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Cassiterite fingerprinting by LA-ICP-MS

Hans-Eike Gäbler,* Sönke Rehder, Andreas Bahr, Frank Melcher and Simon Goldmann

Cassiterite (SnO2) has been specified as a ‘conflict mineral’ by a U.S. Government Act. This requires all

companies that use tin in their products to verify that this tin does not originate from conflict regions in

the Democratic Republic of the Congo where an ongoing violent conflict is fuelled by those minerals.

Possible strategies to meet these requirements are based on written documents which certify the origin

of the minerals. Direct chemical analyses of cassiterite, with the aim to confirm the documented sources,

support those strategies in the case of doubt of the available documents. The German Federal Institute

for Geosciences and Natural Resources (BGR) developed a geochemical fingerprinting method for

cassiterite based on LA-ICP-MS. Single grains from cassiterite concentrates are analysed by LA-ICP-MS.

Samples in question are checked against a database where data from samples of known origin are

stored. The Kolmogorov–Smirnov statistic is used to demonstrate that independent samples taken from

the same location show empirical cumulative distribution functions of element concentrations which are

more similar to each other compared to those of samples taken from different locations. This gives

confidence that cassiterite fingerprinting based on a comparison of a cassiterite sample in question with

a database can be successful. The Wilcoxon rank sum test is used to establish a ‘ranking of similarity’

between a sample in question and samples from a database. This is used to assess whether the declared

origin of the sample in question is credible or not.
Introduction

Cassiterite (SnO2), the most important ore mineral for tin, is
one out of four ore mineral commodities which have been
specied as ‘conict minerals’ by section 1502 of the Dodd-
Frank Wall Street Reform and Consumer Protection Act.1 This
Act requires all companies that use ‘conict minerals’ in their
products to conduct due diligence to verify that these minerals
did not originate from conict regions in the Democratic
Republic of the Congo (DRC), where an ongoing violent
conict is fuelled by illegal mining, taxation, and trade of those
minerals. If minerals originate from conict regions the
companies have to determine whether or not they beneted
armed groups.2 The companies have to report their efforts to
determine the mine or location of origin of the ‘conict
minerals’ with the greatest possible specicity. A possible
strategy to meet Dodd-Frank's reporting requirements is a
process based on a ‘closed pipe’ principle in which the ore
mined from a single site is traced along its secure closed
supply chain to the end customer's equipment.3 Alternatively,
tagging systems using security seals to trace back the origin of
the minerals are applied.4 Direct analyses of minerals with the
aim to identify the regional sources of the materials are
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measures to support those strategies in case of doubt/uncer-
tainty of the accompanying documents or to serve as inde-
pendent proofs of origin.

Cassiterite deposits are formed by magmatic processes
related to the intrusion of evolved magmas5 and hydrothermal
processes.6 Simply spoken, cassiterite either crystallises from
melts (pegmatite deposits) or from hot aqueous solutions (vein
deposits). Pegmatite deposits form from residual melts and are
enriched in incompatible elements (such as tin) during frac-
tionation. In contrast, cassiterite-bearing vein deposits are
tabular bodies of variable extent. They have been formed by
interaction of the hydrothermal solution and the host-rock.

In general, cassiterite does not appear as a homogeneous
‘rock’ but as heterogeneously distributed cassiterite grains
(<1 mm up to several cm in diameter) within a solid matrix of
low commercial value.7 The task of the miner or a mineral
processing plant is to concentrate these valuable cassiterite
grains from the less valuable matrix. Those concentrates which
still do contain matrix minerals from less than one weight
percent up to several tens in weight percent are called cassiterite
concentrates and are traded commercially. These concentrates
are the samples for which a geochemical ngerprint is needed.
Cassiterite grains are not homogeneous in composition.
Element concentrations vary within single grains and to a
greater extent between grains of the same origin.

As a consequence of this the following points have to be
taken into account if a geochemical ngerprint from cassiterite
J. Anal. At. Spectrom., 2013, 28, 1247–1255 | 1247
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concentrates shall be deduced. First of all, only cassiterite
grains should be analysed, because the ratio between cassiterite
grains and barren matrix mineral grains within one concentrate
is not only source specic but also the result of the miner's or
mineral processing plant's skills to separate cassiterite from
barren material. Second, the heterogeneity of the cassiterite
grains within one concentrate must be met by analyzing a
sufficient number of single cassiterite grains and third, the
applied statistics for the comparison of samples should be
based on the samples' distribution of element concentrations.

LA-ICP-MS has been applied for discriminating and nger-
printing steel,8 glass,9,10 diamond,11,12 gold,13 columbite-tanta-
lite (coltan),14,15 cannabis crops,16 cotton bre,17 polycarbonate
headlamp lenses18 or bone and teeth samples.19 A similar
geochemical ngerprinting method for cassiterite based on
LA-ICP-MS data shall be applied if doubt arises on the declared
origin of a cassiterite concentrate. To dispel or conrm this
doubt, LA-ICP-MS data from a concentrate in question are
checked against a database where LA-ICP-MS data from
concentrates of known origin are stored.

A prerequisite for the successful application of LA-ICP-MS
for cassiterite ngerprinting is that it can be demonstrated that
two independently taken cassiterite concentrates (samples)
from the same deposit are more similar to each other than two
cassiterite concentrates from different locations. This would
give condence that an identication of the origin can be
successful, if LA-ICP-MS data of samples in question are
compared with a database. From a forensic point of view a
comparison problem has to be solved rather than a classica-
tion problem.20

One aim of this work is to check the above-mentioned
prerequisite. The measure of similarity is given by the Kolmo-
gorov–Smirnov statistic. Another aim is to use the analytical
results of a cassiterite concentrate in question to verify the
origin which is given in the accompanying document. A statistic
obtained from the Wilcoxon rank sum test is used to rank
cassiterite concentrate samples from a database according to
their similarity with a sample in question. This ranking proce-
dure may be used to evaluate the analytical results in terms of a
geochemical ngerprint for cassiterite concentrate samples.
Experimental
Samples

This study comprises a database of 185 cassiterite concentrate
samples from 155 locations in 20 countries worldwide with
special emphasis on Central Africa (110 concentrate samples).
For 43 concentrates from 13 locations the database contains at
least one independently sampled concentrate from the same
location (hereinaer referred to as ‘brother samples’). For
Central Africa brother samples from the following locations
have been available (number of brother samples is given in
parentheses): Rwanda: Nemba (2), Gahapfu (3), Remera (3),
Kiyanja (2), Ruhanga (2), Nyagasagara pegmatite deposit (6),
Nyagasagara vein deposit (3) and Democratic Republic of the
Congo: Manono (3). For South America brother samples from
1248 | J. Anal. At. Spectrom., 2013, 28, 1247–1255
Bolivia: Japo (2), Caracoles (3), Huanuni (4), Peru: San Rafael (8)
and Brazil: Oriente Novo (2) have been available.

Sample preparation

The samples for cassiterite ngerprinting were taken from
mineral concentrates which were obtained from ore-bearing
rocks by mineral processing. In this study they originated from
artisanal small scale mining where gravity concentration was
used for mineral processing as well as from industrial pro-
cessing plants where magnetic separation was used addition-
ally. From each concentrate a polished section (30 � 30 mm
size) was prepared by mounting representative grain aliquots in
epoxy resin, grinding, and stepwise diamond polishing
(minimum diamond grain size: 0.25 mm) on either lead or cloth
laps. The polished sections were used for mineral liberation
analysis (MLA)21 and LA-ICP-MS.

Grain identication

Each polished section contains about 100 up to several thou-
sand single mineral grains. Depending on the efficiency of the
mineral processing step different degrees of purity (varying
from 10% to 95% purity) concerning the mineral cassiterite are
obtained. LA-ICP-MS analysis is done only on cassiterite grains
so it is necessary to identify the mineralogy of the single grains
in each polished section prior to LA-ICP-MS analysis. For many
polished sections information from mineral liberation analysis
(MLA) is available indicating themineralogy of each single grain
together with the grain coordinates within the polished
section.21 The positions of the cassiterite grains within the
polished section can be transferred to the laser ablation system.
In cases where no MLA analysis is available a quick LA-ICP-MS
method (see below) is applied prior to the main LA-ICP-MS
analyses to identify cassiterite grains.

Laser ablation ICP-MS

A sector eld ICP-MS instrument (Element XR, ThermoFisher
Scientic) coupled to a 193 nm excimer laser ablation system
(New Wave UP193-FX) was used. Both instruments were run by
instrument specic control soware. A trigger signal sent out by
the laser control soware started ICP-MS data acquisition.
Polished sections of mineral concentrates were used as
samples. About 40 to 50 mineral grains previously identied as
cassiterite were ablated. The laser system was adjusted to ablate
a line (size 50 mm � 175 mm) at 10 Hz and energy densities
between 4 and 7 J cm�2. The line was ablated eight times by
moving the 50 mm spot with a velocity of 5 mm s�1. Prior to this
cleaning of the area to be ablated was carried out by moving a
75 mm spot with a velocity of 15 mm s�1 along the line (10 Hz,
energy density between 4 and 7 J cm�2). Helium was used as
carrier gas (200 mL min�1).

The sector eld ICP-MS instrument was used in low (M DM�1

¼ 400) and medium (M DM�1 ¼ 4000) resolution mode. The
plasma power was set to 1200 W. Cool, auxiliary and sample gas
ows were adjusted to 16, 0.80, and 1.1–1.3 L Ar min�1,
respectively. In low resolution mode the isotopes 69Ga, 73Ge,
74Ge, 75As, 88Sr, 89Y, 93Nb, 95Mo, 137Ba, 139La, 140Ce, 142Ce, 141Pr,
This journal is ª The Royal Society of Chemistry 2013



Table 1 Summary statistics of element concentrations from 8014 cassiterite
grains (185 cassiterite concentrates from 138 locations from 20 countries
worldwide)

Element
5th percentile
[mg kg�1]

50th percentile
[mg kg�1]

95th percentile
[mg kg�1]

Al 7 108 1540
As <0.2 0.3 4.4
Ba <0.1 <0.1 1.4
Bi <0.01 0.01 0.37
Ca <7 <7 35
Cd <0.15 <0.15 0.20
Ce <0.02 <0.02 0.72
Cr <0.7 0.7 7.0
Cu <0.03 <0.03 0.82
Dy <0.05 <0.05 0.21
Er <0.01 0.01 0.19
Eu <0.01 <0.01 0.04
Fe 121 1605 9368
Ga 0.13 2.62 34.09
Gd <0.13 <0.13 0.21
Ge <0.20 0.20 1.99
Hf <0.1 39.6 439.2
Ho <0.01 <0.01 0.05
In <0.2 0.2 44.8
La <0.01 0.01 0.42
Lu <0.01 0.01 0.17
Mg <0.1 <0.1 23.5
Mn <0.4 12.0 1005.5
Mo <0.01 <0.01 0.39
Na <13 <13 <13
Nb <1 990 19992
Nd <0.02 <0.02 0.39
Pb 0.02 0.41 7.21
Pr <0.01 0.01 0.09
Sb 0.2 0.4 113.0
Sc <0.04 4.65 136.14
Sm <0.03 <0.01 0.13
Sr <0.02 0.02 1.20
Ta <1 880 43532
Tb <0.06 0.09 0.24
Th 0.001 0.007 0.722
Ti 15 805 5532
Tm <0.01 <0.01 0.05
U 0.11 2.21 23.21
V <0.09 2.59 95.35
W 0.8 26.5 3165.7
Y <0.01 0.03 1.09
Yb <0.01 0.01 0.66
Zn <0.6 0.9 46.3
Zr 0.2 392.5 1965.1
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146Nd, 147Sm, 153Eu, 155Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm,
172Yb, 175Lu, 178Hf, 181Ta, 182W, 201Hg, 204Pb, 206Pb, 207Pb, 208Pb,
209Bi, 232Th, and 238U were analysed, whereas in medium reso-
lution mode 23Na, 24Mg, 27Al, 29Si, 44Ca, 45Sc, 47Ti, 51V, 52Cr,
55Mn, 56Fe, 59Co, 60Ni, 62Ni, 63Cu, 66Zn, 68Zn, 90Zr, 111Cd, 113In,
118Sn, and 121Sb were analysed. The Element XR instrument was
equipped with a detector system which combined a secondary
electron multiplier (SEM) with a single Faraday collector to give
an extended linear dynamic range. Signal intensities from about
5 to 1011 counts per second (cps) can be measured with this
detector system. The detection system was set up in such a way
that for all isotopes both the SEM detector and Faraday detector
were used depending on the count rate. Switching between the
detector modes was done automatically. For most trace
elements in low resolution mode small mass windows of 22% of
the nominal mass range of the analysed isotope were used. For
elements which are supposed to give intensities large enough to
be detected by the Faraday detector mode, broader mass
windows of 120% were used (Nb, Hf, Ta, W, Hg, Pb, Bi, Th, and
U). A broader mass window was necessary to use the automated
detector switching mode for which the detection of a peak
shoulder is necessary. For the elements analysed in medium
resolution mode a mass window of 100% was used with the
exception of Si and Sn where a broader mass window of 150%
was used. A single scan over the whole mass range in both
resolution modes was done in 12 s. The integration time of the
different isotopes of a single scan was set between 0.05 s and
0.2 s. For isotopes which were expected to give lower intensities,
longer integration times were selected. 30 scans were run for the
analysis of one line. During the rst 140 s of the data acquisition
the laser beam path was blocked by a shutter to analyse the
background signal. The raw data (sequence of calibration
materials and samples, intensities of all isotopes of all scans)
were exported to a data-handling soware tool implemented in
JAVA using the libraries JFreeChart,22 commons Math,23 and
POI.24 The mean of the signal from scan 2 to 11 was used as the
background signal. The median of scans 14 to 28 was used as
the signal from the sample from which the background was
subtracted to get net intensities.

The concentrations of the elements were calculated based on
external calibration against the calibration material NIST SRM
610 with the values of Pearce et al.25 using 118Sn as the internal
standard. The Sn concentration of the samples was calculated
from the known elemental stoichiometry (SnO2) of cassiterite.26

Detection limits were calculated from the observed variability of
the background intensities. Three times the standard deviation
of the background intensities was used to dene the detection
limit. Detection limits for most elements can be taken from the
5th percentile column of the summary statistic in Table 1.

The quick LA-ICP-MS method for grain mineralogy identi-
cation consisted of a continuous monitoring of the isotopes
44Ca, 55Mn, 56Fe, 93Nb, 118Sn, 181Ta and 182W in medium reso-
lutionmode of the ICP-MS while the LA system ablated about 60
to 100 single grains sequentially. Prior to the application of the
quick method 60 to 100 grains were selected visually according
to optical mineral properties (such as reectance and colour)
using the microscope of the laser ablation system and stored as
This journal is ª The Royal Society of Chemistry 2013
a sequence in the laser ablation soware. During the quick
method each grain was ablated for 2 s by a laser spot (50 mm)
with the settings given above followed by a washout period of
10 s with no ablation. While the laser system ablated grain aer
grain separated by the 10 s washout periods the ICP-MS system
continuously monitored the intensities of the above given
isotopes. The mineralogy of each grain was indicated by large
intensities of the isotopes of the mineral's main components.
Only grains which gave large 118Sn intensities were regarded as
cassiterite grains and used for LA-ICP-MS analyses for major
and trace elements.
J. Anal. At. Spectrom., 2013, 28, 1247–1255 | 1249
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Statistics

For each sample multi element analyses of about 40 to 50 grains
were available. Hence, if 45 elements are analysed, each sample
consists of 1800 (45 � 40) up to 2250 (45 � 50) data. Element-
specic empirical distribution functions were used to describe
the concentrations of a given element within a sample. The
Kolmogorov–Smirnov statistic (K–S D, maximum distance
between two empirical cumulative distribution functions) was
used to compare two samples for a given element.

Element-specic p-values calculated from the Wilcoxon rank
sum test were used as a statistic to set up a ‘ranking of simi-
larity’ for a sample in question. For this ranking the sample in
question was compared to each sample from the database by
applying element-specic Wilcoxon rank sum tests. The lowest
rank was assigned to the ‘most similar’ sample from the data-
base while the highest rank was assigned to the ‘least similar’
one. This ranking was done to account for the similarity of two
compared samples but also to account for the rarity of the
observed distributions of the element concentrations within the
population of cassiterite concentrates.

Linear discriminant analysis (LDA) was used to distinguish
‘brother comparisons’ (comparisons of two samples from the
same location) from ‘non-brother comparisons’ (comparisons
of two samples from different locations). The data vectors in
this analysis consisted of the element-wise K–S D values from
pairs of samples and not of any sample characteristics. Two
groups had to be discriminated: the group of all brother
comparisons and the group of all non-brother comparisons. In
discriminant analysis the multivariate distribution for each
class is estimated. If prior probabilities for class membership
and the costs for misclassication are assumed equal, an
unknown sample is assigned to the class with the highest value
of the density function. In order to estimate the distributions
(multivariate normal) in linear discriminant analysis, the
means were calculated for each class separately; the covariance
matrix, however, was calculated from the combined dataset.

In order to visualize multivariate data principal components
analysis (PCA) was applied. The input data were zero centred
and scaled to have unit variance.

All calculations were done using R.27
Fig. 1 Box–Whisker plots of U and Ga concentrations in four cassiterite
concentrates from the pegmatite deposits Nemba and Nyagasagara. Denotations
‘1’ and ‘2’ indicate independent samples from the given location. The numbers
within the boxes indicate the number of cassiterite grains analysed.
Results and discussion
LA-ICP-MS data

The applied non-matrix matched calibration strategy (glass
calibration material NIST SRM 610; internal standard Sn)
implicates that the resulting element concentrations may
deviate systematically from the accurate values of the analysed
cassiterite grains.28,29 Non-matrix matched calibration with
NIST SRM 610 of Fe-based samples by a laser system compa-
rable to the one used in this study (193 nm ArF laser) was
reported by Možná et al.29 This approach can be regarded as an
example for a very extreme case of matrix differences between
calibration material and sample and resulted in bias from
reference content in the range of 13–62% for different elements.
Matrix-matched calibration materials for cassiterite are not
1250 | J. Anal. At. Spectrom., 2013, 28, 1247–1255
available so far. Natural cassiterite crystals are usually very
heterogeneous in composition and do not have the necessary
elevated concentrations for all elements to make those crystals
suitable for usage as calibration material. However the appli-
cation of LA-ICP-MS data for cassiterite ngerprinting does not
necessarily require very accurate data as long as the applied
analytical technique (LA-ICP-MS, 193 nm ArF laser) is not
substituted by an alternative one. If different analytical tech-
niques will be used in the future to provide data for cassiterite
ngerprinting it is essential to calibrate all methods based on
reliable calibration materials.

The 185 cassiterite concentrate samples of this study sum up
to 8014 analysed individual cassiterite grains (45 elements each)
with 360630 single element analyses. Summary statistics are
given in Table 1. Within this database 43 cassiterite concentrate
samples exist for which brother samples are available (1971
cassiterite grains, 88695 single element concentrations). As an
example for the nature of the data, Box–Whisker plots for two
elements (U, Ga) of four samples from two locations in Rwanda
(Nemba and Nyagasagara pegmatite deposits) are given in
Fig. 1. The typical variability of element concentrations of
This journal is ª The Royal Society of Chemistry 2013
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different grains from the same sample is in the range of one to
two orders of magnitude. Brother samples give similar distri-
butions in their element concentrations. For some elements
these distributions differ between different locations (U in the
given example) while for other elements they do not (Ga in this
example).

Substitution of trace elements into the cassiterite structure
depends on the ionic radius and the valence; simple (e.g., Ti4+,
Zr4+, Hf4+ for Sn4+) and complex substitutions (e.g., coupled
substitution of Nb5+ and Sc3+ for 2 Sn4+) are possible. Trace
element concentrations in cassiterite depend on different
factors, namely the availability of trace elements in the melt, the
element-specic distribution coefficients (cassiterite – melt)
and for redox-sensitive elements the redox conditions of the
melt. The similar distribution of Ga in both the Nemba and
Nyagasagara deposits may be related to similar source rocks of
the parental melts, namely Kibaran-age metasedimentary rocks.
The different U concentrations in cassiterite from Nyagasagara
and Nemba may be caused by different oxidation states of the
related melts.

Distributions of element concentrations in cassiterite grains
differ signicantly from those of man-madematerials like glass,
steel or polycarbonate headlamp lens materials for which
ngerprinting applications based on LA-ICP-MS data are given
in the literature.8,10,18 Elements are signicantly more hetero-
geneously distributed in cassiterite than in those materials. For
instance the relative standard deviations analysed in oat glass
samples range between 1.4% (Fe) and 7.3% (Hf)10 and in exte-
rior surfaces of polycarbonate headlamp lamps between 12%
and 15%.18 Replicate analyses of the same steel using LA-ICP-
MS also give excellent reproducibility.8 However, grains from
the same cassiterite concentrate give relative standard devia-
tions that are much higher (mean RSDs in the range of 100–
200%) and the concentrations do not follow a normal distri-
bution. This is the reason why for ngerprinting of cassiterite
concentrate samples the distributions of element concentra-
tions and non-parametric statistics are used.
Fig. 2 Cumulative distribution functions of the Kolmogorov–Smirnov statistic
(K–SD) of the elementsW, Ti, and Zn for brother and non-brother comparisons for
locations where independent samples are available. A theoretical cumulative
distribution function for brother comparisons is also given (for details see the
text). ‘Zn all samples’ refers to the consideration of all possible locations; ‘Zn
selection’ refers to the consideration of locations with Zn concentrations that are
significantly above the detection limit of LA-ICP-MS.
Selection of elements suitable for cassiterite ngerprinting

Inspection of the LA-ICP-MS data showed that not all analysed
elements are suitable to contribute to a cassiterite ngerprint.
Elements like Ca, Na, Mo, Y, Th, Ge, Sb, Ba or most of the rare
earth elements (REEs) oen give concentrations below or close
to the detection limit of LA-ICP-MS which excludes them from
being used for cassiterite ngerprinting purpose.

For successful application of element concentrations in
cassiterite ngerprinting it is essential that two samples from
the same deposit can be regarded as two random samples from
the same population. To study this, all possible comparisons
between brother samples have been evaluated together. From
the database, for each element 69 pair-wise comparisons of
brother samples were possible. The K–S D is considered as a
measure for the similarity of samples. So for each element 69
K–S D values for brother sample comparisons are available.
Element-wise the empirical distribution functions of the 69 K–S
D values are compared to the theoretical distribution function
This journal is ª The Royal Society of Chemistry 2013
of a K–S statistic under the hypothesis that both samples were
randomly collected from the same population. They are also
compared to the distribution functions which could be calcu-
lated from the K–S D values of the possible 834 non-brother
comparisons. The theoretical distribution function was
deduced from an approximation30 applied to the two-sample
case with n1 ¼ n2 ¼ 40. Examples for the obtained distribution
functions of the K–S D values are given in Fig. 2. For tungsten
(W) the empirical distribution function of the brother
comparisons is very close to the theoretical curve, while the
distribution function of the non-brother comparisons differs
signicantly from the other two curves. This indicates that for
this element brother samples can be regarded as samples from
the same population and being representative for that pop-
ulation. Other elements like Ti or Zn do not show this behaviour
when all possible brother comparisons from the available data
are taken into account. A resurvey of the analytical data reveals
that for some elements like Zn, Nb, V, Nb, and Ta some of the
brother sample locations do not contain concentrations of
these elements which are high enough to be signicantly above
the detection limit of LA-ICP-MS. These locations were excluded
and the distribution functions were recalculated. The effect of
this exclusion can be seen from Fig. 2 where for Zn the distri-
bution functions for all locations and for locations with well
quantiable Zn concentrations (‘Zn selection’) are given (ve
locations from South America have been excluded). The
J. Anal. At. Spectrom., 2013, 28, 1247–1255 | 1251
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empirical distribution function of the remaining brother
comparisons now plots closer to the theoretical curve and
indicates that Zn can also be used as an element for cassiterite
ngerprinting.

The difference between two cumulative distribution func-
tions of element-specic K–S D values (comparisons of brother
vs. theory, non-brother vs. brother, non-brother vs. theory) can
be described by the maximum distance obtained between those
functions (e.g. a K–S D value for the comparison of two cumu-
lative distribution functions of element-specic K–S D values).
Those K–S D values for different elements are given in Table 2
and used to select suitable elements for cassiterite nger-
printing. A maximum threshold value of 0.25 for the brother vs.
theory comparison was dened empirically to pick suitable
elements. The concentrations of these elements are distributed
in the samples in such a way that the brother samples can be
regarded as samples from the same population and being
representative for that population. The selected elements are U,
Sc, W, Fe, Nb, Ga, V, Zn, Mn, and Ta.

An alternative approach to check whether two samples from
the same deposit can be regarded as two random samples from
the same population would be to compare many (>20) cassiterite
concentrate samples from the same deposit. Due to the lack of so
many samples from the same deposit and the fact that the
transferability of the test results from a single deposit to other
deposits is difficult, this approach was not adopted. The advan-
tage of the applied procedure is that the nature of different
cassiterite deposits and mining techniques are integrated in the
evaluation by combining data from different deposits.
Table 2 Maximum distances of element specific cumulative distribution func-
tions of the Kolmogorov–Smirnov statistic (K–S D) for different comparisons given
as K–S D values

Element

Brother
comparison
vs. theory

Non-brother
comparison
vs. theory

Brother comparison
vs. non-brother
comparison

U 0.084 0.755 0.720
Sc 0.092 0.873 0.869
W 0.103 0.809 0.818
Fe 0.116 0.628 0.579
Nba 0.129 0.629 0.579
Ga 0.145 0.781 0.700
Va 0.160 0.758 0.692
Zna 0.161 0.490 0.535
Mna 0.212 0.664 0.525
Taa 0.247 0.650 0.654
Al 0.287 0.725 0.584
Zr 0.292 0.830 0.723
Pb 0.294 0.740 0.656
Cr 0.308 0.840 0.692
Sr 0.313 0.742 0.526
Hf 0.315 0.838 0.751
As 0.360 0.783 0.443
Ti 0.365 0.835 0.664
In 0.380 0.843 0.580
Bi 0.407 0.706 0.393
Mg 0.622 0.826 0.350

a Locations with concentrations nearby or below the detection limit
have been excluded (see text).
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Discrimination of brother and non-brother comparisons
using the Kolmogorov–Smirnov statistic

This section investigates whether pair-wise comparisons of
samples can be classied in two classes namely, comparisons
between brother samples and comparisons between non-
brother samples. The Kolmogorov–Smirnov statistic K–S D is
used as a measure for the comparison of two empirical distri-
butions. For each pair-wise comparison of samples one K–S D
value is calculated for each of the 10 elements identied above.
The result of one comparison between two samples is a vector
consisting of the K–S D values of the 10 elements. This vector
can be used to decide whether the comparison is one between
brother samples or between non-brother samples. From this
point of view a classication problem has to be solved (does the
comparison between two samples belong to the class ‘brother
comparisons’ or to the class ‘non-brother comparisons’?). The
dataset used consists of vectors of the K–S D values for the 69
brother and 834 non-brother comparisons; in total 903 ten
dimensional vectors with known class information.

A principal component analysis of those vectors is used to
visualise the classication problem by plotting the rst three
main components (Fig. 3). Comparisons of brother samples
plot within a different region than comparisons of non-brother
samples, with a small region in between where both types of
comparisons are plotting.

Linear discriminant analysis (LDA) was used to test the
classication ability of the K–S D values vector concerning
the problem whether the comparison belongs to the brother or
the non-brother class. The dataset was split into a test set and a
training set. The test set consisted of ten comparisons of each
class, while the training set consisted of the remaining ones.
The selection of the sets was done randomly and repeated 5000
times. As a result misclassications appeared in 4.3% of the
assigned brother comparisons and 7.1% of the assigned non-
brother comparisons. This demonstrates that the distribution
of element concentrations of cassiterite concentrate samples
can be used to verify the declared origin of a sample with an
acceptable low degree of uncertainty.

It is noticeable that the misclassication of brother compari-
sons (4.3%) was lower than that of non-brother comparisons.
This can be explained by the fact that LDA is based on the
assumption that both classes are normally distributed and have
the same covariance matrix. This is not the case for the dataset.
The empirical variance of the class ‘brother comparisons’ is
smaller than that of the class ‘non-brother comparisons’. This
leads to a systematic overestimation of the variability of the
brother comparisons class by LDA. So comparisons falling into
the ‘border area’ between both classes were rather classied as
brother comparisons than as non-brother comparisons, which
resulted in lower misclassications of brother comparisons and
higher ones for the non-brother comparisons. From a practical
point of view this is a conservative approach because the declared
origin of a sample is misleadingly accepted with higher proba-
bility than a misleading rejection.

However LDA's distribution assumption is violated. The
covariance matrixes of the classes are not equal and the
This journal is ª The Royal Society of Chemistry 2013



Fig. 3 Visualisation of the first three principal components (PC1, PC2, PC3) of a
principal component analysis of vectors obtained from brother and non-brother
comparisons. Each vector results from a pair-wise comparison of two samples. The
vectors consist of the Kolmogorov–Smirnov statistics (K–S D) of ten selected
elements (for details see the text).
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distributions show signicant deviations from normal distri-
bution (especially for the non-brother comparisons class).
Sometimes generalized hyperbolic distributions t better, but
are still not satisfying. In the future, with an extended database
of brother samples, the estimation of individual multivariate
normal distributions might be an option, but for the moment
the estimation of a multivariate normal distribution with 10
dimensions from 69 samples remains questionable.
Fig. 4 Visualisation of a ‘ranking of similarity’ based on p-values calculated from
the Wilcoxon rank sum test (for details see the text). One sample of the Nyaga-
sagara pegmatite deposit is tested against the whole cassiterite database. The
database contains five independent brother samples from this deposit.
Wilcoxon rank sum test

According to the LDA the distributions of element concentra-
tions within a sample from a cassiterite concentrate seem to be
indicative for the origin of this sample. The Wilcoxon rank sum
test is a non-parametric statistical test which examines the
probability that two samples come from the same population.
Using this test a p-value can be computed which gives the
probability that the null hypothesis (“both samples come from
the same population”) is misleadingly rejected. Comparing two
This journal is ª The Royal Society of Chemistry 2013
samples one p-value can be computed for each element. If the
above identied 10 elements are taken into consideration 10
p-values for every two-sample comparison can be calculated. If a
given sample is compared to a number of other samples from a
database a ‘ranking of similarity’ between this sample and all
the other samples can be established by using these p-values.
First, a threshold value is dened below which a p-value is
considered to be ‘zero’ (e.g., 0.00001; this means that the null
hypothesis that both samples come from the same population
is misleadingly rejected by a very low probability). Second, for
every comparison the number of elements is counted which
gave p-values below the threshold value (‘number of zeros’). A
higher degree of similarity is assigned by a lower number of
‘zeros’. If the number of ‘zeros’ is equal for two or more
comparisons the sum of the p-values is used for additional
ranking. A higher degree of similarity is indicated by a greater
sum of the p-values. Rank number 1 indicates the sample from
the database which is most similar to the test sample and the
rank with the highest number indicates the least similar one.
Fig. 4 illustrates this for samples from the Nyagasagara
pegmatite deposit. One sample from this deposit is tested
against the whole database of cassiterite concentrates, which
includes ve brother samples from this deposit. The results are
ranked according to the previously given procedure based on
the p-values. The results for the brother samples are indicated
in black while all other samples are indicated in grey. The
lowest ranks (highest degree of similarity) are assigned to the
comparisons with zero ‘zeros’, the highest ones to comparisons
with ten ‘zeros’. All brother samples from the Nyagasagara
J. Anal. At. Spectrom., 2013, 28, 1247–1255 | 1253
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pegmatite deposit appeared at zero ‘zeros’, thus getting very low
ranks indicating that these samples have very similar
geochemistry.

If the ranking procedure based on the p-values shall be used
for cassiterite ngerprinting it is necessary to dene threshold
values to assess the ranking results or more strictly spoken to
dene a rank number below which comparisons are accepted as
brother comparisons. To do this the 43 cassiterite samples are
used for which brother samples are available. Each of those
samples is tested against all other samples of the whole data-
base. All samples from the database are ranked according to the
above given ranking procedure. A threshold value of 0.00001 is
used to consider a p-value as ‘zero’. In the cases where only two
brother samples are available the rank of the brother sample is
stored. In cases where more than two brother samples are
available all brother samples were deleted from the ranking list
except the less similar brother sample (the brother sample with
the highest rank number). Now the rank of this brother sample
was stored. This was done to simulate the conservative case that
only the brother sample with the lowest degree of similarity is
available in the database. For all brother sample comparisons
the highest rank found by this exercise was rank number 10. All
other brother sample comparisons appeared at rank numbers
smaller than 10 out of about 180 possible ranks. For a practical
application of this procedure it can be deduced that if the rank
of a comparison of a sample in question with its ‘brother
sample’ from the database (dened by the declaration of the
origin of the sample in question) is higher than 10, the declared
origin is questionable and becomes more questionable with
higher ranks.
Conclusion

Cassiterite concentrate analysis by LA-ICP-MS can be used as an
independent tool for tracing back the origin of samples, if
doubt/uncertainty of information given by document based
strategies arises. Samples in question are checked against a
database where LA-ICP-MS data from samples of known origin
are stored. A rst version of a database required in this context
is available at BGR and extended continuously. If alternative
analytical techniques shall be used in the future to provide data
for cassiterite ngerprinting it is essential to calibrate all
methods based on reliable calibration materials.

Independent samples taken from the same location show
empirical cumulative distribution functions of element
concentrations which are more similar than those of samples
taken from different locations. This could be demonstrated by
samples from 13 different locations where more than one
sample has been available. The concentrations of the elements
U, Sc, W, Fe, Nb, Ga, V, Zn, Mn, and Ta are used for this.

The Wilcoxon rank sum test is applied to compare two
samples (e.g., the sample in question and a sample from the
database with known origin). For each element a p-value can be
computed which gives the probability that the null hypothesis
(“both samples come from the same population”) is mislead-
ingly rejected. A degree of similarity between two samples can
be deduced by combining the results for all elements. This is
1254 | J. Anal. At. Spectrom., 2013, 28, 1247–1255
used to assess whether the two samples originate from the same
location or not.
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