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Cassiterite is a weathering-resistant mineral, which can incorporate a variety of trace elements. Trace elements in
cassiterite samples collected from twelve deposits in the Herberton Mineral Field, Australia, were measured with
the use of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The results were combined
with published data from other tin fields, including the Andean Sn belt in South America; the Karagwe Ankole
belt in Rwanda; and, from China, the Kangxiwa-Dahongliutan pegmatite field, the Youjiang basin, the Nanling
belt and the Da Hinggan Range belt. Tin deposits in the dataset can be subdivided into four deposit types: 1)
greisen and veins; 2) skarns; 3) Li-Cs-Ta pegmatites; and 4) polymetallic veins. The cassiterite dataset was
analyzed using basic descriptive statistics, principal component analysis (PCA), and cluster analysis. Cassiterite
grains from greisen and vein deposits are characterized by high concentrations of Ti (avg. 1751 ppm) and
moderate concentrations of Al (avg. 97 ppm), whereas cassiterite grains from skarn deposits generally contain
lower concentrations of Ti and Al. Chemical compositional boundaries in cassiterite from different deposits were
recognized with cluster analysis. The relative enrichment of Al and Ti in cassiterite grains from greisen and vein
deposits is likely due to greisenization reactions. The Ti vs. Al diagram can be used to differentiate between
cassiterite grains derived from greisen and vein deposits, as compared to cassiterite grains derived from skarn
deposits, whereas Sb vs. V diagram can be used to differentiate between cassiterite grains from polymetallic vein
deposits. Zirconium and Nb concentrations are useful in identifying cassiterite grains sourced from LCT
pegmatite deposits. The discrimination diagrams developed in this study through cluster analysis indicate that
cassiterite grains sourced from different deposit types can be differentiated based on their trace element
geochemistry and this can be a useful tool in critical mineral exploration. Therefore, these diagrams can be used
effectively to understand metal association and deposit types in a region with detrital cassiterite from stream
sediments, till and heavy mineral placer deposits.

1. Introduction

Cassiterite is a weathering resistant, chemically inert, heavy mineral
which can accumulate in stream sediments (Aleva, 1985; Konopelko
et al., 2022; Nwamba et al., 2023). This makes cassiterite a useful in-
dicator mineral that can be used in exploration of different deposit types.
Cassiterite-bearing greisen, quartz-vein, skarn, and polymetallic de-
posits are of hydrothermal origin (Tindle and Breaks, 1998; Kendall-
Langley et al., 2020), whereas pegmatite deposits have a magmatic
origin (London, 2018). Concentrations of Fe, Mn, Nb, and Ta in cassit-
erite have been used to differentiate between hydrothermal- and
pegmatite-related cassiterite deposits (Tindle and Breaks, 1998; Bennett
et al., 2024). However, compositional variations between cassiterite

grains originating from different hydrothermal tin deposits are not well
understood.

Wang et al. (2022) added some clarity to the differences observed in
cassiterite trace elements geochemistry from different deposit types.
Their research suggests that Sc vs. V, Sc vs. Ta, and Sc vs. Nb plots could
fingerprint cassiterite from different deposits (Wang et al., 2022). Our
research further improves this understanding by proposing discrimina-
tion plots and interpretations for the cycling of metals in deposits and
the substitution of elements in cassiterite observed in different hydro-
thermal tin deposits. Tin fields that host these cassiterite-bearing de-
posits display well-developed metal zonation for Li, Sn, W, Mo, Cu, Zn,
Pb, and Ag (Taylor and Cuff, 1979; Lehmann, 1990; Audétat et al., 2000;
Cerny et al., 2005; London, 2014; Kumar et al., 2023a). A discrimination
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plot for metal associated with the cassiterite-bearing deposits, including
Li, Cu, and Zn, was also developed in this research.

Element substitutions and chemical differentiation recorded in
cassiterite are generally related to the composition and physicochemical
conditions of the mineralizing fluids (Izoret et al., 1985; Dusausoy et al.,
1988; Moller et al.,, 1988; Neiva, 1996, 2008; Masau et al., 2000;
Maldener et al., 2001; Pal et al., 2007). The composition and physico-
chemical character of the hydrothermal fluids are likely different be-
tween deposit types, which may be reflected in the geochemistry of
cassiterite. Certain tetravalent elements including Ti, Zr, Hf, W, and U
can substitute for Sn directly (Cheng et al., 2019), whereas other ele-
ments participate in coupled substitution reactions (Wang et al., 2022).

In this study we compiled a trace element geochemical dataset for
cassiterite grains collected from different deposit types around the
world. This dataset has been combined with new compositional data
obtained for cassiterite grains from mineral deposits in the Herberton
Mineral Field (HMF) in Northeast Queensland. The compositional data
include trace element concentrations analyzed with laser ablation-
inductively coupled plasma-mass spectroscopy (LA-ICP-MS) for cassit-
erite grains from seven different tin belts that host four major tin deposit
types including: 1) greisen and vein deposits; 2) skarns; 3) Li-Cs-Ta
(LCT) pegmatites; and 4) polymetallic veins. The dataset was investi-
gated with principal component analysis (PCA) and density-based
spatial clustering of applications with noise (DBSCAN). The clusters
recognized through this technique were used to develop discrimination
plots that differentiates cassiterite-bearing deposits.

2. Distribution and tectonic setting of cassiterite-bearing
deposits

Major cassiterite-bearing deposits occur in a variety of tectonic set-
tings including continental arcs, back-arc rifts, and intracontinental and
post-collisional extensional settings (Romer and Kroner, 2016).
Cassiterite-bearing deposits related to continental arcs (Fig. 1) formed
during the Oligocene to Miocene in the Andean Sn belt in Bolivia and
Peru (Sempere, 1995; Mlynarczyk and Williams-Jones, 2005; Fontboté,
2018; Gemmrich et al., 2021), and during the Carboniferous to Permian
in the HMF in northeastern Australia (Cheng et al., 2018; Poblete et al.,
2021; Kumar et al., 2022). The Triassic deposits in the Andean Sn belt
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(Sempere et al., 2002; Spikings et al., 2016) formed in a back-arc, rift-
related setting (Fig. 1). Cassiterite-bearing deposits that formed during
intracontinental extension (Fig. 1) in the Jurassic can be found in the
Youjiang basin (Wang et al., 2013; Xu et al., 2015; Zhao et al., 2018; Shu
et al., 2021) and the Nanling metallogenic belt in South China (Li et al.,
2012; Wang et al., 2013; Mao et al., 2021; Shu et al., 2021), whereas
Cretaceous examples occur in the Da Hinggan Range polymetallic belt in
North China (Wu et al., 2011; Zhou et al., 2012). Cassiterite is also a
common constituent of LCT pegmatite deposits that formed in post-
collisional extensional settings, such as the Sn-rich pegmatite deposits
of the Kangxiwa-Dahongliutan pegmatite field in China (Liu et al., 2015;
Yan et al., 2018), and the Karagwe Ankole pegmatite belt in Rwanda
(Dewaele et al., 2011; Nambaje et al., 2021).

2.1. Geology of major cassiterite-bearing deposits

2.1.1. Greisen and vein deposits

The concentration of trace elements in cassiterite grains from greisen
and vein deposits in the Youjiang basin (He et al., 2022b, 2022a), the
Nanling metallogenic belt (Chen et al., 2022) and the HMF (Fig. 2;
Kumar et al., 2022) have been included in this study. Cassiterite from the
Gejiu tin deposit in the Youjiang basin has been linked to the
emplacement of Cretaceous granites (Cheng and Mao, 2010). Greisen
mineralization in the Gejiu deposit is associated with the formation of
muscovite, quartz, feldspar, chalcopyrite, pyrrhotite, cassiterite, and
scheelite (He et al., 2022b). In the Nanling metallogenic belt (Fig. 1),
cassiterite deposits were linked to hydrothermal processes, which
deposited cassiterite in veins during the intrusion of Jurassic granites
(Zhao et al., 2005). These veins have a strike length of <1.8 km, and they
contain muscovite, tourmaline, fluorite, sericite, cassiterite, arsenopy-
rite, pyrite and minor chalcopyrite (Chen et al., 2022). In the HMF,
greisen ores occur in the apical portions of fractionated Carboniferous
granites (Kumar et al., 2022). Greisen ores are characterized by chlorite
alteration in most of the HMF deposits (Clarke and Chang, 2017). This
alteration may have resulted from the same hydrothermal activity that
formed Cu- and Zn-sulfide deposits (Kumar et al., 2022, 2023b, 2023a).

2.1.2. Skarn deposits
Tin skarn deposits with cassiterite are associated with silica-rich (>
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Fig. 1. Simplified map showing global distribution of tin fields included in this study. This map was generated from GIS data available through OneGeology (onegeo
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Fig. 2. A) Simplified geological map of the Herberton Mineral Field, and cassiterite photomicrographs of: B) Old Bradlaugh and Big Ben greisen and vein deposits
showing cassiterite (Cst) in muscovite (Ms) and quartz (Qz), C) Old Bradlaugh sample showing cassiterite associated with chlorite alteration, D) Baal Gammon sample
showing cassiterite in chalcopyrite (Ccp) and pyrrhotite (Po) in both reflected (RL) and plane polarized (PL) light, E) Isabel sample showing cassiterite in sphal-

erite (Sp).

70 % SiO,) fractionated intrusions (Meinert, 1992). Like most skarns, tin
systems are mineralogically zoned, with garnet, pyroxene, epidote and
calcite occurring proximal to high-grade zones, whilst sulfide minerals
are more common in the distal zones (Layne and Spooner, 1991; Mei-
nert, 1992; Halley and Walshe, 1995). Cassiterite trace element data
from tin skarn deposits were compiled for the Nanling metallogenic belt
(Fig. 1; Chen et al., 2022), the Youjian basin (Fig. 1; He et al., 2022b,
2022a), the Da Hinggan Range polymetallic belt (Fig. 1; Li et al., 2022a),
and the Andean tin belt (Fig. 1; Benites et al., 2022). The Furong Sn
deposit in the Nanling metallogenic belt is associated with multi-phased
Jurassic granite emplacement of A-type affinity and is enriched in W
(Fig. 2B; Mao et al., 2013; Li et al., 2018; Yuan et al., 2019). Cassiterite
in the Furong deposit formed during the retrograde skarn stage together
with vesuvianite, pargasite, phlogopite, and magnetite (Chen et al.,
2022). In the Gejiu deposit in the Youjian basin (Fig. 1), tin skarn de-
posits are concentrated along the contact zones of porphyritic granite
and carbonate rocks (Chen et al., 1992, 2022). The Gejiu deposit also
contains Cu sulfides associated with the retrograde skarn assemblages
(Chen et al., 1992, 2022). The Ayawilca deposit in the Andean tin belt

(Fig. 1), where the retrograde skarn stage was overprinted by sulfide and
cassiterite, displays a similar mineralogy to the Gejiu deposit, but it also
contains a significant quantity of sulfosalts (Benites et al., 2022). The
deposit occurs as replacement veins hosted in Triassic-Jurassic carbon-
ates (Benites et al., 2022). At the Huanggangliang deposit in the Da
Hinggan Range polymetallic belt (Fig. 1), cassiterite together with other
retrograde minerals including magnetite, scheelite, and sulfides, replace
garnet and diopside that had formed earlier during a prograde skarn
stage (Li et al., 2022a). Tin skarn deposits usually contain greisen al-
terations in the high-silica intrusions (Meinert, 1992; Mao et al., 1996).

2.1.3. LCT pegmatite deposits

Cassiterite is common in LCT pegmatites and occurs in the outer
zones with albite-lepidolite bodies (London, 2014, 2018; Dill, 2015;
Steiner, 2019). LCT pegmatites generally form in two possible ways: 1).
via fractionation of tin-bearing, S-type granites; or 2). through crystal-
lization of the partial melts of country rocks (Selway et al., 2005; Sim-
mons et al., 2016; Konzett et al., 2018). Cassiterite trace element data
has been compiled for LCT pegmatite deposits in the Kangxiwa-
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Table 1
Summary of cassiterite sample locations and deposits included in this study.

Tin deposit type Deposit location (n = number of cassiterite analysis) Metal association References

Greisen and vein Jumna Granite, Herberton, Queensland, Australia (n = 22) Sn This study
Big Ben, Herberton, Queensland, Australia (n = 19) Sn
Black King, Herberton, Queensland, Australia (n = 23) Sn
Brads Mine, Herberton, Queensland, Australia (n = 2) Sn
Cobby, Herberton, Queensland, Australia (n = 18) Sn
Elaine Mary, Herberton, Queensland, Australia (n = 28) Sn
Great North Freeman, Herberton, Queensland, Australia (n = 14) Sn
Hope Mine, Herberton, Queensland, Australia (n = 29) Sn
Levianthan, Herberton, Queensland, Australia (n = 27) Sn
North Hope Mine, Herberton, Queensland, Australia (n = 29) Sn
Old Bradlaugh, Herberton, Queensland, Australia (n = 25) Sn
Furong, Beihu district, China (n = 12) Sn Chen et al., 2022
Gejiu, Yunnan Province, China (n = 122) Sn He et al., 2022b, 2022a
Gatumba, Karagwe, Rwanda (n = 27) Sn Nambaje et al., 2020
Rwinkwavu, Karagwe, Rwanda (n = 62) Sn
Gisozi, Karagwe, Rwanda (n = 1) Sn
Bigugu, Karagwe, Rwanda (n = 9) Sn
Rwamagana, Karagwe, Rwanda (n = 4) Sn
Rutongo, Karagwe, Rwanda (n = 5) Sn

Skarn Ayawilca, Pasco, Peru (n = 17) Sn, Zn Benites et al., 2022
Furong, Beihu district, China (n = 127) Sn, W Chen et al., 2022
Gejiu, Yunnan Province, China (n = 65) Sn He et al., 2022b, 2022a
Huanggangliang, Inner Mongolia, China (n = 38) Sn, Fe Li et al., 2022a

LCT pegmatite Bigugu, Karagwe, Rwanda (n = 9) Sn, Li, Nb, Ta Nambaje et al., 2020
Gatumba, Karagwe, Rwanda (n = 1) Sn, Li, Nb, Ta
Rwinkwavu, Karagwe, Rwanda (n = 20) Sn, Li, Nb, Ta
Ngara, Karagwe, Rwanda (n = 8) Sn, Li, Nb, Ta

Polymetallic vein Baal Gammon, Herberton, Queensland, Australia (n = 17) Sn, Cu This study
Isabel, Herberton, Queensland, Australia (n = 17) Sn, Zn
Gejiu, Yunnan Province, China (n = 241) Sn, Cu He et al., 2022b, 2022a
Animas-Chocaya-Siete Suyos, Potosi, Bolivia (n = 5) Sn, Zn Gemmrich et al., 2021
Colquechaca, Potosi, Bolivia (n = 1) Sn, Zn
Huanuni, Oruro, Bolivia (n = 58) Sn, W, Zn
Huari Huari, Potosi, Bolivia (n = 5) Sn, Zn
Kellhuani, La Paz, Bolivia (n = 29) Sn, W, Zn
Llallagua, Potosi, Bolivia (n = 12) Sn
San José-Itos, Oruro, Bolivia (n = 20) Sn, Zn
Poopd, Oruro, Bolivia (n = 4) Sn, Zn
Viloco, La Paz, Bolivia (n = 46) Sn, W, Cu

Dahongliutan pegmatite field (Fig. 1; Feng et al., 2019) and the Karagwe
Ankole mineral belt (Fig. 1; Nambaje et al., 2020). The Kangxiwa-
Dahongliutan pegmatites are genetically related to Triassic, calc-
alkaline, S-type granites that are hosted in low-grade metasandstone
(Yan et al., 2018; Feng et al., 2019). The orientation of emplacement of
the pegmatite bodies was controlled by the strike direction of local faults
(Feng et al., 2019). In the Karagwe Ankole belt, cassiterite occurs in
quartz-mica veins of Neoproterozoic age LCT pegmatites (Nambaje
et al., 2020). These pegmatite bodies have been linked to Neo-
proterozoic S-type granites that were emplaced after the amalgamation
of Rodinia (Nambaje et al., 2021), while those in the Kangxiwa-
Dahongliutan pegmatite field were linked to the Mazar-Kangxiwa su-
ture zone on the Tibetan Plateau (Feng et al., 2019).

2.1.4. Polymetallic vein deposits

Cassiterite in polymetallic vein deposits occurs together with Cu, Zn,
and Pb sulfides. Sulfides in tin deposits can be related to the Sn-bearing
fluids (Kelly and Turneaure, 1970; Lehmann, 2021), or they can be
sourced from a different fluid unrelated to Sn mineralization (Sillitoe
and Lehmann, 2022). Trace element geochemistry of cassiterite that
were compiled from polymetallic vein deposits in the Andean tin belt
(Fig. 1; Gemmrich et al., 2021; Benites et al., 2022), the Youjiang basin
(Fig. 1; He et al., 2022a) and the HMF (Figs. 1 and 2) have been included
in this study. Other tin deposits, such as those in SW England (Andersen
et al., 2016) and Tasmania (Denholm et al., 2021), also host significant
sulfide mineralization. For the polymetallic Baal Gammon deposit in the
HMF, chalcopyrite mineralization can be linked to the intrusion of
oxidized Permian porphyries and granites (Kumar et al., 2022). The

Andean Sn-Cu deposits generally occur in close spatial association with
Oligocene-Miocene granites, and the Sn-Zn deposits are hosted in distal
metasedimentary rocks (Cacho et al., 2019; Torro et al., 2019; Gemm-
rich et al., 2021). A similar style of metal zonation is also present in the
Gejiu tin field where Sn-Cu enrichment occurs mostly along the contact
of porphyritic granites, and Sn-Zn + Pb ores were deposited along
fracture zones in distal metasedimentary units (Cheng et al., 2013). The
differences in metal zonation patterns in different mineral fields could
be related to the local lithology. For example, the Gejiu and the Andean
tin fields hosts skarn with greisen alteration in carbonaceous units
(Cheng et al., 2013; Gemmrich et al., 2021), whereas the HMF mostly
hosts greisen in metasandstones (Cheng et al., 2018).

3. Material and methods
3.1. Samples

Trace element data for cassiterite was compiled by combining new
analyses from the HMF with published analyses from other tin fields.
Hierarchical selection of samples was conducted to analyze represen-
tative cassiterite grains from mineral paragenetic sequence from de-
posits in the HMF (Fig. 2) and literature. A summary of the cassiterite
samples used in this study has been presented in Table 1. Tin deposits for
which analyses were used in this study include the Furong, Gejiu, and
Huanggangliang deposits in China; the Animas-Chocaya-Siete Suyos,
Potosi, Colquechaca, Huanuni, Huari Huari, Kellhuani, Llallagua, San
José-Itos, Poopd, and Viloco deposits in Bolivia; the Rwinkwavu, Gisozi,
Bigugu, Rutongo, Rwamagana, and Ngara deposits in Rwanda; the
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Ayawilca deposit in Peru; and the Big Ben, Black King, Brads Mine,
Cobby, Elaine Mary, Great North Freeman, Hope Mine, Levianthan,
North Hope Mine, Old Bradlaugh, Baal Gammon, Isabel, and Jumna
Granite deposits in Australia (Table 1 and Appendix 1). Examples of
cassiterite mineralization have been presented in Fig. 2. The cassiterite
samples from the HMF that were used for LA-ICP-MS analyses, were
obtained from the Roger Taylor collection at the Herberton Mining
Museum and the Economic Geology Research Centre at James Cook
University.

3.2. Analytical methods

In situ trace element analyses were conducted on cassiterite samples
with the use of an Analyte G2 Excimer Laser Ablation System coupled to
a Thermo iCap-TQ ICP-MS (LA-ICP-MS) instrument at the Advanced
Analytical Centre, James Cook University, Australia. Laser ablation of
cassiterite was carried out at an energy density of 3 J/cm?, at a rate of 5
Hz and a spot size of 50 pm. Multiple standards were used: NIST610 was
used as an internal standard; while GSE-1, GSD-1, and NIST612 were
used for bracketing and as external standards to monitor matrix effects.
All cassiterite trace element data collected from the literature was ob-
tained by LA-ICP-MS analysis (Table 1 and Appendix 1). Contamination
was avoided by analyzing inclusion free cassiterite surfaces and select-
ing smooth constant signal segments in time-resolved ablation spectra.
The ablation spectra were reduced using Iolite 4 software (Paton et al.,
2011; Huang et al., 2021). A summary of the dataset is presented in
Table 2. The dataset contains 1218 cassiterite analyses (Table 1) con-
sisting of 478 greisen and vein, 247 skarn, 38 LCT pegmatite, and 455
polymetallic vein deposit samples, and the elements included are Al, Sc,
Ti, V, Fe, Co, Ga, Zr, Nb, and Sb (Table 2).

3.3. Statistical methods

Descriptive statistics, principal component analysis (PCA), and
cluster analysis were used to identify natural trends and groupings in the
cassiterite dataset, where values below the limit of detection were not
included. Multielement correlation matrices were developed for each
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deposit type, and binary plots were created for elements with a corre-
lation coefficient (r) > 0.5, except for polymetallic veins where r > 0.4
was used (Appendix 2). Generally, low r values were observed for pol-
ymetallic vein deposits. PCA was applied to identify difference in
geochemical signatures for cassiterite trace element concentrations in
different deposit types. PCA technique summarizes multivariate data
and projects the variance as components in decreasing order (Izenman,
2013; Jansson et al., 2022). Since PCA is sensitive to anomalies in the
dataset (Dmitrijeva et al., 2020; Ge et al., 2022; Jansson et al., 2022), the
dataset was standardized using the standard scaler preprocessing
method in Scikit-learn in Python (Pedregosa et al., 2011; Hao and Ho,
2019).

A common practice when developing statistical models from
compositional data is the application of log transformation on the
dataset (Frenzel, 2023). On a cartesian plane, log transformation elim-
inates radial distortion (Aitchison, 1982; Aitchison et al., 2000; Scealy
and Welsh, 2014), and this introduces symmetry to the dataset (Ver-
haegen et al., 2019). Log transformations or a variant of lognormal
compositional space does not separate cassiterite composition for
related hydrothermal deposits (Appendix 3) and these hydrothermal
deposits are interconnected and contain signatures of fluid mixing from
end-member deposit types. Weltje (2012) mentioned that according to
log-ratio theory, the compositional data and their mixtures, on a carte-
sian plane, exists in different 1D and 3D spaces, and they cannot be
combined into a statistical model (Verhaegen et al., 2019). In contrast,
the log-transformed PCA plots yield meaningful results for independent
deposit types, such as LCT pegmatite and hydrothermal cassiterite-
bearing deposits (Appendix 3), but this information can also be
derived from the results of standard scaler preprocessing models.
Therefore, in this study the standard scaler preprocessing was used to
construct interpretable compositional space for cassiterite trace element
dataset.

Principal components or dimensionality reduced axes with eigen-
values greater than one were used. The eigenvectors define the principal
axes, while the eigenvalues are a measure of the spread in the data. PCA
results can be easily visualized with biplots, where PCA scores of indi-
vidual samples are plotted with the loadings of the variables as vectors.

Table 2
Descriptive statistics of cassiterite trace element data.

Deposit type Statistics Al Sc Ti Fe Co Ga Zr Nb Sb

Greisen and vein Mean 97 130 1751 52 3969 13 7 77 372 17

(n = 478) Std 190 268 1798 112 5114 3.70 9 101 636 25
Min 0.20 0.09 0.90 0.09 55 3.10 0.04 0.10 0.05 0.18
Max 2835 2066 11,870 808 26,267 19 51 595 4325 198
Median 41 20 1465 16 1459 12 2.87 26 70 8
25 % Quartile 14 3.21 315 4.98 559 10 0.81 3.98 9 2.00
75 % Quartile 131 153 2457 40 6244 17 10 126 431 21

Skarn Mean 55 35 318 28 3329 6 9 45 274 18

(n = 247) Std 81 94 607 43 3440 2.86 14 76 649 24
Min 0.20 0.10 1.10 0.02 166 1.33 0.10 0.05 0.01 0.30
Max 470 727 5755 371 18,421 12 98 557 5150 127
Median 210 1.10 260 0.25 3650 11 3.60 830 5700 0.73
25 % Quartile 4.15 1.30 29 3.62 983 4.00 0.30 11 9 3.00
75 % Quartile 74 19 326 34 4965 10 13 43 252 21

LCT pegmatite Mean 326 1.23 424 1.05 3553 12 8 920 7094 0.78

(n=38) Std 299 0.63 404 1.93 2380 3.58 9 388 4274 0.26
Min 22 0.38 10 0.01 73 9 0.54 135 1650 0.50
Max 1020 2.40 1450 10 8100 30 32 1900 19,100 1.71
Median 58 24.40 856 45 2130 10 4.37 34 24 20.70
25 % Quartile 106 0.68 106 0.03 1405 9 2.4 658 4250 0.61
75 % Quartile 420 1.66 673 1.13 5825 12 11 1158 8775 0.86

Polymetallic vein Mean 330 56 1779 107 2958 8 45 58 155 132

(n = 455) Std 1343 88 2361 233 2614 4.77 127 67 294 536
Min 0.53 0.01 1.31 0.22 69.96 0.34 0.18 0.02 0.01 0.33
Max 19,899 873 26,028 3938 18,000 64 1314 483 2008 5223
Median 20 6 139 14 1790 4.50 2.10 26 71 7
25 % Quartile 13 6 223 18 1052 4.95 1.76 5 2.05 8
75 % Quartile 181 65 2662 110 4021 10 23 97 145 55
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When eigenvectors are defined in PCA, the data points are transformed
into scores. For our PCA, these variables are the trace elements
measured in cassiterite, while the scores are the transformed concen-
tration values of these elements.

DBSCAN was used to conduct cluster analysis on the cassiterite trace
element data, with the use of Scikit-learn in Python (Jolly, 2018).
DBSCAN groups element-element correlation data by identifying areas
with high data density on a binary plot (Ester et al., 1996; Schubert
et al., 2017). Two input parameters are required for DBSCAN, which are
the minimum number of samples in a cluster and the maximum con-
centration difference between two points (Hong and Oh, 2021). The
minimum number of samples in a cluster varied from 15 to 30, and the
maximum concentration difference ranged from 0.02 to 0.2 for clus-
tering. The clusters identified with Scikit-learn are assigned with labels
represented by integers (Jolly, 2018). Three groups were recognized in
the cassiterite trace elements data, and they were labelled as —1, 0, and
1. The DBSCAN method is known for its robustness, effectiveness in
handling noise, and capability in identifying clusters of arbitrary shapes
(Ester et al., 1996; Backlund et al., 2011; Schubert et al., 2017; Zhang
et al., 2019).

4. Results
4.1. Trace elements in cassiterite

A summary of the average composition of cassiterite samples from
different deposit types has been presented in Table 2. The most abun-
dant trace element in cassiterite is Fe, with averages >2900 ppm
(Table 2). Cassiterite grains from polymetallic vein deposits have the
lowest Fe concentrations (avg. 2958 ppm), while cassiterite grains from
greisen and vein deposits have the highest (avg. 3969 ppm). The
cassiterite grains from the greisen and vein deposits also display a strong
correlation between Fe and Ga (r = 0.75, Figs. 3 and 4). For skarn and
LCT pegmatite deposit types, cassiterite grains display a strong corre-
lation between Ga and Al (r = 0.85 for skarn, and r = 0.94 for LCT
pegmatite; Fig. 3). This suggests that Ga is an important element in
differentiating cassiterite samples from different deposit types.

Of the four deposit types, cassiterite grains from greisen and vein,
and polymetallic vein deposits contain higher Ti concentrations when
compared with cassiterite grains from skarn and LCT pegmatite deposits.
The average concentration of Ti in cassiterite grains is 1751 ppm for
greisen and vein deposits, 1779 ppm for polymetallic vein deposits, 318
ppm for skarn deposits, and 424 ppm for LCT pegmatite deposits. A
moderately strong correlation was observed between Ti and Sc (r =
0.57) in cassiterite grains obtained from skarn deposits (Figs. 3 and 4).
Cassiterite grains from LCT pegmatite deposits exhibit a moderately
strong correlation between Ti and Sb (r = 0.62, Fig. 3). Therefore, these
differences in Ti correlation with other elements across deposit types
may indicate the usefulness of Ti in discriminating cassiterite from
different Sn deposit types.

Cassiterite samples from polymetallic vein and LCT pegmatite de-
posits contain similar concentrations of Al, averaging 330 and 326 ppm,
respectively. Cassiterite grains from the LCT pegmatite deposits show
high Nb (avg. 7094 ppm) and Zr (avg. 920 ppm) concentrations
(Table 2). Strong correlation is observed between Nb and Fe (r = 0.74),
while Zr shows a strong correlation with Al (r = 0.78) and Ga (r = 0.75,
Fig. 3). These differences in concentrations and correlation coefficients
suggest that Nb and Zr may be useful in identifying cassiterite grains
linked to LCT pegmatite deposits. The average concentrations of Sc, V,
Co, Ga, and Sb are mostly below 150 ppm in cassiterite samples from all
deposit types (Table 2). Cassiterite samples from polymetallic vein de-
posits generally do not exhibit any strong multielement correlations
(Fig. 3), but a moderate correlation was observed between V and Sc (r =
0.50).
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4.2. Classification of cassiterite trace elements data

Groupings in the cassiterite data were recognized with the use of PCA
and DBSCAN. A summary of the PCA results is presented in Fig. 5. The
eigenvalues of first four principal components are greater than one
(Fig. 5A) and they account for 65 % of the variability in the cassiterite
trace elements data (Fig. 5). The principal component 1 is characterized
by positive loadings for V, Sc, Al, Fe, Sb, and Ga (Fig. 5). The loadings for
V and Sc reflect the geochemistry of cassiterite samples from greisen and
vein deposits, while Al, Fe, Sb, and Ga are linked to cassiterite samples
from polymetallic vein deposits (Fig. 5B). Principal component 3 dis-
plays positive loadings for Co, Ti, V, and Sc, which is reflective of trace
elements of cassiterite samples from greisen and vein deposits (Fig. 5C).
Similar characteristics were observed for principal component 2. Prin-
cipal component 2 further shows high positive loadings for Zr and Nb
which is linked to cassiterite samples from LCT pegmatite deposits
(Fig. 5B). Principal component 4 is characterized by positive loadings for
Ti, V, Sb, and Ga. The loadings for Ga and Sb reflect the geochemistry of
cassiterite samples from polymetallic vein deposits (Fig. 5D). The
loadings for the four principal components generally indicate elements
which are useful in discriminating cassiterite from different deposits.

The groupings recognized in cassiterite trace element data are pre-
sented in Fig. 6. Element pairs were used in DBSCAN to identify clusters
in cassiterite trace element data. The element pair, Ti and Al, show
groupings for cassiterite samples from greisen and vein (94 % in cluster
—1) deposits (Fig. 6). Whereas cassiterite samples from greisen and vein,
and skarn deposits form two major clusters (—1, and 0), and the
boundary between these two clusters is useful in differentiating these
two deposit types (Fig. 6). The element pair, V and Sb, show groupings
for cassiterite from polymetallic vein (79 % in cluster —1) and LCT
pegmatite (100 % in cluster 0) deposits (Fig. 6). No clear separation was
observed between cassiterite samples from greisen and vein, and skarn
deposits on V and Sb plot (Fig. 6). The boundary between LCT pegmatite
and cassiterite from the remaining three deposit types is arbitrary
(Fig. 6) and defined by Sb and V concentrations. Additionally, Nb and Zr
element pair is useful in differentiating cassiterite samples linked to Cu,
Zn and Li deposits occurring in Sn fields (Fig. 6). The element pair, Nb
and Zr, shows grouping for cassiterite from Li deposits (95 % in cluster
—1, Fig. 6). Cassiterite samples from Cu and Zn deposits mostly contain
low Nb and Zr concentrations and they group separately (cluster O,
Fig. 6).

5. Discussion
5.1. Incorporation of trace elements in cassiterite in different deposit types

Multielement correlations (Fig. 3) and trends observed on binary
plots (Fig. 4) can be used to make inferences on element substitution
reactions in cassiterite (Fig. 7). Greisen and quartz vein deposits show a
positive correlation between Ga and Fe. He et al. (2022b) proposed three
possible coupled substitution reactions, including: Fe3* and Ga>* for 2
(Sn, TD)*"; Fe>* and OH™ for Sn** and 0?7; and Fe®* and H™ for Sn**.
The Fe concentrations in cassiterite grains from greisen and vein de-
posits are higher than Ga, suggesting a higher ratio of Fe being
substituted (Fig. 4). This may indicate a preference for the latter two
substitution reactions in cassiterite. The OH™ and H" ions required for
these substitution reactions are likely available from fluids that caused
greisenization of the host rocks (Witt, 1988; Halter et al., 1996). The
high Fe (up to 26,000 ppm) concentrations in greisen and vein cassit-
erite grains are likely linked to the presence of micron-sized magnetite
inclusions (Greaves et al., 1971).

Polymetallic vein cassiterite samples show a positive trend on V and
Sc plot, which may indicate incorporation of these elements by coupled
substitution (Fig. 4). Coupled substitution of Sc3*and V> for 2 Sn** has
been observed in cassiterite samples from skarn deposits (Wang et al.,
2022). Our data suggests that these substitutions in cassiterite are likely
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Fig. 3. Multielement correlations results of: A) greisen and vein, and skarn deposits, B) LCT pegmatite, and polymetallic vein deposits.
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favorable for Cu-rich polymetallic vein deposits (Fig. 4). Conversely, in
cassiterite samples from Zn-rich polymetallic vein deposits, Ga>* cou-
ples with Fe>* to substitute for 2 Sn** (He et al., 2022b). Sphalerite is a
common mineral in Zn-rich polymetallic vein deposits, and it contains
significant amounts of Ga and Fe (Cook et al., 2009; Torr¢ et al., 2022;
Zhang et al., 2022). Therefore, Ga and Fe for the substitution reactions in
cassiterite in Zn-rich polymetallic vein systems were likely derived from
fluids that formed sphalerite.

Cassiterite samples from skarn deposits show a strong correlation
between Sb and Fe (r = 0.84), and a moderately strong correlation be-
tween Sc and Ti (r = 0.57, Figs. 3 and 4). Cassiterite samples contain a
higher concentration of Ti (avg. 318 ppm) compared to Sc (avg. 35
ppm), which may indicate a higher proportion of Ti had been substituted
for Sn in cassiterite. This may have occurred through a direct substitu-
tion of Ti for Sn. Direct substitution of Ti** for Sn** in cassiterite grains
has been observed in multiple studies (e.g., Cheng et al., 2019; Alekseev
and Marin, 2022; Li et al., 2022b). Positive correlations were also
observed between Fe and Ga (r = 0.72) in cassiterite samples from skarn
deposits. Substitution of Fe and Ga for 2 Sn is a common characteristic of
cassiterite grains linked to greisen deposits (He et al., 2022b). Cassiterite
with strong correlation between Fe and Ga are likely associated with
greisen alteration zones in skarn deposits. Greisen alteration in Sn skarn
deposits is common (Meinert, 1992; Mao et al., 1996).

In LCT pegmatite deposits, cassiterite samples show a strong corre-
lation between Zr and Al (r = 0.78, Fig. 3). Similarly strong correlations
were also observed between Ga and Zr. The strong correlation and
positive trend (Fig. 4) between Zr and Al and Ga and Zr may indicate

element substitutions in LCT pegmatite cassiterite. Direct substitution of
Zr** for Sn** was suggested by Cheng et al. (2019). Generally, Al (avg.
326 ppm) and Ga (avg. 8 ppm, Table 2) concentration in cassiterite is
lower than Zr (avg. 920 ppm). The higher Zr concentrations measured in
cassiterite may show preference for direct substitution of Zr by Sn. High
concentrations of Nb (avg. 7094 ppm) are present in cassiterite samples
from LCT pegmatite deposits. Hreus et al. (2021) suggested coupled
substitution of (Nb, Ta)>* and (Fe, Sc)3Jr for 2 Sn** in cassiterite samples
from Li-rich Sn deposits. A positive trend for Nb and Fe on the binary
plot of cassiterite (Fig. 4), further confirms the presence of coupled
substitution.

5.2. Reliability of cassiterite discrimination diagrams

Limitations identified during the design of this study were related to
the lack of cassiterite trace element data from LCT pegmatite deposits
and likely other deposit types (Table 1). Therefore, in this study a
backbone for cassiterite discrimination diagrams is presented and this
can be further improved by increasing the number of studied tin fields,
cassiterite composition data, and elements used for discrimination
analyses.

Due to the limitations of log-ratio transformation of compositional
data on dependent variables and lower sample size, a scaler pre-
processing method was used. To complement this, DBSCAN was used for
clustering which handles noise effectively, but this may have introduced
bias in the clusters. To improve these clusters, log-ratio or other variety
of Box-Cox transformation (Atkinson et al., 2021; Frenzel, 2023; Olivier
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and Norberg, 2010) on larger sample size with Gaussian mixture model
(Melnykov and Wang, 2023; Yang et al., 2012) is suggested for robust
separation of dependent variables in a future study. Despite these limi-
tations, the cassiterite discrimination diagrams were evaluated with
data from Goldmann (2016) and accuracy >90 % for Al and Ti, > 80 %
for Zr and Nb, and >55 % for Sb and V discrimination diagrams (Fig. 9)
are observed.

5.3. Discrimination of cassiterite from different deposits

The cluster boundaries from DBSCAN (Fig. 6) results were used to
develop discrimination plots (Fig. 8), which was supplemented with
PCA (Fig. 5) and descriptive statistics (Table 2) results. These plots
differentiate cassiterite from different deposits based on their trace
element characteristics. Cassiterite samples from greisen and vein de-
posits are characterized by high Ti (avg. 1751 ppm) and moderate Al
(avg. 97 ppm) concentrations (Table 2). In contrast, cassiterite samples
from skarn deposits contain low concentrations of Ti (avg. 318 ppm) and
Al (avg. 55 ppm, Table 2). The PCA results indicate that the loadings for
Ti align with the scores for cassiterites from greisen and vein deposits on
principal components 2 and 3 (Fig. 5). The Ti anomaly in cassiterite is
likely linked to the fluids that generated fractionated granites and
caused greisen alteration.

Greisen alteration is normally caused by hydrothermal processes
active during the late stages of Sn granite evolution (Burt, 1981; Roberts,
2007; Launay et al., 2023). In tin granites, Ti is replaced by Sn in min-
erals, including titanite, magnetite, amphibole, and biotite (Meng et al.,
2022; Niu et al., 2022), and this leads to a depletion in Ti (Lehmann,
2021). Micas and quartz from greisen assemblages contain Ti concen-
trations >100 ppm (Hreus et al., 2021; Breiter et al., 2023). This sug-
gests that the hydrothermal fluids generated during the late stages of Sn
granite evolution contain enough Ti for substitution with Sn in cassit-
erite. Alteration zones in skarn deposits have low Ti concentrations
(Auwera and Andre, 1991; Abdelnasser et al., 2022), which is reflected
in the cassiterite geochemistry. In greisen and vein deposits, Al is widely
available during the greisenization process (Witt, 1988; Halter et al.,
1996), but in skarn deposits it behaves as an immobile element
(Abdelnasser et al., 2022). Therefore, cassiterite from greisen and vein,
and skarn deposits can be differentiated by the chemical boundary
shown on Al and Ti discrimination diagram (Fig. 8). This boundary was
identified through DBSCAN, which was constructed from the grouping
of cassiterites from greisen and vein (95 % of cassiterite), and skarn (49
% of cassiterite) deposits (Fig. 6). The greisen field of the Al and Ti
discrimination plot was evaluated (Fig. 9) with cassiterite trace element
data from Goldmann (2016) that was not included in the clustering
dataset, and it shows that 92.6 % of the greisen cassiterite plot in the
greisen field.

An overlapping field (33 % of cassiterite from skarn deposit) con-
taining both greisen and skarn deposits was also identified on the Al and
Ti discrimination plot (Fig. 8). The cassiterite samples from skarn de-
posits that plot in this overlapping field are likely linked to greisen
alteration present in Sn skarn deposits (Meinert, 1992; Mao et al., 1996).
The discrimination plot developed from Al and Ti (Fig. 8) shows
compositional overlapping between cassiterite from greisen and vein,
polymetallic vein, and LCT pegmatite deposits. This is likely due to
fluids related to greisen and vein, and or skarn deposits causing poly-
metallic vein mineralization. In most Sn fields (Table 1), polymetallic
vein deposits are closely associated with greisen or skarn deposits (e.g.,
Chen et al., 1992; Cheng et al., 2013; Gemmrich et al., 2021).

Cassiterite samples from polymetallic vein deposits can be differen-
tiated by Sb and V discrimination plots (Figs. 6 and 8). This boundary
was identified through DBSCAN, which was constructed from the
groupings present in cassiterite from polymetallic vein (80 % of cassit-
erite), LCT pegmatite (80 % of cassiterite), skarn (52 % of cassiterite),
and greisen and vein (53 % of cassiterite) deposits (Figs. 6 and 8).
Cassiterite samples from polymetallic vein deposits are characterized by
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high concentrations of Sb (avg. 132 ppm) and V (avg. 107 ppm), which
further supports this discrimination plot. The Sb and V discrimination
plot was evaluated with cassiterite trace element data from Goldmann
(2016) that was not included in the clustering dataset, and it shows that
58.3 % of the polymetallic vein cassiterite plot in the polymetallic field,
and 53.2 % of the LCT pegmatite cassiterite plot in the LCT pegmatite
field (Fig. 9). Cassiterite samples from greisen and skarn deposits show
negative anomalies for Sb and V, whereas cassiterite from polymetallic
vein deposits show a positive anomaly (Wang et al., 2022). Polymetallic
vein deposits are generally linked to skarn or greisen deposits occurring
in Sn belts. This suggests that the hydrothermal fluids transported Sb
and V to polymetallic vein from nearby skarn and or greisen systems,
where they were incorporated into cassiterite (e.g., Gemmrich et al.,
2021; Liu et al., 2021).

5.4. Discrimination of cassiterite associated with Cu, Zn and Li deposits

Most tin fields contain Cu and Zn mineralization in polymetallic
veins and or Li mineralization in LCT pegmatite deposits. Cassiterite
grains sourced from these deposits can be discriminated by composi-
tional variation in Zr and Nb. Cassiterite samples from LCT pegmatite
deposits are characterized by high concentrations of Nb (avg. 7094 ppm)
and Zr (avg. 920 ppm). The chemical boundary differentiating cassit-
erite sourced from Cu, Zn, and Li deposits was identified through
DBSCAN (Fig. 8). Zirconium and Nb have been independently used
before to differentiate cassiterite from LCT pegmatite deposits (e.g.,
Moller and Dulski, 1983; Tindle and Breaks, 1998). The Zr and Nb

11

discrimination plot was evaluated with cassiterite trace element data
from Goldmann (2016), and it shows that 86 % of the Li associated
cassiterite plot in the Li field (Fig. 9). In fractionated granites, Zr is
widely available (Mdller and Dulski, 1983; Cerny et al., 2005), and is
incorporated in cassiterite via direct substitution of Sn (Cheng et al.,
2019). The relatively high Nb content in cassiterite from LCT pegmatite
deposits are related to high F content and reduced condition (Timofeev
et al., 2015). Whereas cassiterite from polymetallic vein deposits with
Cu and Zn mineralization are characterized by low Nb and Zr concen-
trations. Cassiterite trace element data (Goldmann, 2016) for evaluation
shows that 95.8 % of the polymetallic Cu-Zn cassiterite plot in the Cu
and Zn fields on the Zr and Nb discrimination plot.

5.5. Application of cassiterite discrimination diagrams to placer tin
deposits

Cassiterite is resistant to chemical weathering and therefore it can
form heavy mineral placer tin deposits (Fig. 10A). The placer cassiterite
could be derived from physical weathering of tin deposits including
greisen and vein, Sn-skarn, LCT pegmatite, and or polymetallic vein
(Fig. 10A). Placer cassiterite trace element data from Goldmann (2016)
were plotted on the cassiterite discrimination diagrams (Fig. 10) to
examine their association to deposit types and metals. The results ob-
tained from the Al and Ti discrimination diagram showed that placer
cassiterite can be successfully linked to tin deposit types (Fig. 10B).
While the Zr and Nb discrimination diagram can further predict metal
association for these cassiterite deposits (Fig. 10C). The placer cassiterite
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Fig. 10. A) Illustration of placer tin deposit near greisen and vein, skarn, LCT pegmatite, and polymetallic vein deposits. Placer cassiterite trace element data from
Goldmann (2016) are plotted on: B) Al and Ti, and C) Zr and Nb discrimination diagrams.

from greisen and vein tin field indicated association with polymetallic
Cu and Zn deposits. Since greisen is common in LCT pegmatite, some of
these placer deposits are linked to Li deposits (Fig. 10C). Furthermore,
placer cassiterite from known LCT pegmatite fields showed accurate
association with Li deposits (Fig. 10C). Therefore, these discrimination
diagrams can be successfully used in mineral exploration to vector for
critical metal deposits with cassiterite samples located from heavy
mineral maps (Caritat et al., 2022) and indicator minerals dataset
(McClenaghan et al., 2017).

6. Conclusion

Descriptive statistics, correlation matrices, and PCA techniques were
used to understand element substitution in cassiterite grains from
different tin deposits occurring in seven major tin fields. These tin field
include the Andean Sn belt in South America; the Karagwe Ankole belt in
Rwanda; the HMF in Australia; and the Kangxiwa-Dahongliutan
pegmatite field, Youjiang basin, Nanling belt, and Da Hinggan Range
belt in China. The results indicate that Fe substitution in cassiterite is
common in greisen and vein, V and Nb substitution in polymetallic vein,
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Fe and Ti substitution in skarn, and Al and Ga substitution in LCT
pegmatite deposits. The DBSCAN method was used to classify cassiterite
from different cassiterite-bearing deposits based on trace element dis-
tribution patterns. The element pair, Al and Ti can be used to discrim-
inate between greisen and vein, and skarn tin deposits. On this plot, the
polymetallic vein and LCT pegmatite data of cassiterite shows compo-
sitional overlapping with greisen and vein fields. The discriminant di-
agram derived from Sb and V can be used to differentiate cassiterite from
polymetallic vein deposits. Cassiterite grains linked to Li, Cu and Zn
deposits can be differentiated with Nb and Zr discrimination diagram.
The discrimination diagrams developed in this study can be used to
explore for Cu, Zn, and Li deposits in tin fields with detrital cassiterite
from stream sediments, till and heavy mineral placer deposits.
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