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Abstract. Titanite textures and geochemistry have been 
investigated from the Roxby Downs Granite, host to the 
Olympic Dam Fe-oxide Cu-U-Au-Ag deposit, South 
Australia. Three textural subtypes of titanite are 
documented: primary magmatic (cores and rims); 
late/interstitial; and secondary (low T recrystallisation). 
Magmatic cores  are defined by enrichment in LREE (~3 
wt%), Nb (up to 1 wt%) and Zr relative to rims, which 
typically contain <1 wt% LREE and Nb, as well as 
greater concentrations of Al, Ca, Fe and F. Secondary 
titanite forms as a low temperature hydrothermal 
overprint on primary titanite, as well as an alteration 
product of chloritised phlogopite. Titanite breakdown is a 
ubiquitous feature of the RDG, and occurs through 
interaction with CO2- and F-rich fluids, forming REE-
fluorocarbonates, which are subsequently overprinted 
by REE-phosphates with increased proximity to the 
Olympic Dam Breccia Complex. This change is related 
to interaction with fluids containing appreciable free 
PO42-, liberated from local fluorapatite dissolution, and 
represents later/retrograde stages in the formation of the 
Olympic Dam deposit. 
 
1 Introduction 
 
Titanite is a common accessory mineral in intermediate-
silicic igneous rocks and numerous studies have shown 
its potential to reflect bulk compositions of source rocks 
and track the physicochemical conditions of evolving 
magmatic-hydrothermal systems (Wones 1989; Nakada 
1991; Piccoli et al. 2000; Frost et al. 2001; Mcleod et al. 
2011). The applicability of titanite as a geochemical 
indicator mineral in magmatic-hydrothermal ore deposits 
and igneous-metamorphic terranes has also been 
documented (Buick et al. 2007; Storey et al. 2007; Smith 
et al. 2009; Ismail et al. 2014; Storey and Smith 2017). 
Here we report textures and geochemistry of titanite 
from the ~1595 Ma Roxby Downs Granite, host to the 
Olympic Dam Fe-oxide Cu-U-Au-Ag deposit, South 
Australia, in an attempt to further constrain hydrothermal 
stages preserved in the host rock and thus gain a 
greater understanding of fluid evolution and deposit 
genesis.  

 

2 Geological background 
 
The ~1595 Ma Roxby Downs Granite (RDG) hosts the 
world-class Olympic Dam Fe-oxide Cu-U-Au-Ag deposit, 
which is located in the north of the Olympic Cu-Au 
Province on the eastern margin of the Gawler Craton. 
Rocks of the Hutchison Group (~2000-1860 Ma), 
Donington Suite (~1845-1810 Ma) and Wallaroo Group 
equivalents (~1750 Ma) form the Paleoproterozoic 
basement of the Olympic Dam region (Creaser 1989; 
Ferris et al. 2002; Jagodzinski 2005). These units are 
unconformably overlain and intruded by felsic and mafic-
ultramafic lithologies of the Hiltaba Suite (HS) and 
Gawler Range Volcanics (GRV). 

Deposition of Cu-U-Au-Ag mineralisation at Olympic 
Dam is considered to be contemporaneous with regional 
magmatism at ~1590 Ma (e.g. Johnson and Cross 1995; 
Jagodzinski 2005; Ciobanu et al. 2013; Courtney-Davies 
et al. 2016, 2019). Hydrothermal breccias of the Olympic 
Dam Breccia Complex (ODBC) host the Cu-U-Au-Ag 
mineralisation and are contained within the RDG. 
Compositions and textures within the ODBC are 
gradational, and comprise a continuum from sericite-
hematite-altered granite through mineralised, hematite-
rich breccias to barren hematite-quartz breccias in the 
deposit center (Ehrig et al. 2012).  

The RDG is equigranular to porphyritic, medium-
coarse grained and peraluminous to weakly 
metaluminous (Creaser 1989; Kontonikas-Charos et al. 
2017). Dominant minerals are alkali feldspar (40-50%), 
plagioclase (20-25%), quartz (20-25%), with minor 
edenite and phlogopite (5-10%). Magmatic accessory 
minerals (~5%) include magnetite, titanite, ilmenite, 
fluorapatite, zircon and allanite. Other minor minerals 
include: fluorite, tourmaline, uranothorite, REE-
fluorocarbonates (parisite, bastnäsite and the unnamed 
polytype B2S) and sulphides (pyrite, chalcopyrite, 
galena, sphalerite and molybdenite) (Ehrig et al. 2012; 
Ciobanu et al. 2017; Kontonikas-Charos et al. 2017, 
2018a, b). 
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3 Results 
 
3.1 Petrography 
 
For a comprehensive summary of primary magmatic 
titanite textures see Kontonikas-Charos et al. (in 
review). Secondary titanite appears green in plane-
polarised light and is distinguished from primary titanite 
rims by its irregular zonation (Fig. 1a). It also occurs as 
an alteration product of phlogopite, forming fine-grained, 
cleavage-oriented lenticular inclusions enclosed within 
clinochlore (Fe# ~0.35-0.45), typically along rims and 
parallel to the basal plane (Fig. 1b).  

Partial to complete breakdown of titanite is observed 
throughout the RDG. Initial dissolution occurs along the 
crystal face and produces a microporous phase at the 
reaction interface which propagates towards grain 
interiors (Fig. 1c). Further destabilisation of titanite 
produces coarser symplectites of a clinochlore (Fe# 
~0.3) + calcite matrix intergrown with hetero-oriented Ti-
oxide, Ce-dominant REE-fluorocarbonates (parisite and 
bastnäsite), and quartz. The predominance of chlorite 
over calcite in the alteration matrix decreases with 
sample depth. Most primary titanite shows evidence of 
such breakdown, and in many cases, large 
polymineralic pseudomorphs are all that remain.  

In granite samples affected by sericite-hematite 
alteration, titanite is no longer preserved. Rather, 
complete breakdown of titanite has produced euhedral 
pseudomorph grains of Ti-oxide and REE-phosphates 
(monazite, xenotime) + REE-fluorocarbonates within a 
dolomite and chamosite (Fe# ~0.65) matrix (Fig. 1d). 
With increased proximity to the ODBC and intensity in 
alteration, quartz + K-feldspar + sericite (Fe, Mg-rich) ± 
hematite predominate over chamosite and dolomite in 
the matrix, whereas REE-phosphates are the sole REE-
minerals within the resultant pseudomorphs. 

 

 
Figure 1. Back-scatter electron (BSE) images of titanite and its 
alteration products in the Roxby Downs Granite. Mineral 
abbreviations: Cal – calcite, Chl – chlorite, Dol – dolomite, Mnz – 
monazite, Phl – phlogopite, REE-F-carbonates – REE 
fluorocarbonates, TiO2 – Ti oxide, Ttn – titanite. 
 

3.2 Geochemistry 
 
Electron microprobe analyses reveal intracrystalline 
variation in major and minor elements of titanite cores 
and rims, as well as between late/interstitial and 
secondary titanite.  Brighter BSE cores are markedly 
enriched in LREE (~3 wt%), Nb (up to 1 wt%) and Zr 
relative to darker BSE rims. In contrast, rims typically 
contain <1 wt% LREE (La, Ce, Nd) and Nb, however 
they are richer in Al, Ca, Fe, F and calculated OH than 
cores. Binary plots in Figure 2 illustrate these 
characteristics and show strong correlations consistent 
with the coupled substitutions at the octahedral Ti site 
and 7-fold polyhedral Ca site: (Al, Fe)3+ ↔ Ti4+ + (OH, 
F)-; and Ca2+ + Ti4+ ↔ REE3+ + (Al, Fe)3+. Late and 
secondary titanite are also distinguished by major and 
minor element variation, defined by progressive 
increases in F, Al and Fe accompanied by depletion in 
LREE (La, Ce, Nd), Nb and Y (Fig. 2). 
 

 
Figure 2. EPMA data binary plots of titanite textural subtypes in 
the Roxby Downs Granite. Data presented as atoms per formula 
unit based on 20(O,OH) for titanite. (a) (Al+Fe) vs F, (b) (Al+Fe) vs 
Ti, (c) (Ca+F) vs (La+Ce+Nd), (d) Nb vs (La+Ce+Nd). 
 

Laser Ablation ICP-MS maps provide a visual insight 
into the spatial distribution of elements in titanite, either 
in the crystal lattice (solid solution) or as inclusions. 
Selected elemental maps are shown for primary, late 
and secondary titanite (Fig. 3). Zirconium (not shown), 
REE (Ce, Eu) and Y are strongly correlated and show 
high concentrations within primary titanite cores. All 
these elements are significantly depleted in 
recrystallised and late titanite. Minor dissolution of 
primary titanite has resulted in the redistribution of REE 
in irregular inclusions, identified as REE-
fluorocarbonates within the REE-poor calcite ± 
clinochlore and Ti-oxide matrix. Interestingly, some 
zones within late titanite and recrystallised primary 
titanite show decoupling of Eu from other REE. Uranium 
and 206Pb (not shown) are negatively correlated with Th, 
and generally concentrate along rims and within late 
titanite. Recrystallised titanite is almost devoid of Nb and 
Ta (not shown), however they appear to preferentially 
partition into newly formed Ti-oxide. Tin and Sc (not 
shown) show a consistently low abundance within 
titanite cores, which steadily increases towards grain 
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rims. They also strongly correlate with areas of 
recrystallised titanite. Vanadium (not shown) has a 
preference for certain zones towards grain boundaries 
and, like Sc, is concentrated in recrystallised titanite. 

 

 
Figure 3. BSE image and selected LA-ICP-MS element maps for 
primary, late and secondary titanite. Scale bar is in ppm. 
 
4 Discussion 
 
Titanite breakdown is a ubiquitous feature of the RDG. 
Textural observations support initial fluid permeation 
along grain boundaries and microfractures at the titanite 
crystal interface. The microporous matrix represents the 
first stage in the dissolution process. As the reaction 
progresses, the chemical components of titanite mix 
with percolating fluids (likely introducing additional Fe, Al 
and Mg) and eventually precipitate as pseudomorphs 
comprising a fine-grained calcite + clinochlore matrix 
with coarser Ti-oxide + REE-fluorocarbonates (parisite 
and bastnäsite) + quartz. Although the overall precursor 
grain shape is retained (e.g. pseudomorphic), neither 
calcite nor clinochlore (the dominant matrix minerals) 
share any structural similarity with titanite. This explains 
the extremely fine crystalline nature of the initial matrix, 
which would be a consequence of complete breakdown 
of titanite structural bonds. Primary titanite rims are 
relatively unaffected by dissolution in comparison to 
cores, indicating hydrothermal fluids were in 
disequilibrium with the F-poor, REE-Ti-rich cores, and 
that F and REE contents may influence titanite stability 
under certain physicochemical conditions.  

Fluids responsible were likely rich in CO2 and F, 
based on the presence of fluorocarbonates and calcite 
as alteration products. Similar alteration assemblages in 
corroded titanite grains have been reported from 
numerous other granitic rocks (Pan et al. 1993; Morad et 
al. 2009; Middleton et al. 2013), with inferences for 
interaction with hydrothermal fluids characterised by 
high CO2 and HF activity levels. This is also supported 
by experimental studies, which indicate that both CO2 
and F promote titanite destabilisation (Hunt and Kerrick 
1977; Troitzsch and Ellis 2002).  

Suitable element sources in the RDG include the 

chloritisation of phlogopite (~3 wt% F) which likely 
produced FCO3--bearing fluids and released Fe, Al 
and/or Mg, which can account for the presence of 
chlorite in the resultant alteration assemblage. A similar 
source of F has been suggested in other altered granitic 
rocks (e.g. Förster 2000; Middleton et al. 2013). In 
addition to phlogopite, albitisation of adjacent and local 
plagioclase could also be a suitable source of Al for 
alteration pseudomorphs which contain chlorite. 

The prevalence of REE-phosphates over REE-
fluorocarbonates in pseudomorphs, observed in sericite-
hematite-altered RDG, would require a change in 
physicochemical conditions that promotes the 
availability of free phosphate anions. In the case of the 
RDG, fluorapatite is the main carrier of PO42- and would 
thus be the most likely source. Previous mineralogical 
and geochemical studies on these samples (Krneta et 
al. 2016, 2017) provide substantial evidence for 
multistage dissolution of fluorapatite and eventual 
replacement by quartz through interaction with highly 
acidic, CO2-rich fluids. The initial dissolution of 
fluorapatite would thus release PO42-, as well as Ca2+ 
and F-, to the fluid, allowing for precipitation of monazite 
and xenotime. At this later stage, low temperature and 
high acidity (low pH) would likely buffer F- in the fluids as 
HF (e.g. Migdisov et al. 2016). Florencite may also form 
on behalf of fluorapatite at this stage (Krneta et al. 2016, 
2017). The observation of early REE-fluorocarbonate 
and later REE-phosphate crystallisation is consistent 
with REE-mineral speciation within the Olympic Dam 
Breccia Complex (Schmandt et al. 2017, 2019). 

As a significant repository for REE (> 5 wt%) and the 
dominant REE host in the RDG (unpublished MLA data), 
the destabilisation of titanite and subsequent element 
recycling likely contributed to the overall anomalous 
REE concentrations reported at Olympic Dam. The work 
presented here further substantiates the utility of titanite 
and its alteration products to reflect physicochemical 
changes in intrusion-hosted magmatic-hydrothermal 
deposits. 

 
5 Conclusions 

 
Breakdown of titanite is selective and typically affects 
primary cores more than rims. The resultant alteration 
assemblage (clinochlore + calcite + Ti-oxide + REE-
fluorocarbonates + quartz) is indicative of interaction 
with dominantly F- and CO2-bearing fluids, with 
additional elements likely scavenged from concomitant 
alteration of adjacent phlogopite and plagioclase. 

With increased proximity to the ODBC, fluorapatite in 
sericite-hematite-altered RDG samples is favored as the 
source of PO42- for crystallization of REE-phosphates in 
polymineralic pseudomorphs (after titanite). This is 
consistent with later/retrograde stages of deposit 
genesis. 
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Abstract. The lithological constitution of the 
Neoproterozoic-Cambrian metamorphic basement of the 
Eastern Pampean Ranges of Córdoba (EPRC) has 
favored the formation of skarns and skarn deposits from 
the Cambrian to the Carboniferous, covering all the 
metamorphic-deformational and magmatic cycles. This 
contribution summarizes the main characteristics of 
these rocks, making mention of the antecedents 
published up to now. 
 
1 Introduction 
 
Formerly referred to as “pneumatolitic contact rocks” or 
“tactites”, the first mention of skarns in the EPRC (Fig. 
1) is attributed to Beder (1922) who described the 
presence of extraordinary crystals of different 
calcsilicate minerals like garnet, vesuvianite, 
wollastonite and epidote as aggregates, bands, lenses 
and single crystals (some garnet crystals as large as 10 
cm) in different marble quarries.  

The meta-sedimentary basement of the EPRC is 
linked to an old carbonate-pelitic platform of 
Neoproterozoic age exposed to metamorphic-
deformational episodes of great magnitude (until partial 
fusion) which conditioned the internal structure and 
current lithotypes. The most representative metamorphic 
lithologies of the basement are defined in order of 
abundance by migmatites, gneisses, marbles, ultramafic 
and mafic rocks. 

From the Neoproterozoic to Lower Paleozoic, three 
magmatic cycles of greater expression were recorded, 
corresponding to the Pampean Cycle, the Famatinian 
Cycle and the Achalian Cycle. The Pampean Cycle, also 
known as Pampean Orogeny, corresponds to the 
amalgamation of the Pampia Terrain with the western 
edge of the Cratón del Río de la Plata. In the EPRC, 
Pampean magmatic expressions are represented mostly 
in Sierra Norte de Córdoba and as small plutons 
outcropping north of the Sierra Grande and Sierra de 
Altautina. The geochemical signature of this magmatism 
corresponds to metaluminous to peraluminous I-type 
granitoids related to an ancient continental arc 
magmatism in a tectonic regime of subduction followed 
by collision (Lira et al. 2014) occurring between ∼ 540-
515 Ma (Baldo et al. 2014).  

The Famatinian Cycle (or Famatinian Orogeny) 
represents the collision of the Precordillera Terrain with 
the Pampia Terrain between 478-460 Ma (D’Eramo et 
al. 2014). The granitoids associated with this event are 
type I, metaluminous, and poor in K. The bodies are 
small plutons (some kilometers in their maximum 
extension) of tonalitic, trondhjemitic, granodioritic and 
granitic composition (TTG, Rapela et al. 1998). 

 

 
Figure 1. a. Schematic geological map of Pampean Ranges and 
Precordillera. The black box shows the Eastern Pampean Ranges 
of Córdoba (EPRC) extended in b). b) Eastern Pampean Ranges 
of Córdoba geological map showing the location of skarn deposits. 
Achalian skarns: 1: Altautina; 2: Ambul; 3: Cañada del Puerto; 4: 
Copina; 5: Pampa de Olaen; 5*: Pampa de Olaen (scheelitic skarn 
in mafic rocks); 6: Zinqui. Famatinian skarns: 7: San Marcos 
Sierra; 8: La Falda; 9: Pampa de Olaen. Pampean skarns: 10: 
Malagueño; 11: Sierra Norte. Modified after Rapela et al. (1998) 
and Martino and Guereschi (2014). 
 

The magmatic expressions that generated greater 
participation in the formation of skarns in EPRC, are 
those linked to the Achalian magmatism of Devonian-
Carboniferous age. The Achalian Cycle (∼ 366-379 Ma) 
presents the most important magmatic volumetric 
expressions. The most representative bodies of this 
magmatism are the Achala and Cerro Áspero Batholiths 
(ca., 2500 km2 and 660 km2, respectively) and its related 
peribatholithic pegmatitic derivatives that cut the 
metamorphic complex. There are also negligible plutons 
peripheral to these masses (e.g., Capilla del Monte, 336 
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Ma, Dalhquist et al. 2016). Geochemically, the Achalian 
magmatism has been classified as A-type aluminous, 
rich in K, calcalkaline to alkali-calcium. The evolutionary 
tendency of certain elements indicates that they are 
magmas with a high degree of differentiation. Within 
each batholithic mass, diverse suites and facies are 
recorded, indicating a complex magmatic evolution and 
processes of magmatic differentiation (Lira and Sfragulla 
2014, and references therein). 

The interaction of these igneous rocks with the 
basement (especially marbles) resulted in extensive 
fluid-rock interaction (infiltration and diffusion) with 
concomitant formation of skarns. The aim of this paper 
is to review previous work on these rocks in the EPRC, 
emphasizing the main characteristics and distinctions 
between each magmatic event. 

 
2 Pampean skarns 
 
Pampean skarns are not well developed in EPRC. The 
only works published to date on skarns linked to the 
Pampean environment are those studied by O'Leary et 
al. (2000) and Espeche et al. (2019). For the Batholith of 
Sierra Norte-Ambargasta, O'Leary et al. (2000) 
described a skarn formed from a spessartitic 
lamprophyre and a quartz-calcite alteration zone in 
contact with the regional granodiorite. The skarn is 
constituted by garnet, pyroxene, amphibole, prehnite, 
epidote and calcite and does not host significant 
resources. Espeche et al. (2019) referred to a Fe-Cu ± 
Zn skarn in a marble quarry in Malagueño city formed at 
the lithological contacts of marbles, gabro-dioritic, 
tonalitic and alkali-feldspar dikes and amphibolites. 
These authors attribute two different hypotheses for the 
origin of the fluids: 1) linked to a non-outcrop post-
deformational cambrian intrusive and 2) derived from 
fluids related to migmatization (and/or granitization) of 
metasedimentary basement. The formation of metal-
bearing skarns would be circumscribed to those areas 
where protolithic lithologies present, although not 
necessarily in appreciable quantities, primary (syn-
sedimentary) mineralization. 
 
3 Famatinian skarns 
 
During the emplacement of the Famatinian intrusives, 
some bodies emplaced in rocks of contrasted 
composition (i.e., marble) in Pampa de Olaen generated 
centimeter bands of composite barren skarns mostly by 
calcium plagioclase, clinozoisite, garnet, epidote and 
titanite. Plagioclase is commonly observed as a 
pervasive replacement front towards the intrusive, 
instead of monomineralic bands over the lithological 
contact. Franchini et al. (1999 and references therein) 
described in San Marcos Sierra and La Falda, skarns 
formed from homogeneous marbles, gneisses and 
schist of Neoproterozoic basement. Skarns are in 
contact with tonalitic granite and granitic pegmatites, in 
the case of San Marcos Sierra and with granitic 
pegmatites with accessories such as beryl, garnet, 
apatite and limonite from pyrite in La Falda 

 
4 Achalian skarns 
 
The magmatic expressions that generated greater 
participation in the formation of skarns in EPRC, are 
those linked to the Achalian magmatism of the 
Devonian-Carboniferous age.  

The fluids exsolved through the cristalization of 
igneous rocks related to this magmatism, generated 
skarns with a mineralogy that clearly reflects the 
composition of the fluids and is distinctive of the rest of 
the skarns described above. They are not in contact (at 
the scale of outcrop) with the parental granitic mass, but 
it is inferred, from field observations, that the fluids have 
migrated through large structural discontinuities. These 
discontinuities may or may not be genetically linked to 
the location of the granitic masses. There is also 
evidence of skarns formed from exsolved fluids of 
pegmatitic bodies in discordant contact with the 
metamorphic basement as studied by Franchini et al. 
(1998a, b) in Copina and Cañada del Puerto (Vázquez 
1985).  

In those regions where the presence of carbonate 
rocks is abundant, such the Sierra Chica, the interaction 
of Achalian fluids with these lithologies of such 
contrasted composition generated large bodies of 
skarns with the formation of W deposits. There are also 
evidences of small bodies of scheelitic-epidote skarns 
formed in mafic rocks belonging to a shear belt of 
altered ultramafic rock at ∼ 10 km from the northeastern 
contact of the Achala Batholith. The scheelitic skarns 
linked to the Achalian magmatism are the deposits of 
Altautina (Ametrano 1999), Ambul (Hermann 2002), 
Zinqui (Lyons et al. 1997) and Pampa de Olaen (Jutorán 
1965; Valdez 1984, among others). All these deposits 
share similar characteristics: the associated gangue (or 
skarn s.s.) commonly forms perfectly developed crystals 
of sizes that exceed the edge decimeter in some of 
them (e.g., garnet, epidote, vesuvianite), reflecting a 
high fluid/rock ratio, conditioning extreme dissolution 
processes and scheelite is related with retrograde and 
filling associations. In Pampa de Olaen, elements such 
as Mn, Zn are abundant both in the prograde as well as 
in infilling and retrograde associations while elements 
such Bi, Cu, Sn are randomly manifested. Large 
amounts of F as filling fluorite and in carrier minerals 
such as garnets (Franchini and Lira 1998) and 
vesuvianite, is also a common characteristic. These 
particularities are similar to those deposits correlated 
with the global classification of W skarns deposits 
(Einaudi et al. 1981; Kwak and White 1982; Newberry 
and Swanson 1986; Kwak 1987; Meinert et al. 2005). In 
this classification, the geochemical characteristics of the 
igneous source responsible for the contribution of the 
acidic fluids carrying the mineralization and other metals 
fit with the magmatic signatures of the Achalian 
intrusives. 
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5 Considerations on the genesis of W 
deposits. 

 
Studies carried out on the geology and origin of the 
tungsten deposits sustain that the origin of the calc-
silicate rocks (skarns) mineralized with scheelite are 
linked to impure calcareous rocks associated with a 
platform pelitic sedimentary package that were 
metamorphized in the successive metamorphic peaks 
referred to in each region in particular.  

The origin of W was attributed to exhalative 
processes within an environment of tholeiitic volcanism 
(Brodtkorb 1991; Ametrano 1999; Gamba 1999; 
Hermann 2002; Brodtkorb et al. 2014) without 
evaluating its geochemical incompatibility. The main 
argument that supports this theory is the concordance of 
the calc-silicate lenses with the marbles and 
amphibolites of the basement and the absence of 
intrusive bodies (stocks or dikes) in contact with these 
rocks that allow for zonation or contact metasomatism. 
However, previous studies carried out (technical-mining 
reports) in some mining districts defined these scheelite-
bearing lithologies as "tactites", "pirometasomatic" rocks 
or "pneumatolitic contact" rocks, which now refer to 
skarns (Einaudi et al. 1981; Meinert et al. 2005). 

 
6 Discussion 
 
The lithological constitution of the basement of the 
EPRC, has favored the generation of exchange 
reactions by infiltration and the consequent formation 
skarns. Some skarns are spatially and genetically linked 
to intrusive pegmatitic and aplitic granitoids; others have 
been formed from fluids whose geochemistry allows 
linking them to exsolved phases of a magmatic source, 
although this does not implicitly arise in the contact of 
the skarn (e.g., Pampa de Olaen, Malagueño). Although 
the published antecedents are widespread, studies 
concerning the geochemistry and behavior of fluids 
forming skarns are insufficient and little mention has 
been made of the metal remobilizing potential in the 
metamorphic basement of the EPRC. 
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Abstract. In this study, we investigate a potential 
structural control on sulphide distribution in phyllite from 
the Kiruna area, northern Norrbotten, Sweden. We use 
X-ray tomography and X-ray fluorescence analyzed in 
tandem on a 40 cm section of oriented drill core. 
Scanning Electron Microscopy and Energy Dispersive 
Spectrometry are used in combination with optical 
microscopy to analyze mineralogy and microstructures. 
The results show that sulphides are distributed along S0 
bedding planes, re-distributed along S2 axial planar 
cleavage planes, and trapped by F2-hinge zones and 
shear bands visible as elevated sulphide concentrations. 
The results of this study underlines the strength of X-ray 
tomography to image 3D geological structures and their 
relation to mineral distributions.  
 
1 Introduction 
 
The Palaeoproterozoic Kiruna area is the host to a wide 
variety of metal deposits. In particular, Rhyacian-
Orosirian volcanic-sedimentary metasupracrustal belts 
constitute key exploration targets for iron oxide-apatite 
(IOA), iron oxide-Cu-Au (IOCG), epigenetic Cu-Au, and 
syn-exhalative base metal deposits. During tectonism, 
the total strain was partitioned into these 
metasupracrustal belts giving rise to crustal scale shear 
zones that parallel the belt axes and served as conduits 
for ore-forming fluids. Evidence of fluid-rock interaction 
is persevered in both regional and local scale and the 
mineralizations tend to be located in association to the 
crustal scale structures. 

Age constraints on deformation in northern 
Norrbotten are rare. However, the deformation in this 
region seems to correlate with known 
magmatic/metamorphic events at approx. 1.89 Ga and 
1.79 Ga (e.g. Bergman et al. 2001) and is considered 
polyphase (Wright 1988, Bergman et al. 2001, Bergman 
2018, Andersson 2019). The majority of results from 
geological mapping campaigns indicate an early NE-SW 
crustal shortening (D1), followed by later E-W directed 
compression (D2), which forms the basis of the present 
consistent regional understanding in the area.  

Recently, new advances in the understanding of the 
regional structural evolution of the Kiruna area has been 
made (Bergman 2018, Andersson 2019), and linked to 
the metallogeny of the region. The deformation is 
assigned to the inversion (D1-D2), refolding (D3), and 
further fracturing (D4) of an Orosirian volcanic-
sedimentary basin hosting the Kiruna IOA-deposits 
(Andersson 2019). The IOA- deposits are pre-tectonic in 
timing and associated to the extensional basin 

development. In contrast, iron- and copper sulphides are 
hosted by brittle D2 structures and linked to the 
compressive brittle-ductile basin inversion (Andersson 
2019). 

Despite the close association between sulphide 
mineralization and structures in northern Norrbotten, 
detailed accounts of the structure-sulphide relations are 
rare. Instead, structurally controlled sulphide 
occurrences and deposits are often described in general 
terms and studied in deposit- or camp-scale (e.g. 
Bergman et al. 2001, Bergman 2018, Andersson 2019). 
In this case study, the D2 control on sulphide distribution 
is further investigated in meso- to micro-scale in order to 
support the development of robust conceptual models of 
structural transport- and trapping mechanisms in Kiruna 
and the wider region. We image the relation between 
structures and sulphide in dm- to sub mm-scale at 200-
µm resolution using a new and innovative method, X-ray 
computed tomography (CT) and X-ray fluorescence 
(XRF) analyzed in tandem. This method brings new 
possibilities for fast and thorough imaging of 3D 
geological structures and their relations to mineral 
distributions combined with geochemical data. 

 
2 Local geology 

 
The numerous IOA-deposits and the well-preserved 
stratigraphic record characterizes the geology of the 
Kiruna area. The supracrustal pile is dipping and 
younging to the east (Fig. 1). It constitutes a basal 
horizon of poorly sorted conglomerates overlain by bi-
modal volcanic-volcanosedimentary rocks (basaltic-
rhyolitic) covered by volcanosedimentary and 
sedimentary rocks (Frietsch 1979, Martinsson 2004). 
The supracrustal pile is interbedded by breccia-
conglomeratic horizons occurring repetitively throughout 
the sequence (Frietsch 1979, Andersson 2019). The 
IOA-deposits are generally hosted by lithostructural 
boundaries separating compositionally different volcanic 
rocks. 

An approximately N-S aligned structural grain dipping 
steep to the east, is the most prominent component of 
the structural pattern in Kiruna. Geological contacts and 
metasedimentary rocks took up the total strain during 
reverse shearing with east-side-up kinematics (Wright 
1988, Andersson 2019). Competent volcanic units show 
little or no ductile deformation but show instead 
evidence of brittle structures developed coeval with the 
reverse shearing at the contacts and favorable rocks 
(Andersson 2019). 
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3 Method 
 
Geological mapping and drill core logging was 
conducted during 2017-2018. All structural 
measurements were collected using a Brunton Geo 
Pocket Transit and all data was digitized in field on a 
ruggedized iPad mini device using the Field Move 
application (Midland Valley Exploration Ltd). One 1173 
m oriented drill core (PG81619), intersecting the 
sedimentary upper part of the supracrustal pile was 
mapped and sampled. 

A 40 cm core sample with a diameter of 51 mm was 
analyzed by X-ray CT and XRF in tandem at the 
Orexplore AB facility in Kista, Sweden The above 
measurement modalities, together with simultaneous 
weighing of the sample, enables an assessment of the 
density variation of the sample, plausible mineralogical 

composition, and inferred values for non-measured 
elements – through stoichiometry and a model of the 
material using minerals as building blocks. 

The drill core was cut in appropriate angles to the 
structural elements. Polished thin sections (30 µm 
thickness) were prepared at Vancouver Petrographics 
(VanPetro). Microstructures and mineralogy were 
investigated using a conventional petrographic 
polarization microscope equipped with a digital camera 
(NIKON ECLIPSE E600 POL).  

The polished thin sections were coated with carbon 
prior to analysis with a Zeiss Merlin FEG-SEM-
EDS/WDS. Backscattered electron (BSE) imaging was 
used to find regions of interest. EDS point analysis was 
performed on the various grains in each section to verify 
mineralogy. For data acquisition and processing the 
AZtec software by Oxford Instruments was used. 

Figure 1 Geological map of the central Kiruna area showing the IOA deposits in black color. Modified after Andersson (2019), 
Coordinates in Sweref99. 
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4 Results 
 
The sericite-chlorite phyllite under investigation 
represents the uppermost horizon of a heterogeneous 
volcanic-volcanosedimentary-sedimentary formation that 
constitutes the hanging wall to the Per Geijer IOA 
deposits (Fig 1). The phyllite horizon is located at the 
contact to an overlying 1.5 km thick arenitic unit that was 
thrusted to the west during D2. The phyllite acted as a 
smear plane during reverse D2 shearing and faulting 
under brittle-ductile conditions generating faults and 
mylonite zones. A D3 event responsible for a gentle F3 
refolding of the area (Fig. 1) also affected the phyllite 

horizon producing a S3 crenulation cleavage oriented in 
high angles to S2. 

The sample used as a case example in this study is a 
whitish-green, partly mylonitized fine-grained rock. The 
compositional banding constitutes bedding S0 planes 
defined by sericite + quartz and chlorite. Quartz + calcite 
veins occur along the mylonitic S2 fabric. S0 is openly to 
tightly folded by antithetic F2 flanking folds (c.f. 
Passchier 2001) associated to minute S2 fracture planes 
and shear bands intersecting the compositional banding 
(Fig. 2 a, f, g, h). A later S3 crenulation cleavage in 
sericite or chlorite domains (Fig. 2 b) also affects S0. 
SEM and EDS analyses in mixed chlorite + sericite + 
quartz (Fig. 2 d) and sericite + quartz domains (Fig. 2 e) 

Figure 2 a) Close-up photograph of a flanking fold bounded by shear bands. b) Micrograph of brittle-ductile S2 offsetting compositional 
banding (S0) and its relation to S3 crenulation cleavage. c) Brittle-ductile offset of a chlorite band. d) BSE image of a mixed sericite-quartz-
chlorite domain. e) BSE image of a sericite-quartz domain. f) CT image showing pyrite distribution in relation to brittle S2 offsetting S0. g) 
CT image showing pyrite distribution in relation to the fold hinge in Fig. 2a. h) CT image showing the pyrite distribution in relation to a 
shear band. 
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confirms the mineralogy. 
Results suggest that pyrite distribution is mainly 

controlled by D2 structures. The CT-images reveal that 
pyrite occurs along S0 bedding planes (Fig. 2 f) and as 
remobilized pyrite in D2 structures. The D2 structures 
form structural traps in cm- scale and the largest pyrite 
accumulations occur in the hinge zones of the antithetic 
F2 flanking folds (Fig. 2 g) and S2 shear bands (Fig. 2 h). 
Remobilization of pyrite into minute axial plane parallel 
S2 offsetting S0 (Fig. 2 f) is also observed and is 
probably an important transport-type of structural 
element. 

The combined CT-response and XRF-analysis 
accords with the sericite + chlorite + quartz + pyrite 
mineralogy of the rock. 

 
5 Discussion 
 
In the competent volcanic rocks of the Kiruna IOA 
district, Fe- and Cu-sulphides are hosted by brittle D2 
structures. These structures have been interpreted as 
higher order structures developed in response to the 
brittle behavior of competent units in association to 
reverse ductile shearing at lithostructural contacts 
(Andersson 2019). The results in this particular study 
show that the sulphide distribution in rheologically weak 
units, such as phyllite, is concentrated in a wider 
spectrum of D2 structures. In the sericite-chlorite sample 
used as a case example in this study, pyrite is 
interpreted to have been transported along S0 and axial 
plane parallel S2 (Fig. 2 f) and concentrated in F2 hinge 
zones (Fig. 2 g) and D2 shear bands (Fig. 2 h). These 
structure-sulphide occurrences are similar to classic 
examples of structural traps for hydrocarbons (Dolson 
2016). However, detailed descriptions of structural traps 
for metal-bearing fluids are rare from the northern 
Norrbotten mining district, which is problematic for 
conceptual modelling of ore forming processes valid for 

the region. In this study, antithetic flanking folds 

controlled by fractures and shear bands are shown to be 
efficient structures to transport and trap metal bearing 
fluids in meso-scale. The observed structural elements 
and their ability to transport and trap metal bearing 
fluids, as interpreted in this study, is summarized in 
Figure 3. The CT-images (Fig. 2 f-h) confirms the 
development of F2 in Kiruna as a consequence of 
reverse shearing and faulting as was suggested by 
Andersson (2019). 

CT-imaging of geological materials is an appreciated 
geoscientific method for material analysis. Detailed 
insights into the development of structures in relation to 
mineralogical and textural features (Kaufhold et al. 
2016) proves the strength of the method for structural 
analysis. The results in this study confirm that detailed 
structural information can be obtained for materials with 
relatively low density-contrasts, exemplified by sericite-
chlorite in this study. The technique is superior to any 
standard 2D technique, such as thin section analysis, for 
the imaging of mineral distributions in relation to 
structural 3D geometries. The novel method used in the 
current study is also very useful by its detection of 
chemical elements and suggestion of plausible minerals. 
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Abstract. New zircon U-Pb SIMS and molybdenite Re-
Os N-TIMS geochronology results are presented for a 
mineralized Palaeoproterozoic granite and adjacent 
skarn zone in western Bergslagen, Sweden. The Mo- 
and F-mineralized Pingstaberg granite gave a zircon U-
Pb concordia age of 1805 ± 9 Ma (2σ, MSWD = 1.5, n = 
8). Disseminated molybdenite from the same granite 
yielded a largely identical Re-Os age of 1801 ± 10 Ma. 
Molybdenite from the adjacent Kalkåsen-Barnfallet 
skarn Fe ± Mo zone, which is part of the 
metasupracrustal sequence hosting the Pingstaberg 
granite, yielded a Re-Os age of c. 1923 ± 10 Ma. This 
older age predates syn-orogenic deformation and 
regional metamorphism (at c. 1.87 – 1.84 Ga), and 
potentially resolves a syn-volcanic Mo and possibly Fe 
mineralization event during pre-collisional Svecokarelian 
orogenesis. The new results add to growing evidence 
for at least two generations of Mo mineralization in 
western Bergslagen that mark successive orogenic 
evolutionary stages and which, based on their differing 
metal associations, may have exploration significance. 
 
1 Introduction  
 
The Bergslagen region of central Sweden is a classic 
mining district with a long history of metallic resource 
exploitation. The district is best known for its Fe and 
polymetallic base metal deposits, and presently has 
three active Zn-Pb ± Ag ± Cu ± Au mines. From a 
metallogenic perspective, different mineral deposit 
types in Bergslagen display first-order associations with 
different stages of Palaeoproterozoic orogenesis and 
related tectonothermalism. For example, syn-volcanic 
Zn-Pb ± Ag ± Cu ± Au deposits (e.g. Garpenberg) are 
thought to have formed in local suprasubduction 
caldera basins at c. 1.90 – 1.89 Ga (Jansson and Allen 
2011). In contrast, skarn W-F ± Mo ± Cu deposits (e.g. 
Wigström, Yxsjöberg) formed during late-collisional 
(post-subduction?) granite emplacement at c. 1.80 – 
1.75 Ga (e.g. Romer and Öhlander 1994). Recent 
molybdenite Re-Os dating of “Bastnäs-type” skarn Fe-
REE-(Cu-Mo-Bi-Au-Be) deposits in western Bergslagen 
records episodic mineralization at c.1.90, 1.86 and 1.84 
Ga, and supports genetic links with early syn-

subduction felsic magmatism, and apparently later 
REE-(Mo)-bearing hydrothermal fluids driven by 
waning, syn-orogenic plutonism (Holtstam et al. 2014). 
Further efforts to constrain the character and age of 
Bergslagen mineral deposits may thus help elucidate 
broader tectonothermal controls on ore formation, 
especially for closely juxtaposed systems with differing 
metal associations and/or mineralization styles. 
 

 
Figure 1. Summary geology of the Bergslagen region, central 
Sweden (B, inset map). The study area is also shown (see Fig. 2). 
 

We report new zircon U-Pb and molybdenite Re-Os 
geochronology results from the Mo- and F-mineralized 
Pingstaberg granite in western Bergslagen that typifies 
“late Svecofennian” granites linked to W-F ± Mo ± Cu 
mineralization. A new molybdenite Re-Os age for the 
Mo-bearing Kalkåsen-Barnfallet skarn Fe ± Mo zone 
immediately adjacent to the Pingstaberg granite is also 
given. Our results more precisely constrain the age of 
the Pingstaberg granite (and its contained Mo-F 
mineralization) and tentatively resolve an older, c. 1.92 
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Ga, phase of Mo (+ Fe?) mineralization with a potentially 
pre-collisional, syn-subduction origin. 
2 Geological setting 
 
2.1 Regional geology  
 
The Bergslagen region comprises c. 1.91 – 1.75 Ga 
igneous and sedimentary rocks that were episodically 
deposited, emplaced, deformed and metamorphosed 
during the Svecokarelian orogenic cycle (Fig. 1; 
Stephens et al. 2009). Early-stage (c. 1.91 – 1.88 Ga), 
syn-subduction magmatism produced bimodal mafic and 
felsic volcanic and gabbroic to granitic plutonic rocks, 
and subordinate sedimentary deposits, within a juvenile, 
continental arc-type setting (Allen et al. 1996; 
Andersson et al. 2006). Subsequent syn-accretionary-
collisional events (c. 1.87 – 1.84 Ga) promoted 
polyphase deformation, regional metamorphism and 
minor felsic magmatism. A late collisional stage (c. 1.81 
– 1.75 Ga) produced a suite of granite-pegmatite 
intrusions that are locally associated with intragranitic- 
and exoskarn-style W-F ± Mo ± Cu mineralization (e.g. 
Ohlsson 1979). 
 

 
Figure 2. a. Geological setting of the Pingstaberg granite, western 
Bergslagen. Other named localities are mentioned in the text. b. 
Local geology of the Pingstaberg granite and adjacent Kalkåsen 
skarn zone (modified after Ripa 1998). 
 

2.2 Geology of the Pingstaberg granite and 
adjacent Kalkåsen-Barnfallet Fe ± Mo skarn 

 
The Pingstaberg granite is a small (c. 0.7 x 1.5 km), 
ovoid stock intruding polydeformed, c. 1.9 Ga 
metasupracrustal rocks near Grängesberg in western 
Bergslagen (Figs. 1 & 2A). The stock comprises grey to 
pale pink, fine- to medium-grained, weakly deformed to 
massive, equigranular biotite granite (Fig. 3A). Locally, 
pegmatite and quartz-feldspar segregations also occur 
(Fig. 3B). Fine- to medium-grained (c. 0.5 – 3 mm) 
molybdenite occurs as irregular disseminations in the 
granite (c. 1 – 3 vol. %), and forms 2 – 15 mm rosettes 
in biotite-poor, alkali feldspar ± quartz clots and veins 
(Fig. 3A-B). Minor fluorite is also disseminated in the 
granite and associated with pegmatitic clots. 
Geochemically, the Pingstaberg granite is a high-silica, 
peraluminous, alkali-calcic intrusion with elevated Rb, Y, 
Nb, U and F concentrations (Billström et al. 1988). 
 

 
Figure 3. a. Disseminated molybdenite (circled) in biotite granite, 
Pingstaberg. b. Molybdenite rosette (circled) in feldspar-quartz 
segregation, Pingstaberg. c. Stringer molybdenite (arrow) on an 
exposed fracture surface, Kalkåsen-Barnfallet skarn. d. 
Molybdenite impregnations (arrow) associated with garnet (gt), 
amphibole (amph) and epidote (ept), Kalkåsen-Barnfallet skarn. 
 

The Kalkåsen-Barnfallet Fe ± Mo skarn is a c. 100 x 
500 m, NE-trending alteration zone within 
metasupracrustal rocks at the SW contact of the 
Pingstaberg granite (Fig. 2B). Mineralization comprises 
irregular, discontinuous lenses of magnetite associated 
with marble and semi-massive to brecciated garnet-
amphibole-epidote ± quartz alteration. Locally, fine-to 
medium-grained (0.5 – 3 mm) molybdenite occurs as 
flaky, stringer-like impregnations on fracture surfaces, 
and in quartz-amphibole-garnet skarn and breccia (Fig. 
3C-D). Disseminated scheelite has also been noted in 
the area, while aplite-pegmatite and amphibolite 
veins/dykes crosscut the skarn zone. 
 
3 Study methods 
 
Mapping and sampling in the Pingstaberg area was 
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conducted during 2016 and 2017 for about three weeks 
in total. Zircon U-Pb SIMS geochronology was 
performed at the Nordsim laboratory, Swedish Museum 
of Natural History, Stockholm, and followed the 
procedure detailed in Whitehouse et al. (1999). Analysis 
of epoxy-mounted zircons was made using a c. 10 µm-
diameter O2- primary ion beam, and care was taken to 
avoid visible pits, cracks and inclusions when placing 
the analytical spots. In total, 68 spots on 45 zircons 
were analysed, including 26 core-rim pairs. 

Following mineral separation at the Geological 
Survey of Sweden, molybdenite Re-Os N-TIMS 
geochronology was conducted at the Department of 
Earth Sciences, University of Durham, using the 
analytical procedure described in Selby and Creaser 
(2001). Molybdenite Re-Os ages are given at the 2σ 
(95%) uncertainty level and incorporate cumulative 
errors associated with the analytical procedures and 
187Re decay constant. 
 
4 Results 
 
4.1 Zircon U-Pb SIMS geochronology 
 
Zircon U-Pb SIMS geochronology results are 
summarised in figure 4 and a table of the analytical data 
is available from the lead author. Zircons from the dated 
granite sample comprised subhedral to euhedral, 
commonly prismatic to rare stubby crystals (c. 20 – 125 
µm in longest dimension). Pre-analysis transmitted light, 
secondary electron and cathodoluminescence (CL) 
imaging revealed metamict discolourations, internal 
fractures and inclusions that are typical for U-rich 
zircons in c. 1.8 Ga Bergslagen granites. CL imaging 
also showed oscillatory growth zoning and core-rim 
domain relationships in most grains, consistent with 
magmatic crystallisation (cf. Corfu et al. 2003). 

 
Figure 4. Tera-Wasserburg plot showing U-Pb isotopic data (Pbc 
corrected) for Pingstaberg granite zircons. Inset plot represents a 
concordant subset (p > 0.05, n = 8) giving a concordia age of 1805 
± 9 Ma. Plots made using Isoplot 4.15 (Ludwig 2012). 
 

Most of the data are discordant in T-W concordia 
space and define a quasilinear discordia array with a 

lower intercept at c. 400 Ma (Fig. 4). This trend and the 
metamict character of the zircons suggests discordance 
controlled by partial radiogenic Pb loss (cf. Schoene 
2014). A single core domain (green arrow, Fig. 4) 
yielded a concordant apparent 207Pb/206Pb date of 1887 
± 4 Ma, suggesting inheritance of c. 1.89 Ga source 
material. Two analyses are negatively discordant 
although remain on the discordia trend (red arrow, Fig. 
4), which may reflect preferential U loss or an older 
radiogenic Pb component. A subset of eight concordant 
analyses (inset, Fig. 4) yielded a condordia age of 1805 
± 9 Ma (2σ, 0.50%; MSWD = 1.5), which we interpret as 
a best estimate for the age of the granite. 
 
4.2 Molybdenite Re-Os N-TIMS geochronology 
 
Disseminated (interstitial), medium-grained (c. 1 – 4 
mm) molybdenite from the southwest margin of the 
Pingstaberg granite (sample ELH170002A; Figs. 2B & 
3A) has a Re concentration of 2.3 ± 0.01 ppm and gave 
a Re-Os age of 1801 ± 10 Ma (2σ, 0.53%). This date is 
geologically identical to the new zircon U-Pb age given 
above (Section 4.1) and supports an emplacement age 
of c. 1805 Ma for the granite. 

Disseminated, fine- to medium-grained (c. 0.3 – 3 
mm) molybdenite associated with amphibole-garnet ± 
quartz from the Kalkåsen-Barnfallet skarn (sample 
CMR160009A; Figs. 2B & 3D) has a Re concentration of 
7.1 ± 0.02 ppm and yielded a Re-Os age of 1923.1 ± 
10.0 Ma (2σ, 0.52%), which is significantly older than 
the adjacent granite-hosted molybdenite. The new Re-
Os dates thus indicate two temporally and geologically 
distinct Mo mineralization events in this part of 
Bergslagen (discussed further below). 
 
5 Discussion 
 
5.1 An accurate and precise ‘older’ age for the 

Pingstaberg granite 
 
An igneous age of 1781 ± 46 Ma was previously 
determined for the Pingstaberg granite using zircon U-
Pb TIMS geochronology (Billström et al. 1988). This 
date, although imprecise (± 2.58% at the 2σ-level), 
provided evidence linking granite emplacement and 
related Mo mineralization at Pingstaberg to regional, 
late-collisional tectonothermal events, and refuted 
earlier suggestions of an older (c. 1.9 Ga) origin for Mo-
F-(W) systems in western Bergslagen based on field 
and mineralogical relationships (e.g. Hellingwerf and 
Baker 1985). 

The new zircon U-Pb SIMS age reported here (1805 
± 9 Ma) is older than the previous c. 1781 Ma TIMS date 
and more precisely constrains the emplacement age of 
the Pingstaberg granite. When combined with the new 
Re-Os age for intragranitic molybdenite at Pingstaberg 
(1801 ± 10 Ma), a genetic link between c. 1.80 Ga 
granitic intrusions and proximal Mo-F-(W) mineralization 
in western Bergslagen is affirmed. The similarity of both 
ages, acquired using independent isotopic 
chronometers, also indicates these dates are likely 
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accurate. Consequently, other metalliferous granites in 
Bergslagen with zircon U-Pb ‘discordia’ ages in the c. 
1.78 – 1.75 Ga range may be c. 20 – 30 million years 
older than presently thought (cf. Woodward et al. 2009). 
Our geochronology results also highlight the utility of the 
molybdenite Re-Os chronometer as an alternative to 
zircon U-Pb dating for high-silica, alkali granites 
containing both disseminated molybdenite and metamict 
zircons. 
 
5.2 Potential c. 1.92 Ga mineralization at the 

Kalkåsen-Barnfallet Fe-(Mo) skarn? 
 
The Re-Os age of 1923 ± 10 Ma for skarn-hosted 
molybdenite at Kalkåsen-Barnfallet (Fig. 2B) tentatively 
identifies the oldest known Mo mineralization event in 
Bergslagen (assuming no disturbance of the 
molybdenite Re-Os systematics). The sampled 
molybdenite forms disseminated impregnations in a 
garnet-amphibole-epidote matrix (Fig. 3D) and lacks 
obvious grain-scale alteration features, although locally 
(at the outcrop-scale) it has a ‘smeared out’ or 
‘entrained’ appearance suggestive of remobilisation 
(Fig. 3C). The determined age, although unexpected 
considering the skarn’s proximity to a c. 1.80 Ga 
molybdenite-bearing granite (Fig. 2B), may reflect early, 
‘proto-Svecokarelian’ magmatic-hydrothermal events 
linked to arc magmatism and metasomatic Fe 
mineralization (cf. Jansson and Allen 2013). 

The new c. 1923 Ma Re-Os date overlaps with a 
weighted average molybdenite Re-Os age of 1904 ± 14 
Ma (n = 2; 2σ with full error) for Fe-REE-(Mo) 
mineralization c. 50 km southeast in the Nora-
Riddarhyttan area (Fig. 1; Holstam et al. 2014), and 
three zircon U-Pb LA-ICP-MS ages ranging from c. 1916 
– 1910 Ma for felsic metavolcanic rocks hosting the 
same mineralization (Linders 2016). Thus, a Mo ± Fe 
mineralization event linked to pre-accretionary-
collisional magmatic-hydrothermal events at c. 1.92 – 
1.91 Ga may be geologically plausible at Kalkåsen, 
although plutonic rocks in this age range from western 
Bergslagen are presently unknown. Tectonothermal 
events at that time are further supported by c. 1.94 – 
1.91 Ga age signatures in detrital and inherited zircons 
from across the region (e.g. Andersson et al. 2006). 
 
6 Conclusions 
 
New U-Pb and Re-Os dating of the Pingstaberg granite, 
an archetypal Mo-F-mineralized granitic stock in 
western Bergslagen, provide a more accurate and 
precise timing for its emplacement at c. 1805 – 1801 
Ma, and affirms a link with late-orogenic felsic 
magmatism associated with W-F-Mo ± Cu. A single c. 
1923 Ma molybdenite Re-Os age from the adjacent 
Kalkåsen-Barnfallet Fe-(Mo) skarn tentatively identifies 
an older (pre-accretionary) Mo ± Fe mineralization event 
in the area. Combined, the geochronology results 
suggest closely juxtaposed Mo mineralization in differing 
settings (skarn vs intragranitic) may represent different 
tectonothermal events during Svecokarelian orogenesis. 

Recognition of these temporally distinct generations and 
metal associations (Fe ± Mo vs W-F-Mo ± Cu) may 
have exploration significance in this part of the 
Fennoscandian Shield. 
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Abstract. The Reichenspitze and the Alpeinerscharte 
molybdenum mineralizations are hosted by Variscan 
metagranites in the Tux nappe of the western Tauern 
Window, Austria. The Alpeinerscharte mineralization 
yielded a Re-Os molybdenite age of 306.8 ± 3.1 Ma. 
Molybdenite is restricted to biotite- and garnet-bearing 
quartz veins, which are interpreted as metamorphosed 
argillic alteration selvages in a granite. The 
Reichenspitze mineralization is hosted by calc-alkaline 
aplitic A-type metagranites and occurs disseminated 
and in quartz veins with muscovite and sulfides. The 
aplitic granite yielded a Rb/Sr age of 292±6 Ma. The 
mineralization is structurally controlled by intrusion 
contacts and faults. Associated are sulfides (pyrite and 
chalcopyrite), a conspicuous Pb-Ag-Bi-Te sulfide and 
sulfosalt assemblage and a HFSE assemblage 
comprising apatite, thorite, zircon, and allanite. The 
mineralization likely represents a metamorphosed and 
hence remobilized low-grade low fluorine calc-alkaline 
molybdenum porphyry system developed within post-
orogenic to anorogenic Variscan intrusions around 300 
Ma. 
 
1 Introduction 

 
The Tauern Window, Austria, hosts a variety of 
mineralizations, the most important comprising gold, 
tungsten (scheelite), base metals (Cu, Zn) and 
molybdenum. Twenty-three molybdenum occurrences 
are known (Meixner 1952), the largest represented by 
the Alpeinerscharte deposit where exploration was 
conducted during World War II (Anonymous 1943; 
Melcher et al. 1996). 
 
2 Geological overview 
 
The crystalline units of the western Tauern Window 
include the Zillertal-Riffl system, the Ahorn nappe, and 
the Tux-Granatspitz nappe. The latter hosts the 
molybdenum mineralization dealt with in this paper. All 
units are part of the Subpenninic nappe system, i.e. they 
formed the distal European margin of the Penninic 
ocean in which they were overlain by Mesozoic cover 
series (Schmid et al. 2013). The Tux-Granatspitz nappe 
mainly comprises the Tauern Batholith, which intruded 
during the Variscan orogeny within four magmatic 
pulses at ≥370 Ma, 340 Ma, 300-280 Ma and <280 Ma 
(Eichhorn et al. 2000; Veselá et al. 2011). Those ages 
mark the stages of the Variscan orogeny starting with an 
active margin and ending with orogenic collapse 
(Eichhorn et al. 2000). Around 215 Ma, increased heat 
flow possibly related to the break-up of Pangea led to a 

first hydrothermal overprint (Finger et al. 2017). In the 
Cenozoic, the units were affected by an eclogite event 
(Paleocene), a blueschist event (Eocene), and an 
amphibolite facies regional metamorphism due to the 
closure of the Penninic ocean (Christensen et al. 1994; 
Schmid et al. 2004; Schmid et al. 2013; Finger et al. 
2017) often referred to as Tauernkristallisation. Due to 
extension related to the lateral extrusion of the 
tectonically higher units and the exhumation of the 
crystalline units (Ratschbacher et al. 1991), NNE-SSW 
oriented “alpine joints” hosting the famous Tauerngold 
and other mineralizations opened. 
 

 
Figure 1. Tectonic overview of the W part of the Tauern Window. 
The Reichenspitz and Alpeinerscharte deposits are marked by blue 
and yellow triangles, respectively. (a) = Tux-Granatspitz nappe; (b) 
= Ahorn nappe; (c) = Zillertal-Riffl system; green colours = 
Penninic nappes; blue colours = Subpenninic nappes; those units 
comprise the Tauern Window. Modified from Schmid et al. (2013).  

 
The metallogeny of the Tauern window is as 

complex as its history. It starts in the Cambrian with 
polymetallic VHMS deposits in ophiolites. A major 
metallogenetic event was the Variscan orogenesis 
forming metamorphogenic and magmatogenic deposits 
including the Alpeinerscharte Mo (Mostler et al. 1982; 
Melcher et al. 1996; Langthaler et al. 2004) and the 
Felbertal scheelite deposits (Kozlik et al. 2016; Höll and 
Eichhorn 1998) as most important examples. The 
molybdenite occurrences are summarized as the 
“Molybdenum ore district Central Gneiss Supersuite” in 
the online application IRIS (Weber et al. 2018). 
Numerous small cupriferous pyrite mineralizations 
(“Kieslager”) formed in the Penninic ocean during the 
Jurassic. The Alpine orogenesis led to overprint and 
remobilization of many deposits (e.g. U-Cu 
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mineralizations), due to extensional stress related to the 
lateral extrusion of the eastern Alps and the unroofing of 
the Tauern Window. “Alpine” sulfide-rich quartz-gold 
veins formed during the Miocene (Tauern gold). 

 
3 Reichenspitze area 
 
The occurrence of molybdenite in the Reichenspitze 
area is known since the 1960s (Karl 1964; Schmidegg 
1964), but only attracted the interest of mineral 
collectors (Walter et al. 2016; Burgsteiner 2017) due to 
its remote location in a high alpine terrain. Since 2012, 
exploration fieldwork was conducted by geologists of the 
Montanuniversität Leoben supported by the 
Schurfgemeinschaft Zinkwand resulting in a master 
thesis (Steiner 2018). The area is located in the Tux 
core (blue triangle in Fig. 1) SW of Krimml directly at the 
border of the provinces of Salzburg and Tyrol. The 
mineralization is hosted by calc-alkaline aplitic A-type 
granites (Haunschmid et al. 1991; Schermaier 1993), 
which intruded at 292±6 Ma (Rb/Sr dating by Besang et 
al. 1968; recalculated by Finger et al. 1993) into slightly 
older Variscan  I-type plutons now present as gneisses 
(Eichhorn et al. 2000) showing S-type affinity due to 
crustal contamination (Finger et al. 1993). The aplites 
range from 73-77% SiO2, and the gneisses from 70-
73%, respectively. Both are low in CaO (Fig. 6), and the 
aplites yield higher K2O contents 4-6%) than the 
gneisses (3-4%). The former yield a negative Eu 
anomaly (chondrite normalized) and are enriched in 
HFSE. Both lithologies show a pervasive plagioclase 
saussuritisation following the metamorphic gradient of 
the Tauernkristallisation (Steiner 2018). 
 

 
Figure 2. Molybdenite mineralization; a: molybdenite in a quartz 
vein, reflected light; b: same view in transmitted light and X N; note 
the large muscovites at the rim of the vein; c: typical field 
appearance of molybdenite as flakes (circled in red) in the aplitic 
granite, often near the intrusive contacts; d: well-developed quartz-
molybdenite-sulfide vein.  

 
Molybdenite appears as two types in the field: (1) 
disseminated in the aplitic granite (Fig. 2c), often near 
the intrusion contact to the granitic gneiss; (2) in sulfide-
bearing quartz veins (Fig. 2d), often in the gneisses and 
only sometimes in the aplitic granite. The latter type 
appears at higher topographic elevations than the 

disseminated type. Both types are controlled by faults 
and intrusion contacts (Fig. 4) and can be traced along 
the general NE-SW oriented strike in an area measuring 
20 km2. They occur in several corridors or zones 
associated with stocks of the aplitic granite. Under the 
microscope, molybdenite is often located in small 
(disseminated type) or larger quartz veins (Fig. 2a, b) 
with muscovite and rare sulfides (mainly pyrite and 
chalcopyrite). A conspicuous mineralization containing 
Bi sulfides (bismuthinite), native bismuth, Pb-Bi-Ag 
sulfosalts (cosalite, lillianite, pavonite and others) and Bi 
tellurides is associated with molybdenite in samples 
carrying base metal sulfides. Molybdenite is very low in 
Re (<10 ppm in molybdenite concentrates), but regularly 
shows blebs of native Bi or Bi tellurides in the 1-10 µm 
range. 

 

 
Figure 3. SEM images; a: Typical HFSE assemblage comprising 
apatite (Ap), thorite (Thr), zircon (Zrn), and allanite (Aln) in quartz 
(Qz); b: molybdenite (Mol), chalcopyrite (Ccp), and pyrite (Py). 

 
The ore paragenesis comprises assemblages of 

molybdenite, pyrite, and chalcopyrite (Fig. 3b), with 
molybdenite being by far the most abundant, and often 
appearing without the latter two minerals. The aplitic and 
granitic gneisses carry abundant assemblages of zircon, 
U-Th-phases, apatite, and allanite (i.e. REE-bearing 
minerals, Fig. 3a) in the vicinity of the molybdenite 
mineralization. There seems to be a weak correlation of 
molybdenite and the abundance of rusty stains 
(“Branden”, Fig. 4) caused by weathered sulfides.  

 

 
Figure 4. The aplitic granite (rusty stained appearance) intruded as 
subvertical dykes and stocks of variable thickness ranging from 
few meters to 500m with sharp intrusion contacts. 
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The Mo mineralization likely formed during the 
pneumatolytic stage of the intrusion of the aplitic 
granites as a low-grade low fluorine calc-alkaline 
molybdenum porphyry system and was remobilized 
during the Neoalpine event, forming a variety of 
alteration minerals. These include powellite (Ca(MoO4)), 
wulfenite (PbMoO4), betpakdalite-CaCa 
([Ca2(H2O)17Ca(H2O)6] [Mo6+8As5+2Fe3+3O36(OH)]), 
ichnusaite (Th(MoO4)2·3H2O), nuragheite 
(Th(MoO4)2·H2O), sardignaite (BiMo2O7(OH)·2H2O), 
suseinargiuite ((Na0.5Bi0.5)(MoO4)), and ferrimolybdite 
(Fe3+2(Mo6+O4)3·7H2O). Metamorphic conditions during 
the remobilization reached at least upper greenschist 
facies. Comparable mineralizations have been 
described from Su Seinargiu, Sardinia (with a very 
similar alteration assemblage, i.e. Orlandi et al. 2015), 
and Endako, BC (Selby et al. 2000). 

 
4 Alpeinerscharte deposit 

 
The Alpeinerscharte Mo deposit is located 35 km W of 
the Reichenspitze area in the Tux core (yellow triangle 
in Fig. 1). Molybdenite is restricted to quartz veins (Fig. 
5) in calc-alkaline I-type granites (Melcher et al. 1996; 
Langthaler et al. 2004). The molybdenite is intergrown 
with coarse garnet and biotite at vein selvages (Fig. 5; 
Melcher et al. 1996). Re-Os dating of molybdenite 
yielded 306.8 ± 3.1 Ma, and U-Pb zircon dating of the 
host granites yielded 305.0 ± 6.6 Ma and 306.8 ± 3.8 
Ma, respectively (Langthaler et al. 2004).  

The subvertical E-W trending quartz veins are 
concentrated at the ridge between Fußstein and 
Alpeiner Scharte and reach a maximum thickness of 25 
cm, although being normally in the mm – cm range 
(Melcher et al. 1996). The deposit is interpreted as a 
late-magmatic, pneumatolytic mineralization formed in a 
late stage of granite intrusion (Melcher et al. 1996). The 
original argillic alteration was metamorphosed during the 
Alpine metamorphic event forming the biotite-garnet 
vein selvages (Melcher et al. 1996). 

 
5 Comparison and metallogenetic model 
 
Geochemical analysis of metagranites indicates that the 
Alpeinerscharte I-type granites follow the same 
differentiation trend as the granites in the Reichenspitze 
area (Fig. 6). However, the Reichenspitze A-type 
granites are more differentiated, whereas the 
Alpeinerscharte I-type granites are similar to the I-type 
granites in the Reichenspitze area.  

The mineralizations are also remarkably similar in 
mineralogy and texture (Table 1); however, those at the 
Reichenspitze lack prominent alteration zones around 
veins, indicating higher temperatures of formation. It is 
likely, that they represent different levels of porphyry-
type late-Variscan intrusions: the Reichenspitze 
represents a deeper level with mineralization related to 
the highly differentiated aplitic facies, whereas the 
molybdenite-quartz veins in the Alpeinerscharte area 
represent a higher level with stockwork-type ore 
intruded into less fractionated I-type granites. Although 

direct radiometric dating of molybdenite in the 
Reichenspitze area is outstanding, both mineralizations 
are related to post-orogenic to anorogenic Variscan 
intrusions (Finger et al. 1997; Eichhorn et al. 2000) 
caused by wrenching of the Variscan orogen at around 
300 Ma (Finger et al. 1997; Eichhorn et al. 2000). 

 

 
Figure 5. Schematic drawing of the quartz veins at the Alpeiner 
Scharte. Bio = biotite, Ga = garnet. From Melcher et al. (1996). 

 
 
Table 1. Comparison of the Mo mineralization at the Reichenspitze 
and the Alpeinerscharte. If not cited, the data originate from Steiner 
(2018) (Reichenspitze) and Melcher et al. (1996). 

 Reichenspitze Alpeinerscharte 
Age 292±6 Ma 

(Besang et al. 
1968; Finger et 
al. 1993) 

306.8 ± 3.1 Ma 
(Langthaler et al. 
2004) 

Mineralization Disseminated 
and in quartz-
muscovite veins 

Quartz-biotite-
garnet veins 

Paragenesis Molybdenite, 
pyrite, pyrrhotite, 
chalcopyrite, Pb-
Bi-Ag-Te phases, 
U-Th-REE 
phases 

Molybdenite, rare 
pyrite, pyrrhotite, 
chalcopyrite, 
galena 

Enriched 
elements in 
mineralized 
zones 

Mo, Cu, Y, Ce, 
Rb, Th, U 

Mo, Cu, Cr, Nd, 
MgO, MnO, 
Fe2O3, Zn, Sc, 
Ce, Co, Cs, W, 
Th 

Depleted 
elements 

Ba, Sr, and Li Pb, Sr, Ba, and 
Na2O 

Source Calc-alkaline 
aplitic A-type 
granite 

Calc-alkaline I-
type granites with 
S-type affinity  
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Figure 6. Harker diagrams of the samples from the Reichenspitze 
(Steiner 2018) and the Alpeinerscharte (Melcher et al. 1996) areas. 
Black triangle = Alpeinerscharte granitoids, black cross = 
Reichenspitze I-type granite, red cross = Reichenspitze A-type 
granite. 
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Abstract. The acid phases of the Bushveld Complex, 
comprising the Lebowa Granite Suite, the (upper) 
Rooiberg Group volcanics and sub-volcanic and/or 
anatectic granophyres (the Rashoop Suite), remain 
enigmatic in terms of their petrogenesis, relationship to 
the mafic Rustenburg Layered Suite, and metallogeny. 
This paper presents initial results of a study aimed at 
improving our understanding of the timing and 
emplacement histories of the acid phases, the source of 
the magmas, and the formation of a widespread suite of 
polymetallic, magmato-hydrothermal, mineral deposits 
that occur in both exo- and endogranitic environments, 
and formed over a time-span that far out-lives the 
emplacement history of the magmatic phases 
themselves.   
 
1 Introduction 
 
Despite decades of research the petrogenetic 
interrelationships that link the various major pulses of 
magma emplacement of the Bushveld Complex remain 
unclear. The principal components of the Complex 
(Figure 1), namely the Rustenburg Layered Suite (RLS), 
the Lebowa Granite Suite (LGS),  the Rooiberg Group 
(RG) and sub-volcanic and/or anatectic granophyres 
(Rashoop Suite - RS), were all emplaced over a brief 
interval of time (between circa 2060 and 2054 Ma). 
Whereas the RLS has been extensively studied, the 
various acid phases of the magmatic province remain 
enigmatic. The timing and petrogenesis of the acid 
magmas are poorly understood and a unifying model for 
the genesis of their Sn-W-Cu 
-Zn-Pb-Mo-Ag-Au-U-F metallogenic footprint does not 
exist.  
 
2 Petrogenesis 
 
A compilation of major and trace element geochemistry 
for the acid phases sheds light on the petrogenesis of a 
variety of both intrusive and extrusive rocks that broadly 
conform to an A-type classification:- 
• RG – the predominantly basalt-andesite Dullstroom 

Formation, the lower portion of which occurs 
beneath the RLS (Fig. 1), comprises two distinct 
magma compositions with markedly contrasting Fe, 
Ti and P contents. 

 
Figure 1. Schematic section showing conventional ideas relating 
the various magmatic phases of the Bushveld Complex. 
 
• RG – rock compositions of the upper, dacitic-to-

rhyolitic, Damwal, Kwaggasnek and Schrikkloof 
Formations (Fig. 1) typically define a single liquid-
line-of-descent, which is distinct from those defining 
the underlying Dullstroom Formation. A hiatus may 
exist between the emplacement of these two 
magma pulses, perhaps similar to that which exists 
between RLS and LGS emplacement. 

• RS - the majority of granophyres have compositions 
that coincide with the range of dacite-rhyolite 
compositions evident in the upper RG. Some 
‘pseudogranophyres’, however, have compositions 
more akin to the basaltic andesites of the lower 
Dullstroom Formation. 

• LGS – parts of the Nebo granite have compositions 
similar to rhyolites of the Kwaggasnek and 
Schrikkloof Formations, but the Nebo granite also 
exhibits more fractionated compositions with higher 
incompatible element concentrations. 

• LGS – the Bobbejaankop granite is consistently 
more fractionated than the Nebo granite and 
typically is emplaced in the apical portions of the 
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latter. 
• LGS - the Klipkloof phase is represented by a dyke-

like set of intrusions that are also more differentiated 
than the Nebo granite and possibly represent the 
filter-pressed mesostasis after feldspar-dominated 
fractionation of the latter. 

• LGS - the Lease granite is typically the most 
fractionated part of the RLS and possibly represents 
a late-stage aplo-pegmatitic phase that often 
exhibits evidence of fluid saturation and 
mineralization. In most cases it does not represent 
the quenched apical portion of a parental Nebo or 
Bobbejaankop magma chamber. 

 

 
Figure 2. Diagram illustrating the relationships between the 
intrusive acid components of the Bushveld Complex (age data from 
the sources appended). 
 

The Nebo granite represents the mainphase of the 
LGS, although it too has been intruded as several sheet-
like plutons (Verena, Moloto, etc) whose relative ages 
are uncertain. More differentiated phases such as the 
Bobbejaankop and Lease granites are likewise undated, 
but intrude the Nebo granite (Fig. 2). These granites 
collectively are vertically differentiated – sidewall 
boundary layer differentiation has concentrated 
incompatible elements towards the centre of individual 
intrusive phases, and their roof facies tend towards fluid 
saturation and mineralization. 

A key, but hitherto relatively little studied, unit in the 
Bushveld province is the extrusive Rooiberg Group. 
Represented by compositional and volcanological 
bimodality, it is amongst the largest siliceous extrusive 
suites in the World and may have formed over a time 
range spanning both the RLS and LGS. 
 
3 Metallogeny 
 
Mineralization in the Lebowa Granite Suite of the 
Bushveld Complex is characterised by numerous 
polymetallic, magmatic-hydrothermal ore deposits 
represented by a three-stage paragenetic sequence: 
early magmatic Sn-W-Mo-F ores (600°C>T> 400°C), 

followed by a Cu-Pb-Zn-As-Ag-Au paragenesis 
(400°C>T>200°C) and then late-stage Fe-F-U 
mineralisation (<200°C).  

The first stage of mineralisation (typified by the 
endogranitic Zaaiplaats tin deposit) is related to 
incompatible trace element concentration during crystal 
fractionation and subsequent fluid saturation of the 
magma. Evolution of the magmatic fluids, and 
progressive mingling with externally derived connate 
fluids, resulted in the deposition of the second stage of 
mineralisation, often within the same structures as the 
earlier stages of metal deposition.  

The second stage is typified by the fracture-related, 
endogranitic Spoedwel and Albert deposits as well as 
the exogranitic, sediment-hosted Rooiberg deposits and 
is dominated by polymetallic sulphide ores. As the more 
oxidized, externally derived, fluid component became 
progressively more dominant, precipitation of hematite, 
pitchblende and fluorite occurred, again generally along 
the same fracture systems hosting the earlier sulphide 
paragenesis.  

Small hydrothermal zircons trapped along quartz 
growth zones from the Spoedwel deposit yield a U-Pb 
concordia age of 1957 ± 15 Ma suggesting that late 
stages of mineralization associated with the Lebowa 
Granite Suite formed up to 100 My after magma  
emplacement (Robb et al., 2000). By contrast, thermal 
modelling suggests that magmatic-hydrothermal activity 
should have ceased within 4 My of emplacement, 
implying that the mineralization event was short-lived. 
Resolving this contradiction could be achieved if the 
early Sn-W-Mo-F paragenesis is attributed to magmatic-
hydrothermal processes, but later parageneses were 
longer-lived and episodic, and possibly linked to 
Palaeoproterozoic orogenic activity along the margins of 
the Kaapvaal Craton. 

Polymetallic Sn-W-Cu-Zn-Pb-Mo-Ag-Au-U-F 
mineralization is concentrated in the LGS, but 
exogranitic styles are also evident both in the RG and 
RS and the Transvaal Supergroup country rocks. 
Although mineralization is broadly magmato-
hydrothermal in character, little is understood of the 
relationship between crystal fractionation and fluid 
saturation, and the relative partitioning of metals 
between magmatic and hydrothermal settings. Vectors 
to potential mineralization are likely to be derived from 
the understanding and detection of fractionation 
mechanisms, alteration footprints and zones of depletion 
caused by metal-rich fluid extraction (Fig. 3). 
Deciphering these vectors is being carried out at several 
scales, from district scale alteration zonation to outcrop 
scale identification of fluid saturation parameters. Vugs 
in the tin-bearing Bobbejaanjop granite, for example, 
reflect mineralization and alteration processes at the 
deposit scale. At an even smaller scale zircon 
microchemistry is proving to be a faithful recorder of the 
fertility of its parental magma. 



Advances in Understanding Hydrothermal Processes  129 

This paper explores new ideas related to the 
petrogenesis and metallogeny of the highly prospective 
acid phases of the Bushveld Complex. The presence of 
highly fractionated, fertile A-type granite magmas 
emplaced at both shallow intrusive and extrusive levels 
of the crust, together with the accompanying and 
widespread exsolution of metal-endowed fluid and 
volatile phases, has resulted in a polymetallic Sn-W-Cu-
Zn-Pb-Mo-Ag-Au-U-F mineral endowment, the full 
extent of which has yet to be realized. 
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Figure 3. Plot illustrating the relationship 
between concentration of an incompatible 
metal (such as Sn) during progressive 
crystallization (expressed as increasing 
Rb/Sr) of a granite magma and the likely 
effects of fluid saturation on the subsequent 
distribution of the metal. The Sn/Sn* ratio in 
granites could be a vector to hydrothermal 
Sn mineralization. 
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