musakashi emeralds 
were inadvertently mislabelled as ‘Panjshir type II’ 
material on the basis of erroneous locality infor-
mation provided for the samples. In addition, 
a special focus of this study is the comparison 
between emeralds from Musakashi and those of 
similar appearance from Colombia as well as 
from Afghanistan’s Panjshir Valley. The inclusion 
features in Musakashi emeralds are very different 
from those of Kafubu (e.g. jagged multiphase inclu-
sions vs rectangular two- and three-phase inclusions 
in the latter), but may closely resemble those of 
Colombian emeralds. Similarly, UV-Vis-NIR spectra 
can reliably distinguish Musakashi from Kafubu 
emeralds (mainly based on the Fe2+-related band in 
the near-infrared region), but their spectra largely 
overlap with those of Colombian (and to a lesser 
extent Panjshir) emeralds. Another option to distin-
guish Musakashi emeralds from those of Kafubu and 
Panjshir is based on the orientation of channel H2O 
molecules analysed by FTIR or Raman spectros-
copy, but this approach does not allow a distinction 

between Musakashi and Colombian emeralds.
Using chemical analyses, it is possible to unambig-

uously distinguish emeralds from these selected four 
geographic origins based on elemental scatter plots 
and machine-learning algorithms for data visualis-
ation. A plot of Rb vs Cs provides a clear separation 
of the emeralds into three groups: those from Kafubu, 
those from Panjshir and a closely overlapping group 
from Musakashi and Colombia. In addition, plotting 
Fe vs V separates Kafubu emeralds from those of 
Musakashi and Colombia, and Fe vs V/Cr additionally 
separates Musakashi and Colombian emeralds. 
Geographic origin determination is further supported 
by using a machine-learning approach (unsuper-
vised t-SNE algorithm), which offers an even more 
pronounced demonstration of the chemical distinc-
tion of Musakashi emeralds from those of Kafubu, 
Colombia and Panjshir. 

Although all the chemical data presented in 
this study were acquired by LA-ICP-TOF-MS 
(GemTOF), it is important to note that the bivariate 
scatter plots in Figure 10 (Fe vs V and Fe vs V/
Cr) are useful even for gemmological laboratories 
which only have access to EDXRF spectroscopy, as 
the same trends and correlations were found in the 
EDXRF analyses of our samples. 
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