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Abstract. A recent renewal of interest and research into 
Nb, Ta, Sn, W, Li and Au deposits of the Central African 
Mesoproterozoic Karagwe-Ankole belt (KAB) has led to 
new insights regarding its metallogenesis. This study 
provides an overview of the geodynamic framework of 
the KAB, including its magmatism and mineralization. 
During compressional deformation, barren quartz veins 
are intensely folded. A second quartz vein generation 
developed inside the fold hinges. Reverse faults occur in 
the hinge zone of such folds. After compression, but still 
during tectonism, Neoproterozoic granite intrusions (G4) 
are emplaced. Hydrothermal W-rich quartz veins with a 
mixed magmatic and metamorphic origin formed after 
folding and cleavage development. Highly fractionated 
and often metasomatized pegmatites are enriched in 
Ta-Nb and Sn. Extensional tectonism is evidenced by 
boudinaged pegmatites, which post-date vein-type W 
mineralization. Sigmoidal quartz veins and shear zones 
are an expression of late tectonic shearing. Gold 
mineralization at Byumba (Rwanda) could be related to 
this shear phase, but a hydrothermal magmatic source 
for this deposit cannot be excluded. Sn mineralization is 
associated with greisenization of pegmatites and with 
quartz veins. These Sn deposits originate from 
magmatic fluids, exolved from pegmatitic melt and post-
date folding and faulting. 
 
1 Introduction 
 
The Mesoproterozoic Karagwe-Ankole belt (KAB) 
stretches from the Kivu-Maniema region in the DR 
Congo in the south over Burundi and Rwanda to 
southwest Uganda in the north. It hosts important Nb, 
Ta, Sn, W, Li and Au mineralization, which occurs 
associated with lithium-tantalum-cesium family, rare-
element pegmatites (Hulsbosch et al. 2014; Melcher et 
al. 2015), while quartz veins (Dewaele et al. 2016; Pohl 
and Günther 1991) host Au, Sn and W. After many 
geological studies carried out in the 1960s, renewed 
interest in the ore deposits in this part of Central Africa 
boosted the application of new analytical techniques to 
gain insights in their metallogenesis (e.g. Hulsbosch et 
al. 2016; Pohl et al. 2013). These data resulted in a 
profound knowledge of the ore-forming processes 
leading to the formation of the Ta-Nb, Sn, W, Li and Au 

deposits. The studies constrained the origin and age of 
the deposits, the source of the metals and fluids, and 
the lithological and structural control on the ore deposits. 
Although most deposits have been related to a specific 
stage in the evolution of early-Neoproterozoic granitic 
intrusions (see reviews in Hulsbosch in press; Pohl et al. 
2013), the relationship with the tectonic evolution, 
although sometimes determined on a local scale 
(Hulsbosch et al. 2017; Pohl et al. 2013), has not been 
fully resolved. The aim of this study is to provide a first 
overview of the relationship between tectonism, granite 
intrusion and mineralization in the Karagwe-Ankole belt 
based on the current stage of knowledge. 
 
2 Geochronology 
 
Two main periods of granite intrusion have been 
identified in the KAB. The first period, which took place 
between 1400 and 1370 Ma, comprises a large bimodal 
magmatic event, i.e. the so-called Kibaran event (Tack 
et al. 2010), and culminated in the intrusion of (1) mafic 
to ultramafic rocks which have been dated at 1403 ± 14 
Ma (SHRIMP U-Pb; Maier et al. 2007) and 1374 ± 14 
Ma (SHRIMP U-Pb; Tack et al. 2010); and (2) large 
volumes of peraluminous S-type granites and 
accompanying subordinate mafic rocks, which have 
been dated between 1383 ± 17 Ma and 1371 ± 7 Ma 
(SHRIMP U-Pb; Tack et al. 2010). The S-type granites 
are the historically defined G1-G3 generation (i.e. for 
Rwanda; Gérards and Ledent 1970).  

The second period of granite magmatism took place 
at the beginning of the Neoproterozoic. Their intrusion 
age has recently been set at 986 ± 10 Ma by SHRIMP 
U-Pb dating of zircons from the small peraluminous S-
type Kasika granite in the Kivu province of DR Congo 
(Tack et al. 2010). Regionally, they are the so-called G4 
generation (i.e. in Rwanda; Gérards and Ledent 1970). 
Compressional events are reported in the entire “Kibara” 
region in the early-Neoproterozoic, however the exact 
timing is debated (Kokonyangi et al. 2004; Tack et al. 
2010). This compressional event resulted in upright 
folding and thrusting of the metasediments of the 
western part of the KAB (Fernandez-Alonso et al. 2012). 
Several pegmatite generations have been identified and 
reflect different stages of fractionation of G4 
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leucogranites  

 
Figure 1. Simplified geological map of Rwanda with indication of the most important Nb-Ta, Sn, W and Au deposits. Geological map after 
Fernandez-Alonso et al. (2007), location of the ore deposits after Baudin et al. (1982). Locations: 1) Kigali 2) Musha-Ntunga 3) Byumba 4) 
Nyakabingo 5) Rutongo 6) Gatumba 7) Gitarama. 

 
(Hulsbosch et al. 2014). U–Pb ages were obtained from 
TNO (tantalum-niobium oxides) forming the primary 
mineralization of the pegmatites in the Karagwe Ankole 
Belt. Columbite data from pegmatites in northern 
Burundi reveal ages of 963 +9/−5 Ma and 968 +33/−29 
Ma (Romer and Lehmann 1995). New TIMS and LA-
ICP-MS U-Pb columbite–tantalite ages from the KAB 
range largely from ca. 920 to 1030 Ma, with a maximum 
around 960–990 Ma (Melcher et al. 2015). Additional 
new U-Pb columbite ages from the Gatumba-Gitarama 
area show also a spread in age between 975 ± 8 Ma 
and 936 ± 14 Ma (Dewaele et al. 2011). 

Tungsten mineralization has been dated by Ar-Ar of 
muscovites hosted by W-rich quartz veins at 992.4 ± 1.5 
Ma (Dewaele et al. 2016). This age overlaps with the 
emplacement of the G4 granites and is slightly older 
than the ages obtained for pegmatites and associated 
columbite-tantalite mineralization in Rwanda (Dewaele 
et al. 2011, 2016). This age is in agreement with the 
metallogenic model, which relates the W-mineralization 
to an early fractionation and expulsion of an aqueous 
fluid from the leucogranites (Hulsbosch et al. 2016). 

Cassiterite-rich quartz veins in Burundi (Mulehe) have 
been dated at 951 ± 18 Ma (Rb-Sr muscovite- 
tourmaline; Brinckmann et al. 1994) and 936 ± 82 Ma 
(Rb-Sr muscovite; Brinckmann 1988). Sn-mineralised 
quartz veins from the Rutongo area in Rwanda have 
been dated at 965 ± 29 Ma (Rb-Sr muscovite; Monteye-
Poulaert et al. 1962) and 916 ± 50 Ma (Pb-Pb galena; 
Monteye-Poulaert et al. 1962). 

Central African orogenic gold mineralization has been 
related to fold-and-thrust belt formation (Brinckman et al. 
1994; Koegelenberg et al. 2016). The exact timing of 
gold mineralization and this deformation is however still 
highly debated. Two periods of gold mineralization have 
been proposed for the Western Domain of the KAB, 
although they are not well constrained. Firstly, sulfide 
vein assemblages with gold, dated at 908 ± 21 Ma (Rb-
Sr muscovite-tourmaline; Brinckmann et al. 1994), are 
interpreted to be genetically related to the early-
Neoproterozoic G4-granite magmatism. Secondly, 
ferruginous breccia zones with gold dated at 640 ± 28 
Ma are interpreted to be related to Pan-African events 
(Rb-Sr muscovite-tourmaline; Brinckmann et al. 1994). 
Also muscovite from quartz-sulfide-gold saddle reefs of 
the Twangiza deposit (Kivu, DR Congo) gave an age of 
522 ± 15 Ma (Ar-Ar; Walemba 2001). Alternatively, Pohl 
and Günther (1991) proposed that Au mineralization is 
due to deep crustal metamorphism and not related to 
the G4 magmatism. Timing of metamorphism would be 
associated with crustal thickening immediately 
preceding the granitoid magmatism and the 
metallogenic climax. 
 
3 Tectonic evolution and veining 
 
The Mesoproterozoic strata have been intensely folded 
often resulting in tight folds. Cleavage is well developed 
and often almost parallel to the steep bedding. Two 
cleavage sets can be identified based on their 



132 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 1 

orientation. Both cleavage sets are parallel to the axial 
plane of the folds, i.e. represent an axial planar 
cleavage. Occasionally, crenulation cleavage is 
observed in mica-rich schists. Reverse faults developed 
in steep to overturned limbs of folds are therefore 
developed at the end of the folding. Several meter-thick 
shear zones developed after folding and are 
characterized by the occurrence of C-type shear bands. 
These shear zones are heavily chloritized and host 
several deformed quartz veins which are parallel to the 
foliation. Barren and mineralized pegmatites developed 
dominantly parallel to the bedding, cleavage, bedding-
parallel and strike-parallel joints and strike-slip fractures, 
which developed in relation to the folding (cross-fold 
joints, e.g. in the Musha-Ntunga-Rwamagana area). 
Pegmatites and quartz veins, which developed parallel 
to the bedding, have been boudinaged, reflecting layer-
parallel extension. 

Several dominant quartz vein generations developed 
in relation to the tectonic evolution of the rocks and 
allow construction of (1) a relative timing of quartz 
veining and (2) a more detailed paragenetic sequence 
including the mineralization phases. Quartz veins, which 
developed parallel to the bedding, have been intensely 
folded and thus predate tectonic deformation. A second 
generation of massive quartz veins occurs in the hinge 
zones of folds where it can be associated with massive 
pyrite, e.g. Byumba area. In addition, smaller, irregular 
veins may be present in these hinge zones, but they are 
more widespread in the metasedimentary rocks. Quartz 
veins of the 3rd generation occur in fractures related to 
faulting or along the faults themselves. A fourth 
generation of quartz veins developed parallel to the 
cleavage, especially in shales and at the contact 
between shales and sandstones. In the Byumba area, in 
cm-thick sandstone layers, these quartz veins do not 
follow the bedding but crosscut the sandstones at an 
angle of 45°-60°. The cleavage parallel nature of the 
veins in the shales and the crosscutting structure in the 
sandstones gives a sigmoidal or S-shape geometry of 
the quartz veins. This geometry indicates the veins 
formed due to shearing along the cleavage. A prominent 
characteristic is that these veins are also boudinaged, 
i.e. stretched parallel to the cleavage, which is often 
sub-parallel or at a small angle to the bedding. Massive 
quartz veins crosscut the folds and cleavage and all 
former quartz generations. 
 
4 Paragenetic sequence of veining and 

mineralization in relation to deformation 
 
The first vein generation observed is parallel to the 
bedding, has been intensely folded, is not mineralized 
and crosscut by W-mineralized quartz veins at the 
Nyakabingo mine. The second vein generation observed 
are related to the folding and the third vein generation to 
faulting, often present in the hinge zone of faults. The 
fourth quartz generation developed parallel to the 
cleavage and is mineralized in tungsten at the 
Nyakabingo mine. The Sn-mineralized quartz veins 
developed as extension veins between boudinaged 

sandstone layers at Rutongo. An important part of the 
Sn-mineralized quartz veins developed after pegmatite 
intrusions and during layer parallel extension. 
5 Discussion and conclusion 
 
The paragenetic sequence of the veining and 
mineralization in relation to deformation can be further 
integrated within the geodynamic framework, including 
magmatism. Compressional deformation caused the 
folding and the development of an axial planar cleavage. 
Reverse faulting is intimately associated with this folding 
and occurs close to the fold hinges and in the steep to 
overturned limbs of the folds, e.g. as observed in the 
Gitarama-Gatumba section. Existing barren quartz veins 
became intensely folded and new quartz veins 
developed in the hinge zones of the folds. Granite 
intrusions crosscut the folds and are younger (986 ± 10 
Ma; SHRIMP U-Pb zircon; Tack et al. 2010). Tungsten-
rich quartz veins formed after folding and cleavage 
development, tungsten had a magmatic source and the 
hydrothermal fluid had a mixed magmatic and 
metamorphic origin (Dewaele et al. 2016; Hulsbosch et 
al. 2016). Tungsten mineralization formed during an 
early stage of the fractionation of the granitic magma 
(Hulsbosch et al. 2016). The quartz veins developed 
along the bedding and cleavage planes, but also along 
large fractures, which crosscut the folds. The lack of 
foliated G4 granites further indicate that magmatic 
activity occurred after the main period of compression 
but still during late stage tectonism (Hulsbosch et al. 
2017). Pegmatites can be boudinaged indicating 
subsequent extensional tectonism. Tantalum and tin 
mineralization occur in highly fractionated, often 
metasomatized pegmatites (Hulsbosch et al. 2014, 
2017). Taking into account the former evidence, Ta-Nb 
and Sn mineralization post-date vein-type W 
mineralization, and is in agreement with the 
geochronology of both phases. 

A distinct phase of shearing post-dates folding and 
cleavage development as expressed by sigmoidal veins 
and shear zones. Silicification as well as intense 
chloritization is associated with this shearing. 
Preliminary results suggest that gold mineralization at 
Byumba could have been formed during this phase. 
Since this late tectonic stage could well coincide with 
granite magmatism, a hydrothermal magmatic source of 
the gold and fluids cannot be excluded and further 
research is needed. 

The main Sn mineralization phase is associated with 
greisenization of pegmatites and with Sn quartz veins, 
which post-date folding and faulting as indicated by the 
structural analysis and geochronology (Pohl et al. 2013). 
Moreover, these Sn-rich quartz veins are present as 
inter-boudin veins and are thus related to bedding-
parallel stretching of the metasandstone layers in which 
they preferentially occur at Rutongo. Sn mineralization 
in quartz veins has a largely magmatic origin, i.e. fluids 
exsolved from pegmatitic melt. 
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Abstract. Cassiterite (SnO2) is associated with mineral 
systems enriched in the ‘critical’ metals W, Nb, Ta, Li 
and In (Chakhmouradian et al. 2015) and is a potential 
multi-process recorder of these mineralised systems. 
Cassiterite is known to display complex 
cathodoluminescent microstructures, however detailed 
physicochemical models for their formation are yet to be 
established. Here we present a panchromatic CL, 
hyperspectral CL and quantitative X-ray element map 
study of these microstructures in cassiterite, along with 
observations from EPMA and LA-ICP-MS trace element 
datasets.  

We show that sector zoning imparts a significant 
control on W and Fe distribution within cassiterite and 
that CL imaging alone does not reveal the full 
microstructural history with high Fe, Ta, Nb or W 
contents in cassiterite. We also show that the previously 
reported coupled substitution mechanisms for W, Nb 
and Ta into cassiterite cannot account for the high 
contents observed in some samples, and that different 
sectors within the same crystal show different preferred 
substitutional stoichiometries. Furthermore, we discuss 
unusual Nb/Ta and Zr/Hf ratios which imply the 
existence of fractionation processes during 
hydrothermal-metasomatic Sn mineralisation that can 
drive the Nb/Ta ratio to large values in excess of 
chondritic ratios (Nb/Ta >> 100).  
 
1 Introduction 
 
The basis of the cassiterite ‘multi-tool’ is the application 
of the U-Pb isotopic system for geochronometry, 
allowing a direct constraint on the age of Sn-bearing 
mineralised systems. Since the initial attempts at 
cassiterite U-Pb geochronology (Gulson and Jones 
1992) via Isotope-Dilution Thermal Ionisation Mass 
Spectrometry (ID-TIMS), the development of in-situ 
analytical approaches such as Secondary Ion Mass 
Spectrometry (SIMS) and Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry (LA-ICP-MS) has 
lead to a flurry of recent cassiterite geochronological 
studies (Liu et al. 2007; Yuan et al. 2011; Zhang et al. 
2013, 2015, 2017; Li et al. 2016; Carr et al. 2017; 
Neymark et al. 2018; Cheng et al. 2019).  

The power of in-situ analytical methods over bulk 
mineral techniques is their ability to target distinct 
growth histories within single grains. These separate 
growth stages are usually identified via 
cathodoluminescent (CL) imaging. However, cassiterite 
is well known to show complex CL microstructures and 
the chemical nature of these structures, and models for 

how they physically arise, are poorly constrained (Hall 
and Ribbe 1971; Farmer 1991; Wille et al. 2018). 

In order to start unravelling the various 
physicochemical processes recorded by these 
microstructures, we compare panchromatic CL images, 
hyperspectral CL maps and quantitative X-ray element 
maps with an Electron Probe Microanalysis (EPMA) and 
Laser Ablation Inductively Coupled  Mass Spectrometry 
(LA-ICP-MS) trace element dataset, which we present 
as a baseline with which further analytical studies on 
cassiterite may be compared. 
 
2 Oscillatory and sector zonation 
 
The chemical basis for the CL response in cassiterite 
has been previously reported as a yellow 520-565 nm Ti 
activated emission and a blue 420-465 nm W activated 
emission (Hall and Ribbe 1971; Farmer 1991). While 
intrinsic luminescence may play a role in the CL 
response of natural cassiterite crystals and cannot be 
discounted, the strong correlation between chemistry 
and CL signature observed (Hall and Ribbe 1971, 
Farmer et al 1991) suggests that the microstructures 
observed via CL imaging techniques are dominantly due 
to the distribution and incorporation of minor 
components of Ti, Fe, Nb, Ta and W into the cassiterite 
lattice.  
 

 
Figure 1. Panchromatic CL image of a cassiterite crystal from 
Saltwater Creek, Tasmania, showing three main types of CL 
microstructures. a) Oscillatory zonation. b). CL-dark sector 
zonation. c). CL-bright cross-cutting features. White corners refer 
to region in X-ray element map in Figure 2. 
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In our study, we compared panchromatic CL images 
(e.g., Figure 1) and hyperspectral CL maps with 
quantitative X-ray element maps (e.g., Figure 2) and 
found that the CL response in cassiterite is due to a 
complex interplay of Ti, Fe, Nb, Ta and W. Titanium 
does indeed activate a CL emission in cassiterite, but 
only up to a threshold of 0.4 at% before concentration 
quenching occurs. The presence of Fe, Nb, Ta or W 
also quench the CL response. The blue W activated 
emission of Hall and Ribbe (1971) appears to only exist 
at sufficiently low W contents (<0.1 at%) which also 
occur with moderate Ti contents (~0.2 at%), implying 
that the presence of W itself does not result in CL 
activation but instead modifies the Ti emission. 

Three distinct styles of CL microstructures are 
generally reported in the literature; variably coarse to 
fine scale oscillatory zoning, CL-dark sector zonation, 
and CL-bright features that cross-cut the oscillatory and 
sector zoning (Hall and Ribbe 1971; Farmer 1991; Carr 
et al. 2017; Wille et al. 2018). We found that the 
oscillatory zonation is mostly due to fine-scale 
oscillations in Fe and Ti, with minor contributions from 
W, Nb and Ta.  
 

 
Figure 2. X-ray element maps for a cassiterite crystal from 
Saltwater Creek, Tasmania. Refer to figure 1 for location within the 
crystal. The Fe and W maps highlight the strong sector zoning 
effect, with oscillatory zonation also visible in Ti and Nb.  
 

We also report two distinct CL-dark sectors; zones 
enriched in Fe (Figure 1a) and with low contents of W 
(Figure 2) and zones enriched in W (Figure 1b) and with 
low contents of Fe (Figure 2). These two CL-dark sector 

zones are in many cases indistinguishable in 
panchromatic SEM-CL imaging, but hyperspectral CL 
may be able to distinguish these zones via subtle 
differences in their emission spectra (i.e., their colour).  

The CL-bright cross-cutting features (Figure 1c) are 
rather uniform in their composition, despite the variable 
chemistry of their host cassiterite crystals. Titanium 
contents are range between 0.1 to 0.2 at%, with Fe, Nb, 
Ta and W contents well below 0.1 at%. These 
microstructures appear to represent late-stage 
annealing/fracture healing processes, with chemical re-
equilibration. In some samples, small inclusions of iron-
oxides are present which may represent a local sink for 
the Fe, Nb, Ta and W contents ejected from the re-
equilibrated lattice. 

 
3 Substitution mechanisms in cassiterite 
 
The Fe-enriched sector zones may be explained by a 
coupled Fe3++OH- substitution mechanism previously 
described by Möller et al. (1988), along a limited solid 
solution series with the poorly described ‘varlamoffite’ 
species with the formula Sn1-xFexO2-x(OH)x (Sharko 
1971; Jambor et al. 1995). The W-enriched sectors 
however remain unexplained by existing models for 
coupled W-Fe substitution mechanisms (Möller et al. 
1988). The W-rich sectors of some cassiterite crystals 
require a component of either coupled W6++W4++Fe2+ or 
2W5++Fe2+ to maintain charge, or a component of direct 
W4+ substitution (Figure 3). 
 

 
Figure 3. EPMA measurements in at% plotted in a W-(Fe,Mn)-
(Nb,Ta) coupled substitution ternary diagram for three W-rich 
cassiterite crystals from Blue Tier and Saltwater Creek, Tasmania, 
and Pedra Branca, Brazil. The dominance of analyses in the lower 
half of the figure below a hypothetical tie line between the 
stoichiometries FeW2 and Fe(Nb,Ta)2 imply the existence of W4+ 
substitution into the cassiterite lattice.  
 
A similar behaviour is exhibited in some Nb-rich 
samples, with stoichiometries only explainable by some 
component of Nb4+ alongside the well reported 
2Nb5++Fe2+ substitution mechanism (Möller et al. 1988). 
In addition, the sector zones of a cassiterite crystal from 
Blue Tier, Tasmania, show two different stoichiometries 
depending on the growth face present during 
incorporation (Figure 4). 
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Figure 4: EPMA measurements in at% plotted in a Ti-(Fe,Mn)-
(Nb,Ta) coupled substitution ternary diagram for a cassiterite 
crystal from Blue Tier, Tasmania. Points are coloured according to 
the total SnO2 content of the crystal (i.e. purity). The two 
populations are analyses from distinct sector zones within the 
crystal, which suggests different Fe-(Nb,Ta) substitution 
mechanisms are preferred depending on the orientation of the 
growth face. 
 
4 Trace element fractionation ratios 
 
The bulk rock Zr/Hf and Nb/Ta ratio of Sn-mineralised 
granites are well recognised to exhibit low values highly 
fractionated from typical crustal rocks (Ballouard et al. 
2016). While the exact processes that cause this 
fractionation are debated (Stepanov et al. 2016), 
cassiterite would be expected to have Zr/Hf and Nb/Ta 
ratios similar to the bulk rock values of the host granite, 
and in many greisen-hosted cassiterite crystals this is 
indeed the case. However, distinct regions within some 
crystals exhibit ratios that appear to return to near 
chondritic values for Nb/Ta (~30), and some samples 
show ratios well beyond the chondritic ratio (Figure 5). A 
similar trend is seen in the Zr/Hf ratio, though no 
analyses exceed the chondritic ratio. 

Cassiterite crystals from pegmatitic systems show an 
overall trend towards further highly fractioned low 
values, but some analyses within each crystal define 
trend in Nb/Ta ratios towards higher values. These 
higher Nb/Ta analyses correlate well with the CL-bright 
cross-cutting features.  
 
5 Conclusions 
 
The complex microstructures usually observed in 
cassiterite under CL illumination provide a detailed 
record of various processes operating in the 
mineralising system during cassiterite precipitation and 
growth. This work opens up new research questions 
surrounding the physical kinetics of cassiterite crystal 
growth, and its impact on the chemical and isotopic 
systematics of cassiterite trace element geochemistry. 

Further research into the chemical and isotopic 
properties of these microstructures will allow for detailed 
mineralisation models for any primary cassiterite bearing 
mineral assemblage. This will in turn further refine our 
understanding of Sn mineral systems, and processes 

that lead to enrichment in metals ‘critical’ for 21st century 
technology.  

 

 
Figure 5: Zr/Hf vs Nb/Ta ratios obtained via LA-ICP-MS in 
cassiterite crystals from pegmatite (orange triangles) and greisen 
(green circles) mineralised systems. The chondritic ratio (CI) and 
the ratio for typical continental crust (CC) are shown in black text. 
The blue dashed boxes refer to the typical range of bulk rock 
values for unmineralised peraluminous granites (a), Sn-W-(U) 
related mineralised granites (b) and rare metal Ta-Cs-Li-Nb-Be-Sn-
W granites (c) as reported from Ballouard et al 2016. Note the axes 
are logarithmic, and that the greisen samples define a trend 
towards Nb/Ta ratios in excess of 100 and exist entirely above the 
granitic fractionation fields. 
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Abstract. We present a combined study of oxygen and 
boron isotopes (δ18O and δ11B) measured in situ in 
tourmaline from the giant San Rafael tin deposit (Central 
Andean Tin Belt, Southeast Peru) to trace fluid 
processes during the magmatic-hydrothermal transition 
leading to tin mineralization. The results show that 
magmatic and pre-ore hydrothermal tourmaline has 
similar δ18O-δ11B values, which are consistent with 
crystallization in a continuously evolving magmatic-
hydrothermal closed system. In contrast, syn-ore 
hydrothermal tourmaline has δ18O-δ11B values defining a 
linear array interpreted as the result of mixing with 
external fluids, thus indicating an opening of the 
hydrothermal system during the ore stage. Quantitative 
fluid modeling shows that a Rayleigh fractionation 
process in a closed system reproduces closely the δ18O-
δ11B compositions of magmatic and pre-ore tourmaline, 
whereas mixing of a hot and saline (500°C, 45 wt% 
NaCl eq) tin-rich magmatic fluid with a heated meteoric 
fluid (250°C, 0 wt% NaCl eq) explains the observed 
δ18O-δ11B compositions for syn-ore tourmaline. 
 
1 Introduction 
 
Primary Phanerozoic tin (Sn) and/or tungsten (W) 
mineralization is mostly associated with reduced and 
highly evolved granitic magmas that were generated in 
orogenic belts by melting of tectonically thickened 
sedimentary sequences (Romer and Kroner 2016). 
Granite-related Sn±W deposits dominantly consist of 
cassiterite±wolframite-bearing quartz veins hosted by 
the apical part of granitic intrusions or extending into 
surrounding country rocks (Černý et al. 2005). The ore-
bearing hydrothermal fluids and metals are generally 
considered to be of magmatic origin and cassiterite 
deposition is interpreted to result from several 
processes, including fluid cooling, boiling, fluid-rock 
interaction, and mixing with external fluids (Heinrich 
1990). Here, we traced hydrothermal fluid evolution by 

using the isotopic composition of tourmaline, which is a 
common boron-rich mineral in granite-related Sn-W 
deposits and a robust chemical and isotopic monitor of 
ore-forming processes (Slack and Trumbull 2011). 
 

 
Figure 1. Geological map and cross-section of the San Rafael 
district, Southeast Peru. A) Location of the San Rafael deposit in 
the Central Andean Tin Belt (modified after Mlynarczyk et al. 
2003). B) Geological map of the San Rafael district compiled from 
new mapping campaigns (Gialli et al. 2017, MINSUR S.A. 
unpublished data) and integrating older data (Arenas 1980, Palma 
1981, Kontak and Clark 2002, Corthay 2014,). C) Longitudinal 
cross-section of the San Rafael lode system (Gialli et al. 2017, 
MINSUR S.A. unpublished data). 
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We present a combined study of oxygen and boron 
isotopes measured in situ in tourmaline from the giant 
San Rafael Sn deposit (Peru) to trace fluid processes 
occurring at the magmatic-hydrothermal transition and 
leading to tin mineralization. 
 
2 Geological setting 
 
The world-class San Rafael lode-type tin deposit (>1 Mt 
Sn) is located in the northern part of the Central Andean 
Tin Belt extending from southeast Peru to Bolivia and 
northern Argentina (Fig. 1A). Mineralization consists of a 
NW-trending quartz-cassiterite-sulfide vein system 
hosted by a late-Oligocene (ca. 25 Ma) peraluminous S-
type granitic complex and by surrounding Ordovician 
shales of the Sandia Formation (Fig. 1B-C; Kontak and 
Clark 2002, Mlynarczyk et al. 2003, Gialli et al. 2017). 
Description of the early hydrothermal alteration stages is 
presented in Gialli et al. (2019). The deposit is 
characterized by volumetrically important presence of 
tourmaline, both of magmatic and hydrothermal origin 
(Mlynarczyk and Williams-Jones 2006). The following 
three major tourmaline generations have been 
distinguished (Harlaux et al. 2018): (i) Tur 1 is magmatic 
tourmaline found in peraluminous granites as quartz-
tourmaline nodules and disseminations (Fig. 2A-B); it is 
texturally homogeneous and has dravitic composition 
(XMg=0.49-0.61); (ii) Tur 2 is pre-ore hydrothermal 
tourmaline formed during post-magmatic subsolidus 
alteration and veining-brecciation (Fig. 2C-D); it shows 
primary banding and overgrowth textures at microscopic 
scale and ranges in composition from dravite to schorl 
(XMg=0.22-0.98); (iii) Tur 3 is syn-ore hydrothermal 
tourmaline forming widespread microscopic veinlets and 
overgrowths, partly cross-cutting the previous 
tourmaline generations (Fig. 2E-F); it has schorl-foitite 
composition (XMg=0.08-0.55) and is locally intergrown 
with cassiterite, chlorite and quartz from the ore stage. 

 
3 Results 

 
We analyzed the δ18O-δ11B compositions of different 
tourmaline generations (Tur 1 to Tur 3) in situ by 
secondary ion mass spectrometry (SIMS) at the 
SwissSIMS facility, University of Lausanne. Our results 
(Fig. 3A) show that Tur 1 and Tur 2 have similar δ18O 
(10.6‰ to 11.6‰) and δ11B (-11.5‰ to -6.90‰) values. 
In contrast, Tur 3 has lighter δ18O compositions (4.90‰ 
to 10.2‰) and in part heavier δ11B compositions (-
9.90‰ to -5.40‰). We also measured in situ the δ18O 
compositions of magmatic and hydrothermal quartz 
showing equilibrium textures with tourmaline in order to 
estimate crystallization temperatures (Fig. 4). Quartz-
tourmaline oxygen isotope compositions yield 
equilibrium temperatures of 485-618°C for magmatic 
quartz-tourmaline nodules (Tur 1, average 555±44°C), 
and 429-487°C for pre-ore hydrothermal quartz-
tourmaline veins (Tur 2, average 455±30°C). This 
indicates temperatures of ca. 450-500°C for the 
magmatic-hydrothermal transition, which is in 
agreement with previous fluid inclusion data (Kontak 

and Clark 2002, Wagner et al. 2009). Considering the 
upper values for quartz-tourmaline isotopic equilibrium, 
crystallization temperatures of about 600°C for Tur 1 
and 500°C for Tur 2 can be estimated. No quartz was 
found directly intergrown with Tur 3, but previous works 
reported homogenization temperatures of about 350°C 
for primary fluid inclusions hosted in cassiterite (Wagner 
et al. 2009), temperature taken here as representative 
for the crystallization of Tur 3. 

 

 
Figure 2. Mineralogical and textural features of tourmaline from the 
San Rafael tin deposit. A) Magmatic quartz-tourmaline nodule (Tur 
1) in microgranite. B) Disseminated magmatic tourmaline (Tur 1) in 
microgranite. C) Subsolidus hydrothermal tourmaline (Tur 2) 
replacing a K-feldspar phenocryst in megacrystic granite. D) 
Typical quartz-tourmaline hydrothermal vein (Tur 2) surrounded by 
hydrothermal albite halo cross-cutting chloritized megacrystic 
granite. E) Blue tourmaline veinlets and overgrowths (Tur 3) 
overprinting a quartz-tourmaline vein (Tur 2). F) Cassiterite 
intergrown with green tourmaline needles (Tur 3). Abbreviations: 
Ab=albite, Bt=biotite, Chl=chlorite, Cst=cassiterite, Kfs=K-feldspar, 
Plg=plagioclase, Qtz=quartz, Tur=tourmaline. 

 
4 Discussion 
 
4.1 Origin of the B-rich fluids 

 
Assuming temperatures of 600°C for Tur 1, 500°C for 
Tur 2 and 350°C for Tur 3, we calculated the δ18O and 
δ11B composition of water in equilibrium with tourmaline 
(Fig. 3B), based on the oxygen and boron isotope 
fractionation of the tourmaline-water system (Zheng 
1993, Meyer et al. 2008). The isotopic composition of 
water equilibrated with Tur 1 and Tur 2 hosted in 
granites overlaps over a range of δ18O=10.5‰ to 12.0‰ 
and δ11B=-9.8‰ to -5.0‰. These oxygen isotope 
compositions are similar to the bulk δ18O values (9.7‰ 
to 12‰) of quartz and tourmaline from the pre-ore stage 
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equilibrated with water at the same temperatures. The 
lowest values of δ18O=11.5‰ and δ11B=-9.5‰ point to a 
single fluid end-member (“fluid A” in Fig. 3B) that fits the 
typical isotopic compositional range of a magmatic-
hydrothermal fluid derived from a S-type magma. The 
magmatic origin of this fluid is also supported by the 
high salinity (40-55 wt% NaCl eq) and high 
temperatures (350-500°C) of primary fluid inclusions 
hosted in the early quartz-tourmaline veins (Kontak and 
Clark 2002, Wagner et al. 2009). The isotopic 
composition of water equilibrated with Tur 2 hosted in 
the enclosing shales has different δ18O-δ11B values, 
pointing to a fluid end-member having δ18O=14‰ and 
δ11B=-6‰. Such a fluid composition may correspond to 
a contact-metamorphic fluid equilibrated with the shales 
or a magmatic-hydrothermal fluid that interacted with the 
metamorphic host-rocks. Isotopic composition of water 
in equilibrium with Tur 3 plots along a well-delineated 
array ranging from δ18O=8.4‰ and δ11B=-6.7‰ to 
δ18O=3.2‰ and δ11B=-2.1‰. These oxygen isotopic 
compositions are also consistent with the bulk δ18O 
values (3.3‰ to 8.1‰) of quartz, cassiterite, and chlorite 
from the main ore stage equilibrated with water at 
350°C. This linear δ18O-δ11B array can be interpreted as 
a mixing line between a magmatic-hydrothermal fluid 
end-member having δ18O=11.5‰ and δ11B=-9.5‰ (“fluid 
A”) and another fluid end-member having δ18O=0‰ and 
δ11B=0‰ (“fluid B” in Fig. 3B). The latter can be 
interpreted as groundwater of meteoric origin 
equilibrated with the host-rocks. 

 
4.2 Quantitative modeling of fluid evolution 

 
Quantitative modeling of tourmaline δ18O-δ11B 
composition has been performed for fluid evolution 
scenarios considering fluid mixing as well as cooling, 
Rayleigh fractionation, and fluid-rock interaction (Fig. 
3C). In each scenario, the starting magmatic-
hydrothermal fluid was assumed to have a temperature 
of 500°C, a salinity of 45 wt% NaCl eq, δ18O=11.5‰, 
and δ11B=-9.5‰. Simple cooling of such a fluid down to 
250°C results in a trend of increasing δ18O and 
decreasing δ11B, which do not reproduce the isotopic 
compositions of tourmaline. A Rayleigh fractionation 
process results in a trend of near-constant δ18O and 
increase in δ11B, which reproduces closely the isotopic 
compositions of Tur 1 and Tur 2 hosted in granites with 
fractionation grades of 10% to 90% of the initial 
magmatic fluid at constant temperature. Fluid-rock 
interaction involving oxygen and boron isotope 
exchange between a magmatic fluid and typical Early 
Paleozoic Andean shales (δ18O=18‰, Bindeman et al. 
2016; δ11B=-6‰, Kasemann et al. 2000) produces a 
trend of increasing δ18O and δ11B for moderate 
water/rock ratio of ~0.5, which is consistent with the 
isotopic compositions of Tur 2 hosted in shales. A model 
involving fluid mixing between a hot and saline 
magmatic-hydrothermal fluid (500°C, 45 wt% NaCl eq, 
δ18O=11.5‰, and δ11B=-9.5‰) and a cooler meteoric 
fluid (250°C, 0 wt% NaCl eq, δ18O=0‰, and δ11B=0‰) 
reproduces the full range of isotopic values for Tur 3.  

 
Figure 3. A) Plot of δ18O vs. δ11B composition of tourmaline from 
the San Rafael tin deposit determined by SIMS. B) Calculated δ18O 
vs. δ11B composition of water in isotopic equilibrium with 
tourmaline assuming formation temperatures of 600°C for Tur 1, 
500°C for Tur 2, and 350°C for Tur 3 (see text). The field for S-type 
granites is from Trumbull and Slack (2018) and Harris et al. (1997). 
Calculated δ18O values for water in equilibrium with ore and 
gangue minerals from the pre-ore stage (Qtz: n=16, Tur: n=7) and 
the main ore stage (Qtz: n=13, Cst: n=14, Chl: n=5) are from 
Wagner et al. (2009), Prado Flores (2015) and this study. C) 
Modeling of δ18O vs. δ11B composition of tourmaline based on 
different fluid evolution scenarios (cooling, Rayleigh fractionation, 
fluid-rock interaction, and fluid mixing). 
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This suggests that Tur 3 records variable degrees of 
mixing with 10% to 80% of pre-heated meteoric fluid. If 
the initial δ11B composition of the magmatic-
hydrothermal fluid was -8.5‰ or -7.5‰, the results are 
similar. 
 

 
Figure 4. Plot of δ18O values for coexisting quartz (Qtz) and 
tourmaline (Tur) from the San Rafael tin deposit. Isotherms are 
calculated using fractionation factors for quartz-tourmaline from 
Zheng (1993). 

 
5 Conclusions 

 
In situ oxygen and boron isotope analysis of tourmaline 
allowed to effectively trace the fluid evolution of the San 
Rafael magmatic-hydrothermal system. The similar 
δ18O-δ11B values for Tur 1 and Tur 2 are consistent with 
crystallization driven by Rayleigh fractionation in a 
continuously evolving magmatic-hydrothermal closed 
system, likely under lithostatic pressure conditions. In 
contrast, the δ18O-δ11B linear array observed for Tur 3, 
interpreted as the result of mixing with external fluids, 
indicates an opening of the hydrothermal system during 
the main ore stage, likely related to a transition from 
lithostatic to hydrostatic pressure conditions. Mixing of a 
hot, saline, and reducing Sn-rich magmatic fluid with a 
cooler and more oxidizing meteoric fluid resulted in 
destabilization of tin-chloride complexes, which is the 
decisive parameter for cassiterite precipitation (Schmidt 
2018). Therefore, the δ18O-δ11B compositions of Tur 3 
unambiguously demonstrate that fluid mixing was the 
key process triggering cassiterite deposition in the giant 
San Rafael Sn deposit. 
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Abstract. The Nanling Range of South China is the 
most important W–Sn mineralization belt in the world. 
Mesozoic W–Sn mineralization in the Nanling Range 
dominantly occurs during the Late Jurassic (160–150 
Ma). However, based on our detailed field investigation 
and zircon studies, a Late Cretaceous (~80 Ma) 
magmatic-hydrothermal event has been differentiated 
from the Jurassic main mineralization stage in some 
typical Sn polymetallic deposits such as Xianghualing 
and Xitian. Zircon internal textures, trace element 
contents and Hf isotopic compositions indicate that the 
Cretaceous zircons are late stage hydrothermal zircons. 
They may have crystalized from a late fluid medium 
generated from deep Cretaceous magmatism which is 
not visible at shallow depths in the region. The 
Cretaceous zircons are small, euhedral prismatic in 
shape and completely dark in CL images, with abundant 
disseminated hydrothermal mineral inclusions (HREE 
phosphates, quartz and thorite). Moreover, the high 
ΣREE, Y, Nb, Ta, Th and U contents, Nb/Ta, 176Lu/177Hf 
and 176Yb/177Hf ratios and low Hf and Ti and Hf/Y ratios 
in the Cretaceous zircons indicate they crystalized from 
a more evolved, but lower temperature fluid. We 
proposed that responding to the Late Cretaceous Sn-
dominated metallogenic event in South China, an ~80 
Ma magmatic-hydrothermal activity occurred in the 
Nanling Range. 
 
1 Introduction 
 
South China is characterized by widely exposed 
granites and intensely developed mineral resources of 
Mesozoic age. The Nanling Range in the central part of 
South China hosts an economically important W–Sn 
polymetallic ore belt that contains more than 60 % of the 
world’s total W reserves and about 20 % of the Sn 
reserves. Most of the W–Sn polymetallic deposits are 
located in the central Nanling Range, an area of ~6,600 
km2 in Hunan and Jiangxi provinces The Nanling Range 
of South China is the most important W–Sn 
mineralization belt in the world. Mesozoic W–Sn 
mineralization in the Nanling Range dominantly 
occurred during the Late Jurassic (160–150 Ma). These 
deposits are typically enriched in W, Sn, Mo, Bi, Pb, Zn, 
Cu, Ag, Nb, and Ta, and, in some areas, Pb and Zn are 

the dominant metals. Mesozoic large-scale magmatism 
and associated ore formation in South China peaked 
during three intervals: at ca. 230–210 Ma, 160–150 Ma, 
and 90–70 Ma. Compared to the well-studied Jurassic 
ore-forming events, the Late Triassic and Late 
Cretaceous mineralization stages have been less 
thoroughly investigated to date, especially in the Nanling 
Range. 

One of the most representative Sn-polymetallic ore 
fields in the Nanling region, the Xianghualing Sn-
polymetallic ore field is located in southern Hunan 
Province. Two Jurassic granite stocks (Laiziling and 
Jianfengling granites) are associated with the Sn-
polymetallic mineralization and their geological and 
geochemical features have been extensively 
investigated and debated over the past two decades. 
However, their genesis remains controversial. Given the 
multi-stage magmatic evolutionary processes and 
variable granitic rock types in these plutons, more 
precise dating work on a broader range of samples is 
required. The Dengfuxian and Xitian W–Sn polymetallic 
ore fields in eastern Hunan Province were newly 
discovered during the latest phase of exploration in the 
Nanling Range (from 1999 to the present). These two 
ore fields are spatially and temporally associated with 
the Dengfuxian and Xitian granitic complexes and are 
considered to have a great potential for exploration of 
W–Sn, Cu–Pb–Zn, and Nb–Ta resources. The 
Dengfuxian ore field has total Sn + WO3 and Ta2O5 + 
Nb2O5 resources of 68 kt and 10 kt, respectively. In 
addition, Pb, Zn, Cu, Mo, Au, and fluorite are byproducts 
with economic value. In the Xitian ore field, the total Sn 
and W reserves are estimated at 586 kt and 46 kt, with a 
grade of 0.26–0.36 % (Sn) and 0.28–0.63 % (WO3), 
respectively. A synthesis of the geochemical and 
minerogenic evolution of the Dengfuxian and Xitian W–
Sn ore fields has been hindered by a lack of systematic 
dating of the ore mineralization events and constraints 
on the physico-chemical conditions of the ore-forming 
fluids. Despite considerable study since their discovery, 
the fluid chemistry and mineralization history of the 
Dengfuxian and Xitian ore fields remain incompletely 
understood. Previous research constrained the peak W–
Sn metallogenic epoch to 160–150 Ma, which is 
consistent with contemporaneous magmatic activity. 
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However, recent studies have proposed another 
mineralization event at 233–225 Ma. Even though W–Sn 
ores are widely hosted in both Triassic and Jurassic 
granites of the Dengfuxian and Xitian complexes, the 
nature of Triassic magmatism and its relationship to 
local polymetallic mineralization in these ore fields are 
still under debate. Moreover, no Late Cretaceous 
magmatic and mineralization ages have been reported 
from the two ore fields to date. The prolonged history of 
crystallization of these granitic complexes complicates 
an understanding of their relationship to the major ore 
mineralization events. 
 
2 Method 
 
Magmatic and hydrothermal zircons were separated 
from altered granites from some typical Sn polymetallic 
deposits. Zircon separation was carried out using 
standard techniques, with individual crystals hand-
picked using a binocular microscope, mounted in epoxy 
resin, and polished to expose the grain center. 
Cathodoluminescence (CL) images were taken for all 
zircons at Beijing GeoAnalysis Co., Ltd., using a 
scanning electron microscope (SEM) equipped with an 
energy dispersive spectroscopic (EDS) system and a 
CL3+ detector and operated at 15 kV and 20 nA. In 
addition, back scattered electron (BSE) imaging of 
zircons was carried out at the State Key Laboratory of 
Geological Processes and Mineral Resources (GPMR), 
China University of Geosciences (Wuhan). By 
examining these photomicrographs, zircon internal 
structures were studied and hydrothermal mineral 
inclusions were identified. Grains without visible 
fluid/mineral inclusions and cracks were chosen for U–
Pb and Hf analysis. Zircon U–Pb isotopic and trace 
element analyses were analyzed in situ using LA-
ICPMS at the GPMR. Laser sampling was performed 
using an excimer laser ablation system consisting of a 
GeoLas 2005 with an Agilent 7500a ICPMS used to 
acquire ion-signal intensities. Laser energy and 
frequency were 70 mJ and 8 Hz, respectively. The beam 
diameter is 32 μm for most zircons, with a 24 μm used 
for small grains (< 50 μm wide). Standards were run at 
the same spot size as the samples. Helium was used as 
the carrier gas with argon used as the make-up gas and 
mixed with the carrier gas via a T-connector before 
entering the ICP-MS. Nitrogen was added into the 
central gas flow (Ar+He) of the Ar plasma to decrease 
the detection limits and improve precision (Hu et al., 
2008). Each analysis incorporated a background 
acquisition interval of ~20–30 s (gas blank) followed by 
a 40 s data acquisition interval for the 32 μm spots and 
30 s for the 24 μm spots. Zircon 91500 was used as the 
external standard for U–Pb dating, (preferred U–Th–Pb 
isotopic ratios from (Wiedenbeck et al., 2004), and was 
analyzed twice for every five unknowns. Time-
dependent drift was corrected using a linear 
interpolation (with time) for every five analyses 
according to variations of 91500. In addition, zircon 
standard GJ-1 was analyzed as secondary standard. 
The weighted mean 206Pb/238U age for GJ-1 was 

598.5±4.35 Ma (2σ, n = 10), consistent with the 
recommended values within uncertainty (599.81±1.7 Ma 
(2σ) (Jackson et al., 2004). Every tenth unknown 
analysis was followed by one analysis of NIST SRM 610 
to correct the time-dependent drift of sensitivity and 
mass discrimination for the trace-element analysis. 
Trace-element compositions of zircons were calibrated 
against multiple reference materials (BCR-2G and BIR-
1G), combined with internal standardization (29Si, 
assumed 32.7 % SiO2 assumed for zircon unknowns). 
Detailed analytical conditions and procedures for zircon 
U-Pb LA-ICPMS dating are described in Liu et al. 
(2010). Off-line selection and integration of background 
and analytical signals, time-drift correction, and 
quantitative calibration for zircon U–Pb dating and trace-
element compositions were performed using 
ICPMSDataCal 8.3. Common Pb was corrected based 
on the method proposed by Andersen (2002) with 
concordia diagrams and weighted mean calculations 
made using Isoplot 4.5. 

In-situ analysis of zircon Lu–Hf isotopes was carried 
out by LA-MC-ICPMS at GPMR. Laser sampling was 
performed with a spot size of 44 μm, a repetition rate of 
10 Hz, and an energy density of 5.3 J/cm2 at the sample 
surface. The ablation spots for Hf isotope analyses were 
situated over or close to the U–Pb age analysis 
positions on each grain. Interference of 176Lu on 176Hf 
was corrected by measuring the intensity of 
interference-free 175Lu, using the recommended 
176Lu/175Lu ratio of 0.02669 (De Biévre and Taylor, 1993) 
to calculate 176Lu/177Hf. The isobaric interference of 
176Yb on 176Hf was corrected using a recommended 
176Yb/172Yb ratio of 0.5886 (Chu et al., 2002). Detailed 
operating conditions and analytical methods for LA-
ICPMS and LA-MC-ICPMS are described in Hu et al. 
(2012). Three different standards zircons (91500, TEM 
and GJ-1) were measured to correct Hf isotopic values. 
As the primary reference material, 91500 was analyzed 
twice every 8 unknowns and both GJ-1 and TEM 
standard zircons were analyzed twice at the beginning 
and ending of the run. The 176Hf/177Hf results obtained 
for 91500 are within error (0.282307 ± 0.000014 (95% 
conf., n = 14) of the recommended Hf isotopic values 
(0.282306 ± 0.00004) (Wiedenbeck et al., 2004). The 
analysis of GJ-1 and TEM yielded the 176Hf/177Hf ratios 
of 0.282008 ± 0.000019 (95% conf., n = 4) and 
0.282690 ± 0.000022 (95% conf., n = 4), respectively, 
which agree with the recommended values (0.282013 
for GJ-1 and 0.282677 for TEM, Hu et al., 2012). Off-line 
selection and integration of analyte signals, and mass 
bias calibrations were performed using ICPMSDataCal 
(Liu et al., 2010). A decay constant of 1.867×10–11 y–1 
was adopted for 176Lu (Soderlund et al., 2004). The 
initial 176Hf/177Hf ratio, denoted as εHf(t), was calculated 
relative to the chondritic reservoir with a 176Hf/177Hf ratio 
of 0.282785 and 176Lu/177Hf of 0.0336 (Bouvier et al., 
2008). Single stage Hf model ages (TDM1) were 
calculated relative to the depleted mantle with a present 
day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf of 0.0384 
(Vervoort and Blichert-Toft, 1999), and crust Hf model 
ages (TDMC) were calculated by assuming a mean 
176Lu/177Hf value of 0.015 for average continental crust 
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(Griffin et al., 2002). 
 

3 Results and discussion 
 
Zircon internal textures, trace element contents and Hf 
isotopic compositions indicate that the Cretaceous 
zircons are late stage hydrothermal zircons. They may 
have crystalized from a late fluid medium generated 
from deep Cretaceous magmatism which is not visible at 
shallow depths in the region. The Cretaceous zircons 
are small, euhedral prismatic in shape and completely 
dark in CL images, with abundant disseminated 
hydrothermal mineral inclusions (HREE phosphates, 
quartz and thorite). Moreover, the high ΣREE, Y, Nb, Ta, 
Th and U contents, Nb/Ta, 176Lu/177Hf and 176Yb/177Hf 
ratios and low Hf and Ti and Hf/Y ratios in the 
Cretaceous zircons indicate they crystalized from a 
more evolved, but lower temperature fluid. We proposed 
that responding to the Late Cretaceous Sn-dominated 
metallogenic event in South China, a ~80 Ma magmatic-
hydrothermal activity occurred in the Nanling Range. 
This supplementary mineralization was superimposed 
on the main Jurassic ore-forming stage, enhancing Sn-
polymetallic mineralization in the region. It can be 
concluded that Cretaceous Sn-dominated mineralization 
was significantly developed after the Jurassic intensive 
W–Sn mineralization in South China, not only in the 
southeastern Yuannan and northwestern Guangxi areas 
but also in the Nanling Range. The occurrence of the 
Late Cretaceous Sn metallogenic event identified in the 
Nanling Range further highlights the importance of 
systematic studies of the Nanling W–Sn belt. 

The Mesozoic W–Sn mineralization in Cathaysia 
Block of South China can be divided into three stages: 
Late Triassic (230–210 Ma), Late Jurassic (170–150 
Ma), and Late Cretaceous (120–80 Ma). Guided by the 
major Mesozoic W–Sn ore-forming events occurring in 
the Cathaysian Block of South China, a multi-stage 
genetic model has been proposed for the Xianghualing 
and Xitian granitic-minerogenic system: Stage I: Triassic 
initial enrichment stage (~220 Ma). In concert with the 
Triassic prelude W–Sn mineralization in the Nanling 
Range, the ~220 Ma concealed magmatism in the 
Xianghualing area could also have provided the initial 
concentration of W–Sn for later mineralization. Stage II: 
Jurassic main mineralization stage (~150 Ma). 
Corresponding to the Jurassic intensive magmatism in 
South China and trigged by the increased uplift of 
lithospheric mantle, the ~150 Ma-magma was derived 
from partial melting of the lower crust, subsequently 
contaminated by Silurian sedimentary formations and 
Triassic magmatic rocks, resulting in a Sn-enriched 
magma. The evolved magma then underwent heavy 
fractional crystallization and fluid differentiation, causing 
the major Sn-polymetallic mineralization in the 
Xianghualing area. Stage III: Cretaceous superimposed 
stage. Responding to the Late Cretaceous Sn-
dominated metallogenic event in South China, at ~80 
Ma, magmatic-hydrothermal activity occurred in the 
Xianghualing and Xitian area. This supplementary 
mineralization was superimposed on the main Jurassic 

ore-forming stage, enhancing Sn-polymetallic 
mineralization in the region. 
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Abstract. The Pöhla-Hämmerlein skarn deposit, 
situated in the W-Erzgebirge (Germany), represents a 
potentially economic Sn-In-polymetallic mineralization 
hosted by an amphibole-pyroxene-garnet-dominated 
calc-silicate skarn. Macro- and microscopic analyses, 
including mineral liberation analysis (MLA), electron-
probe micro analysis (EPMA), and mineral 
geochemistry, as well as δ34S analyses, point out that 
the Sn-In polymetallic mineralization results from a late-
stage hydrothermal overprint of the skarn lithologies. 
Cassiterite is the main Sn-bearing phase and 
crystallized co-genetically with sulfides (mainly 
sphalerite, arsenopyrite, chalcopyrite) in veinlets that 
crosscut the skarn. Sphalerite as well as rare In-Zn-Cu-
S phases are the main hosts for In. Mineral 
geochemistry and EPMA analyses of sulfide phases 
show only insignificant variation and suggest a single 
hydrothermal event. Sulfur isotopic analyses of pyrite-
arsenopyrite-sphalerite-chalcopyrite assemblages (0–
2 ‰ VCDT) indicate a magmatic origin of the 
hydrothermal fluids. Hidden late-Variscan post-
collisional granites and/or lamprophyres are regarded as 
possible sources for hydrothermal fluids. 
 
1 Introduction 
 
The Pöhla-Hämmerlein skarn deposit was discovered in 
1969 during uranium exploration by the Soviet-German 
SDAG Wismut. It represents a potential economic Sn-In-
mineralization hosted in calcic skarn (Fig. 12). The 
resource has been estimated to contain c. 22.1 Mt @ 
0.2 wt.% Sn and 15.9 Mt @ 130 ppm In (Anglo Saxony 
Minerals Ltd. 2018). In our study, we want to provide 
new insights into the mineralogy and the genesis of the 
Sn-In-bearing mineralization of this deposit. 
 
2 Geological background 
 
The Hämmerlein deposit is hosted in Variscan 
metamorphic rock units of the W-Erzgebirge (Baumann 
et al. 2000), belonging to the Saxo-Thuringian Zone and 
situated at the northern margin of the Bohemian Massif. 
The metamorphic units consist mainly of schists 
(greenschist- to amphibolite facies), gneisses, and 
metacarbonates (Rötzler and Plessen 2010). Peak of 
metamorphic conditions was reached at around 340 Ma 

(Kröner and Willner 1998). 
The region features several geochemically distinct 

groups of late-orogenic granites, subvolcanic dikes, and 
microgranites. A further occurrence are lamprophyres 
intruding into the metamorphic rocks between 327 and 
290 Ma (Seifert 2008; Tichomirowa and Leonhardt 
2010). In spatial relation with the magmatism, different 
types of magmatic-hydrothermal ore deposits like 
greisen, skarn, and polymetallic veins occur (Baumann 
et al. 2000). Units are crosscut by networks of local to 
regional faults, the most prominent being the Gera-
Jáchymov Fault Zone. 

The Pöhla-Hämmerlein skarn layer forms an irregular 
shaped elongated body (Fig. 12) of amphibole-
pyroxene-garnet-dominated calc-silicates, sandwiched 
in between two-mica schist of the Jáchymov group, and 
is located above a granite body of Eibenstock type 
(Schuppan et al. 2012). 

 

 
Figure 12. Geological map (top) and cross section (bottom) of the 
Pöhla-Hämmerlein deposit with the skarn body sandwiched in 
between two-mica schist country rock. Main adit of the mine as 
purple line (modified after Schuppan et al. 2012). 
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3 Methodology 
 
For this study, we analyzed 113 samples, gathered from 
the underground Pöhla-Hämmerlein mine (Fig. 13) 
between 2015–2017, using optical microscopy, SEM-
MLA (TUBAF), EPMA (HIF), mineral geochemistry (ICP-
MS by ActLabs), and δ34S isotopic analysis (stable 
isotope lab at WWU Münster). 

 
4 Results 
 
4.1 Petrography 
 
Results from this investigation have been combined with 
previous studies (Schuppan et al. 2012; Wolf 1995) and 
compiled into a paragenetic chart (Fig. 14). We could 
identify four main mineralization stages: 

The first stage (skarn stage) consists of early 
anhydrous (e.g. diopside, andradite) and later hydrous 
silicates (e.g. hastingsite, epidote). This stage is barren 
of economic mineralization. 
 

 
Figure 13. Map of the Pöhla-Hämmerlein underground mine. 
Sample locations are marked by star symbols. 
 

 
Figure 14. Paragenetic sequence of the mineralization. 
 

The second stage is characterized by magnetite that 
occurs as massive (up to 2 m width) flat dipping lenses 

(Figs. 15, 16). It is usually accompanied by amphiboles, 
e.g. hastingsite. 

The third stage comprises massive sphalerite 
(sphalerite-I), which is often intergrown with massive 
magnetite, but also occurs as independent flat dipping 
elongated lens-like structures (cf. Figs. 15, 16). Locally, 
sphalerite-I shows exsolutions of chalcopyrite. Relative 
timing of the magnetite and sphalerite stages is 
uncertain. 

The last stage is characterized by oxidic and sulfidic 
minerals, accompanied by variable amounts of fluorite 
and chlorite, and minor scheelite. Oxides comprise 
hematite/martite and cassiterite, sulfides comprise 
arsenopyrite, chalcopyrite, sphalerite (sphalerite-II, often 
with chalcopyrite exsolutions), pyrite, minor marcasite, 
galena, and others). Both oxide and sulfide phases are 
intergrown with each other and occur in crosscutting 
veinlets (up to a few mm) and smaller nests within the 
skarn (Fig. 17). 

Microscopic analyses reveal that the Sn-In-
polymetallic mineralization of the deposit is linked to 
these veinlets and smaller nests (Figs. 15, 16), including 
Sn-In-polymetallic phases dispersed in the other 
lithologies. 
 
4.2 Mineral chemistry 
 
Arsenopyrite, chalcopyrite, and pyrite generally show 
stoichiometric compositions. Sphalerites show a larger 
variety, especially regarding Fe and In contents. Only 
sphalerites with 3–7 wt.% Fe feature In contents above 
1 wt.%. Cu and In in sphalerite correlate positively 
(Fig. 18). Major and trace element composition of 15 
sphalerite concentrates show 5.9–13.9 wt.% Fe, 50–
4,700 ppm In, 0.1–0.7 ppm Ge, 0.7–4 ppm Ga, 2,900–
4,500 ppm Cd, 80–55,000 ppm Cu and 1–360 ppm Ag 
(Fig. 19). 
 

 
 
Figure 15. Top: Eastern wall of drive 2-4. Bottom: Sample 2-4-
slate from drive 2-4. Profile with subsamples “2-4 slice-p1” through 



148 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 1 

“p4”. 

 
 
Figure 16. Profile through sample “2-4-slate” with cassiterite-
bearing veinlets crosscutting magnetite, sphalerite-I, and calc-
silicate lithologies (MLA false color images). 
 
4.3 Sulfur isotopes 
 
Distribution of δ34S isotope ratios in sphalerite, 
chalcopyrite, arsenopyrite, and pyrite is limited to a 
narrow range of 0 to +2 ‰ VCDT. These values are in 

the range of other polymetallic skarns in the area (e.g. 
St. Christoph mine, Fortuna mine, cf. Stoltnow et al. 
2019). They overlap with several vein-hosted 
polymetallic deposits of the greater Erzgebirge (Fig. 20). 

 
5 Discussion 
 
The Pöhla-Hämmerlein deposit is an example for late-
stage Sn-In-polymetallic hydrothermal overprinting of 
skarn lithologies. This led to possibly economic 
mineralization of an in itself uneconomic skarn body. 
Microscopic analyses confirm that cassiterite and 
sulfides (except for early sphalerite-I) are co-genetically 
precipitated with quartz-chlorite-fluorite in veinlets that 
crosscut the amphibole-pyroxene-garnet skarn as well 
as the associated massive magnetite-sphalerite. In the 
calc-silicate skarn, finely-dispersed cassiterite+sulfide 
mineralization replaces silicates adjacent to veinlets, 
indicating a pervasive hydrothermal overprint along 
these fluid pathways. There, precipitation of the Sn-In-
polymetallic phases is likely controlled by the chemical 
composition and physical rock properties of the calc-
silicate skarn lithologies. 

Indium occurs only in sphalerite-II and unidentified 
(Zn-Fe-In-Cu)-S phases (cf. Bauer et al. 2017). The very 
narrow range of δ34S isotopes in sulfides indicates a 
single S source. Sulfur isotopes of sphalerite-I and 
sphalerite-II are in the same range (Fig. 20), suggesting 
co-genetic fluids responsible for sphalerite formation. 
They overlap with other vein-hosted polymetallic 
deposits in the Erzgebirge region that have been 
attributed to magmatic origin, likely associated with late-
Variscan magmatic pulses like post-collisional small 
intrusion of Li-F granites and lamprophyric dyke 
intrusions (Seifert 2008). Therefore, S isotopes analyses 
of this study potentially support a magmatic linkage. 

We found no evidence for a two-stage Sn 
mineralization (Jeske and Seifert 2017; this study) as 
proposed by Lefebvre et al. 2019. 

 

 
Figure 17. Reflected light photomicrographs of Sn-In-polymetallic 
stage 4. a) Magnetite with slight martitization overprinted by 
sulfides; b) co-genetic crystallization of arsenopyrite and 
cassiterite; c) In-rich sphalerite-II with abundant chalcopyrite 
exsolutions; d) nest of arsenopyrite-cassiterite-chalcopyrite-In-rich 
sphalerite-II in massive magnetite. 
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6 Conclusion 
 
The Pöhla-Hämmerlein Sn-In-polymetallic skarn deposit 
shows how hydrothermal overprinting is the single event 
for the formation of a potential economic veinlet-style 
mineralization in a calc-silicate skarn. While it remains 
difficult to establish the exact timing of events and to 
pinpoint the source of metals, analyses reveal several 
indications for a magmatic influence and link the deposit 
formation to the post-collisional emplacement of the Li-F 
small intrusion granites and lamprophyre dikes. 
 

 
Figure 18. Bivariant plots of EPMA analyses of sphalerite-I and II. 
 

 
Figure 19. Trace element distribution in bulk sphalerite 
concentrates. 
 

 
Figure 20. δ34S isotopic distribution in bulk sulfides (Erzgebirge-
values from Bauer et al. 2019 and references therein). 
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Abstract. South-west England is presently undergoing 
tungsten-tin (W-Sn) exploration and has recent open pit 
W-Sn production (2015-18) from Drakelands Mine. The 
majority of the W-Sn mineralization is hosted by 
Variscan granite plutons. Hydrothermal tungsten-tin 
mineralization is overwhelmingly associated with 
muscovite granite while tin-absent tungsten 
mineralization may be associated with two-mica granite. 
This contribution provides an overview of tungsten-tin 
deposits of South-west England and discusses ongoing 
research. Wolframite is the dominant tungsten ore 
mineral and exhibits variable major and trace element 
composition. Fluid inclusion microthermometric analysis 
indicates that this is controlled by the source and 
temperature of fluids (resulting in variation in salinity and 
homogenization temperature). We describe here data 
that will be expanded upon and used to determine the 
associations, occurrence and characteristics of tungsten 
mineralization.   
 
1 Introduction  
 
Granite-greisen hydrothermal systems are key sources 
of tungsten mineralization (Brown and Pitfield 2014). 
The ore mineral assemblage of these systems is 
dominated by wolframite ((Fe,Mn)WO4) ± cassiterite 
(SnO2) but it can contain a broad range of minerals 
including sulfides and other minor metals such as 
bismuth. Production of tungsten from greisen systems 
associated with the Variscan granite in South-west 
England occurred during the late 19th and 20th centuries 
and more recently has been the focus of both 
exploration (Kit Hill/Redmoor) and production 
(Hemerdon) (Fig. 1). A new minerals safeguarding 
policy, developed by Cornwall Council (2018), has 
highlighted the potential economic importance of  
reviving the  mining industry. 

Tungsten is a key critical metal, according to the EU  
(European Commission 2017), the USA (Dept. of the 
Interior 2018) and the UK (BGS 2015) being of 
considerable economic importance and at potential risk 
of supply interruption. The outlook for tungsten is 
unclear due to uncertainty in its future use in lightbulbs 
and how electric vehicles may disrupt the automotive 
industry (Roskill, 2019). However, with several mines 
expected to cease production in the near future, the 
need to source new primary raw materials remains 

(Roskill, 2019).  

 
Figure 1. Locations of main tungsten deposits with recorded 
production in South-west England (adapted after Brown and 
Pitfield 2011). 
 

Recent research has resulted in new conceptual 
models for the interplay between host rocks, fluid inputs 
and magmatic sources, and controls on W and Sn 
deposit formation (Fekete et al. 2016; Lecumberri-
Sanchez et al. 2017; Myint et al. 2018; Michaud and 
Pichavant 2019). Deposits in South-west England have 
been selected to test these models.  

 
2 Geological setting 
 
Tungsten-tin and tin-tungsten deposits are present in a 
metallogenic belt, stretching across Western Europe 
and Eastern North America, which formed during, and 
immediately after, Acadian-Variscan-Appalachian 
orogenesis (Romer and Kroner 2016). 

South-west England lies within the Rhenohercynian 
zone of the Variscan fold belt. It comprises Devonian-
Carboniferous metamorphosed sedimentary and 
volcanic lithologies (Shail and Leveridge 2009). 
Generation and emplacement of the peraluminous 
granites of the Cornubian Batholith occurred in the Early 
Permian (Chen et al. 1993; Chesley et al. 1993). These 
granites have been classified from G1 to G5 according 
to their mineralogy, texture and geochemistry (Simons 
et al. 2016). 

The granites formed due to partial melting of a Sn-W 
enriched sedimentary source during post-orogenic 
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extension (Alexander et al. 2019; Simons et al. 2016); 
this tectonic setting has been used to describe the 
associated mineralization as ‘Cornwall-type’ (Romer and 
Kroner 2016). Tungsten-tin mineralization (Fig. 1) is 
overwhelmingly associated with muscovite (G2) granites 
in the region (Simons et al. 2017). These granites are 
typically small stocks and cupolas and include classic 
greisen localities such as Cligga Head, St. Michael’s 
Mount, Hemerdon and Kit Hill/Redmoor, from here on 
called ‘Redmoor’ (Fig. 1). Tungsten mineralization (with 
limited tin mineralization) in south-west England also 
occurs in veins (± greisen) such as in the Vincent and 
Bray Downs deposits, associated with the G1 two-mica 
Bodmin Moor Granite (Simons et al. 2016), and in veins 
(± greisen) associated with the Castle-an-Dinas granite 
intrusion.  

 
2.1 Tungsten deposits 
 
The main ore minerals in these granite-greisen systems 
are wolframite and cassiterite, with gangue minerals 
typically comprising quartz, feldspar, tourmaline, mica 
and sulfides, including arsenopyrite, chalcopyrite, pyrite 
and bismuthinite (e.g. Fig. 2). Samples for laboratory 
study were collected from various localities with known 
tungsten mineralization. 

 

Figure 2. Polymetallic mineralization from Hemerdon; R-russellite, 
W-wolframite, C-chalcopyrite, Bi-native bismuth. 
 

Hemerdon Ball Granite (Fig. 1) is a G2 muscovite 
granite cupola and dyke (Simons et al. 2016), separate 
to the Dartmoor Granite. It hosts an endogranitic 
greisen-bordered sheeted vein system with wolframite-
cassiterite mineralization, which was recently exploited 
(2015-18) at the Drakelands Mine. Evidence for coeval 
deposition of cassiterite with wolframite has not been 
found at Hemerdon. This decoupling of tungsten and tin 
is not found in other Cornubian tungsten deposits, 
except for perhaps St. Michael’s Mount. Hemerdon is a 
world-class deposit with mineral resources of 145.2 Mt 
(measured, indicated and inferred) at 0.15% WO3 and 
0.02% Sn and a mineral reserve of 35.7 Mt (proved and 

probable) at 0.18% WO3 and 0.03% Sn (Wolf Minerals 
2015). 

The Redmoor Granite comprises tin, tungsten and 
copper mineralization in veins (Johnson’s Lode and 
Great South Lode) and an exogranitic greisen-bordered 
sheeted vein system. Ore minerals include cassiterite 
and coeval wolframite, and a range of sulfides, of which 
there are multiple generations. It has a JORC-compliant 
mineral resource of 11.7 Mt (inferred) at 0.56% WO3, 
0.16% Sn and 0.50% Cu (New Age Exploration 2019). 

The Castle-an-Dinas mine was one of the premier 
Cornish producers of tungsten and one of only two 
mines in Britain where tungsten was the sole product. 
Mineralization occurred in a single exogranitic greisen-
boarded quartz vein, hosted by metasedimentary rocks. 
Wolframite is the dominant ore mineral with lesser 
cassiterite. It is the type locality for the mineral russellite 
(Bi2WO6) (Hey et al. 1938). 

Cligga Head is a G2 muscovite granite cupola that 
hosts an endogranitic greisen-bordered sheeted vein 
deposit of tungsten and tin that was exploited for 
tungsten during World War II. The wolframite and 
cassiterite are found in several generations of sub-
parallel and cross-cutting quartz veins up to 0.5 m thick. 
Wolframite crystals are typically large (4–8 mm wide, 
and up to 20 mm long (Smith et al. 1996; this study) and 
grow from the vein edges. Cassiterite occurs as 
subhedral to euhedral crystals (2–10 mm) or as fine-
grained masses (Smith et al. 1996). The average grade 
of the deposit is c. 0.2% W+Sn across the sheeted veins 
(Dines 1956; Moore and Jackson 1977). 

St. Michaels Mount is a G2 muscovite granite cupola 
(Simons et al. 2016). The overall dimensions of the 
granite are unknown but the endogranitic greisen-
bordered sheeted vein deposit is at least 75 m in width 
and traceable for at least 250 m on the granite 
foreshore. Dominy et al. (1995) reported that the ore 
minerals are not associated with one another: cassiterite 
occurs at the vein walls, while the greisen-hosted 
wolframite is found predominantly in the core of the 
veins.  

Additional samples were collected from Bodmin Moor 
where mineralization is vein hosted but not well 
constrained. Samples from Bray Downs (locality ‘Buttern 
Hill, Fig. 1) and Vincent mines were collected from 
waste material near old mine workings. 
 
3 Geochemistry 
 
Wolframite is characterised by highly variable 
compositions, from ferberite (the Fe-rich end member) 
to hübnerite (the Mn-rich end member); wolframites from 
south-west England have compositions typically around 
the hübnerite-ferberite-divide (Michaud and Pichavant 
2019).  

The composition of single crystals of wolframite from 
Cligga Head and Redmoor was determined at 
Camborne School of Mines (CSM) using electron 
microprobe analysis. Mineral composition is depicted 
using the H/F ratio (Michaud and Pichavant 2019)) 
against  atoms per formula unit of tungsten (W) and 

C
 

W 

R 

Bi 
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describes variation both within crystals and between 
deposits. Wolframite from the endogranitic Cligga Head 
deposit has higher H/F ratio than wolframite from the 
exogranitic Redmoor deposit. 

 
Figure 3. H/F ratio versus the atoms per formula unit of tungsten 
(W) (hübnerite(>50)/ferberite ratio, defined as 100 atoms of 
Mn/(Fe+Mn)) (Michaud and Pichavant 2019) for one wolframite 
crystal from Cligga Head and one wolframite crystal from 
Redmoor.  
 

LA-ICP-MS analyses of wolframite from Hemerdon, 
Cligga Head, Redmoor, Bodmin Moor and St. Michael’s 
Mount were undertaken at the British Geological Survey 
(BGS). The trace element concentrations determined 
during LA-ICP-MS analysis (Fig. 4) demonstrate the 
variability of composition of wolframite across the 
region. Wolframite from Hemerdon is relatively enriched 
in Mo, Sb and Bi compared to that from Cligga Head, 
Vincent and Bray Downs. Cligga Head wolframite differs 
significantly in its Nb/Ta ratio and As contents. 
Petrographic characteristics of the Cligga Head samples 
reflect the observed chemical variation, with 
arsenopyrite a common accessory mineral. 

From the unaltered core to the rim of the wolframite 
crystal from Hemerdon, there is an increase in Mo (from 
<1 to 135 ppm), As (from <1 to 104 ppm), Sb (from <1 to 
130 ppm) and Bi (from <1 to 1600 ppm). Ta, Nb, Sn and 
Ti are typically higher in the unaltered core of the 
crystal. The presence of russellite (an alteration product 
of bismuth and tungsten minerals, Bi2WO6) along the 
grain boundaries of some wolframite crystals from 
Hemerdon could account for the high Bi content (up to 
1600 ppm) in the wolframite rim. LA-ICP-MS data for Mn 
and Fe content indicates that there is a significant 
reduction in Mn content (from 63000 to 3000 ppm) 
around the altered rims of the wolframite, demonstrating 
that it would have a low H/F ratio. 

 
Figure 4. Average trace element composition (raw data) of single 
representative crystals of wolframite from Bray Downs, Cligga 
Head, Hemerdon and Vincent (locations as in Fig. 1).  
 
4 Fluid inclusion microthermometry 
 
Fluid inclusion microthermometric analysis was carried 
out at the BGS (quartz) and Geo Forschungs Zentrum 
(GFZ) in Potsdam (wolframite) on representative 
samples from selected deposits across the region.  

At St. Michael’s Mount, primary fluid inclusions 
hosted in quartz (from both vein and greisen samples) 
and wolframite and cassiterite (both in vein samples) 
have a homogenization temperature range of 250–400 
°C and a salinity range of 0–14 wt.% NaCl equivalent 
(Campbell and Panter 1990; this study). Published fluid 
inclusion data for Castle-an-Dinas is sparse, with one 
recorded homogenization temperature of 250 °C in 
quartz (Little 1960) and no associated salinity data. 
Homogenization temperatures of primary inclusions for 
both quartz and wolframite determined in this study 
indicate a high homogenization temperature (380–440 
°C) and a salinity range of 3–19 wt.% NaCl equivalent. 
Fluid inclusion microthermometric data from Cligga 
Head indicate that there is a difference in 
homogenization temperature for cassiterite (on average 
hotter, maximum temperature of 397 °C) and wolframite 
(on average cooler, maximum temperature of 365 °C) 
(Campbell and Panter 1990). Fluid inclusion data for 
Hemerdon has thus far focused on quartz in association 
with both wolframite and cassiterite with an average 
homogenization temperature of 400 °C and an average 
salinity of 15 wt.% NaCl equivalent (Alderton and 
Harmon 1991; Shepherd and Miller 1988; Shepherd et 
al. 1985). 

 
5 Discussion 
 
The mineralogical, geochemical and microthermometric 
data presented above show the variability in tungsten 
deposits across the south-west England Cornubian 
Batholith.  

The H/F ratio variability in the crystal from Cligga 
Head (42–86) is due to chemical zonation. The H/F ratio 
for Cligga Head (Fig. 3) is higher than that previously 
reported (35–40; Charoy 1979; Michaud and Pichavant 
2019) suggesting overall variability within the deposit. 
The presence of hübnerite is an indicator of a magmatic 
control on W precipitation (Michaud and Pichavant 
2019) and this higher H/F ratio is consistent with the 
magmatic origin of the ore fluid (Smith et al. 1996).  
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The H/F variability in the crystal from Redmoor (Fig. 
3) shows a variation in Fe and Mn distribution, with an 
unaltered core of ferberite (29–39) and a reduction in 
Mn content around the altered rim of the crystal (10–15). 
Michaud and Pichavant (2019) suggest a ferberite H/F 
ratio < 50 indicates the precipitation of wolframite at 
Redmoor might be as a result of a fluid-rock buffered 
pathway (Lecumberri-Sanchez et al. 2017); the 
exogranitic nature of the deposit may account for this. 

Fluid inclusion homogenization temperatures from 
greisen deposits (both ore and gangue minerals) range 
from 250–440 °C and are accompanied by a salinity 
range of 1–19 wt.% NaCl equivalent. The difference in 
cassiterite and wolframite homogenization temperature 
in Cligga Head has been accounted for by earlier 
precipitation of cassiterite and subsequent cooling and 
precipitation of wolframite (Campbell and Panter 1990).  

We will determine the patterns of variation in 
chemistry and homogenization temperature as a 
function of occurrence and granite-association for 
selected deposits in South-west England to develop an 
appreciation of the effect of source of fluids and metals 
on mineralization style. 
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Textures in ore exploration: smoking gun or red herring? 
Reimar Seltmann  
Natural History Museum, Department of Earth Sciences, London, UK 

 
 
Abstract. Textures are an important indicative feature in 
mineral exploration and the trained eye of the 
geoscientist may help to save substantial exploration 
expenses and even help point towards a potential 
discovery.  

Textures reflect PTX formation conditions of 
magmatic, metamorphic and sedimentary rocks, 
specifically their strain-stress regime or tectonic 
deformation, their alteration products and their 
mineralisation. Some textures reflect extreme 
disequilibrium - famous examples are rapakivi textures 
or orbicules. 

This contribution focuses on igneous textures 
controlled dominantly by fluid processes. Textures from 
macro- to micro-scale offer insights to reconstruct the 
formation history of primary rocks and their alteration 
sequences. Alteration textures may reveal multiple fluid 
fronts or prograde and retrograde processes including 
pseudomorphic (first replacement) and tropomorphic 
mineral assemblages (second overprinting and 
replacement of preceding alteration facies). In the most 
extreme cases only SEM CL or high resolution 
techniques like TEM allow the unravelling of relic 
textures otherwise hidden during optical microscopy. 
 
1 Magmatic crystallization 
 
The primary textures of igneous rocks reflect the 
environments in which their magmas solidify, which 
marks the end-point of changing PTX conditions from 
source environment over segregation and ascent to 
emplacement. The architecture of igneous systems is 
largely controlled by the geodynamic setting of magma 
generation and by the tectonic framework during 

 

intrusion (strain-stress regime) and the physical and 
chemical parameters of magmas (rheology, viscosity, 
nucleation and growth driving crystal size distribution), 
that vary in space and time and evolve during volcano-
plutonic evolution from batholith to pluton scale. The 
spectrum of igneous textures (Figs. 1, 2) signifies that 
natural magmas approach the equilibrium state from 
conditions that may begin far from it, and they may be 
quenched before they achieve it.  

Disequilibrium features stored in xenoliths and 
enclaves, specifically cumulates or orbicules, are 
powerful tools to reconstruct magma trajectories. For 
sub-volcanic igneous bodies that often serve as fluid 
channels, there is the added uncertainty of the extent to 
which they preserve their original igneous character. Re-
equilibration of mineral phases along PTX pathways and 
subsolidus morphologic changes among crystals may 
create specific textures indicative of fluid saturation, 
hinting at fertility of ore-bearing magmas. 
 

 
Figure 2. Hand-specimen photographs of rapakivi feldspars from 
(a) Altenberg microgranite, (b) Land’s End biotite granite (from 
Müller et al. 2008) interpreted by undercooling of overheated melts. 

 
Figure 1. Left: Schematic illustration of the development of granitic textures at individual stages of magma ascent, emplacement and cooling. 
Right: Proportions of individual quartz grain fractions; positions of individual granite samples are related to the following magmatic 
phenomena—phenocryst accumulation, textural coarsening, rapid devolatilization and quenching. In the samples W1, ZP2, ZP5 and ZP6 
(example from Czech Erzgebirge), the proportion of small grains is nearly constant (~50%) indicating similar nucleation rates in interstitial 
melt (Stemprok et al. 2008). 
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2 Magmatic-hydrothermal transition  
 
The intrusion of granitoid magmas (evolved Li-F granites 
and porphyry systems) into subvolcanic levels is 
controlled in part by rapid uplift of the crust and 
exhumation. Rapid cooling and crystallization of these 
intrusions results in magma quenching and intense 
fracturing of the carapace in many cases. Due to the so-
called “autoclave effect”, a quenched glassy carapace 
(later recrystallized) is able to sustain overpressures 
(internal fluid pressures as high as 3-5 kbar) that greatly 
exceed local lithostatic pressures. Confined to the 
carapace, the melt crystallizes inward and although 
initially undersaturated in water, it eventually becomes 
fluid saturated. This results in late-stage volatile 
separation beneath the carapace (Figs. 3-4) The 
passage of the granite system through the water-
saturated liquidus boundary involves a volume increase 
and change in fluid composition (Burnham 1979).  

 
Figure 3. Model for the concentric formation of unidirectional 
solidification textures (USTs, stockscheider pegmatites, line rocks) 
within crystallizing carapace of granite (Halls 1994). 
 
Multiphase granitic intrusions often show a textural 
sequence (fine-grained, porphyritic to seriate to 
equigranular textures), in many cases associated with 
pulses of explosive brecciation and greisen stockworks, 
characterizing the crystallization regime. Rapid 
crystallization of these intrusions is characterized by 
quench textures, such as embayment and skeletal 
growth of quartz (visible in SEM-CL images), particularly 
in dikes and in cupolas of the intrusions. Pegmatitic, 
miarolitic and rhythmical layered textures (e.g., comb 
quartz layers and other unidirectional solidification 
textures - USTs) indicate stages of fluid saturation 
(Kirkham & Sinclair 1988).  

 
Figure 4. Line rock (oscillatory zoned albite-quartz rock, with minor 
lepidolite and amblygonite), Argemela, Portugal. 
 
Micrographic intergrowths of quartz and K-feldspar also 
reflect undercooled conditions that may have been 
related to rapid release of a fluid phase (i.e., pressure 
quenching). Nucleation-controlled phenomena, including 
variations in granite textures, however, can result from a 
multiplicity of causes. Extensive fracture stockworks and 
breccia pipes around the tops of intrusions, which 
indicate explosive rupture of an impermeable barrier by 
the short-term, self-healing igneous system, are 
characteristic of fluid-saturated rare-metal granites. 

Closed system conditions in the melt reservoir below 
the carapace enable fluid saturation, disequilibrium 
reactions between separated magmatic volatile phases 
and crystals and melt, and thus catalyze a more 
effective fractionation. Such volatile-rich, highly evolved 
magmas result in granitic rocks with non-chondritic Y/Ho 
and Zr/Hf ratios and REE patterns that commonly show 
the lanthanide tetrad effect. The enrichment of 
magmatic volatile phases is reflected in H2O-, F-, Cl-, B-, 
Li-, and P-bearing minerals and C-H-O-enriched micro-
inclusions associated with the formation of ore-bearing 
melts (brines, residual melts that form pegmatites). 
Subsequent brecciation due to degassing allows 
channeling and accumulation of the mineralization 
(Seltmann 1994). 

Confluence of many physical and chemical factors 
such as magma composition, oxidation state, depth and 
timing of exsolution of a magmatic vapor phase (MVP), 
permeability and intensity of fluid circulation may lead to 
high mineralization efficiency. Fractionation affects the 
composition and reactivity, rather than the volume, of 
magmatic fluids for generation, mobilization and 
deposition of ores. Granitic rocks associated with 
porphyry copper deposits are much less fractionated, 
but they produce much larger volumes of magmatic 
fluids. Rare-metal granites produce smaller volumes of 
magmatic fluids (than other less fractionated melts), but 
these fluids can be much more concentrated, 
particularly in incompatible ore elements removed from 
melts into the magmatic volatile phase(s). 

Liquid-liquid immiscibility (i.e. liquation of F,Si-rich vs. 
P,Al-dominated granitic melt portions) and separation of 
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a MVP due to rapid pressure release are typical 
characteristics of mineralized shallow felsic intrusions 
and related magmatic-hydrothermal transition 
processes.  

Typical signatures of late-magmatic stages are: 
* laccolithic bodies formed through repeated dike-in-dike 

intrusions caused by rheological (density) contrasts, 
*  existence of intra-mineralization "vein dikes",  
* occurrence of magmatic topaz, Li-mica or muscovite, 

tourmaline orbicules, and snowball quartz (Fig. 5). 
Additionally, subsolidus characteristics for crystal-fluid 
interactions in granites are, for instance, 
microclinization, albitization, secondary muscovite, and 
other disequilibrium features (resorption, zonal growth, 
oscillation zoning). Accessories then often exhibit, due 
to interaction with a highly reactive fluid phase, 
hydration, metamictization, inhomogeneity, and 
fluorination. Multiple alteration processes cause 
pseudomorphic and tropomorphic replacement textures. 
 

 
Figure 5. SEM-CL image of snowball quartz with a large number of 
albite inclusions (white), Schellerhau granite SG3 (a). Synoptical 
scheme of CL-contrasted growth textures in snowball quartz (b) as 
commonly observed in subvolcanic felsic systems (Müller and 
Seltmann 1999). Quartz crystal size usually 1 mm up to 1 cm. 
 
Rhythmic alternations in magmatic-hydrothermal 
transition processes in fluid-saturated melts result in 
textures such as rhythmic layered pegmatite-aplite 
zones, marginal pegmatites / stockscheiders, USTs, 
miarolitic cavities and magmatic foliation (Figs. 6, 7, 8).  

 
Figure 6. Unidirectional solidification textures: Amazonite-albite-
quartz UST, Etyka (Transbaikalia, Russia – top). Contorted quartz 
UST bands, Seltei (Central Kazakhstan – middle). Quartz-
tourmaline UST, Dorothy Mine, Wheal Remfry (Cornwall – bottom).  
 
USTs, for example, form due to repeated oversaturation 
and oscillatory release of silica-rich hydrothermal fluids 
in the melt (Fig. 6) and, besides the most common comb 
quartz, the oscillatory layering may involve albite, K-
feldspar, tourmaline, topaz, apatite, aegirine and others.  
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Figure 7. Schematic diagram showing distribution of various 
textures in aplitic apical zone of a felsic intrusion (from Kirwin et al. 
2018). 

 

 
Figure 8. Dense quartz-tourmaline veining, NW-SE striking, within 
a blind body, approximately 3 m wide, that also exhibits miarolitic 
cavities; NE-SW extension reflects σ3. Land’s End granite 
(Cornwall), Porthcurno beach near Minack, view to North. 
 
Other features related to fluid saturation include breccia 
textures and cupola collapse due to explosive 
devolatilization, plastic flow or ductile-brittle transition 
textures (example Sadisdorf), subhorizontal shrinkage 
joints (example Zinnwald), or shatter veins due to brittle 
failure with fluid exsolution from crystallization of the 
granite system (Fig. 8). 
 
3 Textures as tool in mineral exploration  
 
Rapid changes of the physicochemical conditions and 
focused fluid flow due to specific structural controls are 
main factors responsible for mineralization associated 
with shallow intrusions. The association of mineral 
deposits with granites that contain fluid saturation 
textures suggests that magmatic fluids contributed to the 

hydrothermal system. The presence of alternating fluid 
saturation textures in a cupola system indicates that 
considerable fluctuations in pressure and temperature 
occurred in the magmatic-hydrothermal system. These 
textural features help constrain pressure and 
temperature conditions used in modeling fluid-rock 
reactions and the genesis of granite-related ore 
deposits. Using a complex pattern of signatures to 
evaluate textural and chemical characteristics of the 
anatomy of plutons allows in most cases conclusions to 
be drawn as to their ore-bearing potential and to aid 
mineral exploration. 
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evolution vis-à-vis greisenization at Degana tungsten 
deposit, India 
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School of Earth Ocean and Climate Sciences, Indian Institute of Technology Bhubaneswar 
 
 
Abstract. The Degana Granite in NW India hosts a 
typical vein-type tungsten deposit. The mineral 
paragenetic studies infer crystallization of topaz and 
biotite at the magmatic stage, followed by albitization 
and K-feldspathization. The development of quartz veins 
induced greisenization in the adjacent host granitic 
rocks, which resulted in enrichment of a number of 
elements including Fe, Mg, Li and W. These veins mark 
the incursion of metal-carrying fluids that evolved 
through immiscibility of H2O-CO2 fluids. 
 
1 Introduction 
 
Wolframite-bearing greisen-quartz veins, and associated 
greisenized granitic rocks, are an important class of 
hydrothermal ore deposits. The Degana W deposit in 
NW India represents a similar ore system of the highest 
W reserve (~3440 t) in the country – it is essentially an 
endogreisen-type of ore deposit. Besides a number of 
studies on Degana deposit (Pandian and Varma, 2001, 
and references therein), a number of aspects such as - 
mineral paragenesis, gains/losses of elements (during 
greisenization) and fluid evolution, remain poorly 
understood. The present study aims to propose a 
genetic model for the Degana deposit based on mineral 
paragenetic, mineral-chemical, whole-rock and fluid 
inclusion studies.   

 
2 Geology of Degana deposit 

 
The Aravalli-Delhi fold belt (ADFB) is a prominent 
lithotectonic feature of NW India. Along the western 
margin of ADFB, a number of Neoproterozoic granitoid 
intrusives are known, among which leucogranites at 
Degana are known for W mineralization. The Degana 
Granite (DG) is a massive, sub-porphyritic to porphyritic 
and variably greisenized intrusive unit. The DG occupies 
most of the Rewat hill and western part of the Tikli hill 
(Fig. 1). An otherwise leucocratic and feldspar-bearing 
poorly greisenized Degana granite (PGDG) becomes 
increasingly greisenized and melanocratic (greisenized 
Degana granite; GDG) in the median part of Rewat hill; 
in this part of the hill it is devoid of Na- and K-feldspars, 
rather quartz phenocrysts are common. A number of 
greisen-quartz veins (GQVs) traverse through DG, 
which seem to have intruded through nearly vertical 
fracture/joint planes striking NW-SE. The GQVs are 
known for remarkable depth persistence (>300m) 
(Lahiri, 1966) and are bordered by muscovite-rich 
greisen selvages ranging in width from a few cm to more 

than a metre. In PGDG, the randomly oriented greisen 
veins define the lower grade stockwork-type 
mineralization. The breccia rock that is variably 
greisenized, comprises phyllite xenoliths (often 
greisenized along rims) with feldspar-bearing fine (to 
medium) grained granitic groundmass that acted as a 
cementing melt (for caught-up xenolith fragments) 

Figure 1. Geological map of Degana tungsten deposit 
(modified after Pandian and Varma, 2001). 
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occupying the inter-fragmental space. Additionally, a 
leucocratic (biotite-poor) aplitic phase occurs as plugs, 
veins and dikes that hosts stockwork-type greisen 
veinlets.   
 
3 Mineral Paragenesis 

 
Petrographic studies infer four stages of mineral growth, 
namely - magmatic, sodic, potassic and greisen stages. 
As a result of greisen alteration, the former three stages 
are poorly retained in GDG. Mineral paragenetic 
relationships were delineated based on consistency of 
crystallographic orientation using a quartz plate under 
crossed nicols accompanied with slow rotation of the 
objective stage. Idiomorphic to subhedral grains of topaz 
(Fig. 2a) and strongly pleochroic grains of biotite define 
the magmatic stage. The albitic replacement of topaz 
and biotite represents the sodic stage, wherein the 
topaz commonly occurs as dismembered relics. This 
was followed by potassic stage showing pronounced 
effects in PGDG, in the form of perthitic K-feldspar 
phenocrysts enclosing skeletal topaz (Fig. 2b), 
plagioclase and biotite. A post-potassic albitic stage is 
occasionally observed, as evidenced by irregular or 
random-shaped albitic growth in perthitic phenocrysts. 
Moderate to intense muscovitisation of biotite, sericitic 
replacement of topaz (Fig. 2c) and silicification define 
the greisen stage. The strongly muscovitised biotite is in 
close association with interstitial wolframite (and rare 
cassiterite). Extremely melanocratic GDG shows effects 
of intense H+ metasomatism by means of wholly-
bleached and muscovitised biotite, formation of sericite 
associated with fluorite and strong flooding of quartz that 
commonly replaced biotite and feldspar. The growth of 
secondary, fine-grained topaz at the expanse of sericite-
muscovite is well evident. (Fig. 2d). In PGDG, the 
greisen veinlets define the greisenization phase. In 
these veinlets, the median quartz vein comprises fine-
grained topaz, sericite and wolframite; this median 
quartz-rich zone is enclosed by a surrounding halo of 
darker (greisenized) tone comprising quartz, sericite 
(+fluorite) and fine-grained disseminated wolframite.  

 

4 Mineral Chemical Studies 
 
With increasing degrees of muscovitisation, the biotite 
become weakly pleochroic. This is accompanied by loss 
of Fe and gain of Si and Li in protolithionite and 
zinnwaldite. In lithian micas, Li commonly replaces Al by 
means of exchange vector [Li3 Al-1 ☐-2], thereby 
decreasing the octahedral vacancies (Hawthorne & 
Černý 1982). In contrast to this, in the present study, the 
mica composition in DG indicates a linear positive 
relationship between Li and VIAl, this can be justified by 
the substitution: 2VILi+ = VIFe2+ + VI☐. The ternary plot in 
[VI]Fe2+-[VI]Li+-[VI]Al3+ system (not shown here), mica from 
PGDG to GDG show a complete set of compositions 
between trioctahedral siderophyllite and intermediate 
zone between trilithionite and lithian muscovite. This 
intermediate zone is referred to as "mixed form’ by 
Foster (1960); some studies have shown the Li-bearing 
micas to plot in this zone (e.g. Marchal et al., 2014). A 
continuous linear trend between siderophyllite and 
"mixed form" corresponds to solid solution between 
trioctahedral and dioctahedral micas, as reported by 
Monier and Robert (1986). Previous experimental 
studies suggested that the miscibility gap between 
trioctahedral and dioctahedral micas shrinks 
progressively with increase in Li and F contents. With 
regard to the overall compositional changes in mica 
among PGDG and GDG, the following exchange 
mechanisms may be assumed: (1) VILi VIAl VIFe2+(-2), 
which implies a charge balance within octahedral sites, 
and (2) VILi VIAl IVSi4+ VI☐ VIFe2+(-3) IVAl(-1), which maintains 
charge balance between tetrahedral and octahedral 
sites and an increase in dioctahedral character.  

The plagioclase grains in PGDG consistently show an 
albitic composition (XAb = 0.87 to 0.99). The perthitic K-
feldspar with albite lamellae (XAb = 0.73 to 0.99) shows 
XOr ranging between 0.81 and 0.99. The topaz of 
magmatic and secondary origin does not show any 
compositional differences. The wolframite grains show 
high Fe/Mn ratio and classify as ferberite, occasionally 
of Nb-rich nature. The greisenized rims of phyllite 
xenoliths contain rutile that show minor presence of W 
(0.01 - 0.25 wt%) and Sn (0.01 - 0.31 wt%). 

Figure 2. Photomicrographs of Degana Granite illustrating the mineralogy and textures: (a) euhedral magmatic topaz in PGDG; (b) K-
feldspar replacing topaz during K-feldspathization; the inset panel shows the uniform colour of topaz grains using quartz plate under 
crossed nicols, which suggests that these relic grains represent a magmatic topaz; (c) Sericite replacing magmatic topaz during greisen 
stage of alteration; (d) A residual biotite grains that is intensely sericitised; the inset panel shows replacement of sericite by extremely fine-
grained topaz developed during advanced stages of greisenization. (All the scale bars are of 200 microns). 
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5 Mass balance studies 
 

In order to constrain the geochemical gains and losses 
during greisenization, mass balance calculations were 
carried out following Grant (1986). The trace elements 
are widely used as a reference frame due to their 
immobile nature. In the present study, many of such 
elements (like Sr, Ba, Hf, Tl and Ga) are present in low 
concentrations and thus the associated nugget effect 
prohibits their use. Some trace elements (like Zr, Nb, Cs 
and Bi) show marked variations between unaltered and 
greisenized units of DG. It may be noted that the overall 
melt-fluid regime in Degana seems to be oversaturated 
in silica. This gains support from the fact that the whole-
rock silica content throughout the DG always exceeds 
69 wt% (up to 74 wt%). Moreover, petrographic studies 
clearly suggest that alteration processes were 
accompanied by silicification resulting in quartz flooding. 
The quartz-saturated nature of fluids can be attributed to 
interaction of fluid with leucogranitic rocks. On this 
basis, we assume Si to be immobile. Any errors in this 
assumption are minimized by the fact that the variations 
in SiO2 concentration are minimal as against other 
elements; also, SiO2 is present in abundance in all the 
samples.  

Mass transfer calculations were done using average 
of unaltered DG as the protolith and SiO2 as the 
reference frame; the isocon for a representative sample 
is shown in Fig. 3. As compared to unaltered variants of 
DG, the greisenized rock units show gain in Mn, Mg and 
Fe; in contrast, the loss of Na and K is evident. Among 
trace elements, Li, W, Sn, Zn and Bi show enrichment, 
on the other hand, Cu, Ba, Sr, U, Zr and Th seem to be 
leached out as a result of greisen alteration. The overall 
patterns of gains and losses in GDG are more or less 
replicated in greisen veinlets (within PGDG) as well.  

As the REE contents are low, most of them (except 
for Lu, Tb, Tm and Ho) show irregular variations, 
possibly due to minor nugget effects. It may be noted 
that both PGDG and GDG show peraluminous nature 
(A/CNK - 1.6 to 2.3 and 2.0 to 6.6, respectively) and 
high normative corundum contents (2.5 to 5.7 and 3.9 to 
12.7, respectively). 

 
6 Fluid inclusion studies 

 
In doubly-polished wafers of PGDG, GDG and GQVs, 
three types of fluid inclusions were observed - H2O-CO2 
(type-I), CO2-rich (type-II) and halite-bearing H2O-NaCl 
(type-III). Three types of fluid inclusion assemblages 
(FIAs) were commonly observed: (1) FIA-1: cluster of 
type-I inclusions with fairly consistent H2O/CO2 ratio in 
magmatic topaz within PGDG; (2) FIA-2: separate 
clusters of type-II and type-I (less common) inclusions in 
quartz (of apparently pre-greisen stage) within PGDG; 
and (3) FIA-3: highly populated and commonly found 
clusters comprising type-I (with varying H2O/CO2 ratio) 
and type-II inclusions in intercrystalline quartz within 
GDG and GQVs, likely entrapping greisen-stage fluids. 
The secondary topaz in GDG rarely contain type-1 (or 
type-II) inclusions of extremely small size (<8 um). It 
may be noted that quartz-hosted secondary inclusions 
of type-I and type-II nature are common, although are 
too small (< 8 um) for heating-freezing runs; moreover, 
such fluids are likely related to late-deformation and do 
not represent the late magmatic or greisen-related fluid 
regime, which this study intends to outline.  

In either type of FIAs, the type-I and type-II inclusions 
show melting of solid CO2 at around -56.6 °C. The 
melting of CO2-clathrate for type-I inclusions in FIA-1 

Figure 3. Isocon diagrams constructed based on the theoretical 
development by Grant (1986) for average of ungresenized PGDG 
and a representative sample of greisenized granite. Each plot 
shown has a different scale to cover all the major, trace and rare 
earth elements (for details see section 5).    

Figure 4. Photomicrograph showing a pair of GQV-hosted type-I 
inclusions with contrasting H2O/CO2 ratios (at 25 °C) that 
homogenize at 379 °C (the left one with low H2O/CO2) and 387 °C 
(the right one with high H2O/CO2). 
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was imperceptible and thus measured at a slow heating 
rate of 2 °C per minute; it occurs in the range of 2.8 – 
5.8 °C furnishing salinity estimates of 7.7-12.1 wt% NaCl 
equivalents. These topaz hosted H2O-CO2 inclusions 
show homogenization of carbonic fluid component into 
vapor phase in the range of 23.8 - 29.0 °C. The clathrate 
melting in quartz-hosted CO2-rich (H2O/CO2 < 0.2) 
inclusions (in both FIA-2 and FIA-3) is often practically 
invisible - in such cases the disappearance of clathrate 
was estimated based on change in the convexity of 
boundary between liquid CO2 and surrounding aqueous 
phase. The type-I inclusions in FIA-2 in PGDG show 
clathrate melting temperature (Tmclath) within -11.2 and 
-8.4 °C with carbonic phase homogenization at 
temperatures above room temperature (23.2 - 29.5 °C). 
It is interesting to note that the type-I inclusions in FIA-3 
(in GDG and GQVs) show variable Tmclath that 
corresponds with the H2O/CO2 ratios. Inclusions with 
high and low H2O/CO2 ratios show ranges of Tmclath 
values of -9.4 to -6.8 °C and -5.9 to - 2.8 °C, 
respectively.   

During heating runs, for the topaz-hosted type-I 
inclusions, H2O-CO2 homogenization occurs in aqueous 
phase giving minimum trapping temperature in the 
range of 380 - 460 °C. In both GDG and GQVs, a 
striking aspect of type-1 inclusions is the dependence of 
mode of final homogenization on V(CO2) (and thus 
XCO2). The low and high XCO2 inclusions homogenize 
in aqueous and carbonic phases respectively; the 
inclusion pair depicted in Fig. 4 show a difference of 8 
°C in Th(final) (final homogenization temperature) 
values. A total of five such pairs could be located - three 
in GQV and two in GDG. Indeed, the type-1 inclusions 
with variable H2O/CO2 ratios that coexist in individual 
clusters (and define FIA-3), homogenize in contrasting 
modes with Th(final) varying in the range of 8 to 25 °C. 
Out of a total of 116 numbers of type-1 inclusions, only 
39 successfully homogenized (without decrepitating) in 
the range of 395 - 461 °C. 
 
7 Discussion and Conclusions 
 
The distribution of greisenized rocks in Rewat hill 
indicates that greisen-quartz veins control the 
greisenization and ore enrichment. Mineral paragenetic 
studies bring out some interesting observations. The 
pre-greisen alteration events (albitisation and potassic 
alteration) are recorded throughout the granitic rocks in 
Degana, probably facilitated by late-magmatic fluids 
localized along grain boundaries and impersistent 
microfractures. The overall paragenetic sequence differs 
from the one proposed by Pollard (1983) for greisen 
systems. Pollard (1983) ascribed development of topaz 
to post-magmatic greisen stage, after the sequential K- 
and Na-feldspathization stages. The late development of 
sodic alteration stage is attributed to enhanced F 
contents in residual melts that shifts its composition 
towards Ab-rich corner of Qz-Ab-Or ternary system. 
Contrastingly, in the present study, topaz attains stability 
not only during the magmatic stage, but sodic alteration 
stage precedes the potassic stage. Topaz is clearly the 

earliest-crystallizing phase occurring as euhedral grains 
and this early stabilization of topaz may be justified 
based on the results of experimental studies by Weidner 
and Martin (1987). They argued that in a peraluminous 
melt, topaz may precede the formation of feldspars and 
quartz only under high pressure conditions (>=4 kbar); 
indeed, a number of studies support this argument (eg. 
Haapala, 1997). Thus, the onset of topaz formation, 
which is a major consumer of F from the melt, might 
have allowed the residual melt to attain early saturation 
in albite, as observed in Degana granite.    

The enrichment of Fe, Mg, Li, and W along with a 
number of other elements is well evidenced, based on 
mass-balance and mineral chemical studies. In both 
GQVs and GDG, the predominance of type-I inclusions 
with variable H2O/CO2 ratios and their homogenization 
at comparable temperatures in contrasting modes 
provide compelling evidence for H2O-CO2 immiscibility in 
greisen fluids. However, there are no evidences of such 
immiscibility in the aqueous-carbonic fluid regime that 
prevailed during development of magmatic topaz.  
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Thallium as an indicator of regional fluid flow? A case 
study from SW England 
Charles. J. Moon 
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Abstract. Gbase regional geochemical stream 
sediment, soil and water surveys have delineated 
significant Tl anomalies in SW England. The western 
anomalies are related to granite phases and vein Pb-Zn 
mineralisation. The eastern anomalies correlate spatially 
with Pb-Zn-Sr in red beds and carbonates. Thallium is 
inferred to be hosted in Rhaetic and Liassic black shale 
units and is suggested to indicate regional Pb-Zn-Sr-Tl 
fluid flow in the early Jurassic. 
 
1 Introduction 
 
Multi-element geochemistry of very dispersed, low 
abundance, elements has become possible and routine 
with improvements in XRF and particularly the 
widespread use of low detection limit ICP-MS. These 
techniques allow their use in delineation of mineral 
forming systems. Case studies, either of mineralised 
areas or of individual elements, are however limited. 

Thallium is particularly useful as it can be both 
lithophile and chalcophile; largely held in feldspar as a 
lithophile element and in pyrite or galena as chalcophile. 
This change in behaviour can be used to track pathways 
of Tl leached (along with base metals) from feldspars 
and the element redeposited near or in mineral deposits. 

Although Tl has been widely known as a pathfinder 
for Carlin-style Au, and SHMS and some MVT Pb-Zn 
type deposits for some time (Ikramuddin et al. 1983;  
Large and McGoldrick 1998; Graham et al. 2009). More 
widespread application has been limited until recently by 
the cost of specialised procedures needed to reduce 
detection limits to Clarke concentrations. 

This study uses data from the British Geological 
Survey GBase multi-element, stream sediment, partial 
water and soil data as well as the TellusSW constituent 
(BGS 2018) in a well mineralised area of western 
England. An initial driver to investigate Tl was the soil 
map of England and Wales which shows parts of 
eastern Somerset and Avon have the most anomalous 
Tl in England and Wales (Rawlins et al. 2012). 
 
2 Background geology, mineral deposits 

and data  
 
2.1 Geology 
 
The area is underlain by a variety of mainly Paleozoic 
and Mesozoic sediments and intrusives deformed by 
Variscan events. Pre-Permian geology shows a distinct 
difference between largely marine sediments west of 
Taunton (Fig. 1) and shelf limestone and coal-bearing 
sediments more typical of central England to the east. In 

the west the sediments are intruded by S-type granites 
of Permian age. These are all overlain by continental 
red-bed sediments of Permian and Triassic age. These 
are further overlain by Jurassic marine black shales and 
calcareous sediments and Cretaceous Chalk in the east. 
More details can be found in Brenchley and Rawson 
2006.  

Geological interpretation used a modified and 
coverage of based on BGS 1:50000 coverage (Digimap 
2018). 
 
2.2 Mineral deposits 
 
The western part of the area hosts the Cornubian Sn-W-
Cu deposits discussed by Alderton (1993). In contrast 
deposits in the eastern part are less well described. The 
limestones and overlying sediments of the Mendips host 
Zn-Pb-Cd deposits described in detail by Burr (2015). 
These Pb-Zn occurrences are however not limited to the 
Mendips and can be found as far north as Chipping 
Sodbury where they are Sr-rich. Strontium deposits are 
a feature of the area, notably at Yate, where significant 
celestite is stratabound in upper Triassic sediments 
(Nickless et al. 1976). 
 
2.3 Data collection and preparation 
 
Results from the TellusSW soils and stream sediment 
samples were released to complement those of the 
TellusSW airborne geophysical survey (TellusSW 2014). 
Gbase stream sediment data were used for the rest of 
SW England (Gbase 2017). 

Stream sediment, water and soil geochemistry were 
obtained using samples collected and analysed using 
standard GBase protocols of BGS (Johnson 2005). 
Stream sediment and soil samples were analysed using 
X-ray fluorescence on pressed pellets.  Water samples 
were analysed by a ICP-MS, and ion chromatography 
(Rawlins et al. 2003). 
Soil data were used as point locations but stream 
sediment data and waters for the TellusSW area were 
plotted as drainage catchments derived from point data 
kindly provided by BGS. These catchment plots are 
much more indicative of the overburden sources of the 
sediments than plotting as points or contouring (Moon 
1999). Catchments were manually checked for 
consistency before linking to the Gbase attribute 
geochemical data. 
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Figure 1. Stream sediment XRF Tl overlain on selected geology, n=5305.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Shallow soil XRF Tl overlain on selected geology, n=1420
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3 Thallium Data  
 
3.1 Overview stream sediments and soils 
 
Coherent data are available for both soil and stream 
sediment XRF data, although background 
concentrations are higher than those of ICP-MS (Belzile 
and Chen 2017; Rader et al. 2018). 

Both stream sediments and soils show Tl anomalies 
in sections of the Cornubian granites, especially in later 
topaz-rich phases. The strongest anomalies in the 
western part are associated with crosscourse Zn-Pb 
deposits, notably East Wheal rose, Wheal Betsy (W of 
Dartmoor) and the polymetallic Redmoor W-Sn-Cu-Pb 
deposits. An area E of Dartmoor, near Teignmouth, 
underlain by Permian sediments, and known, in part, to 
contain cross-course mineralisation is also anomalous. 

However, the most extensive anomalies are in the NE 
and were coincident with similar regional soil anomalies 
shown on the regional soil maps of Rawlins et al. 
(2012). 
 
3.2 Water samples 

 
Water samples from the western (TellusSW) area were 
analysed but not from the eastern area. These ICP-MS 
data show similar distributions to stream sediments 
increasing confidence in the latter. They are also in 
agreement with the more limited water data of Law and 
Turner 2011. 
 
3.3 North Somerset and Avon data (detailed area, 

Fig.1) 
 

 
Figure 3. NE area, enlargement, stream sediment zinc. Underlay: 
selected geological units and Avonmouth smelter location. 
 

 
Figure 4. NE area, enlargement, stream sediment strontium. 
Underlay: selected geological units, Avonmouth smelter location 
and main celestite occurrences. 
 

 
Figure 5. NE area, enlargement, stream sediment Tl/Mo × 100 in 
catchments where Tl> 2ppm. Underlay: selected geological units 
and Avonmouth smelter location. 

 
The distribution of stream sediment Zn reflects known 
Pb-Zn mineralisation. This is well known from the 
Carboniferous Mendips limestone (E-W in the S of Fig. 
3) but is also hosted in other Carboniferous limestone as 
well as Permian conglomerates, Rhaetic shales and 
Jurassic shales and limestones. Stream sediment 
strontium indicates the major upper Triassic deposits in 
the Yate area (Fig. 4), as well as some celestite 
associated with Zn-Pb.  The location of the former 
Avonmouth Zn smelter is shown on Fig. 3 to eliminate 
any anthropogenic influence. 
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Comparable plots of Tl highlight similar regions as 
well as some areas underlain by the Lias. When 
examined in detail by extracting the lithological unit of 
individual catchments and plotting as box plots, the 
predominant units enriched are mapped as Penarth Gp 
(Rhaetic) and Lias. Both units are known to have black 
shales and the Lias is known to be enriched in Mo, Se, 
as well as Tl (Thornton et al. 1969; Morigi et al. 2015). 
However Tl concentrations are much higher in the 
current area and there is no correlation of high Tl 
concentrations with Mo. In order to remove background 
sedimentary concentrations, a ratio Tl/Mo (×100) was 
used (Fig. 5). 
 
3.4 North Somerset and Avon interpretation 

 
Stream sediments and soils are consistent with a 
regional Pb-Zn-Sr-Tl mineralising event in which fluid 
deposited minerals in differing receptive stratigraphic 
units. Lead-Zn in carbonates and calcareous 
conglomerates, Sr in Triassic evaporite beds, and Tl in 
sulphidic reduced units. Haggerty et al. (2007) argue for 
a Jurassic age for the event based on Pb isotopic 
evidence. This is consistent with the silicified 
mineralised Harptree Beds of Liassic age. Rankin et al. 
(unpub) prefer a Triassic age. Fluid inclusion data of 
Rankin et al. at Chipping Sodbury indicate a 
temperature of <100° C. 

The occurrence of thallium anomalies in Rhaetic-
Liassic black shales are consistent with Wogelius et al. 
(1997)’s model of a hydrothermal fluid movement on 
regional faults, whch are shown on underlay in Fig. 5. 
Thallium would then be precipitated in reducing 
environments. The source of the thallium could be 
accounted for by leaching of (? Devonian) sandstone at 
depth. 

The occurrence of Tl in sulphidic sediments overlying 
mineralisation is similar to the location of Tl anomalies in 
the major Zn deposit at Navan, Ireland (Walker 2010). 
Lead-zinc deposits in Triassic carbonates in Poland are 
also well known to be Tl-rich (Karbowska et al. 2014). 

Further work is required to confirm the mineralogical 
host of Tl in north Somerset/Avon. 
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