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Abstract

This contribution presents new insights into the origin and age relationships of the Geyer tin deposit in the Erzgebirge, 
Germany. Tin mineralization occurs in skarns, greisen, and in cassiterite-bearing fluorite-quartz veins. Skarn alteration 
replaces marble layers of the Cambrian Jáchymov Group and occurs in two clearly distinct stages. The first skarn stage 
forms skarnoid textured assemblages of clinopyroxene, garnet, and wollastonite with no tin phases recognized. Garnet U-Pb 
ages of this skarn stage (~322 Ma) relate the earlier skarn stage to the emplacement of the Ehrenfriedersdorf granite (~324 
to 317 Ma). The second stage of skarn alteration is marked by the occurrence of malayaite and cassiterite associated with 
garnet recording ages of 307 to 301 Ma. Greisen- and skarn-hosted cassiterite-bearing veins provide U-Pb ages in the range 
of 308 to 305 Ma, relating greisenization and vein formation to the same magmatic-hydrothermal event as the second skarn 
stage. This suggests that tin mineralization at Geyer is related to a distinctly younger magmatic-hydrothermal event, clearly 
postdating the Ehrenfriedersdorf granite, which was previously assumed as the source of the tin-rich fluids. Fluid inclusions 
show salinities in the range of 1.0 to 31.5 % eq. w(NaCl±CaCl2) and homogenization temperatures between 255 and 340 
°C. Cassiterite-associated fluid inclusions show indications for heterogeneous entrapment and dilution of hydrothermal with 
meteoric fluids. Dilution of high-salinity fluids with low-salinity fluids and cooling of the system was probably a decisive 
process in the precipitation of cassiterite in the Geyer Sn system.

Keywords  Magmatic-hydrothermal · LA-ICP-MS geochronology · Tin deposit · Garnet · Cassiterite

Introduction

The majority of global tin resources is hosted by various 
styles of magmatic-hydrothermal mineralization such as 
greisen, pegmatites, skarns, and veins related to highly 
evolved granitic systems (Breiter et al. 2017; Černý 1991; 
Chen et al. 1992; Jackson 1979; Lehmann 2021). In central 
Europe, tin systems are invariably related to late Paleozoic 
granites emplaced during the post-collisional stage of the 
Variscan orogeny (Förster et al. 1999). The Erzgebirge 
(Germany) is among Cornwall (UK), the Massif Central 
(France), the Iberian Massif (Spain/Portugal), and the 
Armorican Massif (France), one of Europe’s prolific tin 
provinces (Lehmann 1990; Raimbault et al. 1995; Rein-
hardt et al. 2022; Romer and Kroner 2015, 2016). The 
Erzgebirge is host to polymetallic greisen-, skarn-, and 
vein-type deposits (Korges et al. 2020; Reinhardt et al. 
2022; Swinkels et al. 2021), of which the known skarn 
deposits of the Erzgebirge, as a group, reflect the largest 
tin resource in Europe (Elsner 2014). In addition to Sn, 
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some of the skarns in the Erzgebirge also host significant 
resources of W, Zn, Fe, and In—in addition to Sn (Bauer 
et al. 2019; Hösel 1994; Hösel 2002; Lorenz and Hoth 
1967; Reinhardt et al. 2021).

Despite their economic significance, detailed geological 
descriptions and geochemical data are for many occurrences 
limited to technical reports and resource estimates related to 
the tin exploration program of the former German Demo-
cratic Republic (GDR; 1945–1989). Consequently, most of 
the skarn systems in the Erzgebirge have not been subject of 
studies with modern geochemical methods, with the excep-
tion of a few recent studies that focused on the Hämmerlein 
(Bauer et al. 2019; Kern et al. 2019; Korges et al. 2020; 
Lefebvre et al. 2019) and Waschleithe deposits (Reinhardt 
et al. 2021), both located in the Schwarzenberg district in the 
western part of the Erzgebirge (Schuppan and Hiller 2012).

The Geyer mining district (~5 × 4 km) is also located in 
the western part of the Erzgebirge, ~25 km south of Chem-
nitz. Historic tin (and minor tungsten and iron) mining 
occurred between 1395 and 1913 in the Geyer area. After 
World War II, an extensive exploration campaign was car-
ried out by the SDAG Wismut targeting skarn-hosted tin 
mineralization in the area south-west of the outcropping 
Geyersberg stock. This resulted in 123 boreholes with more 
than 37,000 m of recovered core material (Hösel et al. 1996). 
In 2011 and 2012, Tin International drilled four new confir-
mation boreholes in the Geyer SW area, which were used to 
constrain an indicated resource of 46 kt of tin at an average 
ore grade of 0.56% Sn (Elsner 2014). Toward the northeast, 
the Geyer skarn- and greisen-hosted deposit is separated by 
the NW–SE trending Geyer-Schönfeld fault system from 
the stockwork-hosted Ehrenfriedersdorf tin deposit (Hösel 
1994). Th-U-Pb dating of uraninite in granites from the 
nearby Ehrenfriedersdorf district (Greifensteine and Sau-
berg) and U-Pb dating of apatite from granite (Sauberg) 
provide intrusion ages between 324 ± 4 and 319.7± 3 Ma, 
323.9 ± 3, and 317.3 ± 2 Ma, respectively (Romer et al. 
2007), whereas no geochronological data is available for the 
intrusions at Geyer. The intrusion depth is constrained by 
melt inclusion analyses to 2.5–4 km (Breiter et al. 1999).

The origin and timing of skarn-hosted tin mineralization 
were controversially debated (Lefebvre et al. 2019) until 
direct geochronological data (U-Pb ages of garnet using 
LA-ICP-MS) revealed the magmatic-hydrothermal origin 
of skarn formation in the Erzgebirge. On the scale of the 
Erzgebirge, skarn-related garnet ages range from 335 to 295 
Ma (Burisch et al. 2019; Reinhardt et al. 2022), which coin-
cide with late-collisional magmatic (335–310 Ma) and post-
orogenic volcanic rock units (305–285 Ma; Luthardt et al. 
2018; Romer et al. 2007; von Seckendorff et al. 2004) in the 
region. Cassiterite is the main tin ore mineral. In the Häm-
merlein deposit, the most important tin skarn resource of the 
Erzgebirge, cassiterite is usually associated with chlorite-
actinolite-quartz alteration that replaces early-stage skarn or 
occurs also as infill of veinlets cross-cutting the skarn bodies 
and surrounding host rocks (Kern et al. 2019). Conversely, 
cassiterite in greisen is associated with typical greisen min-
erals such as mica, quartz, fluorite, and topaz, which may 
occur as discrete veins or disseminations (Hösel et al. 1996). 
In this study, we present field and petrographic observations, 
in situ U-Pb dating, and fluid inclusion microthermomet-
ric data to constrain the timing and underlying processes of 
greisen and skarn alteration and related ore formation at the 
Geyer SW deposit.

Regional geology and skarn‑related �uids

The Erzgebirge-Kruŝné hory is a ~160 × 35 km exposure 
of mainly metamorphic rocks belonging to the Bohemian 
Massif within the Saxothuringian zone of the European 
Variscan Belt (Förster et al. 1999). The Erzgebirge com-
prises various metamorphic nappes (Rötzler 1995; Willner 
et al. 1997) that underwent peak metamorphic conditions at 
~340 Ma (Kröner and Willner 1998). These units include 
gneisses, mica schists, marbles, phyllites, and metavol-
canic rocks (Fig. 1). Ondrus et al. (2003) and Tichomirowa 
et al. (2012) showed that the protoliths of these rocks are 
greywackes, conglomerates, granodiorites (gneiss units) 
or volcanic rocks, and marine sediments (mica schist and 
phyllite unit). After rapid uplift to middle and upper crus-
tal levels (Schmädicke et al. 1995), the metamorphic units 
were intruded by highly evolved, late-orogenic peraluminous 
granites (335–310 Ma; Förster et al. 1999) accompanied by 
the emplacement of late- and post-collisional lamprophyric 
and rhyolitic dykes and other (sub)volcanic rocks (330–275 
Ma; Bolduan 1963a; Hoffmann et al. 2013; Luthardt et al. 
2018). The emplacement depths of late-orogenic granitic 
batholiths and stocks in the western part of the Erzgebirge 
have been constrained to 3–6 km using melt inclusion analy-
ses (Breiter et al. 1999; Thomas and Klemm 1997).

The Erzgebirge hosts numerous hydrothermal skarn, gre-
isen, and vein-type deposits genetically related to late- and 

Fig. 1   a Geographic overview map. b Simplified geological overview 
map of the Erzgebirge including the location of the Geyer system. c 
Geological map and cross-section of the study area. The skarn lay-
ers are orientated parallel to the foliation of the surrounding low- to 
medium-grade meta-sedimentary units, trending NE-SW. Skarns are 
delimited by the Schönfeld fault in the northeast. The cross-section 
shows that the skarns are underlain by a large-volume intrusion at 
depth, which has a sub-horizontal contact. The Geyersberg granite 
intrusive stock crops out in the north-east of the district (after Hösel 
et al. 1996). Skarn layers extend down-dip from the surface to the top 
of the underlying pluton with a dip of about 45° NW. Veins and faults 
intersect the skarn lenses (after Makareviĉ et al. 1976). d Geological 
cross-section and overview map of the Geyersberg area including the 
historic pit of the Geyer “Binge”

◂
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post-collisional magmatism in the area (Burisch et al. 2019; 
Legler 1985; Swinkels et al. 2021; Tischendorf and Förster 
1990; Zhang et al. 2017). U-Pb LA-ICP-MS data on cas-
siterite define a mineralization age of 326–320 Ma of the 
mineralization for the Ehrenfriedersdorf tin deposit (Zhang 
et al. 2017). These ages might be doubtful and are probably 
up to 8 Ma younger than reported (Zhang pers. comm.). 
Multimineral Rb-Sr geochronology on greisen and skarn 
samples from the Hämmerlein deposit indicates three age 
groups: ~340 Ma obtained from skarn associated white mica, 
K-feldspar, and fluorite, and ~320 Ma and 290 Ma from 
greisen-associated muscovite, apatite, and K-feldspar (Lefe-
bvre et al. 2019). Re-Os dating of hydrothermal molybdenite 
from greisen of the Altenberg Sn-(W-Mo) complex reveals 
mineralization ages of 326–319 Ma (Romer et al. 2007). 
U-Pb LA-ICP-MS data of skarn-related garnet range from 
~335–295 Ma (Burisch et al. 2019; Reinhardt et al. 2022) 
spanning a much broader range than greisen-related ages. 
Garnet ages related to skarns with significant metal endow-
ment define at least two principal stages: an older group of 
skarns formed at ~325–313 Ma, which coincides with avail-
able greisen-related ages and late-collisional magmatism, 
whereas a younger skarn stage occurred at ~310–295 Ma, 
post-dating late-collisional intrusions, but coinciding with 
post-collisional volcanic activity (Burisch et al. 2019; Hoff-
mann et al. 2013; Löcse et al. 2023; Reinhardt et al. 2022).

Fluid inclusions in skarn-associated garnet and clinopy-
roxene from the Sn-Zn-In Hämmerlein deposit and from the 
Waschleithe Zn-skarn in the Schwarzenberg district show 
homogenization temperatures of 270–385 °C with salinities 
ranging from 0.3–3.8% eq. w(NaCl), while those in skarn-
related fluorite has lower homogenization temperatures 
(210–225 °C), but higher salinities (~7.7% eq. w(NaCl); 
Korges et al. 2020; Reinhardt et al. 2021). Korges et al. 
(2020) recently reported fluid inclusions in skarn-hosted 
cassiterite from the Hämmerlein deposit with unusually 
high homogenization temperatures (500 °C) and high salin-
ities (30–47% eq. w(NaCl)), whereas coexisting greisen-
hosted fluid inclusions in cassiterite and quartz have lower 
formation temperatures (350–400 °C) and lower salinities 
(1.9–6.0% eq. w(NaCl); (Korges et al. 2020). Fluid inclu-
sions in vein-hosted fluorite and greisen-hosted quartz have 
homogenization temperatures around 450 °C, with salini-
ties of 11–14% eq. w(NaCl), and a second group has lower 
homogenization temperatures of 210 to 325 °C and salinities 
between 2.0 and 9.0% eq. w(NaCl) (Korges et al. 2020).

The Geyer district

The geological architecture of the Geyer district 
is dominated by SW-NE striking and NW dipping 
paragneisses, mica schists, and phyllites of the Cambrian 

Jáchymov Group, with intercalations of dolomitic to 
calcitic marbles and quartzites (Hösel 1994). This 
succession was metamorphosed at low- to medium-grade 
during the Variscan orogeny and later intruded by a 
composite intrusion present below the surface in the entire 
area (Bolduan 1963a; Hermann 1967; Hösel et al. 1996; 
Tischendorf et al. 1965; Tischendorf and Förster 1990). 
The contact between the granitoids and the metamorphic 
host rocks is almost horizontal (at a depth of ~150–450 m 
below surface level; see Fig. 1c), except for the stock-like 
Geyersberg intrusion, which forms a prominent outcrop 
in the eastern part of the district (Fig. 1d). The flanks of 
this intrusive stock dip almost vertically to a depth of 180 
m, where they become significantly shallower (Fig. 1d). 
The Geyersberg composite stock consists mainly of two 
types of intrusions. An older granitic suite is with fine- to 
coarse-grained porphyritic texture and high biotite content 
(Bolduan 1963a). This older intrusion is not associated 
with significant greisen alteration nor Sn mineralization 
(Hösel et  al. 1996). The younger main intrusive stage 
cross-cuts the older intrusion and is characterized as an 
equigranular, low-biotite topaz-bearing granite (Bolduan 
1963a). This second intrusion contains up to 4 wt% 
fluorine and hosts abundant disseminated cassiterite and 
lithium-bearing mica (Bolduan 1963a, 1963b; Breiter 
et al. 1999; Hösel 1994; Hösel et al. 1996) and an intrusive 
breccia body. To greater depth (~450 m), the texture of 
the intrusive units merges into a fine-grained, porphyritic 
granite, which coincides with an increase of biotite and a 
decreasing topaz content (Hösel 1994). Rhyolitic dykes 
cross-cut the main intrusions (Bolduan 1963a; Hösel et al. 
1996). “Stockscheider” pegmatites occur at the contact 
between the individual intrusions and at the contact with 
the surrounding metasedimentary units. Hornfels and mica 
schists with contact metamorphic biotite, cordierite, and 
andalusite are abundant in the contact aureole, which is 
developed to a distance of ~50 m away from the intrusive 
contact (Hösel et al. 1996).

Minor fluorite-quartz, fluorite-barite, native metal-
arsenide, and Mn-Fe veins occur in the Geyer area (Bold-
uan 1963a). These mainly Mesozoic and Cenozoic veins 
are genetically unrelated to Sn mineralization (Burisch 
et al. 2021, 2022; Guilcher et al. 2021; Haschke et al. 2021; 
Kuschka 1994) and hence not discussed any further.

Geyer SW skarn

The majority of Sn mineralization at Geyer SW is hosted 
by exoskarns that mainly replaced marble but also mica 
schists in direct vicinity of the marble units (Fig. 1c). 
Most of the marble units intersected by exploration drill 
cores at Geyer SW are to some degree affected by skarn 
alteration, but there are a few drill cores (e.g., BZ 667/75 
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at 412.2-414.0 m) which intersect macroscopically unal-
tered marble. Three distinct skarn units (from NW to 
SE 1, 2, and 3; Fig. 1c) have been distinguished (Hösel 
et al. 1996) which are dipping to the NW with an angle of 
about 30–40°, parallel to the metamorphic layering. Each 
of these skarn units is composed of several skarn layers 
thought to represent former carbonate layers (Hösel et al. 
1996) and forms laterally discontinuous lens-shaped ore 
bodies. The lower skarn unit contains two discrete skarn 
layers and can be traced over a strike length of 3 km and 
extends down to the granite surface at depth, without any 
recognition of endoskarn (Fig. 1c). The lower layer with a 
thickness of 5–20 m is composed of two individual skarn 
bodies and one ore body. The upper layer with a thick-
ness of 15–40 m comprises several skarn bodies replacing 
marble and adjacent mica schists. Two discrete ore bodies 
have been recognized in the upper layer (see Fig. 1c). The 
middle skarn unit has a strike length of 1.5 km and pinches 
out at a depth of about ~180 m above the granite contact 
(Hösel et al. 1996). It is characterized by a constant thick-
ness of about ~20 m and contains several individual skarn 
bodies (Fig. 1c). The lower part of the middle skarn unit 
hosts only one ore body.

The upper skarn unit can be traced over a lateral 
distance of more than 3 km. It extends down to the 
granite contact and contains two individual skarn 
layers. Similar to the lower skarn unit, no endoskarn 
is documented in association with this skarn unit. The 
lower layer (total thickness of 7–25 m) consists of three 
skarn bodies and one ore body with a thickness between 
1 and 6 m, which are separated by unaltered mica schists. 
The upper layer is again separated from the other skarn 
layer by unaltered mica schists and has a constant 
thickness of 15–20 m with several laterally discontinuous 
lens-shaped skarn bodies and one discrete ore body in 
the lower part of this layer. Many smaller skarn bodies 
have been additionally identified in the district. These 
are typically of only minor thickness and do not host 
significant tin mineralization.

Skarn mineralogy at Geyer comprises clinopyroxene 
and garnet with minor wollastonite, epidote, vesuvianite, 
magnetite, and fluorite in highly variable modal abundances 
(Hösel et al. 1996). These mineral assemblages are over-
grown or replaced by chlorite, actinolite, fluorite, and cas-
siterite as well as base metal sulfides. High grades of skarn-
hosted disseminated cassiterite are intimately associated 
with magnetite-rich domains, which have been reported to 
be mainly present within a distance of 450–300 m distance 
to the granite contact (Hösel et al. 1996). The bulk of tin 
resources (~80%) is hosted by skarn affected by chlorite-
actinolite alteration and by fluorite-quartz or fluorite-chlorite 
veins intersecting the skarns and metasedimentary units with 
a maximum thickness of 15 cm (Hösel et al. 1996). 

Geyer Binge greisen

Most of the historic underground mining activity at Geyer 
focused on the “Binge,” the exposed Geyersberg granite 
(Fig. 1c and d), which forms a stock-like intrusive body with 
a diameter of around 230 m (Hoth and Wolf 1986). Greisen 
alteration and associated cassiterite mineralization predomi-
nantly develop along NE-SW and NW-SE striking, steeply 
and flat dipping veins that form a dense stockwork within the 
granite. These vein swarms consist of individual veins, rang-
ing in length from 2 to 6 m, having a variable alteration halo 
(Hösel et al. 1996). Mineralogically, the alteration halo and 
veins mainly comprise topaz, lithium mica, and cassiterite 
(Bolduan 1963a). Most cassiterite is hosted by hydrother-
mal veins and related greisen alteration. Molybdenite and 
wolframite may also be recognized in some of these veins, 
but clearly predate cassiterite based on petrographic obser-
vations. A variety of hydrothermal veins cross-cut greisen 
alteration and cassiterite veins. They may comprise quartz, 
fluorite, hematite, and minor barite. They typically occur in 
different orientation or as the latest vein infill and are geneti-
cally unrelated, based on their mineralogy and cross-cutting 
relationships (Hösel 1994).

Sampling and methodology

A total of 60 samples from the Geyer mining district were 
collected from six drill cores from the Wismut SDAG and 
Tin International exploration campaigns. Access to drill 
cores was provided by the Geological Survey of the Free 
State of Saxony (LfULG). The sampling focused mainly on 
skarn bodies — both with and without significant tin miner-
alization — but also include some marble and mica-schist 
samples. 84 polished sections for petrographic investigations 
and 21 doubly polished sections for fluid inclusion analyses 
were prepared at the Helmholtz Institute for Resource Tech-
nology. Additionally, six garnet-rich samples and three cas-
siterite-rich samples were prepared as 1-inch epoxy rounds 
for LA-ICP-MS geochronology.

Petrography

Identification of minerals and examination of the textures 
were performed in transmitted and reflected light with 
a Leica DM750P light microscope and recorded with an 
Olympus single-lens reflex camera. This work was sup-
ported by scanning electron microscopy (SEM) performed 
on a Phenom XL SEM equipped with an energy dispersive 
X-ray spectrometer at the Geo- and Environmental Research 
Center (GUZ) of the University of Tübingen. Backscattered 
electron (BSE) images and qualitative mineral compositions 
were obtained with the SEM using a beam current of 15 
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nA and 15 kV acceleration voltage. Furthermore, cm-scale 
element maps were obtained by a microbeam XRF at the 
GUZ using a Bruker Tornado desktop unit equipped with 
a rhodium tube operating with 50 kV and 500 nA and two 
spectrometers. Element distribution maps were compiled 
using a 20 μm spot size on a 20 μm grid with dwell times of 
10-16 milliseconds per pixel.

Fluid inclusion petrography and microthermometry

The fluid inclusion microthermometric measurements were 
carried out using a Leica light microscope equipped with 
a Linkam THMS 600 heating-freezing stage and a FLIR 
grasshopper3 USB camera at the GUZ Tübingen on dou-
bly polished thick sections with a thickness of 150 μm. The 
classification of fluid inclusions into primary, secondary, 
and pseudosecondary inclusions follows the description of 
Roedder (1984). The stage was calibrated before and after 
each measurement campaign using synthetic fluid inclusion 
standards for the following phase transitions: melting tem-
perature of ice (Tmice) and homogenization temperature (Th) 
of pure H2O and melting temperature of CO2 (TmCO2) of 
H2O-CO2-standards. Tmice was used to calculate the salin-
ity in the NaCl-H2O system according to Steele-MacInnis 
et al. (2012). Melting temperature of halite (Tmh), hydro-
halite (Tmhh), and Tmice were used to calculate salinities 
in the NaCl-CaCl2-H2O system after the spreadsheet of 
Steele-MacInnis et al. (2011). According to the classifica-
tion criteria of Roedder (1984), fluid inclusions were clas-
sified as either primary, pseudosecondary, or clusters. Fluid 
inclusions with indications of metastability, post-entrap-
ment modification, or leakage due to (micro)-fractures are 
excluded.

U‑Pb LA‑ICP‑MS geochronology

Six samples with abundant garnet from the Geyer skarns 
and 3 cassiterite samples from greisen alteration and veins 
were selected for geochronology. The samples are from three 
drill cores and the scientific collection of Freiberg (Table 1). 
These samples cover textures and colors of skarn hosted 
garnet recognized in the exploration cores from Geyer SW; 
the garnets range from isometric, green garnet to anhedral 
garnet of red to beige color (Table 1 and ESM 1 and 2; 
Fig. 2). Samples selected for garnet U-Pb LA-ICP-MS geo-
chronology exhibit a variable degree of retrograde over-
print, with variable abundances of amphibole, chlorite, and 
fluorite. For U-Pb isotope analyses, samples with the low-
est possible retrograde alteration and domains unaffected 
by retrograde overprint were selected to set the spots for 
LA-ICP-MS analysis. Cassiterite samples from veins contain 
fluorite and quartz; cassiterite from greisen samples is inter-
grown with quartz, sericite, and minor topaz. None of these 

samples exhibit hydrothermal overprint. Cassiterite crystals 
are euhedral and have a size up to 3 mm. In total, six skarn 
samples with abundant garnet and three cassiterite samples 
were cut to size and mounted in 1-inch epoxy rounds.

Uranium-Pb data were subsequently collected on a 
Thermo Scientific Element XR sector field ICP-MS coupled 
to a RESOlution (COMpex Pro 102) 193 nm ArF excimer 
laser equipped with a two-volume (Laurin Technic S155) 
ablation cell at the Frankfurt Isotope and Element Research 
Center (FIERCE), Goethe University Frankfurt (Germany) 
following the methodology of Burisch et al. (2019, 2022), 
Millonig et al. (2020), and Reinhardt et al. (2022). Measure-
ment points for each polished section derive from a small 
area (<1 cm2) and were set after careful screening before 
each analytical session to identify growth-zones with higher 
238U/206Pb ratios and to avoid superficial exposure of mineral 
inclusions by monitoring trace element ratios during screen-
ing. Samples were then analyzed in situ in fully automated 
mode. During the measurements, the signals of 206Pb, 207Pb, 
208Pb, 232Th, and 238U were acquired by peak jumping in 
pulse counting mode with a total integration time of ~0.1 
s, resulting in 360 mass scans. The raw data was corrected 
offline deploying an in-house Microsoft Excel spreadsheet 
program (Gerdes and Zeh 2006, 2009). Common Pb cor-
rection has not been applied to the data. Instead, U-Pb ages 
are calculated using linear regression in Tera-Wasserburg 
Concordia diagrams (Tera and Wasserburg 1972) since the 
ablated andradite-grossular and cassiterite incorporates a 
mixture of non-radiogenic and radiogenic Pb formed due 
to in situ decay of uranium. U-Pb dates are defined as the 
lower intercept of the regression line with the Concordia 
curve. Mali grandite (dated by ID-TIMS at 202.0 ± 1.2 Ma; 
Seman et al. 2017) and Swaziland cassiterite (3086 ± 3 Ma) 
were used as a primary reference material (RM), respec-
tively. The age of Swaziland cassiterite was determined prior 
to this study using an approach similar to that described by 
Neymark et al. (2018). The 207Pb/206Pb ratio of multiple spot 
analyses on a single Swaziland cassiterite grain (1 × 0.6 
cm) was NIST SRM612-mass bias corrected and yielded a 
weighted mean Pb/Pb age of 3086 ± 3 Ma. Excess of scatter 
on 207Pb/206Pb of NIST 612 (n = 20) for each session was 
around 0.14% (1 σ) and the mass bias varied from 0.7 to 
0.4% between the different analytical sessions. Swaziland 
cassiterite typically yielded homogenous 206Pb/238U (e.g., 
0.6141 ± 0.54%, 2 σ; n = 20) suggesting no disturbance 
of the U-Pb system. Therefore, the correction factor for 
206Pb/238U was calculated using the percentage difference 
between the uncorrected 206Pb/238U age and the mass bias 
corrected 207Pb/206Pb of the Swaziland cassiterite. To verify 
the obtained 206Pb/238U fractionation correction, cassiterite 
from Pitkäranta (Neymark et al. 2018; Tapster and Bright 
2020) and Ehrenfriedersdorf (inhouse RM) was measured 
as secondary quality control RM. Both RM yielded precise 
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and reproducible (<1%) lower intercept ages during differ-
ent analytical sessions (e.g., 1538.4 ± 6.7 and 1534.1 ± 6.4 
Ma; 313.8 ± 2.1 and 314.1 ± 1.5 Ma, respectively). The 
perfect agreement of the Pitkäranta age with published ID-
TIMS ages (1536.6 ± 1.0 Ma; Tapster and Bright 2020) also 
implies an accuracy of the applied method of better than 
1%. Garnet RM Lake Jaco (dated by ID-TIMS by Seman 
et al. 2017), MaliGUF, and Ehrenfriedersdorf cassiterite 
(in-house reference materials) were employed as secondary 
quality control RM for garnet analyses. Primary and second-
ary RM were measured in duplicate after every 50 analyses 
of unknowns. All uncertainties are quoted at 2σ absolute and 
are quadratic additions of the within-run precision, counting 
statistics, background, excess of scatter (primary RM, NIST 

SRM-612), and excess of variance (Mali garnet and Swazi-
land cassiterite, respectively). Systematic uncertainties are 
reported as an expanded uncertainty, considering long-term 
reproducibility (0.8 %, 2σ) and decay constant uncertainties. 
A detailed description and location of drill core samples are 
summarized in ESM Table 2.

Results

In the following, mineralogical and petrographic investi-
gations of host rocks, skarns, greisen alteration, and vein 
mineralization are presented. Macroscopic and microscopic 
observations (Figs. 3–6) were complemented by careful fluid 

Table 1   Description of samples and concentrations of U, Pb, and LA-ICP-MS U-Pb ages of garnet and cassiterite of the Geyer system

1 Analysed mineral; MSWD, mean square of weighted deviates; N, number of spot analyses; grt, garnet; cpx, clinopyroxene; wo, wollastonite; 
ves, vesuvianite; chl, chlorite; cst, cassiterite; fl, fluorite; qz, quartz; tpz, topaz

Sample  
number

Location Description U-Pb age (Ma) MSWD Initial 207 

Pb/206Pb
U (μg/g) Pb (μg/g) N

GR1 Skarn SW Z626-96.5m Green grt1 with chl veins 301.6 ± 4.4 / 5.0 2.02 0.868 0.04–0.65 0.02–0.86 33

GR2 Skarn SW Z626-59m Green grt1 with pale green cpx 305.1 ± 3.0 / 3.9 1.22 0.880 0.01–0.36 0.01–0.09 25

GR4 Z626 85m Pale red grt1 with cpx and wo 322.4 ± 4.4 / 5.1 1.64 0.870 0.04–0.65 0.01–0.14 31

GR5 Z606 79.5m Red grt1 with red ves, wol 322.1 ± 10.7 / 11.8 11.38 0.865 0.01–1.8 0.05–0.39 27

GR6 Z626-45.6m Pale green grt1 with white cpx 307.3 ± 4.1 / 4.8 0.78 0.868 0.01–1.4 0.02–0.40 28

GR657 Z657-83.8m cst1 in fl-qz-vein 308.2 ± 1.9 / 3.7 0.81 0.868 1.4–16.5 0.08–1.2 35

60974 “Binge” Geyer cst1 with tpz and qtz in granite 305.7 ± 1.8 / 3.7 0.59 0.788 0.09–33.1 0.06–1.5 27

60973 “Binge” Geyer cst1 with tpz and qtz in granite 306.6 ± 1.5 / 3.5 0.84 0.788 1.4–14.2 1.4–14.1 33

a

b d

c

Fig. 2   Representative scans of age dated garnet and cassiterite with 
corresponding Tera-Wasserburg Concordia diagrams. Lower intercept 
ages are reported with internal/external uncertainties. a Pale red gar-

net of stage I with white wollastonite, b green garnet of stage II and 
clinopyroxene, c  cassiterite-fluorite vein with chloritized alteration 
halo, and d greisenized granite with disseminated cassiterite
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inclusion petrography (Fig. 7) and microthermometric analy-
ses (Table 2). The complete background data set is provided 
in ESM Table 1. A selection of LA-ICP-MS U-Pb data are 
plotted in the Tera-Wasserburg diagram (Fig. 2), and a sum-
mary of geochronological data is provided in Table 1. LA-
ICP-MS U-Pb background data is provided in ESM Table 2.

Host rock units

Mica schists

Mica schists are the most abundant rock unit in the Geyer 
area, containing biotite, muscovite, feldspar, garnet, rutile, 
and quartz as main components (Fig. 4a). On the m-scale, 
the mica schist composition is heterogeneous including 
garnet-bearing, graphite-bearing, and feldspar-rich layers 
(Fig. 5a). Apatite occurs locally as an accessory phase. Sub-
ordinate clinozoisite with an allanite component, zircon, but 
also sulfides like rammelsbergite, pyrite, and chalcopyrite 
may rarely occur. Mica shists can be overprinted by skarn 
alteration to some extent, with a gradual transition between 
both. These areas are characterized by a change toward green 
color due to the formation of clinopyroxene and chlorite.

Marble

Unaltered marble was only intersected in drill core BZ 667/75 
at 412.2–414.0 m and is predominantly composed of anhedral 
calcite with an equigranular texture (Fig. 5b). Calcite crystals 
exhibit a size between 0.5 and 3.0 mm. Minor quartz (<0.2 mm), 

muscovite (<0.4 mm), and apatite (0.1–0.3 mm) occur as dissem-
inations or as discrete bands, resulting in a weak metamorphic 
fabric. Furthermore, euhedral green metamorphic amphibole of 
(<2.0 mm) is recognized. This amphibole is distinctly different 
from skarn-related amphibole as it shows deformation features 
aligned with the metamorphic fabric of the surrounding mica 
schist. Thin veinlets are filled with chlorite, amphibole, or epidote 
together with chalcopyrite and sphalerite locally cross-cut the 
marble. In addition, progressive silicification of the marble is 
recognized close to the contact to the adjacent skarn.

Skarns

Mineral abundances and textures vary strongly across 
and within individual skarn bodies. Nevertheless, there 
are general similarities with respect to their petrographic 
and mineralogical composition, replacement textures, and 
cross-cutting relationships, which are summarized in a sim-
plified paragenetic sequence (Fig. 3). Two types of skarn 
alteration can be distinguished based on their cross-cutting 
relationships, textures, and mineralogy: an early, pyroxene-
dominated stage I skarn with fine-grained and Mg-richer 
minerals (Fig. 4a–c) is characterized by the preservation of 
the metamorphic fabric of the altered mica schist. Such tex-
ture is commonly referred to as a skarnoid skarn according 
to the terminology of Meinert et al. (2005). In the skarn I 
assemblages, no distinct tin phases or base metal sulfides are 
present. Younger garnet-pyroxene stage II skarn (Fig. 4d) 
is characterized by replacement textures that form euhedral 
minerals (Fig. 4d–f), which is consistent with metasomatic 

Fig. 3   Paragenetic sequence of 
skarn, greisen, and vein miner-
alization at Geyer, subdivided 
into two stages: stage I includes 
skarn stage I and stage II 
includes skarn stage II, greisen, 
and late-stage veins. Greisen 
and skarn alteration have the 
same paragenetic position but 
reflect spatial mineralogical 
variations that are controlled by 
protolith composition. Qualita-
tive major element composi-
tions of clinopyroxene and in 
garnet are indicated above the 
black bars
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skarn textures described by Meinert et al. (2005). Stage II 
skarn alteration is subdivided into (a) an early stage with 
garnet, clinopyroxene, vesuvianite, epidote, and other calc-
silicate minerals (i.e., the prograde skarn evolution of Mein-
ert et al. 2005) and (b) a late stage with amphibole, chlorite, 
and sulfide minerals (Fig. 4g and h) which would correspond 
to the retrograde skarn stage (Meinert et al. 2005). Since the 
euhedral vesuvianite is paragenetically coeval with garnet, it 
is ascribed to the early stage of skarn II formation.

Individual skarn layers typically exhibit a distinct geom-
etry and may reach up to a few meters in thickness, but 
mostly do not exceed several tens of centimeters. Stage I 
skarn shows gradual transitions into the mica schists and 
often has irregularly-shaped patchy domains of unreplaced 
protolith (Fig. 4a). There seems to be no retrograde overprint 

associated with skarn stage I. Stage II skarn invariably occu-
pies a central position of the individual skarn layers having 
thicknesses of 10 to 50 cm. Stage II skarn clearly replaces 
and postdates stage I skarn and even occurs as infill of frac-
tures in skarn I. In contrast to skarn stage I, remnants of mica 
schist are rarely preserved in stage II skarns and the tran-
sition between skarn and metasedimentary rock is sharply 
defined. Vesuvianite-rich domains occur within garnet-skarn 
of both stages. Malayaite is the only distinct tin phase in the 
early phase of the second skarn alteration (cassiterite occurs 
later in the paragenetic sequence).

Lens-shaped domains and fractures filled with garnet, 
epidote, and vesuvianite, which have crystal sizes between 
tens of μm up to 3 cm, postdating the isometric stage II 
and the fine-crystalline stage I skarns, are interpreted as 

Fig. 4   Representative drill core intersections from Geyer.  a  Fine-
grained pyroxene-dominated skarn of stage I skarn with mica-schist 
remnants (GM 10/60; 22.0–22.1 m).  b  Stage I skarn consisting of 
mainly anhedral clinopyroxene and garnet with some domains that 
contain euhedral garnet and wollastonite (BZ 667/75; 394.0–394.1 
m). c  Anhedral, very fine-grained red garnet intergrown with anhe-
dral clinopyroxene of stage I skarn (BZ667/75; 190.6–190.7 m). 
d Complete intersection of a skarn lens with a fine-grained rim and 
isometric coarser-grained minerals in the center (Z626; 96.5–96.8 m). 

e Isometric skarn stage II with green garnet. The inlet shows the dis-
tribution of malayaite intergrown with garnet (GM 10/60; 29.8–30.2 
m).  f  Coarse-grained euhedral garnet cogenetic with white clinopy-
roxene and a vesuvianite-rich domain of stage II skarn (Z626; 45.6–
46.7 m). g  Magnetite-rich skarn II with remnants of garnet (Z638; 
80.2–80.3 m). h  Amphibole and sphalerite-rich domains in skarn 
stage II with remnants of garnet and clinopyroxene (Y617; 116.4–
116.8 m).  i  Fluorite-quartz-vein bordered by epidote cross-cutting a 
skarn layer (BZ667/75; 391.9–392.2 m)
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transitional to later retrograde skarn textures and cassiter-
ite-bearing veins. This late-stage alteration overprints both 
skarn stages and is characterized by the replacement of 
skarn minerals by amphibole, chlorite, quartz, and calcite. 
The alteration commonly centers on veinlets that cross-cut 
the skarn alteration; locally, the prograde skarn texture is 
almost completely replaced and only relicts are preserved. 
The thickness of these veinlets commonly does not exceed 
5 cm, and their alteration halo shows minor chloritization 
of the adjacent host rock. These veins are mostly confined 
to skarns and can be traced only a few centimeters into the 
metasedimentary units. In association with chloritization 
and late-stage overprint of skarn assemblages, cassiterite is 
a common mineral and accounts for the majority of the tin 
mineralization within the Geyer skarns.

Stage I skarn

The skarnoid stage I skarns of the Geyer SW deposit occur 
as weakly delimited areas intercalated in the metasedimen-
tary rocks and are composed predominantly of white to pale 
green, fine-crystalline clinopyroxene (Fig. 5d). Locally, 
euhedral brown to red garnet with sizes of up to several mil-
limeters occurs as layers or aggregates that follow the meta-
morphic layering. This garnet is of the andradite-grossular 
series, shows only weak zonation and has abundant inclu-
sions of pyroxene.

Pale red, lath-shaped vesuvianite accompanies pyroxene, 
garnet, and wollastonite. Commonly, vesuvianite and wol-
lastonite replace garnet (Fig. 5d), which results in a very 
fine-grained texture. The skarn front (contact between skarn 
and marble) is marked by abundant wollastonite replac-
ing calcite marble (Fig. 5e). Locally, euhedral, pale green 
epidote occurs at the contact between skarn and host rock. 

Titanite occurs regularly as euhedral minerals enclosed by 
garnet. Rutile and ilmenite of the metasedimentary rocks are 
replaced by titanite of the first skarn stage.

Fluorite is the most common non-silicate mineral in stage 
I skarn. It occurs throughout skarn I, comprising textures 
such as anhedral interstitial grains among clinopyroxene, 
infill between growth zones of garnet, and up to 0.6 mm 
large euhedral single grains coeval with vesuvianite.

Early skarn II stage

Stage II skarn contains significantly more garnet than stage 
I skarn, with clinopyroxene still being very abundant. This 
results in highly variable garnet/pyroxene ratios. In addition 
to the prominent vertical zoning within skarn layers (stage 
I at the margins and stage II in the center), skarn stage II 
also exhibits an internal mineralogical zoning. This zon-
ing includes pyroxene- and vesuvianite-rich, fine-grained, 
massively textured rims almost without garnet. Toward the 
center of the skarn layers, the mineralogy becomes progres-
sively coarser grained and enriched in garnet, with some gar-
net crystals reaching up to several centimeters size, whereas 
pyroxene crystals do not exceed a few millimeters in size 
(Fig. 4d). The metamorphic fabric of the host rocks is partly 
preserved in the pyroxene-vesuvianite rims of stage II skarn, 
whereas garnet-rich centers show an isometric texture with-
out any remnant foliation. Almost monomineralic skarn lay-
ers consisting of vesuvianite or clinopyroxene and densely 
intergrown garnets are less affected by later replacement. 
Diopsidic to hedenbergitic clinopyroxene occurs as white to 
dark green acicular to columnar crystals (0.02 mm to 0.5 mm 
in length) that commonly form dense masses partly replac-
ing stage I clinopyroxene (Fig. 5f). Stage II garnet belongs to 
the grossular-andradite solid solution series, which is highly 
variable with respect to size (μm- to cm-scale), color (red, 
beige, or green) and shape (euhedral and anhedral). This 
garnet generation truncates, cross-cuts, or overgrows previ-
ous garnet of skarn stage I (Fig. 5g).

Cores of garnet II form anhedral to euhedral crystals with 
more intense brown to reddish colors, weak growth zon-
ing, and are optical anisotropic. The cores are commonly 
overgrown by rims of dark green to yellow garnet, exhibit-
ing well defined growth zones and euhedral crystal shapes 
(Fig. 5h). Garnet II crystals may contain remnants of stage 
I garnet in their core.

Vesuvianite forms euhedral and lath-shaped crystals of 
reddish or greenish color, which are coeval to or postdate 
garnet II and which are commonly accompanied by fluorite. 
Vesuvianite of stage II fills fractures in and encloses vesu-
vianite I (Fig. 5i).

Malayaite, (CaSnO[SiO4]), is the first tin-bearing mineral 
in the entire paragenetic sequence. It forms euhedral, lath-
shaped crystals (<1 mm) that are intimately associated with 

Fig. 5   Photomicrographs and backscattered electron microscopy 
images of characteristic minerals and textures of skarn and host rock. 
a  Metamorphic texture of the metasedimentary host rock including 
mainly garnet, biotite, and quartz (GR-626-03b). b  Subhedral cal-
cite intersected by chlorite-filled veinlets (GR-667-11-03). c Contact 
between biotite schist and pyroxene skarn (GM-1-07B). d  Garnet 
intersected by veins with vesuvianite and epidote infill (GR-667-10-
02). e Grayish wollastonite replacing calcitic marble (GR-667-10-02). 
f Stage II clinopyroxene, malayaite, and fluorite replace clinopyrox-
ene of skarn stage I (GR-626-06b). g Iron-rich garnet of skarn stage I 
is cross-cut by garnet with malayaite inclusions of skarn stage II (GR-
626-04c). h  Euhedral and zoned garnet of skarn stage II. Some of 
the growth zones are intergrown with coeval fluorite (GR-626-08a). 
i  Vesuvianite of the first skarn stage, replaced, and cross-cut by 
vesuvianite II, which comprises malayaite inclusions (GR-667-16-
03a).  j  Lath-shaped, euhedral malayaite enclosed by stage II garnet 
(GM-1-08c). k Lath-shaped titanite enclosed by garnet of skarn stage 
I. Both, titanite and garnet I, are intersected by vesuvianite; where 
titanite is in contact with vesuvianite it is replaced by malayaite (GR-
667-1-01b). l Cogenetic garnet and vesuvianite of stage II replaced by 
fluorite (GR-626-04b)

◂
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pyroxene, vesuvianite, and cores of grossular-rich garnet II 
(Fig. 5f, i, and j). Malayaite often replaces titanite (Fig. 5k) 
and occurs as lath-shaped, euhedral crystals enclosed by gar-
net and vesuvianite or occurs along growth zones of garnet. 
Early-stage skarn minerals are replaced by plagioclase and 
K-feldspar, at the end of the early skarn stage II. They are 
in turn overgrown by sericite, calcite, fluorite, and quartz 
(Fig. 5l).

Late‑stage skarn II alteration

The transition to the late-stage phase of skarn II alteration 
(which affects both stage I and II skarns) is marked by the 
occurrence of magnetite, hydrous calc-silicates like epidote 
and amphibole as well as chlorite, minor base metal sulfides, 
and cassiterite. Magnetite occurs as coarse, crystalline, 
irregular pods, or interstitial grains enclosed by pyroxene 
(Fig. 6a). It is partially altered to hematite. It postdates clino-
pyroxene and garnet but predates amphibole and chlorite 
(Fig. 6b and c). Magnetite can be intergrown with spongy 
cassiterite, marking the first occurrence of this mineral in the 
mineral assemblage of the Geyer SW deposit and a variety 
of sulfide minerals like sphalerite, chalcopyrite, and galena. 
The latter, though, appear to be paragenetically younger 
than magnetite and associated cassiterite (Fig. 6d). Epidote 
forms dark green, prismatic crystals that exhibit distinct zon-
ing. Epidote commonly occurs as lens-shaped to roundish 
aggregates together with fluorite and sometimes sphalerite 
(Fig. 6e). Modal abundances of epidote are highly variable, 
but it is usually present in both pyroxene-rich and garnet-rich 
skarn layers. Sphalerite, usually with chalcopyrite inclusions 
and coeval with independent chalcopyrite grains, is present 
as coarse-crystalline aggregates. Galena is almost invari-
ably enclosed as anhedral inclusions in the other sulfides. 
Euhedral, greenish to black amphibole (<2 mm) is accom-
panied by fluorite, quartz, occasionally sulfide minerals, and 
acicular cassiterite (i.e., wood tin; Fig. 6f). Fine-grained 
green amphibole, however, occurs in pyroxene-dominated 

skarn and replaces clinopyroxene along veins and fractures. 
Euhedral cassiterite accompanied by chlorite and quartz 
fills fractures in garnet, vesuvianite, and clinopyroxene 
(Fig. 6g). There is evidence that cassiterite replaces malay-
aite (Fig. 6h). Minor amounts of fluorite and manganiferous 
hydrothermal calcite are the last minerals in the parage-
netic sequence of skarn alteration. Calcite pseudomorphs 
after clinopyroxene are a characteristic feature of this stage, 
whereas garnets enclosing clinopyroxene remain unaffected 
by the replacement. In addition, Mn-calcite overgrows cas-
siterite; scarce stokesite (a rare Ca-Sn-hydrosilicate) is in 
close association with calcite (Fig. 6i).

Greisen alteration

Greisen alteration occurs mainly within the granitic intru-
sion at Geyer (endogreisen), but also extends into the 
metamorphic host rock (exogreisen). Greisen alteration at 
Geyer is mainly related to veins (<3 cm thickness) and 
dense stockwork zones (<6 m thickness) that result in 
extensive alteration zones. Greisen mineral association 
comprises mainly quartz, Li-mica, and topaz that replace 
igneous feldspar and mica, but also occur as vein infill. 
Cassiterite accompanies greisen minerals and occurs as 
disseminated grains in the alteration halos and in the veins 
(Fig. 6j). Sizes of cassiterite crystals are generally larger in 
veins than in pervasively altered areas. In addition, fluorite 
and apatite occur within veins. Minor wolframite, molyb-
denite, and loellingite intergrown with arsenopyrite were 
recognized.

Late‑stage veins

Abundant veinlets, which range in thickness between 0.5 
mm and 5 cm, cross-cut metasedimentary and skarn units 
(Fig. 4i). Veins of this type can be traced in drill cores over a 
length of up to 300 m. The mineralogy of the veins includes 
variable abundances of chlorite, quartz, fluorite, cassiterite, 
and arsenopyrite. Based on the predominant vein minerals, 
three different associations are observed: (a) chlorite-cas-
siterite, (b) fluorite-cassiterite, and (c) fluorite-quartz veins. 
Chlorite-cassiterite veins, which are typically accompanied 
by an alteration halo that reaches about five times the vein 
thickness, mainly occur within skarn units but may extend up 
to several centimeters into the metasedimentary units. They 
postdate skarn I and the early stage of skarn II and contain 
aggregates of euhedral chlorite (<200 μm), accompanied 
by subhedral fluorite crystals (<400 μm). Cassiterite occurs 
as euhedral zoned crystals with sizes <5 mm (Fig. 6k) and 
as massive dark brown aggregates interstitial between chlo-
rite grains in the alteration halo (Fig. 6l). Locally, euhe-
dral arsenopyrite is present together with anhedral quartz 
between fluorite and chlorite minerals. Fluorite-cassiterite 

Fig. 6   Photomicrographs and backscattered electron microscopy 
images of common ore minerals and mineral textures. a  Euhe-
dral, diopside-rich clinopyroxene replaced by magnetite (GR-
626-06c). b  Magnetite, sphalerite, and minor galena replace garnet 
(GR-638-03a). c  Euhedral clinopyroxene overgrown and partially 
replaced by magnetite, cassiterite, sphalerite, and amphibole (GR-
626-06a). d  Amphibole intergrown with chalcopyrite, sphalerite, 
and minor galena (GR-638-04a). e Epidote and amphibole accompa-
nied by sphalerite and fluorite (GR-606-02a). f Anhedral to acicular 
wood-tin, fluorite, and chlorite in the late stage of skarn II alteration 
(GR-606-02a). g Cassiterite and chlorite fill fractures in garnet (GR-
626-05a). h  Malayaite enclosed by garnet is replaced by cassiterite 
and quartz (GM-1-08a).  i Cassiterite replaced by stokesite and man-
ganiferous calcite (GR-638-03c). j Greisenized granite with dissemi-
nated cassiterite (GR-R-148b). k Skarn cross-cut by a cassiterite fluo-
rite and quartz vein (GR-657-02a). l Chlorite-fluorite-cassiterite vein 
cross-cuts pyroxene-skarn (GR-657-04a)

◂
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Fig. 7   Salinity (NaCl±CaCl2) versus homogenization temperature in 
°C of analyzed fluid inclusion assemblages (FIAs). Data points show 
the average values of measured FIAs with corresponding error bars 
delineate the range of FIAs. FIAs are categorized according to the 
host mineral and the respective alteration stage. FIAs of stage I are 
pressure corrected assuming 200 MPa as formation pressure. a Type 

I liquid-rich two-phase primary fluid inclusions in green clinopy-
roxene. b Type II vapor-dominant fluid inclusions in fluorite. c Type 
III liquid-rich multiphase fluid inclusions in a pseudosecondary trail 
hosted by fluorite. d Type IV two-phase fluid inclusions in primary 
trails hosted by fluorite from a vein

Table 2   Summary of the microthermometric data of analyzed fluid inclusion assemblages from the Geyer system

Salinities were calculated according to Steele-MacInnis et  al. (2012) for the H2O-NaCl system and Steele-MacInnis et  al. (2011) for the 
H2O-NaCl-CaCl2 system without taking potential CO2 content into account. Min/avg/max values are given for fluid inclusion assemblages of 
one type in one alteration stage. Homogenization temperature was recalculated to a trapping pressure of 1200 MPa and 215 MPa. Cpx, clinopy-
roxene; fl, fluorite; cst, cassiterite; qz, quartz; p, primary; ps, pseudosecondary; c, cluster

Alteration stage Host  
mineral

Fluid  
inclusion type

Petrography of  
fluid inclusion

# of 
FIAs

# fluid 
inclusions

Tm(ice) (°C)  
min/avg/max

Th (°C) 
uncorrected 
min/avg/max

Th (°C) 
P-corrected 
min/avg/max

Salinity in wt. % eq. 
(Nacl ± CaCl2)

Stage I skarn1 cpx Type I-L ps 5 25 -7.4/-6.2/-4.4 279/285/293 447/ 454/468 7.06/9.37/11.00

Stage II skarn2 cpx, fl Type I-L p 4 23 -3.42/-2.27/-1.53 319/322/325 328/331/334 2.61/3.79/5.58

Stage II skarn2 cpx, fl Type III-LVS ps 4 19 -37.3/-32.8/-30.6 320/328/334 334/339/343 26.92/27.58/28.69

Veins with cst2 fl Type I-L p 1 9 - /-4.61/ - - /339/ - - /351/ - - /7.27/ -

Veins with cst2 fl, cst Type III-LVS ps 11 67 -33.83/-21.87/-13.68 262/299/321 269/309/331 16.77/22.70/31.54

Veins without cst2 qz, fl Type IV-LV c, p 8 44 -5.93/-1.84/-0.55 255/288/310 272/300/318 0.96/3.02/9.12
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and fluorite-quartz veins do not show distinct alteration 
halos and share many similarities. The only obvious differ-
ence is that the former includes cassiterite, whereas the latter 
does not. The occurrence of these veins is not restricted to 
skarn horizons; they cross-cut skarn as well as metasedimen-
tary units and granitic rocks. Minor mineral phases in these 
veins are scheelite and arsenopyrite. Due to their similar 
mineralogy, we assume that these two vein types are coeval 
and reflect local mineralogical varieties of the same stage. 
Fluorite±quartz±cassiterite veins postdate the main skarn 
stages (including chlorite-cassiterite veins), which indicates 
that they reflect the latest stage of tin mineralization.

Fluid inclusions

Fluid inclusion microthermometric results related to skarns, 
greisen, and veins are described within their petrographic 
context in the following section.

Petrography of fluid inclusions

Fluid inclusions (FI) suitable for microthermometry were 
detected in pyroxene, fluorite, quartz, and cassiterite of 
the various textural stages described above. In total, 187 
fluid inclusions (excluding vapor-rich fluid inclusions) in 
33 fluid inclusion assemblages (FIA) were analyzed. These 
included primary, pseudosecondary, and clustered inclusions 
(Goldstein and Reynolds 1994; Roedder 1984). Based on 
observations at room temperature (20 °C; and in cooling 
experiments in the case of hydrohalite), four types of fluid 
inclusions were distinguished (Fig. 7).

Type I-L FIs (fluid-rich two-phase FIs) contain a liquid 
(70–80 vol%) and a vapor phase (20–30 vol%). They are 
ellipsoid or irregular in shape and commonly occur in pseu-
dosecondary trails. The diameter of the inclusions is highly 
variable, ranging from <10–55 μm.

Type II-V FIs (vapor-rich two-phase FIs) are character-
ized by a high proportion of vapor (>90 vol%). They are 
usually irregular or show the shape of a negative crystal, 
ranging between 10 and 25 μm in diameter, with a few 
exceptions of larger inclusions. This type is intimately asso-
ciated with some FIAs of type III and occurs in the same 
primary or pseudosecondary trails.

Type III-LVS FIAs (liquid-rich multiphase FIs) contain 
an aqueous liquid phase (60–80 vol%), a vapor phase (20–40 
vol%), and one or more daughter crystals. The diameter of 
the inclusions does not exceed 25 μm and the shape is ellip-
soid, irregular, or angular. Solid phases in the FIs are halite 
or hydrohalite, and less commonly fluorite.

Type IV-LV FIAs (two-phase FIs) contain a liquid 
phase (40–60 vol%) and a vapor phase (40–60 vol.%). Pri-
mary inclusions appear as clusters in fluorite or in quartz. 
Also, pseudosecondary trails with roundish and elongated 

inclusions that cross-cut one or two growth zones in fluorite 
are present. The diameter of these inclusions varies from 
<5–45 μm.

Microthermometry of fluid inclusions

The microthermometric data of the different fluid inclusion 
types are summarized in Table 2. The data are presented and 
grouped according to the textural position of the host miner-
als within the different alteration assemblages. A detailed 
background data set including individual fluid inclusion 
analyses is provided in ESM Table 1.

Stage I skarn  Fluid inclusion assemblages in cogenetic 
hedenbergite (Fig. 7a) and fluorite of stage I skarn show 
homogeneous entrapment and are invariably type I-L inclu-
sions. The average eutectic temperature is 21 °C, so these 
fluid inclusions are best described in the NaCl-H2O system. 
The homogenization temperature Th (LV➔ L) ranges from 
279–293 °C (uncorrected; 447 to 468 °C for estimated pres-
sures, see discussion for more details). The melting tem-
perature of ice Tm(ice) is between −4.4 °C and −7.4 °C, cor-
responding to a salinity of 7.1–11.0 % eq. w(NaCl).

Skarn, greisen, and vein stage II  In the stage II skarn, FIAs 
of type I-L, II-V, and III-LVS of the NaCl-H2O system and of 
the NaCl-CaCl2-H2O system were identified in fluorite and 
clinopyroxene (Fig. 7). Type I-L FIAs show Th (LV-L) of 
320–325 °C, Tm(ice) of −1.5 to −3.4 °C, which corresponds 
to a salinity range of 2.6 and 5.6% eq. w(NaCl). Fluid inclu-
sions of type III-LVS in clinopyroxene and fluorite have Th 
of 325 to 335 °C. Tm(ice) ranges from −37.2 to −31.0 °C, and 
the melting temperature of hydrohalite (Tm(hh)) is between 
−32.0 and −16.5°C, which corresponds to a salinity of 
26.9–28.7% eq. w(NaCl+CaCl2). Type III-LVS can locally 
be found in the same trail as type II-V fluid inclusions.

In chlorite-cassiterite and fluorite-cassiterite veins, fluid 
inclusions of type I-L, II-V, and III-LVS of the NaCl-H2O 
system and the NaCl-CaCl2-H2O system were observed in 
fluorite and cassiterite. In trails with type III-LVS inclusions, 
FIs of type II-V can occur, which indicates heterogeneous 
entrapment. Neither the Th nor the Tm could be determined 
in these inclusions since the phase transitions were not vis-
ible due to the high content of the vapor phase (Fig. 7b). 
Halite-bearing type III-LVS inclusions (Fig. 7c) have Th of 
305–310 °C, melting temperatures of halite Tm(h) between 
120 and 140 °C, which results in an average salinity of 
31.5% eq. w(NaCl+CaCl2). Halite-free type III-LVS inclu-
sions have a Th between 275 and 320 °C, a Tm(hh) of −44.1 
to −22.7 °C, and a corresponding salinity of 20.0–32.2% eq. 
w(NaCl+CaCl2). Fluid inclusions of type III-LVS hosted 
by fluorite, which are best described in the H2O-NaCl sys-
tem, have an average Th of 340 °C, Tm(ice) of −4.6°C, and a 
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salinity of 7.3% eq. w(NaCl). In veins without cassiterite, 
fluid inclusions of type IV-LV, also best described in the 
H2O-NaCl-system, were analyzed in fluorite (Fig. 7d) and 
quartz. The latter contains inclusions with a Th of 285–295 
°C, Tm(ice) between −1.8 and 1.3 °C, corresponding to a 
salinity of 2.3–3.1% eq. w(NaCl). Fluorite contains fluid 
inclusions with Th of 255 to 310 °C, Tm(ice) between 0.6 and 
5.9°C, and a resulting salinity of 1.0–5.9% eq. w(NaCl).

Geochronology

Five garnet samples with 144 and three cassiterite samples 
with 95 individual spot analyses were successfully dated by 
U-Pb LA-ICP-MS. The concentration of U and Pb and the 
calculated ages, sample location, and number of spot analy-
ses are compiled in Table 1.

Samples GR4 (drill core Z626, 85 m) and GR5 (drill core 
Z606A, 79.5 m) are related to stage I skarn. The analyzed 
reddish to brown garnet is of grossular-rich grandite compo-
sition, accompanied by green to white, diopsidic clinopyrox-
ene (Fig. 2a). Samples GR4 and GR5 contain only prograde 
calc-silicate minerals and there is no evidence of chloritiza-
tion. The U content of garnet in sample GR4 ranges from 
0.04–0.65 μg/g and in GR5 from 0.01–1.75 μg/g, and Pb 
concentrations in garnets range from 0.01–0.14 μg/g in GR4 
and 0.06–0.39 μg/g in GR5. Results from these two samples 
yield overlapping lower intercept ages of 322.4 ± 5.1 Ma 
and 322.1 ± 11.8 Ma, respectively (Fig. 2a).

The garnet samples GR1 (96.5 m), GR2 (59 m), and GR6 
(45.6 m) from drill core Z626 (Fig. 2b) are related to stage 
II skarn. Garnets in these samples are pale to dark green, 
andradite-rich and are intergrown with clinopyroxene. Sam-
ples GR2 and GR6 contain prograde minerals only, whereas 
GR1 is cross-cut by some thin chlorite veins (<1 mm). The 
U contents of the garnets in these samples vary between 
0.01 μg/g and 1.4 μg/g, and Pb concentrations vary between 
0.01 μg/g and 0.9 μg/g. The U-Pb data yield lower intercept 
ages of 307.3 ± 4.8, 305.1 ± 3.9, and 301.6 ± 5.0 Ma for 
samples GR6, GR2, and GR1, respectively. Cassiterite from 
sample GR657-02a (core Z657, 83.8 m) occurs in a vein 
accompanied by fluorite and quartz cross-cutting a skarn 
(Fig. 2c). The cassiterite is euhedral and exhibits distinct 
growth zones with dark brown to translucent domains. The 
U and Pb content of the cassiterite ranges between 1.4–16.5 
μg/g and 0.08–1.2 μg/g, respectively. The U-Pb data result 
in a lower intercept age of 308.2 ± 3.7 Ma. Samples 60973 
and 60974 (“Binge,” Geyer) contain granite-hosted greisen 
with cassiterite closely associated with quartz, mica, and 
topaz (Fig. 2d). The U content of these cassiterite crystals 
ranges from 0.09–33.1 μg/g, with a Pb content between 0.06 
and 14.1 μg/g, yielding a lower intercept age of 305.7 ± 
3.7 and 306.6 ± 3.5 Ma, i.e., within the error of the ages 

obtained for cassiterite from veins and from garnets of skarn 
II assemblages.

Discussion

In the following, the geochronological data of garnet and 
cassiterite as well as cross-cutting relationships are discussed 
to constrain the temporal evolution of the Geyer magmatic-
hydrothermal system. Furthermore, the geochronological 
data is used to evaluate potential causative intrusions in the 
area and to integrate the timing of hydrothermal activity at 
Geyer into the existing geochronological framework of the 
Erzgebirge region. Fluid inclusion data is used to constrain 
the fluid evolution of the magmatic-hydrothermal system, 
providing important clues to better understand hydrothermal 
tin enrichment in Variscan skarn systems.

Temporal evolution of the Geyer 
magmatic‑hydrothermal system

In situ U-Pb geochronology on garnet yields an age of 322.4 
± 5.5 (GR4) and of 322.5 ± 11.4 Ma (GR5) for the stage 
I skarns, coinciding with the emplacement of the nearby 
Greifenstein intrusion, which was dated to 324 ± 4 to 320 ± 
3 (Romer et al. 2007) and the early stage of emplacement of 
the large-volume Eibenstock granite intrusion, with an age 
range between 323 and 314 Ma (Förster et al. 2009; Kempe 
et al. 2004; Tichomirowa et al. 2019; Warkus 1997). This 
relates the formation of stage I skarns to the emplacement 
of the major batholiths in the area.

Stage II skarn garnet ages of 307 ± 5, 305 ± 4, and 301.6 
± 6 Ma are invariably younger than skarnoid garnet of stage 
I skarn, consistent with textural observations. Cassiterite 
ages of 305.7 ± 2.8, 306.6 ± 2.5 Ma (both greisen), and 
308.2 ± 2.9 Ma (late-stage vein) relate stage II skarn, gre-
isen alteration, and late-stage veins to the same magmatic-
hydrothermal event which clearly postdates the emplace-
ment of the known granitic intrusions in the area (Romer 
et al. 2007). This suggests that tin mineralization is related 
to a younger, yet previously unrecognized magmatic event 
(Fig. 8). The fine-grained quartz-topaz-rich intrusion and 
the rhyolitic dykes (Bolduan 1963a) that postdate the main 
intrusive stage at Geyer support this assumption, as these 
rocks are most likely related to the causative intrusions for 
tin mineralization. However, direct geochronological data 
that constrain the timing of these younger intrusions are 
unfortunately not available at Geyer.

The observation that hydrothermal mineralization post-
dates the emplacement of the large-volume intrusions (e.g., 
Eibenstock) in the Geyer district is consistent with the tim-
ing of skarn formation and magmatic-hydrothermal activ-
ity recently constrained in a regional reconnaissance study 
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of skarns in the Erzgebirge metallogenic province (Burisch 
et al. 2019) as well as a geochronological study of skarns in 
the Schwarzenberg district further to the west (Reinhardt 
et al. 2022). Both studies recognized three distinct episodes: 
(A) 338–331 Ma, (B) 327–310 Ma, and (C) ~310–295 Ma.

Whereas stages A and B may be related to the emplace-
ment of late-collisional granites, stage C coincides with 
post-collisional magmatic activity in the region (Förster 
et al. 1999; Hoffmann et al. 2013; Kröner and Willner 1998; 
Löcse et al. 2023; Luthardt et al. 2018).

The statistically robust age difference between stage I 
and stage II skarn, greisen, and veins suggests a distinct 
hiatus in the magmatic and magmatic-hydrothermal activ-
ity in the Geyer district of at least 12 Ma. Skarn deposits 
of the Schwarzenberg district show similar characteristics 
with an early-stage coinciding with the emplacement of large 
granitic batholiths in the area — and a distinctively younger 
skarn stage that is associated with extensive retrograde 
alteration and magmatic-hydrothermal mineralization. This 
bimodal age distribution seems thus to be a common feature 
in Erzgebirge skarn deposits (Burisch et al. 2019; Reinhardt 
et al. 2022), but rather atypical for skarn deposits in general 
(e.g., Burisch et al. 2023; Meinert et al. 2005).

Finally, it is important to point out that ages obtained for 
greisen- and skarn-hosted cassiterite in this study provide 
the first direct evidence that greisen- and skarn-type miner-
alization in the Erzgebirge are of similar age — and, hence, 
most likely related to the same magmatic-hydrothermal 
event (Figs. 8 and 9). Furthermore, the new ages document 
that formation of greisen-hosted tin mineralization in the 
Erzgebirge does not (only) coincide with late-collisional 

(Zhang et al. 2017) but (also) with post-collisional mag-
matic activity.

Genesis of the Geyer magmatic‑hydrothermal 
system

Stage I

Geochronological data relate stage I skarn to the emplace-
ment of the large late-collisional granitic batholith at 
~324–315 Ma. Characteristically red garnet and pale green 
pyroxene of skarn I are typical of skarns that form relatively 
proximal to their causative intrusion (Fig. 9). The fine-crys-
talline nature and skarnoid texture indicate formation under 
almost contact-metamorphic conditions, with only limited 
hydrothermal fluid involved, related to the thermal anomaly 
associated with the emplacement of the batholith (Meinert 
et al. 2005; Papeschi et al. 2017). The low amount of fluid 
involved in stage I skarn formation is furthermore supported 
by the distinct absence of a stage associated with hydrous 
skarn minerals. Based on these considerations, the emplace-
ment depth of the genetically associated intrusion should 
provide a good estimate for the depth of formation of stage 
I skarn. The nearby Greifensteine intrusion was emplaced 
at a depth between 2.5 and 4.0 km at a minimum pressure 
of 200 MPa (Breiter et al. 1999; Romer et al. 2007), which 
is assumed to also correspond to the Geyer intrusion. Since 
contact metamorphic and ductile conditions probably pre-
vailed during this stage, we assume lithostatic conditions 
during the formation of stage I skarn. Consequently, fluid 
inclusion homogenization temperatures were corrected for 
pressures of 200 MPa (Fig. 7). This results in a formation 
temperature for stage I skarn of 450–470 °C, involving flu-
ids with intermediate salinities, which is consistent with 
early-stage magmatic fluids that exsolve from granitic mag-
mas (Driesner and Heinrich 2007; Korges et al. 2020). The 
absence of cassiterite and tin silicates associated with stage 
I skarn is likely related to one or more of the following fac-
tors: (a) formation of skarn stage I predates the main fluid 
exsolution event and (b) magmatic fractionation during the 
formation of skarn I stage was not sufficient to efficiently 
enrich tin in the associated fluids, which has been proposed 
to be a key factor for the formation of tin deposits (Simons 
et al. 2017; Taylor 1979).

Stage II skarn, greisen, and late‑stage vein formation

In contrast to skarn I, skarn II shows distinct features that 
imply relatively distal and shallow formation conditions 
(Fig. 9) under hydrostatic pressure (mainly following the 
arguments of Meinert et al. 2005). These features include 
the abundance of green garnet as well as vein and cavity 
textures of skarn II. Using boiling assemblages, minimum 

Fig. 8   Geodynamic overview and compilation of geochronological 
data of igneous rocks of the Erzgebirge and hydrothermal mineraliza-
tion (after Reinhardt et al. 2022 and references therein). Data of this 
study is shown separately and marked with an asterisk
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pressures for the entrapment of fluid inclusions related to 
skarn stage II yield 10–15 MPa. Assuming hydrostatic con-
ditions, these pressures correspond to formation depths of 
1.5–2 km below the paleo water table (Driesner and Hein-
rich 2007). The differences between the depth of formation 
between stage I skarn (4.0–2.5 km) and stage II skarn are 
consistent with the fast tectonic uplift of the Erzgebirge that 
followed the collisional stage of the Variscides (Burisch 
et al. 2019; Schmädicke et al. 1995). A similar present-day 
position, but different formation conditions of skarn stage 
II and I suggest that the unknown causative granitic intru-
sion (fluid source) of skarn II can be expected to be a small 
(?), subvolcanic granite stock, similar to those exposed in 
the Eastern Erzgebirge (e. g. Zinnwald-Cinovec, Altenberg).

Fluid inclusion data suggest that the onset of skarn II for-
mation occurred at >330 °C. Fluid inclusions related to the 
early stage of skarn II show a bimodal salinity distribution 
(Fig. 7). FIAs with low salinity do not show any indication 
for heterogeneous entrapment or phase separation. There-
fore, these inclusions are interpreted to display the unmodi-
fied skarn-forming fluid. The occurrence of high-salinity 
fluid inclusion assemblages with indications of heteroge-
neous entrapment indicates that boiling occurred, whereas 
ingress of larger amounts of meteoric fluids during the early 
stage is unlikely (Fekete et al. 2016). Fluid salinities above 

~20 wt% seem to be characteristic of the early stages of 
greisen- and skarn-hosted tin deposits in general (Korges 
et al. 2018, 2020; Peng and Bromley 1992). This is consist-
ent with numerical hydraulic models (Fekete et al. 2016) 
that suggest that overpressure during the early stage inhibits 
entrainment of significant amounts of meteoric fluids into 
the magmatic-hydrothermal system.

Fluid inclusion homogenization temperatures could not 
be measured in minerals related to late-stage skarn II altera-
tion, but a continuous cooling trend (340 to 240 °C) is rec-
ognized between skarn stage II and late-stage veins (Fig. 7). 
This cooling trend coincides with the transition from early- 
to late-phase skarn II formation and late-stage veining. Cool-
ing has to be considered as a main controlling factor for 
base metal sulfide and cassiterite precipitation according 
to thermodynamic modeling and the relationship between 
ore and gangue minerals, as described in other skarn sys-
tems (Bertelli et al. 2009; Einaudi et al. 1981; Reed 2006). 
External input of sulfide from the metasedimentary host rock 
cannot be excluded.

The large range in salinities in fluid inclusions related 
to late veins suggests a continuous mixing trend of the 
highly saline magmatic-hydrothermal fluid with a diluted 
(probably meteoric) fluid during this late-stage evolution 
of the Geyer system. Since a clear correlation between 

Fig. 9   Schematic genetic model illustrating the spatial and temporal evolution of the Geyer magmatic-hydrothermal system (not to scale)
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salinity and temperature is lacking, it is likely that the 
meteoric fluids were heated up in the magmatic-hydro-
thermal system prior to entrainment (Audétat et al. 2000). 
The salinity and homogenization temperature of fluid 
inclusions from veins are consistent with fluid inclusions 
analyzed in greisen-hosted fluorite, which furthermore 
supports that greisen, skarn, and vein mineralization at 
Geyer are all different expressions of the same magmatic-
hydrothermal event. Hence, the host rocks (igneous, mar-
ble, or mica schist) and cooling related to the temporal 
evolution of magmatic-hydrothermal tin systems are key 
factors that control the style of alteration and minerali-
zation. At Geyer, younger hydrothermal fluorite quartz 
veins occur. The lack of cassiterite, epidote, and chlorite 
and significantly lower fluid inclusion homogenization 
temperatures (~110–170 °C) indicates that those veins 
are unrelated to tin mineralization.

Tin mineralization

The presence of malayaite in early skarn stage II marks the 
first enrichment of tin in the Geyer SW deposit. Backed by 
the cassiterite and garnet ages (308–302 Ma), this clearly 
indicates that tin mineralization is not associated with the 
emplacement of the large-volume batholith of the area, but 
is instead related to a probably more fractionated, smaller 
intrusion emplaced relatively more distal/deeper below the 
Geyer skarn system. The lack of tin silicates and the scar-
city of distinct tin-bearing minerals in stage I skarn support 
a magmatic-hydrothermal source of tin and argue against 
local remobilization of tin from adjacent meta-sedimentary 
host rock units, as was recently proposed by (Lefebvre et al. 
2019). The appearance of tin-rich silicates in early-stage 
skarn II assemblages rather indicates that tin was scavenged 
from an early-stage magmatic-hydrothermal fluid. This 
early-stage fixation in stage II skarn inhibited dispersion and 
promoted local concentration of tin in skarn layers.

A distinctly higher salinity of fluids related to cassiterite-
bearing veins and greisen-altered domains compared to veins 
and greisen that are cassiterite-free indicates that chlorinity 
may have played a key role for cassiterite precipitation (Hein-
rich 1990) as tin is effectively transported as Sn-chloro-com-
plexes (Schmidt 2018). The significant increase in salinity 
from about 4 to about 27 % eq. w(NaCl+CaCl2) appears to 
have been related to boiling of the early magmatic-hydrother-
mal fluid. Subsequent dilution and potentially concomitant 
cooling of chlorine-rich ore fluids are proposed as the control-
ling factor for cassiterite precipitation, which has been previ-
ously proposed as an efficient mechanism for tin enrichment 
in magmatic-hydrothermal systems (Audétat et al. 2000). The 
mineralogy and microthermometric data of cassiterite-free flu-
orite-quartz veins provide robust evidence that these veins do 
not belong to later Mesozoic mineralization styles, but instead 

imply that they are genetically related to the magmatic-hydro-
thermal stage. Therefore, we propose that such cassiterite-free 
fluorite-quartz veins likely formed from fluids which were 
along the fluid flow path already depleted in tin. Replacement 
of tin-bearing silicates by late-stage chlorite, actinolite, and 
calcite provided an additional source of tin, which promoted 
local enrichment of cassiterite and/or wood tin during the latest 
stages of the system.

Conclusions

The magmatic-hydrothermal tin deposit of Geyer, Erzgebirge, 
eastern Germany, shows various mineralization styles hosting 
tin ore minerals: greisen alteration restricted to the magmatic 
host rocks and skarns formed from former marbles and late-
stage veins. The skarns occur as laterally extensive units com-
prised of several individual discontinuous skarn lenses replac-
ing the marble of the metamorphic successions of the district. 
Mineral textures and cross-cutting relationships indicate two 
separate skarn-forming events — very similar to the observa-
tions made recently for skarn deposits of the Schwarzenberg 
district in the Erzgebirge (Reinhardt et al. 2021).

LA-ICP-MS U-Pb age dating of cassiterite and garnet 
was employed to constrain the temporal evolution of the 
magmatic-hydrothermal system at Geyer. The data provide 
the first direct evidence that greisen, skarn, and vein-type 
tin mineralization within one district/deposit in the Erzge-
birge are different mineralogical expressions of the same 
magmatic-hydrothermal system.

The first skarn stage is not associated with any tin miner-
alization, shows characteristics of a proximal contact meta-
morphic skarn that formed under lithostatic conditions at 
probably 4 to 2.5 km depth, and coincides with the emplace-
ment of large-volume batholiths in the area at around 320 Ma. 
Tin mineralization (malayaite and cassiterite) is, however, 
associated with the second, distinctly younger skarn-forming 
event at around 305 Ma. The formation depth of this skarn 
stage II is estimated to 2 to 1.5 km This shallower depth 
compared to skarn stage I is consistent with extensive uplift 
that occurred in the Erzgebirge between 320 and 305 Ma 
(Schmädicke et al. 1995). Although granitic intrusions coeval 
to skarn stage II are not documented in the area, there are 
abundant volcanic rocks of that age documented across the 
Erzgebirge. Hence, formation of skarn stage II is tentatively 
related to a younger and deeper intrusion. Based on fluid 
inclusion and petrographic observations, cooling and dilution 
of late-stage fluids by meteoric water is proposed as the key 
mechanism for cassiterite precipitation, that is mainly associ-
ated with late-stage chlorite-actinolite alteration and veining. 
The garnet/clinopyroxene ratio and colors of calc-silicates, 
the late occurrence of cassiterite in the paragenetic sequence, 
and the geometry of the skarn stage II at Geyer (and other 
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skarns in the Erzgebirge) are different from classic, very 
proximal tin skarns (Kwak 1987). Instead, their mineralogy 
and fluid inclusion systematics suggest a more distal environ-
ment relative to the causative source intrusion. In contrast to 
classical skarn occurrences worldwide (Meinert et al. 2005), 
a systematic zoning of garnet/clinopyroxene ratios or a color 
change in the calc-silicates cannot be observed within the 
Geyer skarns. The lack of zoning is likely related to the large 
size of the system, and therefore, the recognition of zoning 
on a larger scale would require an even more extensive lateral 
grid of sampling (cf. Reinhardt et al. 2021).
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Introduction

The skarns of the Erzgebirge are host to a signi¿cant share 
of Sn resources in Europe with a known endowment exceed-

ing 360 kt of Sn (Elsner 2014). The regions with the most 
proli¿c Sn skarns are the Schwarzenberg District in the 
western part of the Erzgebirge (Korges et al. 2020; Lefebvre 

et al. 2019; Reinhardt et al. 2021), and the Geyer SW Sn-
skarn deposit in the central part of the Erzgebirge. Indicated 
resources of the Geyer SW skarn bodies have been esti-
mated to 8.3 Mt of ore at 0.53 wt% Sn and up to 1.12 wt% 
Zn (Elsner 2014; Hösel et al. 1996). However, some of the 
Sn is hosted by calc-silicates and thus cannot be economi-
cally extracted. The skarns of the Schwarzenberg District 
and Geyer SW are exceptionally well exposed by existing 
underground mine workings (Schwarzenberg District) and 
exploration drilling (Geyer SW). Yet, published data on the 
petrography and mineral chemistry of the skarns are very 
limited (Hösel et al. 1996; Schuppan and Hiller 2012).
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Abstract

The Geyer tin skarn in the Erzgebirge, Germany, comprises an early skarnoid stage (stage I, ~ 320 Ma) and a younger 
metasomatic stage (stage II, ~ 305  Ma), but yet, the source and distribution of Sn and the physicochemical conditions 
of skarn alteration were not constrained. Our results illustrate that contact metamorphic skarnoids of stage I contain 
only little Sn. REE patterns and elevated concentrations of HFSE indicate that garnet, titanite and vesuvianite of stage I 
formed under rock-bu൵ered conditions (low Àuid/rock ratios). Prograde assemblages of stage II, in contrast, contain two 
generations of stanniferous garnet, titanite-malayaite and vesuvianite. Oscillation between rock-bu൵ered and Àuid-bu൵ered 
conditions are marked by variable concentrations of HFSE, W, In, and Sn in metasomatic garnet. Trace and REE element 
signatures of minerals formed under high Àuid/rock ratios appear to mimic the signature of the magmatic-hydrothermal 
Àuid which gave rise to metasomatic skarn alteration. Concomitantly with lower Àuid-rock ratio, tin was remobilized 
from Sn-rich silicates and re-precipitated as malayaite. Ingress of meteoric water and decreasing temperatures towards 
the end of stage II led to the formation of cassiterite, low-Sn amphibole, chlorite, and sul¿de minerals. Minor and trace 
element compositions of cassiterite do not show much variation, even if host rock and gangue minerals vary signi¿cantly, 
suggesting a predominance of a magmatic-hydrothermal Àuid and high Àuid/rock ratios. The mineral chemistry of major 
skarn-forming minerals, hence, records the change in the Àuid/rock ratio, and the arrival, distribution, and remobilization 
of tin by magmatic Àuids in polyphase tin skarn systems.

Keywords  Erzgebirge · Tin skarn · Garnet · Cassiterite · Mineral chemistry
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A resurgence of Sn exploration has spurred scienti¿c 
interest with recent studies providing a robust geological, 
geochronological, and mineralogical context (e.g., Bauer et 
al. 2019; Burisch et al. 2019; Kern et al. 2019; Korges et al. 
2020; Lefebvre et al. 2019; Meyer et al. 2024; Reinhardt 
et al. 2021). Some of these studies have documented that 
most Sn in the skarn deposits of the Schwarzenberg Dis-

trict and at Geyer SW is hosted by cassiterite accompanied 
by actinolite, chlorite and quartz related to late-stage skarn 
alteration (Kern et al. 2019; Meyer et al. 2024). However, 
Kern et al. (2019) illustrated for the Hämmerlein skarn in 
the Tellerhäuser deposit that up to 0.1 wt% of total Sn may 
be hosted by calc-silicate minerals, including stanniferous 
garnet, malayaite (CaSnSiO5), amphibole and epidote. As 
a result of detailed petrographic descriptions of the Geyer 
SW skarns (Meyer et al. 2024), a similarly complex distri-
bution of Sn between various silicates and cassiterite has 
been rather tentatively proposed. Hence, the present follow-
up study was conducted to provide a comprehensive set of 
mineral chemical data for the Geyer SW skarns. Results 
allow an assessment of the partitioning of Sn amongst vari-
ous skarn minerals, and thus provides valuable information 
on the distribution of Sn across di൵erent paragenetic stages 
which is important for possible metal recovery. The results 
can also be used to provide important constraints on the ori-
gin of Sn in the skarns of the Erzgebirge. The recognition 
of a pre-metamorphic background enrichment of Sn in the 
metasediments that also host skarn mineralization (Romer 
and Kroner 2015; Romer et al. 2022; Weber et al. 2023) 

has led to a resurgence of the hypothesis that a signi¿cant 
share of the Sn in the Erzgebirge skarns is related to proxi-
mal redistribution of Sn of sedimentary origin (Lefebvre et 
al. 2019). This contrasts with the hypothesis that Sn was 
introduced from magmatic sources (Lehmann 2021).

Despite the recent advances in understanding skarn-
hosted Sn mineralization of the Erzgebirge, systematic 
investigations of trace elements are scarce up to date. Here, 
we employ LA-ICP-MS and EPMA to determine the major, 
minor and trace element mineral chemistry of calc-silicates 
and cassiterite from a suite of drill core samples from the 
Geyer SW skarn bodies. We integrate the mineral chemi-
cal data with detailed petrographic observations and avail-
able petrogenetic constraints (Meyer et al. 2024) in order to 
better understand the mode of skarn formation in di൵erent 
environments (rock-bu൵ered vs. Àuid-bu൵ered) and related 
Àuctuations in Àuid/rock ratios. Furthermore, we aim to 
constrain Sn Àuxes (magmatic-hydrothermal vs. sedimen-

tary) and the redistribution of Sn amongst various silicates 
and oxides during the evolution of a polyphase skarn min-

eral system. We include previously unpublished EPMA data 
from Hämmerlein (Erzgebirge) and Crown Mine (Cornwall) 

into our discussion to illustrate that our ¿ndings are relevant 
to other Sn skarn systems as well.

Skarn formation and genetic implications of calc-
silicate compositions

Skarn assemblages form during regional or contact meta-

morphism, due to metasomatic replacement reactions of any 
kind of lithology, but especially carbonate-bearing rocks, 
with most economic skarns being related to magmatic-
hydrothermal Àuids (Meinert et al. 2005). Commonly, 
skarns are divided into endo- and exoskarn indicating an 
igneous or sedimentary protolith, respectively. Exoskarns 
can further be subdivided into skarns sensu stricto replac-

ing calcite marble (calcic) or dolomite marble (magnesian) 
and skarn sensu lato, which relates to skarn alteration of 
marly schists with higher content of silica and aluminum 
(Meinert 1992). Most skarns show a transition from small 
scale di൵usion-controlled reactions to in¿ltration metaso-

matism within their spatiotemporal evolution (Einaudi et 
al. 1981; Harlov and Austrheim 2013; Jamtveit and Hervig 
1994; Kwak 1987; Meinert 1992; Park et al. 2017a). The 

interaction between Àuid and host rock is mainly controlled 
by di൵usion rates, composition of the Àuid and the protolith, 
dictating textural characteristics and chemical compositions 
of skarn minerals (Einaudi et al. 1981; Pertsev 1974; Wata-

nabe 1960; Zharikov 1970). Within reaction skarns, di൵u-

sion relies on chemical gradients in pore solutions with low 
Àuid/rock ratio and is ine൶cient in transporting components 
over a larger distance, which typically results in the forma-

tion of skarnoid textures (Einaudi et al. 1981; Jamtveit and 
Hervig 1994). In contrast, advective metasomatic skarn 
formation is characterized by Àuid Àow driven by pressure 
gradients along percolation pathways, forming anhydrous 
(early) and hydrous (late) skarn assemblages (Harlov and 
Austrheim 2013; Meinert et al. 2005; Norton 1987). In these 
skarns, textures and compositions of minerals are a direct 
result of interaction with a (magmatic-) hydrothermal Àuid 
that can e൶ciently transport chemical constituents. The 
mineral chemistry, zoning textures and cross-cutting rela-

tionships of skarn minerals, hence, record physicochemi-
cal changes during the spatiotemporal evolution of a skarn 
system.

An increasing number of trace element studies on skarn-
related garnet have recently become available (Chen et al. 
2022; Gaspar et al. 2008; Hong et al. 2022; Huang et al. 

2022; Jamtveit et al. 1993; Jamtveit and Hervig 1994; Park 
et al. 2017b). The vast majority of these studies are dedi-
cated to W, Cu-Au or polymetallic skarns; no trace element 
data have yet been published for calc-silicate minerals in 
tin-dominated skarn systems. These studies illustrate that 
the composition of skarn minerals formed under low Àuid/
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rock ratios is primarily controlled by the bulk composition 
of the host rock. In such an environment, HFSE (high ¿eld 
strength elements) and Al can be transported over short dis-

tances to then be incorporated in newly formed skarn min-

erals (Jamtveit and Hervig 1994). In contrast, the chemical 
composition of skarn minerals formed under high Àuid/rock 
ratios will more likely reÀect the characteristics of the mag-

matic-hydrothermal Àuids involved. Typically, these Àuids 
transport an abundance of Fe and Si, and can introduce ele-

ments such as B, F, Li, W, Sn (and many more) into the 
skarn mineral assemblage (Einaudi and Burt 1982).

The rare earth elements (REE) are typical examples of 
HFSE – and the study of their distribution may provide inter-
esting insight into the origin of skarn minerals. The overall 
concentration of REE in magmatic-hydrothermal Àuids is 
typically low and marked by relative enrichment in LREEs 
and relative depletion in HREEs (Ayers and Eggler 1995; 

Bai and Koster van Groos 1999; Bauer et al. 2019; Reed 
et al. 2000). The extent to which the signature of the Àuid 
is incorporated or whether the incorporation of the REE 
into minerals follows crystallographic restrictions depends 
largely on the kinetics of the growing minerals (Gaspar et al. 
2008; Jamtveit and Hervig 1994). The more the growth rate 
of the minerals exceeds the di൵usion rate of the Àuid, the 
more the signature of the Àuid is incorporated. Additionally, 
high (but variable) Àuid Àow will lead to strong oscillatory 
chemical zonation, euhedral mineral shapes, and complex 
twinning, which is best described as an isometric texture 
(Gaspar et al. 2008; Jamtveit and Hervig 1994; Meinert 
1992).

Regional geology

The Erzgebirge (in German) or Krušné Hory (in Czech) 
region straddles the border between the Free State of Saxony 
in Germany and the Czech Republic (Fig. 1A). It comprises 
a sequence of metamorphic nappes (Fig.  1B) that formed 
during the Variscan orogeny in central Europe (Kroner et 
al. 2007). Protolith to these nappes was a variable volcano-
sedimentary succession comprising greywackes, conglom-

erates, sandstones, clay stones, marls, and carbonate rocks 
as well as minor volcanic rocks of ma¿c to felsic composi-
tion (Ondrus et al. 2003; Tichomirowa et al. 2012), ranging 

from early Paleozoic to Neoproterozoic in age. These were 
deposited along the northern edge of the Gondwana Super-
continent (Mingram 1998); they underwent variable degrees 
of deformation and metamorphism during the Variscan 
Orogeny, owing to the collision of Gondwana with Laurus-

sia during the Carboniferous. Peak metamorphism occurred 
at approximately 340  Ma, followed by rapid exhumation 
of the nappes to middle to upper crustal level (Kröner and 
Willner 1998) and the intrusion of voluminous granitic 

intrusions (Fig.  1B), facilitated by extensional tectonics 
(Wenzel et al. 1997). This late-Variscan phase (Breiter et 
al. 1999) was characterized by post-kinematic peralumi-
nous magmatism and took place between 327 and 310 mil-
lion years (Romer and Meixner 2014; Tichomirowa et al. 
2019, 2022). Intrusions of this period comprise of crustal 
and minor mantle-derived melts, and their geochemical 
heterogeneity is attributed to the lithological variability of 
the stacked continental crust (Förster et al. 1999). Granitic 
batholiths of A-, I- and S-type composition (such as syeno- 
and monzogranites), evolved porphyries, lamprophyres, 
and extensive rhyolitic and dacitic volcanic rocks were 
emplaced after the main collisional stage (Breiter 2012; 

Förster et al. 1999; Tischendorf and Förster 1990). Later 

on, during the post-orogenic extensional tectonic phase 
from 305 to 286 million years, mainly (sub-)volcanic felsic 
magmatism occurred (Ho൵mann et al. 2013; Luthardt et al. 
2018; Zieger et al. 2019).

Following the collapse of the Variscan Orogen, subsid-

ence and basin formation led to the deposition of a substan-

tial (2–3 km, Wol൵ et al. 2015) sedimentary sequence that 
covered the Variscan basement (Pälchen and Walter 2011). 

During the Cretaceous Period, reactivation of the Elbe rift 
led to marine transgression and subsequent sedimentation. 
Rifting of the Eger Graben caused the Erzgebirge block to 
tilt towards the north in the Cenozoic. Rapid uplift and ero-

sion were locally accompanied by local ma¿c (sub)volcanic 
magmatism – processes that resulted in the current expo-

sure level as a Variscan basement window in Central Europe 
(Pälchen and Walter 2011).

Skarns in the Erzgebirge

The Variscan basement of the Erzgebirge is well known to 
host various types of magmatic-hydrothermal mineral sys-

tems, including greisen (Baumann et al. 2000; Korges et al. 
2018), skarn (Burisch et al. 2019; Reinhardt et al. 2021), 

and epithermal vein-type mineralization (Swinkels et al. 
2021). Recent geochronological studies have documented 
that the bulk of magmatic-hydrothermal mineralization in 
the Erzgebirge is associated with post-kinematic, late-oro-

genic (330–310 Ma) and post-orogenic granitic magmatism 
(305–285 Burisch et al. 2019; Meyer et al. 2024; Reinhardt 
et al. 2022; Romer et al. 2007; Tichomirowa et al. 2019). 

This includes the known skarn deposits (Reinhardt et al. 
2022; Meyer et al. 2024).

Skarns across the Erzgebirge are mostly associated with 
carbonate-bearing metasediments of the Cambro-Ordo-

vician succession of the Schwarzenberg Anticlinorium, 
which forms a SW-NE trending belt across the Erzgebirge. 
The metasediments consist of alternating sequences of 
metapelites, mica schists, marbles, and ma¿c metavolcanic 
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tin formed later in two distinct stages that have been distin-

guished by garnet U-Pb dating (Burisch et al. 2019; Rein-

hardt et al. 2022; Meyer et al. 2024). Garnets of the ¿rst 
stage have ages of 325 to 313 Ma, coinciding with the age of 
many greisen deposits that are associated with the emplace-

ment of late-collisional granites (Burisch et al. 2019; Romer 
et al. 2007). Garnets of the second stage of skarn forma-

tion range between and 308 to 295 Ma in age. These gar-
nets are associated with abundant cassiterite mineralization 
in greisen and veins, and they are contemporaneous with 
post-collisional magmatism and the earliest onset of Perm-

ian rifting (Burisch et al. 2019; Ho൵mann et al. 2013; Meyer 
et al. 2024).

rocks. The skarn bodies vary signi¿cantly in size, mineral-
ogy, and the metal tenor: They may host subeconomic to 
economic grades of Sn, W, Fe, Zn, and/or In (Burisch et 
al. 2019; Hösel 2002; Reinhardt et al. 2021; Schuppan and 
Hiller 2012).

The most common skarn lithotypes in the Erzgebirge 
comprise garnet-pyroxene ± magnetite ± amphibole ± chlo-

rite skarns marked by a polyphase origin (Burisch et al. 
2019; Reinhardt et al. 2021). Oldest skarn occurrences are 
typically small and linked to the peak of regional meta-

morphism around 340 Ma (Burisch et al. 2019; Reinhardt 
et al. 2022) without signi¿cant metal endowment. Skarns 
of considerable size and, in some cases, well-endowed in 

Fig. 1  (A) Geographical position of the Erzgebirge region in Central 
Europe. (B) Geological overview of the Erzgebirge with the location 
of the Geyer system (modi¿ed after Meyer et al. 2024). (C) Some 

relevant geological features in the Geyer-Ehrenfriedersdorf district, 
focusing on important localities where magmatic-hydrothermal miner-
alization styles (greisen, skarn) are known to occur (after Hösel 1994)
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ESM-2 (Geyer SW), ESM-3 (Hämmerlein) and ESM-4 

(Crown Mine). Analytical conditions used to obtain this 
data are summarized below and reported in detail in ESM 1.

Major and minor element chemistry of skarn minerals of 
Geyer SW was determined using a JEOL JXA-8230 electron 
microprobe at the Department of Geosciences, University 
of Tübingen. The analyses were conducted in wavelength-
dispersive (WD) mode, employing an acceleration voltage 
ranging from 15 to 20 kV, a probe current of 20 nA, and 
a focused beam for all minerals except for amphibole and 
chlorite, for which a spot size of 5 μm was used. Counting 
times of 16/8 sec (peak/background) were applied for major 
elements, while minor elements were counted for 30/15 
sec. To process the data, the PRZ correction was applied 
to all minerals (garnet, clinopyroxene, vesuvianite, epidote, 
amphibole, chlorite, titanite, malayaite and cassiterite).

Quantitative analyses of silicates and oxides were per-
formed on samples from the Hämmerlein Deposit, Erzge-

birge, and Crown Mine, Cornwall, with a JEOL JXA 8530 F 
Hyperprobe at the Helmholtz Institute Freiberg for Resource 
Technology, Germany, using WDS. An acceleration voltage 
of 20 kV, a probe current of 40 nA and spot sizes between 
0.1 and 4 μm were chosen. Analyses were recalculated by 
the JEOL software with reference materials used for calibra-

tion matching the measured phases as closely as possible. 
Analyzed concentrations were corrected o൷ine for instru-

ment drift using natural mineral reference materials (ASTI-
MEX MIN25 and MAC Cassiterite). Mutual interferences 
were corrected following the procedure described in Osbahr 
et al. (2015).

Forty trace elements, including rare earth elements (REE), 
of gangue and ore minerals were analyzed by LA-ICP-MS 
at the Laboratory of Environment and Raw Materials Anal-
ysis (LERA), Karlsruhe Institute of Technology (KIT, Ger-
many), using a Teledyne 193 nm Excimer Laser coupled to 
a sector-¿eld ICP-MS (Element XR ThermoFisher). Abla-

tion was done under a helium atmosphere and mixed with 
argon and nitrogen before the plasma torch. The ICP-MS 
was tuned for maximum sensitivity while keeping the oxide 
formation (UO/U < 0.1%) and element fractionation low 
(i.e., Th/U = ~ 1). Static ablation used a spot size of 35 μm in 
diameter and an energy Àux of ca. 5 J/cm2 at 10 Hz for 30 s. 

Before the analysis, each spot was pre-ablated (ca. 1 μm) to 
remove surface contamination. Calibration and data quality 
checking was done using the National Institute of Standards 
(NIST) 612 glass, BIR, BHVO-1 and BCR-2G. Silicon con-

centrations, previously determined by electron microprobe, 
served as an internal standard for garnet, clinopyroxene, 
epidote, amphibole, chlorite, titanite and malayaite. For 
cassiterite, the concentration of Sn was used as an internal 
standard. Data were reduced and evaluated using the iolite 
software package v4. The complete dataset of LA-ICP-MS 

and cassiterite suggest dilution of the ore-Àuid by meteoric 
Àuids during the retrograde phase of stage II (Meyer et al. 
2024). The bulk of cassiterite mineralization in the Geyer 
magmatic-hydrothermal system is related to late retrograde 
veinlets of stage II comprising Àuorite or topaz, chlorite, 
white mica and/or quartz (Bolduan 1963; Hösel et al. 1996; 

Meyer et al. 2024).

Yet unpublished mineral chemical data from two other 
tin skarn localities are used in this study for comparison 
with the data from Geyer SW. These additional data are 
from the Hämmerlein skarn in the Schwarzenberg District 
(Kern et al. 2019) and from the Crown Mine of the Cornwall 
District, UK (van Marcke de Lummen 1986). More detailed 
information on the geological setting of these two Sn skarns 
is provided in electronic supplementary ESM 1.

Samples and methods

Access to six drill cores from the Wismut SDAG and Tin 
International exploration campaigns of the Geyer SW pros-

pect was provided by the Geological Survey of the Free 
State of Saxony. These were sampled, resulting in a total of 
60 individual samples of half drill cores, ranging in length 
from 5 to 20 cm. The main target of sampling was the selec-

tion of a wide range of macroscopically di൵erent unminer-
alized and mineralized portions of the three skarn units. 84 
polished thin sections for petrographic investigations were 
produced of the 60 samples, 48 of which were analyzed by 
electron microprobe and LA-ICP-MS. Sample location, 
analytical condition, and representative analyses as well as 
the mineral calculation procedures are provided in ESM-1.

All sections were ¿rst examined by transmitted and 
reÀected light microscopy on a Leica DM750P microscope 
equipped with an Olympus single-lens reÀex camera. In 
addition, a Phenom XL scanning electron microscope (SEM) 
with an energy dispersive (EDS) X-ray spectrometer at the 
University of Tübingen was used for mineral identi¿cation 
and texture documentation in thin sections. Backscattered 
electron (BSE) images were acquired at an acceleration 
voltage of 15  kV and a beam current of 15 nA. Element 
distribution maps of polished hand specimens and thin sec-

tions were generated by microbeam X-ray Àuorescence ele-

ment mapping using a Bruker Tornado M4 instrument at the 
University of Tübingen. This instrument is equipped with a 
rhodium target X-ray tube operating at 50 kV and 500 nA 
and two EDS X-ray detectors, which produce unquanti-
¿ed false-color maps corresponding to the height of the Kα 
peaks of the respective elements.

This study includes three electron microprobe datasets 
that were obtained under slightly di൵erent measurement 
conditions and corrections. The data sets are collated in 
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1 cm (Fig. 3D). Two garnet generations (Grt Ia and Grt Ib) 
were identi¿ed. Garnet Ia is usually some millimeters up 
to 1.5 cm large, has an orange to beige color and irregular 
rims. These garnets are strongly anisotropic, very weakly 
zoned and commonly show sector or dodecahedral twins 
(Fig.  4A). They are intergrown with green clinopyroxene 
(Fig. 5A), euhedral, red vesuvianite (Ves I; Fig. 5B) and epi-
dote (Ep I; Fig. 5C). Titanite (Ttn I) is commonly enclosed 
in garnet (Fig. 5D). In contact between former marble and 
mica schist, titanite occurs as aggregates with inclusions of 
relict ilmenite and rutile (Fig. 5C). The outer zones of gar-
net Ia are overgrown by garnet Ib. This alteration generally 
does not exceed 100 μm and is best visible with the SEM 
(Fig.  4B and C). Garnet Ib is accompanied by increasing 
amounts of wollastonite, Àuorite, and quartz.

Stage II

Early skarn stage IIA  Drill cores illustrating substage IIA 

show a highly variable clinopyroxene to garnet ratio, where 
minerals are generally coarse-grained and show isometric 
textures Fig. 3e, F, G). This association is most widespread 
in the studied sample set, and the thickness of skarn lenses 
di൵er, ranging from 30  cm up to 3  m. Yellow to brown 
garnet crystals reach sizes of up to 6 cm (Fig. 3E, F) and, 
more rarely, a mineral association which is dominated by 
green garnet can be encountered (Fig. 3F and G), occurring 
in lenses and small veins with sizes up to 50 cm. Fluorite 
and malayaite constitute additional phases that mark the IIa 
mineral assemblage (Fig. 3H).

Microscopically, the ¿rst garnets of the stage II skarn 

(Grt IIa) are of anhedral, porous appearance with numerous 
inclusions of other minerals, primarily clinopyroxene (Cpx 
II), remnants of earlier formed garnet, and Àuorite. This gar-
net generation has cream to light brown colors, is slightly 
anisotropic without recognizable twins, but notably shows 
distinct dodecahedral crystal shapes (Fig. 4E). Vesuvianite 
(Ves II) has deep red to pale green colors and forms lath-
shaped to acicular crystals (Fig. 5F). Occasionally, Ves II is 
zoned, with a darker core passing to a brighter rim. Clino-

pyroxene is only euhedral and of considerable size when it 
is intergrown with magnetite, forming up to 1.5  cm large 
crystals. (Fig.  5G). Malayaite replaces titanite to variable 
degrees, forming titanite-malayaite solid solutions (Ttn-
Mlyss), resulting in patchy zonation with malayaite-rich and 
-poor domains. In some samples, titanite and the surround-

ing host minerals are crosscut by fractures, with only the 
portion no longer shielded by the host mineral being more 
Sn-rich (Fig.  5D). Garnet IIa is subsequently overgrown 
by garnet IIb (Fig. 4D and E). The most distinctive feature 
of these garnets is the scarcity of inclusions, their strongly 

analyses of Geyer SW may be found in ESM-5. All REE 
data were normalized to C1 chondrite after McDonough and 
Sun (1995), an approach adopted from recent studies deal-
ing with the distribution of trace elements in skarn systems 
(e.g. Chen et al. 2022; Gaspar et al. 2008; Huang et al. 2022; 

Liu et al. 2022; Ordosch et al. 2019; Park et al. 2017a, b; 

Smith et al. 2004) in order to improve comparability. Eu 
anomalies were calculated based on the formula Eu/Eu* = 

(Eu)cn/[(Sm)cn x (Gd)cn]
0.5 of McLennan (1989), where val-

ues below 1 show a negative Eu anomaly and vice versa.

Results

In the following, a brief summary of the macroscopic and 
microscopic characteristics of skarns from Geyer SW is pro-

vided. Please refer to Meyer et al. (2024) for a more detailed 
description. Following that, mineral chemistry data are pre-

sented for the localities Geyer SW, Hämmerlein and Crown 
Mine.

Petrography Geyer SW

Based on observations from drill cores (Fig. 3) and detailed 
petrography (Figs.  4 and 5), three characteristic mineral 
assemblages are recognized in samples from the Geyer SW 
skarn. All three of these assemblages may occur in close 
spatial proximity to one another, often rendering the recog-

nition of paragenetic relations di൶cult on hand specimen 
scale. However, the identi¿cation of discrete generations of, 
e.g., garnet can be based on cross-cutting relationships, tex-

tures, crystal shape and color. Di൵erent garnet generations 
also include core to rim associations, which are regarded 
as generations because of strikingly di൵erent appearances. 
Similar features apply to other skarn minerals, which have 
been assigned to distinct assemblages following Meyer et 
al. (2024).

Stage I

Macroscopically, stage I skarn shows remnants of host rock 
and metamorphic banding is preserved to variable degrees 
(Fig. 3A and B). Predominantly calcite marble and marly 
mica schist are replaced by skarn. Lenses of skarn exhib-

iting stage I alteration do not commonly exceed 1  m in 
thickness; the transition to surrounding altered mica schist 
is gradational. Skarn I mineral associations are character-
ized by variable ratios of garnet to clinopyroxene with a 
signi¿cant proportion of wollastonite, vesuvianite, quartz, 
feldspar, and epidote (Fig. 3C and D).

Garnet-rich areas display a ¿ne crystalline texture, albeit 
with multiple larger garnet crystals reaching sizes of up to 
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Fig. 3  Representative samples 
from drill cores (core and depth 
in brackets). (A) Mica schist 
replaced by pyroxene skarn 
(667-7-01; 391.1–391.2 m). (B) 

Fine-crystalline pyroxene (Cpx) 
skarn with remnants of mica shist 
and areas with higher proportion 
of red garnet (Grt; 667-5-01; 
382.5–382.6 m). (C) Garnet-
rich sample with cream-colored 
garnet and red vesuvianite (Ves; 
667-11-01; 409.3–409.4 m). (D) 

Large pocket of red garnet with 
wollastonite (Wol) in a pyrox-

ene-dominated area of stage I 

skarn (626-07; 85.0–85.2 m). 
(E) Densely intergrown large 
crystals of dark brown garnet and 
dark green pyroxene (667-15-
01; 429.6–429.7 m). (F) Green 
clinopyroxene skarn cut by a vein 
containing vesuvianite at the rim 
and green garnet in the central 
part (626-02; 45.6–45.7 m). 
(G) Garnet-rich skarn with dark 
green, euhedral garnet crystals 
which are crosscut by veinlets 
containing hematite (Hem) 
and cassiterite (Cst; GM-08-1; 
22.0–22.1 m). (H) Malayaite 
(Mly)-dominated parts in a 
garnet skarn under short-wave 
ultraviolet light (GM-08-2; 
22.3–22.4 m). (I) Skarn mainly 
composed of amphibole with 
abundant sphalerite (Sph) (617-
02; 167.2–167.4 m). (J) Vein 
with epidote (Ep) and euhedral, 
red sphalerite crosscutting skarn 
containing disseminated chalco-

pyrite mineralization (606-02; 
81.4–81.5 m). (K) Chlorite- and 
cassiterite-¿lled veins intersect-
ing epidote- and amphibole-rich 
skarn (657-03; 114.9-115.1). (L) 

Gneiss crosscut by a cassiterite 
(Cst)-quartz (Qz)-arsenopyrite 
(Apy)-bearing vein. (606-5; 
242.6–242.7 m)
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generation of garnet crosscuts garnet I and garnet IIa and 
b, but also clinopyroxene (Fig. 5G, H, I). Malayaite (Mly) 
is the most common inclusion in garnet IIc and is usually 
present as euhedral, lath-shaped crystals or acicular aggre-

gates up to 1  mm (Fig.  4I). Garnet IId, which overgrows 
garnet IIc, forms euhedral, dodecahedral, mostly isotropic 
crystals up to 2 cm in diameter (Fig. 4J). Compared to other 
garnet generations, growth zones are of considerable size, 
up to 400 μm wide, and they may be bent or tilted (Fig. 4J). 
Inclusions are scarce; Àuorite is observed as a minor mineral 
only.

oscillatory zoning, and their euhedral shape (Fig. 4F). Their 
coloration ranges from yellow to dark brown and they are 
nearly isotropic. Towards the edge of single grains, the color 
intensity gradually diminishes, and the spacing between 
individual bands increase. Very locally, garnet IIb and vesu-

vianite II are intergrown with green, euhedral amphibole 
(Amp IIa; Fig. 5H).

As skarn alteration progresses, mineral formation starts 
from veins and replaces previously formed minerals. The 
¿rst generation of garnet in these veins (Grt IIc) is of bright 
green color with weak oscillatory zoning (Fig.  4F). This 

Fig. 4  Typical textures and intergrowths of garnet illustrated in SEM-
BSE (B, C, E, H, I, J) and transmitted light microscopic images (A, 

D, F, J). (A) Euhedral, sector twinned garnet Grt I (plane and cross 
polarized image; 667-1-01a). (B) SEM-BSE image of Grt Ia over-
grown by Grt Ib with wollastonite (Wol; 657-01). (C) Replacement 
of Grt Ia and Ib by Grt IIa (SEM-BSE; 667-4-05). (D) Poikilitic cores 
of Grt IIa overgrown by Grt IIb (plane polarized image; 626-08). (E) 

Grt IIa intergrown with Àuorite and pyroxene, overgrown by Grt IIb 
(SEM-BSE; 667-10-02). (F) Brown Grt IIb crosscut by green Grt IIIa 
in veins (626-05; plane polarized image). (G) Stanniferous Fe-rich 

Grt IIb replaced by Al-rich Grt IIc, starting from veins. Al-mapping 
done with microprobe; black and blue represent low Al (and high Fe) 
areas while green to yellow represents Al-rich areas (667-10-04). (H) 

Anhedral Grt Ia and Ib intersected by Grt IIIa (SEM-BSE; 626-03). 
(I) Euhedral, lath shaped malayaite (Mly) in the vicinity of a replaced 
stanniferous garnet (SEM-BSE; 626-04). (J) Poikilitic Grt IIc inter-
grown with malayaite, Àuorite and clinopyroxene overgrown by Grt 
IId with strong oscillatory zonation (SEM-BSE combined with plane 
polarized image; GM-8-02)
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can reach sizes of up to 1 cm, featuring well-de¿ned growth 
zones and only few inclusions. In certain areas, amphi-
bole may undergo local replacement by chlorite (Fig. 5K) 
or become enclosed by chalcopyrite, sphalerite, and other 
sul¿des (Fig.  5L). The formation of cassiterite is consis-

tently associated with veins, veinlets, and their alteration 
aureoles, typically a൵ecting the host rock (skarn as well 
as metasedimentary units) within a limited zone, rarely 
extending more than a few tens of centimeters. Cassiter-
ite crystals are predominantly euhedral and exhibit well-
de¿ned growth zones. In veins, they can attain sizes of up to 
1.5 cm, although they are generally smaller in impregnated 
areas. The highest quantities of cassiterite are typically 

Late-stage skarn IIB  The late-stage alteration of stage II 

skarn (substage IIB) comprises epidote, amphibole, chlo-

rite, and other hydrous minerals in varying proportions 
(Fig. 3I, J and K). These minerals occur as massive aggre-

gates, but also in veins and their alteration aureoles (Fig. 3J 
and K). The late-stage skarn alteration is in some samples 
associated with base metal sul¿des (Fig. 3J and K) or with 
cassiterite mineralization (Fig. 3L).

Green epidote (Ep II) and dark green to black amphibole 
(Amp IIb and c) occur in veins (Fig. 5I) as dense aggregates 
or as replacement products (Fig.  5J), but they are rarely 
intergrown with each other. Epidote and amphibole crystals 

Fig. 5  Other minerals. (A) Green clinopyroxene intergrown with anhe-

dral, poikilitic Grt Ia in transmitted light (667-8-04). (B) Lath-shaped, 
euhedral vesuvianite (Ves I) with anhedral Grt Ia (667-11-01). Circles 
in Vesuvianite are laser ablation marks (transmitted light). (C) Small 
euhedral epidote I (Ep I) replacing biotite (Bt) and feldspar (Kfs; SEM 
image; 667-14-02). (D) Titanite enclosed by Grt I. Where titanite is no 
longer shielded by the garnet, it is replaced by malayaite (SEM image; 
667-1-01)). (E) Titanite containing remnants of rutile (Rt) and ilmenite 
(Ilm) is replaced in the upper left corner by malayaite (Mly) (SEM 
image; 606-01). (F) Fibrous, densely intergrown vesuvianite (Ves II) 

with clinopyroxene (transmitted light, crossed polarized; 606-01). (G) 

Large, lath shaped clinopyroxene (Cpx II) intergrown with magnetite 
(Mag). Both are subsequently replaced by sphalerite (Sph; reÀected 
light; 626-06). (H) Euhedral vesuvianite intergrown with early euhe-

dral amphibole without replacement (667-16-04). I) Green epidote (Ep 
II) in a vein together with deep red sphalerite and subhedral Àuorite 
(Fl; 606-02). J) Clinopyroxene replaced by euhedral, internally zoned 
amphibole (Amp IIb; 606-04)). K) Chlorite and sphalerite replace 
clinopyroxene and amphibole (638-04). L) Partly replaced amphibole 
(Amp IIc) enclosed by chalcopyrite (reÀected light; 657-06)
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addition, we will report the mineral chemistry of cassiterite. 
The procedures for mineral formula calculation and repre-

sentative chemical analyses of the mineral groups may be 
found in the ESM-1. 

Garnet Group  The ¿rst garnet generation in stage I (Grt 
Ia) occupies a large compositional range of And4–55Grs43–95 

with up to 0.16 apfu F. Sn remains invariably below or near 
the detection limit of the electron microprobe (EPMA, LOD 
is 0.05 wt%), but LA-ICP-MS data show concentrations 
between 11 and 600 µg/g. Grt Ia is overgrown and replaced 
by garnet Ib, which still belongs to stage I. It is identi¿ed 
only by its Fe concentration that is always higher than that 
of the immediately adjacent Grt Ia. Grt Ib also covers a 
wide range of compositions from And19–82Grs15–77 with F 
concentrations up to 0.11 wt%. Sn contents in Grt Ib only 
rarely exceed the LOD of the EPMA (Fig. 8A), but Sn is 
well detectable with LA-ICP-MS (12–980 µg/g).

The oldest garnets of stage II (Grt IIa) cover a composi-
tional range of And2–39Grs55–92 with F concentrations up to 

encountered in Àuorite- and chlorite-¿lled veinlets. These 
veinlets often exhibit the most substantial alteration halos. 
However, cassiterite was also found overgrowing magnetite 
and sphalerite in clinopyroxene-dominated skarn, replacing 
garnet and malayaite in garnet-dominated skarn and appear-
ing as interstitial phase between amphibole, hematite, and 
chlorite (Fig.  6A). Manganiferous calcite, prehnite, feld-

spar and Àuorite together with “wood tin” and stokesite 
(CaSn(Si3O9)*2H2O) occur in di൵erent proportions and are 
the latest observed minerals associated with the Sn system; 
they replace most of the previously formed skarn minerals.

Mineral chemistry

In the following, the results obtained for the major, minor 
and trace element chemistry of all major groups of sili-
cate minerals present in the Geyer SW skarn units will be 
reported, following their position in the di൵erent stages 
(Fig. 7). Results are presented for each mineral group – and 
within these groups compositional di൵erences between the 
three di൵erent stages (I, IIA, IIB) will be highlighted. In 

Fig. 6  (A) Occurrences of cassiterite (Cst), commonly in veins with 
Àuorite (Flr) or chlorite (Chl) crosscutting garnet (Grt) or pyroxene 
(Px) skarn or in impregnated areas with hematite (Hem) or chalco-

pyrite (Ccp; transmitted light; only sul¿de skarn image in reÀected 
light). (B) Trace elements of cassiterite normalized to the high- Àuo-

rine S-type Eibenstock granite. The elements of cassiterite are remark-

ably consistent irrespective of di൵erent host rocks and di൵erent gangue 
minerals.1Förster et al. 2021; *divided by 1000. (C) REE pattern of 
cassiterite from veins with di൵erent gangue minerals and host rocks. 
Please note that colors of frames around pictures in (A) correspond to 
line colors in graphs B and C
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has a wide range of compositions between And13Grs77 and 
And90Grs5, with highly variable F concentrations between 
LOD and 0.55 apfu, and Sn concentrations ranging between 
0.01 and 0.12 apfu (Fig. 8A). The ¿nal garnet generation of 

0.51 apfu. Sn is still low (0.02 apfu), but consistently above 
the LOD of the EPMA. The concentration of Fe increases 
in garnet IIb (And29–99Grs0–65), accompanied by low F and 
high Sn concentrations (up to 0.11 apfu; Fig. 8A). Garnet IIc 

Fig. 8  Electron microprobe 
analyses of skarn minerals of the 
di൵erent skarn stages. (A) Garnet 
with Sn per formula unit against 
Al divided by the sum of total Fe 
and Al, reÀecting the composi-
tional range between grossular 
and andradite. (B) Sn versus Ti 

in atoms per formular unit of 
titanite group minerals showing 
the solid solution between titanite 
and malayaite with a prominent 
miscibility gap. (C) Sn per for-
mula unit against the clinozoisite 
component of epidote-group 
minerals. Sn is more enriched in 
Fe-rich epidote. (D) Analyses of 
amphibole with Sn per formula 
unit plotted against the Mg 
number. Analyses with intermedi-
ate Mg number but high Sn are 
amphiboles of the substage IIA.

 

Fig. 7  Simpli¿ed paragenetic sequence of minerals. (modi¿ed from Meyer et al. 2024) analyzed by EPMA and LA-ICP-MS. The sketch on the 
right side schematically illustrates the di൵erent generations of garnet and their typical intergrowths
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increase in Ce–Gd, along with no or an only slight nega-

tive Eu anomaly (δEu = 0.3–1.75). HREE concentrations 
are variable, but generally lower than LREEs, except for 
La. Grt IId, the ¿nal garnet generation, has the highest La 
concentrations of all garnets. LREEs are high, but decrease 
rapidly towards HREEs, except for a strongly positive Eu 
anomaly (δEu = 0.9–25.4).

High ¿eld strength elements (HFSE), such as Ti, Zr 
(Fig.  9B), Y, Nb, and Ta, are typically higher in garnets 
with a higher grossular component (e.g., Grt Ia, Grt IIa, Grt 
IIc). Sn, W and In, on the other hand (Fig. 9B), Fig. 10, 11, 

12are highest in garnets with an elevated andradite compo-

nent. The content of Li is generally low in stage I garnet 

but increase in Grt IIc and IId of substage IIA. Within the 
garnet generations, a trend from low W concentrations with 
high HREEs to high W with high LREEs can be observed 
(Fig. 13A). This coincides with deviations towards higher 
ΣREEs against Y (Fig.  13B), while the Y/Ho ratio stays 
rather constant (Fig. 13C).

Pyroxene Group  Clinopyroxene of stage I (Cpx I) is vari-
able in composition (Di21–88Hd11–73Jhn1–6) with a dis-

tinct positive correlation between the hedenbergite and 
johannsenite components. Stage II clinopyroxene (Cpx II) 
has a similarly variable composition of Di14–99Hd1–79Jhn0–7. 

The most diopside-rich (i.e. iron-poor) clinopyroxene of 
stage II are typically present in magnetite-bearing skarns. 
The major element compositions of Cpx I and Cpx II thus 
occupy a similar broad range and can only be subdivided 

stage II (Grt IId) has again a large range of compositions 
(And36–100Grs0–55), with low F contents but (on average) 
highest Sn concentrations (up to 0.22 apfu; Fig. 8A), which 
corresponds to ~ 7 wt% of Sn. In all these metasomatic gar-
net generations, F concentrations increase with increasing 
grossular component, while Sn concentrations increase with 
increasing andradite component.

Among the trace elements, REE provide the most remark-

able results. Di൵erent garnet generations have rather distinct 
REE compositions – and these di൵er strikingly between the 
di൵erent paragenetic associations. REE patterns of di൵erent 
garnet generations from Geyer SW are shown in Fig. 9A. 
The corresponding LA-ICP-MS data is collated in ESM 
5. Grt Ia of stage I exhibits a distinctive left-sloping REE 
distribution, which is characterized by depletion of light 
REEs (La–Nd; LREE), relative to elevated middle (Sm–Ho; 
MREE) and heavy REEs (Er–Lu; HREE), and an insigni¿-

cant to negative Eu anomaly (δEu = 0.2–1.8). In contrast, 
the REE patterns of Grt Ib are relatively Àat, with a slight 
de¿cit in LREE, a more variable distribution of HREEs and 
small negative Eu anomalies (δEu = 0.4–1.3).

Grt IIa, the ¿rst garnet generation of stage II, exhibits a 
LREE-depleted pattern broadly similar to Grt Ia but it is less 
depleted in LREEs, a minor decrease in HREEs and moder-
ate negative Eu anomaly (δEu = 0.2–2.1). More andradite-
rich Grt IIb displays a relatively Àat REE pattern. It features 
low La and HREE, but high Sm and Nd concentrations, and 
a strong positive Eu anomaly (δEu = 1.3–29.7). The REEN 

pattern of Grt IIc shows a signi¿cant decrease in La and an 

Fig. 9  (A) REE distribution normalized to C1 chondrite (McDonough and Sun 1989) in garnet from Geyer SW. See text for more details. (B) Trace 
element contents of W and In in µg/g and HFSE content represented by Ti and Zr of di൵erent garnet generations. Note the di൵erences in scale
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within the compositional range between Ttn63Mly37 and Ttn-

42Mly58, corresponding to 0.55 to 0.35 apfu Ti in malayaite 
and vice versa (Fig.  8B). This has also been described in 
previous studies (Aleksandrov and Trenova 2007). With 
a higher malayaite component, REE patterns remain Àat, 
but exhibit more pronounced HREE depletion, a stronger 
negative Eu anomaly, and an overall decrease in ΣREE 
(Fig. 10A). Higher Sn concentrations in the solid solution 
correlate with increased contents of In (0.4–1751 µg/g) and 
W (2–760  µg/g). In contrast, higher titanite contents are 
associated with elevated concentrations of Y and Zr, along 
with higher ΣHREE.

Malayaite that contains only an insigni¿cant titanite com-

ponent (ranging from Ttn2Mly98 to Ttn0Mly100) is primarily 
found in assemblages relating to late stage II (Ttn IIb). Ttn 
IIb is mainly enclosed by garnet IIc. No coupled substitu-

tion involving Al, Fe, or other elements is observed. In this 
group, In (667–2589 µg/g) and W (0.5–140 µg/g) exhibit the 
highest concentrations in members of the titanite-malayaite 
solid solution series, while Zr (0.8–221 µg/g) and Y (0.5–
58 µg/g) are comparatively low in concentration. Malayaite 
has the lowest ΣREE concentrations (up to 103 µg/g) and 
displays a REE pattern characterized by depleted HREE, a 
clear negative Eu anomaly (δEu = 0.04–0.72), and in some 
cases, a clear positive anomaly of Gd and Tb (Fig. 10B), 
often referred to as the third tetrad anomaly (Masuda et al. 
1987).

Epidote Group  Epidotes in stage I (Ep I) occur together with 
calcite and quartz, preferentially at the transition between 
skarn and altered mica schist. Compositionally, Ep I occupy 
a wide range between Czo84Ep14Pmt2 and Czo16Ep83Pmt2 
with generally low Sn concentrations (Fig. 8C). Because of 
the crystal size and the tight intergrowth with garnet, only a 
few LA-ICP-MS measurements could be conducted on Ep 
I. The REEN pattern of Ep I is relatively Àat with an insig-

ni¿cant positive Eu anomaly (δEu = 1.9–2.3) and a gradual 
decrease of the HREEs. Most trace element abundances in 
Ep I are also low (see ESM 2 for details).

The bulk of the epidote at Geyer SW is associated with 
substage IIB (Ep II). The compositional range is similar to 
Ep I, spanning a range between Czo59Ep39Pmt2 and Czo-

0Ep94Pmt6, but with Sn concentrations (Fig.  8C) reaching 
up to 0.27 apfu (equivalent to 7.8 wt% Sn). Concentrations 
of Ti or REEs, on the other hand, are only minor. The REE 
pattern of Ep II is strongly depleted in HREEs and shows a 
distinct positive Eu anomaly (δEu = 0.9–18.6). High In con-

centrations are associated with elevated Sn contents, while 
other trace elements exhibit insigni¿cant concentrations 
(see ESM 2 for more details).

petrographically. Trace element contents and “typical” 
clinopyroxene minor elements Na (up to 200 µg/g), Li (up to 
40 µg/g) or Ti (up to 480 µg/g) are low and do not di൵er sig-

ni¿cantly between the two skarn stages. The only exception 
is Zn, which shows elevated concentrations in both stage 

I (30–2150 µg/g) and II (50–1600 µg/g). In contrast, Cpx 
II intergrown with magnetite, yields signi¿cantly lower Zn 
concentrations with a range between 20 µg/g and 85 µg/g. 
These clinopyroxenes are also the only ones to show some-

what elevated concentrations of REEs with a signi¿cant 
negative Eu anomaly, while all the other pyroxenes have 
remarkably low REE concentrations.

Vesuvianite (Ca19(Al, Mg, Fe)13(SiO4)10(Si2O7)4(OH, 

F,O)10).  Vesuvianite of stage I (Ves I) displays the high-

est concentrations of Mg (4.00 apfu) and Ti (1.14 apfu; 3 
wt%), while Sn is generally below the detection limit of 
the EPMA. The REE pattern of vesuvianite I is marked 
by depletion of HREEs with enriched LREEs and without 
a signi¿cant Eu anomaly. Concentrations of HFSE, B and 
Sb are high, other elements like In and W are present in 
low concentrations. Stage II vesuvianite (Ves II) contains 
somewhat higher Fe and Mn contents and Sn concentrations 
of up to 0.21 apfu, corresponding to 1 wt% Sn. The REE 
concentrations in vesuvianite de¿ne a consistent chondrite-
normalized fractionation trend with depleted LREE and a 
positive Eu anomaly. HFSE, Y, Ho and B contents in Ves II 
are lower compared to Ves I, whereas Li, In, and W contents 
are higher.

Titanite - Malayaite solid solution series Ca(Ti, Sn)(SiO4)

O.  Titanite with Sn concentrations below the detection limit 
(Ttn I) of the electron microprobe is found exclusively in 
association with stage I garnet (Fig. 8B). This titanite has 
a composition of Ttn100Mly0 to Ttn94Mly0 where Ti is sub-

stituted by Al. The resulting imbalance in charge is likely 
accommodated by the following coupled substitution: (Al, 
Fe)3+ + (OH, F)− ⟺ Ti4+ + O2− (Ribbe 1982). The REE 

patterns of Ttn I are generally Àat, with a minor negative 
Eu anomaly (δEu = 0.4–0.9). and exhibit high ΣREE con-

centrations ranging from 51 to 1168 µg/g (Fig. 10A). Con-

centrations of elements such as W (1–28 µg/g), In (below 
LOD–26  µg/g), and Sn (17–324  µg/g) are relatively low, 
while Y (43–1026 µg/g) and Zr (5–1114 µg/g) concentra-

tions are rather high.

In stage II, increasing amounts of Sn are incorporated 
into the crystal lattice of the solid solution series titanite 
– malayaite - until the malayaite component becomes pre-

dominant (Ttn IIa). A distinct miscibility gap is observed 
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commonly contains only low Sn concentrations (Fig. 8D). 
Amp IIc is, however, enriched in HREEs, depleted in LREEs, 
and may display a negative Eu anomaly (δEu = 0,36–1,05). 
The Y/Ho ratio in Amp IIc deviates strongly from that of 
the other amphibole generations – which is due to lower 
Ho concentrations (Fig. 13F). Details about the endmember 
calculations, major and trace element data for amphiboles 
can be found in ESM 1, 2 and 5, respectively.

Chlorite Group  Minerals of the chlorite group are an impor-
tant constituent of the late part of the substage IIB assem-

blage; they belong to the chamosite (Fe-rich) and clinochlore 
(Mg-rich) solid solution series, with only a minor presence 
of the pennantite (Mn) component (ESM 1, 2). Where 
chlorite replaces clinopyroxene, amphibole or epidote, its 
composition largely depends on the precursor mineral. In 
cases where chlorite coexists with newly grown cassiterite 
as in¿ll of veinlets, it tends to be Fe-rich (chamosite-rich). 
In all cases, Sn contents in chlorite were found to be below 
the detection limit of both EPMA and LA-ICP-MS. Other 
minor and trace elements (including the REEs) also showed 
low to very low concentrations (ESM 5).

Cassiterite  Well-developed euhedral cassiterite is only 
common in veinlets of substage IIB, where it commonly 
displays optical and chemical zonation. Cassiterite occur-
ring in aureoles around these veinlets is of smaller, anhedral 
appearance and typically shows less pronounced zoning. 
Fe is the most common substituent in cassiterite with up 
to 0.12 apfu (ESM 1, 2). Elements such as Al and Si are 

Amphibole Supergroup  Amphiboles were only recognized 
in stage II, and they belong to the Ca-amphibole subgroup 
(Hawthorne et al. 2012; Locock 2014). Amphiboles are scant 
in mineral association IIA (Amp IIa); they occur together 
with vesuvianite and clinopyroxene and are euhedral, with 
well-developed chemical zonation. Most commonly, they 
belong to the pargasite-hastingsite series, with variable 
amounts of K, Mg, and Fe2+, as well as intermediate to high 
concentrations of Sn (0.05–0.14 apfu; Fig. 8D). Amphibole 
IIa also has the highest concentrations of F (0.46–0.64 apfu) 
among the analyzed amphiboles. The REEN patterns of 
Amp IIa (Fig. 10B) are characterized by low La and rela-

tively high Ce–Nd concentrations, and a decrease in HREEs 
with a discernable negative Eu anomaly (δEu = 0.55–0.97).

Most amphibole occurs in mineral association IIB (Amp 
IIb and Amp IIc). These amphiboles are of heterogeneous 
composition, but mainly belong to the root groups of trem-

olite, actinolite, hornblende, pargasite, and hastingsite. 
Amphibole IIb occurs in veins or as replacement product of 
clinopyroxene and garnet; it is commonly enriched in ΣFe 
and can contain up to 0.21 apfu Sn (2.7 wt%). Tremolite-
rich Amp IIb is restricted to clinopyroxene skarn with a sub-

stantial proportion of diopside (Fig. 8D) and contains only 
low concentrations of Sn. The REE signature of Amp IIb is 
characterized by depletion of La, high Ce–Nd concentra-

tions, and only a minor positive Eu anomaly (δEu = 0.79–
2.37). Further, Amp IIb is marked by an enrichment of the 
heaviest REEs whilst maintaining a consistent Y/Ho ratio. 
Amp IIc, in contrast, is intergrown with or replaced by base 
metal sul¿des. It belongs to the (ferro)-actinolite group and 

Fig. 10  REE distribution normalized to C1 chondrite (McDonough and Sun 1989) of (A) titanite-malayaitess and (B) amphibole
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minerals of the Hämmerlein skarn (details results are pro-

vided in ESM 4). Here, only data of garnet and clinopyrox-

ene are presented, as these are the main constitutes of the 
skarns. A subdivision between di൵erent generations of these 
skarn-forming minerals was not possible because analyses 
were carried out on grain mounts rather than polished thin 
sections. However, a general petrographic description of 
calc-silicates from this skarn can be found in Kern et al. 
(2019), Korges et al. (2018), Lefebvre et al. (2019) and Sch-

uppan and Hiller (2012).

Garnet from the Hämmerlein skarn has a composition 
between And14Grs86 to And95Grs5 with only minor spessar-
tine and pyrope component. The Sn concentration ranges 
from below the detection limit of the EPMA up to 0.04 
apfu, corresponding to 2.25wt.% Sn. Although the Sn con-

tent increases with increasing andradite component, andra-

dite-rich garnets with very low tin concentrations are also 
present. Clinopyroxene, commonly associated with garnet, 
has a composition between almost endmember diopside 
(Hd0.25Di99.75Jhn0) and Hd34Di62Jhn4. In none of the analy-

ses did Sn contents exceed the detection limit of the EPMA.

Discussion

We will start the discussion by a general overview of min-

eral data from tin skarns by comparing the detailed and 
petrographically well-based major element composition of 
garnet and clinopyroxene from Geyer SW to the data from 
the Hämmerlein and Waschleithe skarns (Erzgebirge, Ger-
many), the Crown Mine (Cornwall, England) and further Sn 
skarns (worldwide) compiled by Meinert (1992). We will 
then present a mineral system model of tin skarns based on 
which, as a last step, our major, minor and trace elements 
will be interpreted within the context of the multi-stage ori-
gin of the skarn mineral system at Geyer SW. A particular 
emphasis will be placed on the abundance and distribution 
of Sn in the skarn-forming minerals at Geyer SW.

Classi�cation and comparison of skarns in the 
Erzgebirge and worldwide

Skarn stage I

Early stage skarnoid skarn alteration is documented for 
most of the skarn deposits in the Erzgebirge (Burisch 2019; 

Meyer 2024). Furthermore, they are also often reported from 
skarn systems elsewhere (Cornwall; Alderton and Jackson 
(1978), Burisch et al. (2023), Canada; Layne and Spooner 
(1991), China; Huang et al. (2022). Commonly, such early 
skarn stages are barren or only host signi¿cant mineraliza-

tion if overprinted by subsequent skarn stages, as they are 

present in smaller quantities (0.02 and 0.07 apfu, respec-

tively). Despite the variable textural context in which cas-

siterite is found, its trace element composition is remarkably 
uniform. Compared to whole rock data of the Geyer granite 
(Förster et al. 2021), cassiterite is depleted in Li, Rb, Y, Zr, 
Pb, enriched to a certain degree in V, Co, Ni, Zn, Nb, Mo, 
and notably enriched in Sb, W, and In (Fig.  6B). Indium 
may be enriched in cassiterite by up to four orders of mag-

nitude (note that In in Fig. 6B is divided by 1000). Further-
more, the normalized REE patterns are strikingly consistent, 
all marked by low ΣREE (6.6 to 57.7 µg/g), low LREE and 
HREE concentrations, an insigni¿cant Eu anomaly, but a 
signi¿cant third tetrad anomaly (Fig. 6C).

Garnet and clinopyroxene from the crown mine 
skarn

An introduction of the regional and local geology is summa-

rized in the ESM 1. The mineral chemistry of clinopyrox-

ene and garnet from the Crown Mine skarns are presented 
below; the complete dataset of all important skarn phases 
can be found in the ESM 3.

Garnet occurs in two di൵erent generations (stage I and 
II). The ¿rst garnet stage is accompanied by titanite, chlo-

rite or magnetite. Garnet stage I shows complex extinction 
features, but only a very weak chemical zonation and has a 
composition of And15–45Grs51–85 with Sn invariably below 
the detection limit of the EPMA. Associated with the ¿rst 
garnet generation is clinopyroxene, which commonly shows 
a bright core and a greenish rim. This is further reÀected in 
the chemical composition, where the core is more diopside-
rich compared to the hedenbergite-rich and johannsenite-
bearing rim. The composition of clinopyroxene ranges 
from Hd23Di74Jhn1,6 to Hd63Di33Jhn4. Sn concentrations are 
always below the detection limit of the EPMA.

The second garnet generation (stage II) occurs in 
monomineralic, vein-like structures cross-cutting older 
garnet generations and other skarn minerals. Garnet II is 
mainly associated with stanniferous titanite, malayaite, and 
axinite; clinopyroxene is distinctly lacking. The composi-
tion of garnet II ranges from And0–60Grs39–73 with, in parts, 
a pronounced spessartine and almandine component and 
elevated Sn concentrations up to 0.03 apfu, corresponding 
to 1.58 wt%.

Garnet and clinopyroxene from the hämmerlein 
skarn

Information about the local geological setting of the Häm-

merlein skarn is summarized in the ESM 1. Mineral chemical 
analyses were performed by EPMA on major skarn-forming 
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As shown in Fig. 11, each of the Variscan Sn skarn depos-

its shows two di൵erent groups of garnet compositions: one 
very (Sps + Alm)-poor spanning most of the range between 
Grs and And, and another group with signi¿cantly higher 
(Sps + Alm) content. In the case of Hämmerlein and Crown 
mine, the (Sps + Alm) enrichment closely follows the trend 
shown by Meinert (1992), while in Geyer SW and Was-

chleithe (a distal Zn-skarn in the Schwarzenberg District, 
Reinhardt et al. 2021), this enrichment is indistinct.

Accordingly, the major element composition of garnet 
and clinopyroxene from Variscan Sn skarns does not cor-
respond well to the trends proposed by Meinert (1992). 

However, high Sn concentrations in most skarn-forming 
minerals in combination with an abundance of sphalerite 
suggests that Geyer SW may be classi¿ed as an intermedi-
ate Sn-Zn skarn with Sn dominance (note, that Sn concen-

trations in garnet from Geyer SW are higher than elsewhere 
in the Erzgebirge and in Cornwall; Lefebvre et al. 2019; 

Reinhardt et al. 2021; this study). Similarly, the Waschlei-
the skarn with its much higher amounts of sphalerite and 
only negligible known Sn mineralization can be regarded 
as an intermediate Sn-Zn skarn with Zn dominance (as also 
suggested by Reinhardt et al. 2021), while the Crown Mine 

Fig. 11  Ternary plots of garnet 
(left) and clinopyroxene (right) 
composition from individual 
deposits of this study (Geyer 
SW (blue and green), Hämmer-
lein (orange) and Crown mine 
(brown)) compared with litera-

ture data from Hämmerlein skarn, 
Erzgebirge (yellow; Lefebvre et 
al. 2019) and the Waschleithe 
skarn, Erzgebirge (purple; Rein-

hardt et al. 2021). Grey areas are 
garnet and clinopyroxene com-

positions observed in association 
with skarn deposits with distinct 
metal tenor (Meinert 1992)

 

mainly related to the contact metamorphic overprint, which 
pre-dates the main magmatic-hydrothermal event. For this 
reason, we exclude the mineral data of skarn stage I from 
the following comparison.

Skarn stage II

In the following, the second skarn stage at Geyer, which 
is genetically related to tin mineralization, is compared to 
other Variscan tin skarns. The data comprise major and 
minor element concentrations of garnet and clinopyroxene 
of the Hämmerlein skarn, Erzgebirge (Lefebvre et al. 2019; 

this study), the Waschleithe skarn, Erzgebirge (Reinhardt et 
al. 2021), and the Crown Mine skarn, Cornwall (this study).

Meinert (1992) suggested that major element compo-

sitional trends of both garnets and clinopyroxenes can be 
linked to metal endowment in skarn systems (see Fig. 11A). 
Di൵erences between the various skarn types, however, 
are actually only recorded in the variable proportions of 
spessartine + almandine (in garnet), and johannsenite (in 
clinopyroxene) endmembers. The data presented here for 
Variscan Sn skarn deposits can be evaluated in the context 
of Meinert (1992). 
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skarnoid texture (Meinert et al. 1992; Meyer et al. 2024), i.e., 

the skarn preserves the metamorphic fabric of the protolith, 
and calc-silicate minerals are not chemically zoned. U–Pb 
ages for garnet of stage I coincide in time with the emplace-

ment of the Ehrenfriedersdorf batholith, which is known to 
immediately underlie the skarn units (Bolduan 1963; Hösel 

et al. 1996). Fluid inclusions in pyroxene constrain the for-
mation temperature of skarn I to about 450–470 °C under 
lithostatic conditions (Meyer et al. 2024), which is consistent 
with p-T-X(CO2) conditions predicted by component reac-

tion calculation in Einaudi et al. (1981) and Hochella et al. 
(1982). Such skarnoids are widely believed to form under 
rock-bu൵ered conditions (Gaspar et al. 2008; Jamtveit et al. 
1993; Meinert 1992), which is proved by the composition 
(including REE pattern) of stage I skarn minerals, which pro-

vide evidence for a mainly rock-bu൵ered system without tin 
mineralization. Only in the latest stage, a minor inÀuence of 
a magmatic-hydrothermal Àuid is discernible.

U–Pb ages of garnet and cassiterite unequivocally show 
a temporal gap of more than 10 million years between stage 

I (~ 320 Ma) and stage II (~ 305 Ma) of skarn formation at 
Geyer SW, indicating that they are temporally and geneti-
cally clearly distinct. Stage II skarn also shows character-
istics indicative of formation at a relatively shallow depth 
(1.5–2  km) under hydrostatic conditions (Meyer et al. 
2024), probably related to a small, highly evolved following 
intrusion at a shallower level. Mineral reactions (following 
Einaudi et al. 1981; Hochella et al. 1982) and microther-
mometric data for clinopyroxene (Meyer et al. 2024) addi-
tionally con¿rm a lower temperature of skarn formation for 
stage II (320–335  °C). Textures along with mineral com-

positions and REE signatures record an overall trend from 
a rock-bu൵ered, nearly closed system towards a Àuid-bu൵-

ered, open skarn environment corresponding to increasing 

skarn is a more or less “pure” endmember Sn skarn. The 
Hämmerlein skarn deposit, however, does not really ¿t into 
this classi¿cation scheme. There, the skarn shows extensive 
sphalerite mineralization together with abundant cassiterite 
and other Sn-bearing minerals (Korges et al. 2020). Despite 
its enrichment in Zn and Sn, the Hämmerlein skarn shows 
similar patterns of garnet and clinopyroxene compositions 
as the Crown Mine Sn-skarn (Fig. 11B). This leads to the 
conclusion that – in contrast to Meinert (1992) – garnet and 
clinopyroxene major element compositions do not allow 
to unequivocally constrain the metal endowment of skarns 
in the Variscan orogen. Obviously, a multitude of complex 
variables control skarn mineral composition and a direct 
inference of mineralization type based on mineral chemistry 
alone is often not possible. These variables include the com-

position of the precursor rocks, formation temperature, and 
Àuid- or rock-bu൵ering of the system. As these factors can 
vary signi¿cantly, not just within one skarn category, but 
even within one single deposit, the resulting compositional 
trends are very wide and any overlap with the ¿elds de¿ned 
by Meinert (1992) is thus of limited signi¿cance, especially 
if only small datasets are considered.

A concise mineral system model

Detailed petrographically work, microthermometric data, 
precise in-situ geochronology (Meyer et al. 2024), together 

with major, minor and trace element mineral chemistry of 
important skarn forming minerals allow the establishment 
of a coherent mineral system model for the Geyer SW skarn 
system which is depicted in Fig. 12.

The ¿rst stage of skarn formation at Geyer is characterized 
by the development of ¿ne-grained calc-silicate assemblages 
dominated by garnet, clinopyroxene and vesuvianite with a 

Fig. 12  Composite sketch showing the main characteristics of calc-silicate formation in the di൵erent steps of skarn formation with typical ele-

ments, REE patterns and textures
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and Hervig 1994). The absence of a signi¿cant hydrother-
mal input from a fertile (e.g. Sn, W, Li or In-rich) magmatic 
source is furthermore supported by invariably low concen-

trations of such metals in the calc-silicates of stage I – in 
combination with the absence of cassiterite, malayaite or 
other distinct ore minerals.

The REE pattern of Garnet Ia is strongly depleted in 
LREEs and enriched in HREEs, which is typical for slow 
growth rates that promote trace element incorporation con-

trolled by the crystal structure (Røhr et al. 2007; Yang et 
al. 2013). Divalent Eu is considered to be the stable and 
predominant species at temperatures higher than 250  °C 
(Bau 1996; Sverjensky 1984), which is the case in stage I at 

Geyer. The negative Eu values may also be inherited from 
the host rock. Both might explain the deviation of Eu from 
the normal distribution pattern of REEs in minerals. Major 
and trace element systematics of garnet Ib mark a slight 
but distinct change towards less depleted LREE and less 
enriched HREE compositions as well as a less pronounced 
negative Eu anomaly. This is tentatively interpreted to 
reÀect the inÀuence of at least some magmatic-hydrother-
mal Àuid and thus a higher Àuid/rock ratio during the wan-

ing of stage I.

Substage IIA: oscillations between rock and �uid bu�ering

Skarn stage II comprises four garnet generations which 
range in textures from paragenetically early ¿ne-grained 
poikilitic (Grt IIa and c) garnet to late coarse-grained euhe-

dral garnet with prominent oscillatory zoning (Grt IIb and 
d). Consistent with its poikilitic texture, the ¿rst generation 
of garnet (Grt IIa) is grossular-rich, high in HFSE, depleted 
in LREE, and enriched in HREE suggesting growth under 
low Àuid/rock ratios analogous to garnet related to stage I. 

However, Grt IIa is marked by elevated concentrations of 
Sn, Li, and W, which may indicate some involvement of 
a magmatic-hydrothermal Àuid endowed in these elements.

The textures of Grt IIb and associated vesuvianite (Ves 
II) and amphibole (Amp IIa) mark a distinct change in min-

eral and skarn textures as they form coarser grained euhe-

dral crystals with well-developed oscillatory zoning. Such 
textures generally indicate a progressive increase in Àuid 
Àow and permeability from Àuid migration along intercon-

nected pore space to fractures and veins (Gaspar et al. 2008; 

Huang et al. 2022; Jamtveit et al. 1993; Jamtveit and Hervig 
1994; Meinert 1992; Park et al. 2017a). Concomitant to the 
textural change, Grt IIb is andradite-rich, enriched in LREE 
relative to HREEs and has elevated concentrations of Li, W, 
and In. All of this suggests Àuid-bu൵ered conditions with 
the involvement of a magmatic-hydrothermal Àuid (Ayers 
and Eggler 1995; Bai and Koster van Groos 1999; Douville 
et al. 1999; Jamtveit et al. 1993; Wood 1990). This notion is 

Àuid/rock ratios in stage II at Geyer SW (Fig. 12). However, 
oscillations in the Àuid/rock ratio are indicated by garnet IIc 
which records lower Àuid/rock ratios than garnet IIb. Hence, 
we propose that at least two distinct Àuid pulses occurred 
during the prograde stage II skarn alteration. High Sn con-

centrations in minerals are invariably related to magmatic-
hydrothermal Àuids in a Àuid- bu൵ered environment. Here, 
garnet is host to the bulk of Sn in the system.

The late stage II is characterized as the retrograde phase 
during skarn alteration in a purely Àuid-bu൵ered environ-

ment under hydrostatic conditions and brittle deformation 
(veining). The onset of this stage is marked by a change 
of silicate assemblages from tin-bearing garnet (Grt IId) 
to tin-bearing epidote (Ep II) and tin-bearing amphibole 
(Amp IIb). Amphibole (Amp IIb and IIc) and chlorite 
replace existing Fe-Mg-silicates; their formation suggests 
lower temperatures and the presence of an aqueous Àuid as 
compared to the prograde stage II (substage IIA). Forma-

tion temperatures calculated from the mineral chemistry of 
chlorite after Cathelineau (1988) (210–350 °C; ESM 2) are 

in good agreement with Àuid inclusion data associated with 
this stage (255–340 °C; Meyer et al. 2024) that also show a 
prolonged dilution of a more saline magmatic Àuid with a 
low-salinity meteoric Àuid. During retrograde alteration, the 
majority of cassiterite precipitates, leading to the formation 
of the important and extractable Sn mineralization.

The following chapter will in detail discuss the vari-
able Àuid/rock ratios, the impact of magmatic-hydrother-
mal and meteoric Àuids and the (re-)distribution of Sn in 
the framework of the model presented above. Some of the 
trace element characteristics, especially during stage I skarn 
alteration, are inherited from the replaced host rock. Nev-

ertheless, systematic changes can be observed during the 
development of the skarn system, as elaborated below.

Rock vs. �uid bu�ered: the evolution of the skarn 
system re�ected by mineral chemistry

Stage I: A rock-bu�ered start

Garnet Ia has a grossular-rich composition with elevated 
concentrations of HFSE. Similar is true for clinopyroxene 
and vesuvianite associated with Garnet Ia – both have a dis-

tinct Mg-component. The enrichment in Al, Mg and HFSE 
in early-stage calc-silicates is indicative for a rock-bu൵ered 
environment as those elements are abundant in the meta-

morphic host rocks but are typically depleted in most hydro-

thermal Àuids (Corfu and Davis 1991; Jamtveit and Hervig 
1994). Under such rock-bu൵ered conditions, pore Àuid may 
enhance local element mobility, promoting di൵usion of e.g., 
Al, Mg and HFSE like Zr or Ti during skarn formation (Burt 
1981; Capitani and Mellini 2000; Chu et al. 2023; Jamtveit 
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environment shows a positive Eu-anomaly, is widespread in 
literature (e.g.Chen et al. 2022; Gaspar et al. 2008; Jamtveit 
and Hervig 1994; Park et al. 2017a, b; Smith et al. 2004) but 

has not been explained so far. As crystal chemical e൵ects 
can be ruled out (else, Grt Ib should have a positive Eu 
anomaly), we suggest that the magmatic-hydrothermal Àuid 
probably itself had a positive Eu anomaly at this stage. This 
could be due to its residual character after extensive crys-

tallization of minerals with negative Eu anomalies (Breiter 
et al. 1999; Terekhov and Shcherbakova 2006) or the posi-
tive Eu-signature was obtained by dissolution of plagioclase 
in the rock units it percolated through (Möller et al. 2021). 

However, positive Eu anomalies were identi¿ed in whole-
rock data of apical parts of the Ehrenfriedersdorf deposit 
adjacent to Geyer SW (Lehmann and Seltmann 1995) and 
in highly evolved, peraluminous granites in France (Raim-

bault and Azencott 1987). This supports the interpretation 

further supported by the ¿rst occurrence of magnetite in the 
skarn assemblage, typically requiring externally derived Fe 
from a magmatic-hydrothermal Àuid source (Meinert 1992). 

Further evidence for an inÀux of a magmatic-hydrothermal 
Àuid is the high F concentrations of amphibole IIa (inter-
grown with Grt IIb), as fertile Sn granites in the Erzgebirge 
have invariably high concentrations of F (Förster et al. 
1999; Lehmann 2021). High F activities may also promote 
precipitation of amphibole IIa early in the prograde skarn 
stage, whereas it is usually related to the retrograde altera-

tion stage (Dobson 1982; Meinert et al. 2005).

The positive Eu-anomaly in Grt IIb marks a sharp con-

trast to previous garnet generations that are all marked by 
negative Eu-anomalies. This anomaly is most likely related 
to a new batch of magmatic-hydrothermal Àuid without 
bu൵ering by the host rock (Smith et al. 2004). The obser-

vation that prograde garnet formed in a Àuid-bu൵ered 

Fig. 13  (A) W (µg/g) against the ratio of La (µg/g) vs. Lu (µg/g) of 
garnet showing the development from rock-bu൵ered (stage I and sub-

stage IIA) to Àuid-bu൵ered (substage IIB) signatures. (B) Y (µg/g) vs. 
total REEs (µg/g). Lower Y values with relatively constant total REE 
suggests an open system while constant ratios are evident for a closed 
system. (C) A constant ratio of Ho (µg/g) vs. Y (µg/g) in garnet over a 
wide range of concentrations indicates that the inÀux of meteoric Àuid 
in the prograde skarn stages I and II is very limited. (D) Similarly, the 
Y vs. Ho ratio of epidote remains constant, suggesting an absence of 

fractionation which would indicate an inÀux of meteoric water. Note 
also that decreasing Y and Ho concentrations in epidote are accompa-

nied by increasing Sn contents, (E). InÀux of meteoric water is evident 
in Y/Ho ratios of cassiterite by the variations of Y vs. Ho. (F) The 

deviation of the Y to Ho ratio of amphibole intergrown with sul¿des 
indicates an enhanced inÀux of meteoric water while stanniferous 
amphibole grows under hydrothermal conditions with limited mete-

oric water inÀux
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suggesting further cooling of the system (Meinert 1992). 

Chlorite shows partly elevated concentrations of Li, B and 
Zn, indicating that it also likely precipitated in the pres-

ence of a magmatic-hydrothermal Àuid, albeit parts of 
these traces may originate from the precursor minerals. 
The most common mineral accompanying chlorite is cas-

siterite, both in veins and alteration halos. The concentra-

tion of trace elements in cassiterite is strongly dependent 
on crystallographic properties (Schneider et al. 1978). The 

strong enrichment of In and W suggests a strong inÀuence 
of a magmatic-hydrothermal Àuid. This is supported by the 
obvious third tetrad anomaly, which is considered to be a 
primary feature of a magmatic-hydrothermal Àuid from a 
highly evolved granite (Bau 1996; Irber 1999; Förster and 
Tischendorf 1994; Gemmrich et al. 2021; Monecke et al. 
2011).

Magmatic vs. meteoric �uids

Apart from isotopic signatures (which are beyond the scope 
of this study), the Y/Ho ratio is arguably the best param-

eter to constrain the source of a hydrothermal Àuid from 
whole rock compositions (Bau and Dulski 1995; Bau 1996) 

or mineral chemistry (Chu et al. 2023) in a Àuid-dominated 
hydrothermal system. Neither fractional crystallization of a 
granitic system nor modi¿cations of the Àuid like boiling or 
cooling lead to fractionation between Y and Ho (Bau and 
Dulski 1995). Variations of the Y/Ho ratio have thus been 
attributed to the dilution of a magmatic-hydrothermal by a 
meteoric Àuid (Bau 1996).

Figure 12 shows that all garnet generations, both epidote 
generations and the ¿rst two amphibole generations (Amp 
IIa and IIb) show constant Y/Ho ratios over a wide range of 
concentrations. This suggests that all these minerals formed 
from a magmatic Àuid of constant Y/Ho composition (Ayers 
and Eggler 1995; Bai and Koster van Groos 1999; Bau 
1996; Park et al. 2017b). However, amphiboles that coexist 
with sul¿des (Amp IIc) show a deviation in the Y/Ho ratio 
(Fig. 13F) and a di൵erent REE distribution (Fig. 10B), sug-

gesting the inÀux of meteoric water (Bau and Dulski 1995). 

This is consistent with the abundance of sul¿des in this 
assemblage, which is a typical response to enhanced inÀux 
of meteoric water into a retrograde skarn system (Gao et al. 
2020; Meinert et al. 2003; Öztürk et al. 2008). Later phases 
(chlorite and cassiterite) probably formed from a mixture of 
magmatic and meteoric Àuids as prominently shown in the 
Y/Ho systematics of cassiterite (Fig. 11E).

The fate of tin

Skarn stage I at Geyer SW lacks discrete tin minerals and 
maximum concentrations of Sn in calc-silicates do not 

that the origin of these garnets displaying a distinct positive 
Eu anomaly is genetically associated with a magmatic Àuid 
from a highly evolved source.

Following the Àuid-dominated formation of garnet IIb, 
the system evolved towards an intermediate stage, which 
shows ingress of magmatic Àuid but also rock bu൵ering. 
Under these conditions, Grt IIc formed again with poikilitic 
texture. Grt IIc is intergrown with Àuorite, malayaite and 
remnant clinopyroxene. The following mineral chemical 
arguments support an increased importance of rock-bu൵er-
ing during the formation of Grt IIc: higher contents of Àuid-
immobile elements (Al, Ti and Zr) in garnet, and a REE 
pattern that is less depleted in HREE. The REE pattern is 
governed by garnet crystal chemistry (Marks et al. 2008), 

which indicates the amount of Àuid was low enough to 
allow rock bu൵ering, similar to the observations of Jamtveit 
and Hervig (1994) and similar to the conditions of Grt IIa 
growth, which is exempli¿ed by the similar, slightly nega-

tive Eu anomaly (Fig. 9A). The fact that the garnets have 
elevated contents of W and In indicates, however, shows 
that a magmatic Àuid was still present at this stage.

This intermediate stage was followed by the most Àuid-
dominated stage, in which Grt IId grew with an andradite-rich 
composition, the highest concentrations of Sn, Li, W and In, 
high LREE and low HREE. This type of REE pattern and the 
again strongly positive Eu anomaly (even stronger that Grt IIb; 
see Fig. 9A) support the Àuid-dominated nature of the system 
at this stage (Gaspar et al. 2008; Jamtveit and Hervig 1994).

Lanthanum concentrations in Grt IId are ten time higher 
than in Grt IIc and ¿ve times higher than in Grt IIb, with 
overall similar REE patterns in all three garnet generations. 
This increase in La may be related to higher Àuid salinities, 
as high chlorinity increases La solubility (Allen and Sey-

fried 2005). This is supported by Àuid inclusion observa-

tions (Meyer et al. 2024). Thus, we propose that the high La 
concentrations and the tetrad e൵ect visible in measurements 
of garnet and malayaite (Fig. 10A) are related to phase sepa-

ration, salinity increase and REE fractionation of the mag-

matic-hydrothermal Àuid (Flynn and Burnham 1978; Bai 
and Koster van Groos 1999; Gaspar et al. 2008; Lehmann 
2021; Monecke et al. 2011).

Substage IIB: a �uid-bu�ered �nish

Both epidote II and amphibole IIb of substage IIB precipitated 
from a cooling magmatic-hydrothermal Àuid, indicated by the 
still strong magmatic-hydrothermal REE signature (slightly 
positive Eu anomaly and a small tetrad e൵ect; see Fig. 10B). 
Similar epidote textures have been described in the skarn sys-
tem of in Petrovitsa, Bulgaria, by Hantsche et al. (2021).

Chlorite commonly replaces both clinopyroxene and 
amphibole during the waning phase of substage IIB, 
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2006; Van Marcke de Lummen 1986). This indicates, in 
contrast to common belief and in accordance with recent 
experiments (Chou et al. 2021; Schmidt 2018; Wang et al. 
2021) as well as with thermodynamic modelling (Liu et al. 
2023), that a considerable amount of tin can be transported 
as Sn4+-complexes. An oxidized environment during the 
formation of stanniferous calc-silicates is also supported 
by the high concentration of Fe3+ compared to reduced 
Fe2+ in minerals such as andradite and epidote of stage II. 

Following this argumentation, an external oxidizing agent 
is not necessary to either incorporate tin into silicates or 
to precipitate cassiterite – oxidizing of the system by tem-

perature decrease and Àuid mixing are su൶cient (see also 
Schmidt 2018).

During the evolution of the skarn system, two di൵erent 
stages of tin remobilization can be distinguished. The ¿rst 
one is associated with substage IIA, in which Al-rich gar-
net (garnet IIc), replaces stanniferous calc-silicates. Due 
to the lower ability of grossular-rich garnet to incorporate 
Sn (Sonnet and Verkaeren 1989; Park et al. 2017b; Plimer 
1984), malayaite forms as a Sn-rich mineral. Relatively high 
temperatures and a high silica activity, which is assumed at 
this stage (Meyer et al. 2024), stabilized malayaite rather 
than cassiterite (Aleksandrov and Troneva 2007). The sec-

ond remobilization of Sn occurred during the waning of 
substage IIB, when most skarn minerals were replaced by 
hydrothermal calcite, quartz and prehnite, implying a fur-
ther cooling of the system. During this process, cassiterite 
is replaced by stokesite. A similar late-stage occurrence of 
stokesite has been described by Kern et al. (2019) for the 

Hämmerlein skarn.

exceed 900 µg/g (Table 1). This leads to two important con-

jectures, namely (a) that the precursor rock of the skarnoid 
did not contain signi¿cant concentrations of Sn and (b) that 
the skarnoid formed under rock-bu൵ered conditions as stip-

ulated above.
Conversely, the major skarn minerals malayaite-titanite, 

garnet, vesuvianite, and amphibole related to stage II con-

tain considerable amounts of Sn (Table 1), of which garnet 
can be considered as the main host of the bulk Sn due to its 
high abundance and high Sn contents (Table 1).

Mineral chemistry data (Table 1) document clearly that 
during stage II, the inÀux of Sn-bearing magmatic-hydro-

thermal Àuids progressively increased, which resulted in an 
overall trend of increasing Sn concentrations in skarn min-

erals and also the occurrence of malayaite. The observed 
increase in Sn concentration in calc-silicates obviously 
coincides with high Àuid/rock ratios and a Àuid-dominated 
system of skarn mineral formation (Table 1).

During the waning of stage II (substage IIB), cassiterite, 
epidote and amphibole are the main hosts of Sn (Table 1). 

Cooling of the system displayed by the stabilization of 
amphibole and chlorite (Meinert 1992), and the dilution of 
the magmatic Àuid with meteoric water, indicated by the 
diverging Y/Ho ratio in cassiterite, are most likely reason 
for cassiterite and sul¿de precipitation.

The mineral chemical data of all analyzed silicates 
in Geyer suggests an incorporation of Sn4+ via isova-

lent substitution (titanite-malayaite; Deer et al. 2013) or 

coupled substitution with Fe2+ Mg, and Mn2+, as it was 
shown for garnet (Amthauer et al. 1976; Chen et al. 1992; 

Plimer 1984; Yu et al. 2020) and epidote (Armbruster et al. 

Table 1  Average and maximum concentrations of Sn and F and the ratio between the LREEs (La–Nd) and HREEs (Er–Lu)
Mineral /
Nr of analyses

Av. Sn (wt%) Max Sn (wt%) SD (1σ) Av F. (wt%) Max. F (wt%) SD (1σ) Av. LREE /
HREE

Stage I (~ 322–315 Ma)

Garnet Ia /179
Garnet Ib /102

0.03

0.04

0.09

0.1

0.02

0.03

0.20

0.22

1.33

1.44

0.21

0.16

0.1

1.1

Titanite / 80 0.33 1.34 0.32 0.79 3.06 0.62 0.4

Vesuvianite / 138 0.09 0.16 0.03 1.24 3.07 0.72. 7.98
Epidote / 112 0.39 1.22 0.36 - - - 0.65
Stage II (~ 307–302 Ma)

Garnet IIa /197
Garnet IIb /184
Garnet IIc /316
Garnet IId /198

0.25
0.54
1.23

3.16

0.90

3.35
4.15
6.54

0.14

0.62

0.86
1.60

0.55
0.18
0.41

0.15

2.32

1.22

2.26

1.26

0.47
0.17
0.46

0.14

0.4

4.6

7.2
36.1

Titanite IIa1 / 115
Titanite IIb1 / 29

27.4
58.1

58.6
59.5

19.1

2.93

0.70
-

2.23

-

0.42

-

0.66

1.16

Vesuvianite / 242 0.26 0.99 0.23 1.67 3.45 0.60 46.82
Amphibole IIa / 60
Amphibole IIb / 340
Amphibole IIc / 119

1.30

0.59
0.17

1.88
2.71
0.53

0.22

0.51
0.12

1.08
0.40

0.17

1.34

1.09

0.80

0.13

0.21

0.17

1.09

0.63

0.17
Epidote / 293 2.46 7.81 2.08 - - 4.06
1 Some of these measurements are the Sn-endmember malayaite
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Abstract 20 

This paper provides a review of skarns in the Erzgebirge/Krušné hory region (Germany/Czech Republic) 21 

with a particular emphasis on the Aue-Schwarzenberg and Geyer-Ehrenfriedersdorf districts that host 22 

the most prolific skarn systems. Most skarns replace thin carbonate units that occur intercalated with 23 

metamorphosed volcano-sedimentary host rock successions of pre-Variscan age. Their compositions 24 

range from calcic to magnesian, depending on the protolith carbonate rocks, and they occur in 25 

environments ranging from proximal to distal relative to their source intrusions. The timing of formation 26 

of the skarns is constrained by U-Pb ages of garnet and cassiterite to ~340 to ~295 Ma, broadly 27 

coinciding with different episodes of late- to post-Variscan magmatism. Geochronological evidence 28 

illustrates that many of the skarns have a multistage origin, with individual skarn stages 5-10 Ma apart, 29 

indicating that these stages are related to distinct magmatic events. Commonly, an initial skarnoid stage 30 

is followed by at least one metasomatic prograde and a subsequent retrograde skarn stage. Early skarns 31 

formed in deep-seated systems under rock-buffered conditions, whereas younger skarns developed in 32 

shallower, fluid-buffered environments, suggesting a telescoping effect driven by uplift and exhumation 33 

of the Erzgebirge following the collisional phase of the Variscan orogeny. Most Sn mineralization is 34 

hosted in cassiterite, commonly associated with retrograde actinolite and chlorite. However, a significant 35 

portion of Sn remains locked within prograde calc-silicate phases (e.g., malayaite, Sn-bearing garnet), 36 

rendering it inaccessible for economic extraction. Base metal sulfides, partly elevated in In 37 

concentration, occur during retrograde skarn alteration, commonly in distal settings. Mineralization with 38 

W is ambiguous and can be developed during prograde alteration or during subsequent processes in the 39 

waning stage of skarn alteration.  40 

 41 
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Introduction 67 

The Erzgebirge (Krušné hory in Czech language), spans across the Czech Republic and Germany and 68 

has been a source of raw materials at least since the Bronze Age (Tolksdorf et al. 2020). Historically, 69 

mining focused on Fe, Sn, and Ag. During the last period of active mining (1945-1990) the focus shifted 70 

to Sn, W, U, barite and fluorite, whilst currently many skarn and greisen-hosted deposits are explored 71 

for Li, Sn, W, Zn, and In. Skarns were mined only for their Fe content from medieval times until the 72 

20th century, where magnetite extraction ended with the closure of the Měděnec-Přísečnice deposit in 73 

1992 (Baumann et al. 2000). Tin and tungsten resources hosted by skarns, on the other hand, were never 74 

subject to commercial exploitation. This has been so despite extensive exploration and even trial mining 75 

of the Hämmerlein deposit. Arguably the most important reason for the lack of commercial production 76 

has been the difficulty to achieve reasonable recoveries from the skarn ores, given their fine grain size 77 

and polymineralic character (Kern et al. 2019). Another important reason was the availability of Sn (as 78 

well as minor amounts of W) from greisen-type deposits in the Erzgebirge, in particular Altenberg and 79 

Zinnwald/Cínovec (Štemprok 2016; Seltmann et al. 1995; Weinhold et al. 2002) with a total production 80 

of at least 96,500 t of Sn until 1990, and stockwork-hosted Sn mineralization of the Ehrenfriedersdorf 81 

deposit, which was in operation until 1990 and produced 10,650 t of Sn (Baumann et al. 2000; Breiter 82 

et al. 2017; Hösel et al. 1994). This renders the skarn deposits of the Erzgebirge an important resource 83 

for future exploitation. Historic and recent mineral resource estimates for skarn deposits across the 84 

region amount to 80 Mt of ore at an average grade of 0.49 % Sn, ~ 62 Mt ore at 0,85 % Zn, and ~ 15 Mt 85 

ore at 0.32 % W (Elsner 2014; Saxore Bergbau GmbH; Starý et al. 2024). Compared to global Sn skarns, 86 

the Erzgebirge skarns have relatively low grades and intermediate tonnages (Fig. 1). Nevertheless, they 87 

present the largest tin resource in Europe and are, thus, of economic and strategic significance 88 
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89 

Fig. 1 Plot of Sn grade vs. tonnage of skarn hosted deposits of China (Chang et al. 2019; Chen et al. 90 

2022; 2023; Cheng et al. 2012; 2013; Huang et al. 2019; Li et al. 2022; Lu et al. 2003; Zhao and Jiang 91 

2007; Zhou et al. 2017), Kyrgyzstan (Solomovich et al. 2012), Tajikistan (Soloviev et al. 2019), North 92 

America (Aleksandrov 2010; Ray 2013;), Australia (Seymore et al. 2006) and Germany (Hösel 1994; 93 

Hösel et al. 1996; 2003; Sächsisches Oberbergamt 2008; Schuppan and Hiller 2012) 94 

Earliest scientific descriptions of skarn mineralization in the Erzgebirge date back to Breithaupt (1849), 95 

followed by other studies at the beginning of the 20th century (Beck 1902; Groth 1926; von Hoerner 96 

1910). Research in conjunction with extensive exploration programs of the 1950s, 1960s and 1970s in 97 

the former German Democratic Republic (GDR) and Czechoslovakia resulted in comprehensive data 98 

sets on the mineralogy and geometry of skarn-hosted mineralization (Bolduan 1963; Hoth and Lorenz 99 

1966; Kühne et al. 1972; Legler 1985; Legler and Baumann 1983; Makareviĉ et al. 1976; Pfeiffer and 100 

Schützel 1969; Štemprok 1967). Yet, most of these studies are descriptive and provide limited 101 

information on skarn genesis. The wealth of research data from this era is summarized in several 102 

monographs (available in German language only) that provide an overview for some of the relevant 103 

skarn prospects and occurrences in the German part of the Erzgebirge (Hiller and Schuppan 2008; 2016; 104 

Hösel 1994; Hösel et al. 1996; Schuppan and Hiller 2012).  105 

Interest in skarns resurged in the last 15 years, spurred by renewed exploration for Sn, W, Zn and In. 106 

More recent studies on these systems include petrology and mineral chemistry (Bauer et al. 2019; Brosig 107 

et al. 2020; Kern et al. 2019; Lefebvre et al. 2019; Reinhardt et al. 2021; Meyer et al. 2024; 2025), 108 
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geochronology of garnet and cassiterite (Burisch et al. 2019, Meyer et al. 2024; Reinhardt et al. 2022) 109 

and fluid inclusion microthermometry (Korges et al. 2020; Meyer et al. 2024; Reinhardt et al. 2021). 110 

Most of these recent studies provide insight into the origin, formation conditions, and metal tenor of 111 

single case studies. In this contribution we, therefore, compile and critically review data on the skarn 112 

deposits across the Erzgebirge and discuss their implication for ore-formation in the context of a 113 

province-scale metallogenetic model. 114 

Skarn characteristics 115 

Following Einaudi et al. (1981) and Meinert et al. (2005), the term skarn is used in this study as a 116 

descriptive term. Petrogenetically, three types of skarns are distinguished, which have distinct textural 117 

features. Hence, these textures may also be used in a strictly descriptive context. 1) Reaction skarns 118 

occur as a result of contact or regional metamorphism along contacts of compositionally contrasting 119 

lithologies with minimal influence of external fluids. 2) Metasomatic skarns are the opposite endmember 120 

and form in fluid-buffered environments, which produce commonly coarse-grained textures that may 121 

completely overprint the textural features of the protolith (Burisch et al. 2023; Meinert et al. 2005; 122 

Mrozek et al. 2020). 3) Skarnoids (Kwak 1987; Meinert et al. 2005) are typically fine- to medium 123 

grained with commonly alternating banding of garnet- and pyroxene-dominated domains. Genetically, 124 

they are transitional between the reaction and purely metasomatic skarn endmembers and are typically 125 

related to the early, primarily contact metamorphic stage of an intrusive event (Burisch et al. 2023; 126 

Einaudi et al. 1981; Meinert et al. 2005).  127 

Conceptually and in practical field observations, individual skarn deposits may show a continuum 128 

between purely metamorphic and entirely metasomatic processes. Metasomatic skarns typically display 129 

a prograde stage characterized by nominally anhydrous minerals such as garnet and pyroxene, followed 130 

by a retrograde stage that typically comprises minerals such as epidote, actinolite, and chlorite (Einaudi 131 

et al. 1981; Meinert et al. 2005). The retrograde stage is commonly absent during the formation of 132 

skarnoids. Skarns can be grouped according to their host rock (endo- and exoskarn), calc-silicate 133 

mineralogy (magnesian and calcic) or metal tenor. The metal tenor is the most accepted way to classify 134 

skarn deposits, which is relatively well suited for economic, but may not be useful for sub-economic 135 
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skarn deposits (Meinert et al. 2005). A main challenge in classifying skarn deposits arises from the fact 136 

that they are typically strongly zoned and hence their characteristics may widely vary across one 137 

individual skarn body. Therefore, the distance of a skarn zone relative to its causative source intrusion, 138 

i.e., proximal, intermediate, and distal, is commonly also used to describe an occurrence. Additional 139 

information on characteristics and genesis of skarn deposits is provided in numerous review papers on 140 

global skarn deposits such as Einaudi et al. (1981), Kwak (1981; 1987), Meinert (1992), and Meinert et 141 

al. (2005). 142 

Regional Geology  143 

The Erzgebirge presents the northern part of the Bohemian Massif and belongs to the Saxothuringian 144 

Zone of the Variscan orogeny (Kossmat 1927). During the Middle to Late Paleozoic, the Variscan 145 

Orogenic Belt formed by the closure of the Rheic ocean and subsequent continent-continent collision of 146 

Gondwana and Laurussia, resulting in the formation of the Supercontinent Pangea (Kroner et al. 2008). 147 

The Erzgebirge forms an ~ 140 x 80 km erosional basement window striking NE-SW (Fig. 2). It is 148 

delineated by the Eger/Ohře Graben in the southeast, the Elbe lineament in the northeast, the Central 149 

Saxonian Lineament in the northwest; it gradually transitions into the Fichtelgebirge in the southwest. 150 

The central zone of the Erzgebirge is composed of Neoproterozoic greywackes with intercalated 151 

limestones and pelites (Přísečnice group), a succession that was already metamorphosed during the 152 

Cadomian orogeny and subsequently intruded by magmatic rocks related to the Cadomian orogeny 153 

(Tichomirowa 2003; Tichomirowa et al. 2012). In the north and west of the Erzgebirge, Cambro-154 

Ordovician metamorphosed volcano-sedimentary successions of the Klínovec, Jáchymov, Thum, and 155 

Frauenbach groups occur, which mainly comprise pelites intercalated with carbonate rocks (Lorenz 156 

1974; 1979; Pälchen and Walter 2008).  157 
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Fig. 2 A) Geographical position of the Erzgebirge/Krušné hory at the border between Germany and 

Czech Republic. B) Geological overview of the Erzgebirge/Krušné hory showing marble and skarn 

occurrences. C) Inlet in B showing a detailed map of the Aue-Schwarzenberg cluster of skarn deposits  

During the Variscan orogeny, these successions underwent various grades of metamorphic overprint, 158 

ranging from lower amphibolite to eclogite facies conditions (Schmädicke et al. 1995) and were stacked 159 

as nappes. The peak of the Variscan metamorphic overprint in the Erzgebirge occurred at ~ 340 Ma 160 

(Kröner and Willner 1998). This regional metamorphism was followed by a rapid exhumation to middle 161 

or upper crustal levels (Collett et al. 2020), a process that was associated with syn- and postkinematic 162 

magmatism.  163 

Emplacement of late-Variscan granitoid plutons and stocks occurred discontinuously within ~330-310 164 

Ma (Romer et al. 2007; Tichomirowa et al. 2019b; 2022). These granitic rocks are related to three 165 

individual batholiths (Štemprok and Blecha 2015): the eastern batholith with the associated Teplice-166 

Altenberg caldera, the central (middle) batholith with only few smaller stocks exposed, and the western 167 

batholith with the prominent Eibenstock-Nejdek granite massif. This suite of magmatic rocks was 168 
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followed by post-Variscan magmatism of which volcanic, sub-volcanic and only a few plutonic rocks 169 

are exposed today, yielding ages between 306–303 Ma and 301–296 Ma for the western and eastern 170 

Erzgebirge, respectively (Gottesmann et al. 2017; Tichomirowa et al. 2025). The emplacement of the 171 

various granite bodies was accompanied by lamprophyre dikes, which also have a very variable age 172 

distribution like the other igneous rocks (Förster et al. 1999; Štemprok and Seifert 2011).  173 

Förster et al. (1999) introduced a classification that distinguishes five geochemical groups of granitoids 174 

in the Erzgebirge/Krušné hory: 1) low-F biotite granites (e.g., Aue suite), 2) low-F two-mica granites 175 

(e.g., Schwarzenberg suite), 3) high-F high-P2O5 Li-mica granites (e.g., Ehrenfriedersdorf-Geyer suite), 176 

4) high-F low-P2O5 Li-mica granites (e.g., Markersbach granite), 5) medium-F biotite granites 177 

(Schönbrunn granite). The batholiths are composite intrusions that include igneous rocks of various 178 

composition (Fig. 2). Late- and post-Variscan magmatism is associated with various types of magmatic-179 

hydrothermal mineralization including greisen, stockwork, and vein-hosted SnLiW±Mo deposits 180 

(Burisch et al. 2025, Leopardi et al. 2024a, Štemprok 1967), skarn-hosted Sn-Zn±W±In deposits (Meyer 181 

et al. 2024; Reinhardt et al. 2022) and epithermal Ag-Pb-Zn vein systems (Swinkels et al. 2021). The 182 

metallogenetic link between specific types of intrusion and their metal tenor is insufficiently understood. 183 

However, there seems to be a link between high-F and low or high-P2O5 magmas and Li-rich greisen 184 

systems (Burisch et al. 2025), whereas there are few constraints on the causative source intrusions to 185 

most skarns. 186 

The late and post-orogenic phase was followed by extensional tectonics that prevailed across Central 187 

Europe until the Upper Cretaceous. Subsidence resulted in the formation of extensive basins filled with 188 

thick successions of sedimentary rocks that buried the Erzgebirge crystalline basement (Ziegler 1990). 189 

The Permian to Mesozoic period was associated with hydrothermal U, native-metal arsenide (U-Bi-Co-190 

Ni-Ag = five element) as well as fluorite-barite±sulfide mineralization (Burisch et al 2022; Romer and 191 

Cuney 2018). 192 

Eventually, Alpine tectonics resulted in the formation of local rift systems and graben structures across 193 

Europe. One of them, the Eger/Ohře Graben initiated uplift and exhumation of the Erzgebirge (Ziegler 194 

and Dèzes 2007). This exhumation was accompanied by basaltic and nephelinitic magmatism, especially 195 
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within the graben and along the southern border of the Erzgebirge (Ulrych et al. 2011). Quartz-Fe-Mn 196 

veins enriched in Co, Ni, and Li are linked to Cenozoic tectonics (Burisch et al. 2021), presenting the 197 

youngest stage of hydrothermal ore formation in the Erzgebirge.  198 

Skarns of the Erzgebirge 199 

Numerous skarn occurrences have been described across the Erzgebirge (Tab. 1). They are associated 200 

with variable host rocks, ranging from marble to metapelites and metavolcanic rocks. A particular 201 

abundance of skarns, however, is hosted by the meta-sedimentary successions of the Přísečnice, 202 

Klínovec, Jáchymov, and Thum groups (Hösel et al. 1996; 2010; Hoth et al. 2010; Schuppan and Hiller 203 

2012). Less common and volumetrically much less significant are skarns hosted by metavolcanic rocks 204 

that occur, for example, in the regions around Berggießhübel, Zobes and Schlema-Aue (Baumann et al. 205 

2000; Hiller and Schuppan 2008; 2016). A specific sub-group of skarns is related to marble lenses within 206 

high-grade metamorphic gneiss units. These skarns seem to be unrelated to any known magmatic 207 

intrusions (Burisch et al 2019) and were only historically of economic interest for Fe production. 208 

Examples of such skarns are known around Měděnec and Niederschmiedeberg; they lack in any Sn, W, 209 

In and Zn mineralization (Tab. 2). Those skarns are not well studied and are of subordinate economic 210 

significance.  211 

The main focus of this contribution is on late- to post-Variscan magmatic-hydrothermal skarns with 212 

their economically significant metal endowment. Late- to post-Variscan skarns are invariably exoskarns 213 

that encompass proximal, intermediate and distal skarn zones, relative to the causative source intrusion. 214 

Whilst causative source intrusions may be overprinted by greisen alteration, there is no occurrence of 215 

endoskarn documented in the Erzgebirge (see Tab. 1; Burisch et al. 2024; Hösel 1994; Meyer et al. 2024; 216 

Schuppan and Hiller 2012; Reinhardt et al. 2022; Weinhold 2002).  217 

The overall geometry of Late- to post-Variscan magmatic-hydrothermal skarns in the Erzgebirge is 218 

usually controlled by the thickness and orientation of marble layers within the meta-sedimentary host 219 

rocks (Pälchen and Walter 2008; Schuppan and Hiller 2012). Individual marble layers and associated 220 

skarns vary in thickness from a few centimeters to several tens of meters and usually occur in groups of 221 

several parallel layers separated by mica schist, phyllite and/or paragneiss. Individual skarns form 222 
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horizontally discontinuous horizons, which may reach a thickness of up to 40 m and may be traced 223 

several hundreds of meters to several kilometers along strike. Available data on skarn systems of the 224 

Erzgebirge are summarized in Table 1, ordered by the major commodity.  The most relevant skarns are 225 

presented in more detail below, ordered by their geographic position. 226 
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Table 1. Compilation of data available for skarn occurrences of the Erzgebirge/ Krušné hory. 

Localities Major Metal 
Historic 

production 
Tonnage/grade 

Stratigraphy / host rock 
sequence 

Niederschmiede
-berg, Boden 

Fe 
unknown 

quantities of Fe 
ore 

Not reported 
Muscovite paragneiss / 

Měděnec group 

Horní Halže, 
Měděnec, 
Přísečnice, 
Kovářská 

Fe-Cu 
0.95 Mt Fe, 323 
t Cu, 0.8 t Ag 

12-15 Mt at 33-
38 % Fe 

(Kovářská 
deposit) 

Mica-schist and 
paragneiss, associated 

with orthogneiss;Měděnec 
group  

Přísečnice succession 
(Kovářská-Halže fold) 

Berggießhübel Fe-Cu-Sn-In 
300 kt Fe ore of 
unknown grade; 

Fe mined out 
Not reported 

Intercalations of slate, 
marl, carbonates and tuff; 

Devonian rocks of the 
Elbtal slate massif 

Zobes 
W-Fe- 

Cu±Mo±Bi±B
e 

Unknown 
quantities of Fe, 

Cu, 260 t W 

1.6 Mt of ore at 
0.24 % W 

intercalation of marble, 
organic-rich phyllites and 

metavolcanis rocks 
(Zobes-Horizont); 

Ordovician age 

Pöhla-
Globenstein 

W-Sn-Fe-In-
Cd±Ag±B 

34.1 kt Fe, 8 kt 
W, 4.1 kt Sn, 

16 Mt kt of ore 
at 0.57 % Sn, 
0.36 % W and 

0.81 % Zn 

intercalation of marble, 
amphibolites and mica-
schist; Klínovec group 
(Raschau succession) 

Antonsthal Sn-W-Zn 
Mainly mined 

for marble 

14.7 Mt ore at 
0.19 % Sn and 
0.37 % W with 
minor Pb, Cd, 

Cu, Bi, Ag 

Marble intercalated in 
mica-schist; Klínovec 

group (Obermittweida and 
Fichtelberg succession) 
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Hämmerlein-
Tellerhäuser 

Sn-Fe-
Zn±Ag±In 

31.3 kt of Fe; 
unknown 

quantities of Sn 

Indicated: 9.97 
Mt ore at 0.45 % 
Sn, 10.24 % Fe, 
0.42 % Zn, 2.49 
g/t Ag, 22.49 g/t 

In; Inferred: 
17.97 Mt ore at 
0.52 % Sn, 8.63 
% Fe, 0.62 % 

Zn, 2.59 g/t Ag, 
26.94 g/t In 

Intercalations of marble, 
mica-schist and 

paragneiss; mainly 
Jáchymov group 

(Breitenbrunn succession) 

Breitenbrunn Sn-Fe-Zn 
Mainly Fe of 

unknown 
quantities 

without St. 
Christoph and 
St. Margarete: 
1.45 Mt ore at 

0.3 % Sn, 2.0 % 
Zn, 30 % Fe 

Intercalations of marble, 
mica-schist and 

Muscovite gneiss; 
Jáchymov group 

(Breitenbrunn succession) 

Zlatý Kopec / 
Boží Dar 

Sn-Fe-Zn-(Cu-
W-Mo-In) 

Sn and Cu 
mining of 
unknown 
quantities 

1 Mt of ore at 
0.95 % Sn and 

0.5 % Zn 

Intercalations of 
carbonaceous phyllites, 
quartzites, marbles, and 
metabasites; Jáchymov 
Group (Breitenbrunn 

succession) 

Geyer Sn-Zn-In-Fe 

Minor Fe 
mining of 
unknown 
quantity 

Geyer SW: 8 Mt 
of ore at 0.56 % 

Sn and 1.1 % 
Zn; Geyer E: 2.7 
Mt ore at 0.52 % 
Sn and 0.4 % Zn 

Intercalations of mica-
schist and phyllites; 

Jáchymov group 
(Grießbach and 

Breitenbrunn succession) 

Ehrenfrieders-
dorf 

Sn-Zn 
No mining on 

skarn ore 
0.8 Mt of ore at 

0.44 % of Sn 

Jáchymov group 
(Grießbach and 

Breitenbrunn succession) 

Großschirma Sn-Zn - 
19.4 Mt of ore at 
0.36 % Sn, 0.14 

% Zn 

Mylonite of the „Felsit 
horizont“; Přísečnice and 
Niederschlag succession 
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Oelsnitz Fe-Zn-Cu-Sn 

Historic Fe 
mining; about 6 
kt Sn between 
1922 and 1938 

Not reported 
Ordovician to Silurian 

successions of the 
Vogtland synclinorium 

Waschleithe/ 
Gelbe Birke 

Zn-Cu-Sn-W 600 t Zn Not reported 

Intercalations of biotite-
beairng mica-schist, 

quartz-mica-schist and 
marble; Klínovec group 

(Obermittwaida 
succession) 

 

Localities 
Protolith of skarn Skarn architecture  

Nieder-
schmiede-

berg, Boden 
Calcite marble, pure 

Single skarn lenses; 
max. 70 m x 30 x 11 

m (known) 

Prograde: Alm-
Grt, Cpx, Mag, 
Retrograde: Akt 

342.9±5.1, 
333.5±4.3, 
330.7±10 

Horní Halže, 
Měděnec, 
Přísečnice, 
Kovářská 

dolomite>calcite 
marble, 

Three parallel skarn 
horizon of 6.5 km 

strike length; skarn 
bodies up to 450 x 

250 x 20 m 

Prograde: Alm-
Sps-Grt, Hd-Cpx, 
Mag; retrograde: 
Ccp, Py, Act, Qz 

- 

Berggießhübel 
Calcite>dolomite 

marble, pure 

Four skarn units, 
with two to nine 

skarn layers each; 
skarn layer max. 
length 1000 m, 

thickness 0.5-10 m 

Prograde: Grt, 
Cpx, Mag; 

retrograde: Mica, 
Fl, Cst, Sph, Ccp, 

Apy 

304.9±3.2 
301.5±5.7 

Zobes 
Calcite marble and 

mafic volcanic rocks 

1 Skarn unit; 800 x > 
4 km; Discontinuous 
lenticular bodies of 

max. 350 x 30 x 4 m 

Prograde: Grs-
Grt, Wol, Ves, 
Di-Cpx, Plg; 

Retrograde: Ep ± 
qz, cal 

325.5±2.3, 
323.6±2.7, 
321.5±3.5 
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Pöhla-
Globenstein 

Dolomite>calcite 
marble 

3 parallel skarn unit; 
lower skarn unit: 2 
skarn layer (~ 12 m 
thickness); middle 
unit: 1 skarn layer 

(12-80 m thickness), 
upper skarn unit: 1 

skarn (20-50 m 
thickness) 

1. stage: prograde: 
Ol, Di-Cpx, Spl; 
retrograde: Phl 2. 
Stage: Prograde: 

Grs-And-Grt, 
Mag; retrograde: 
Fl,Fe-Amp, Ep, 

Ldw, Cst; Breccia 
hosted ore: Sch, 

Fl, Qt, Chl 

338.2±2.5, 
331.2±3.0, 
336.4±3.7, 
337.8±3.2, 
337.1±3.6 

Antonsthal 
Calcite>dolomite 

marble 

One skarn unit, one 
major and four minor 
skarn layers; striking 

length several km, 
dipping length 600 
m, thickness 6 m 

Prograde: Di-Cpx, 
Grt, Ves; 

retrograde: Ep, 
Chl, Sph, Sch, 

Cst, 

320.3±3.2, 
319.6±5.2, 
318.2±2.5, 
312.6±3.9, 
300±11, 
302±2.7 

Hämmerlein-
Tellerhäuser 

Calcite>dolomite 
marble, impure 

Three skarn units 
(Dreiberg, Zweibach, 

Hämmerlein, 
combines strike 

length 9km, 500m 
width and 3 m 

thickness on average, 
additional 

mineralization in 
mica-schist 

(Schiefererz) 

1.Stage: Erlane, 
Plag, Cpx, Ep, 
Tre; 2. stage: 

prograde: And-
grt, Cpx, Ves, 
Wol, Ep?, Ax; 
retrograde: Grt, 
Mag, Tre, Act; 

late stage: Qz, Fl, 
Mica, Cst 

327.3±8.4 
324±7.4 

312.8±3.4 
304±5.7 

302.7±4.3 
299.2±4.3 
294±8.3 

Breitenbrunn 
Calcite>>dolomite 

marble, impure; marl 

One skarn unit, Five 
skarn layers, striking 

length 1.2 km, 
dipping length 700-
800 m; thickness ~ 5 
m; continuation of 

Dreiberg skarn 
horizon 

1. Stage: 
Prograde: Ves, 

Cpx, Grt; 2. 
Stage: Prograde: 

Hd-Cpx, Grt, 
Retrograde: Act, 
Ep, Chl, Qz, Cst, 

Sph 

337.5±3.3 
317.3±6.3 
313.5±4.7 
302±2.7 

Zlatý Kopec / 
Boží Dar 

Dolomite>Calcite 
marble 

One skarn unit; two 
skarn layers 
measuring 

600 x 300 m x 1.5-3 
m 

Prograde: Di-Cpx, 
Grt, Retrograde: 

Mag, borates, Chl, 
Cst, Sulfides 

- 
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Geyer 
Calcite>>dolomite 

marble, impure; marl 

Three skarn units 
with a multitude of 

skarn layers; 
6 km x 650 m x 4-

20 m 

Stage 1: Cpx, 
Grs-Grt, Ves, 
Wol; Stage 2: 
Prograde: Grt, 
Hd-Cpx, Mly; 

Retrograde: Ep, 
Amp, Fl, Chl, Cst, 

Sph 

322.4±5.5, 
322.5±11.4, 
308.2±3.7*, 
307.3±4.8, 
305.1±3.9, 
301.6±5.0 

Ehrenfrieders-
dorf 

Calcite marble, marl 
One skarn unit with 
up to 3 skarn layers 

Stage 1: Cpx, 
Grs-Grt, Ves, 
Wol; Stage 2: 
Prograde: Hd-
Cpx, And-Grt; 

Retrograde: Ep, 
Amp, Fl, Chl, Cst, 

Sph 

322.3 ± 4.5, 
305.3 ± 2.7 

Großschirma - 
Tectonic structure 18 
x 8 km; unreported 

ore bodies 

Mylonititc rock; 
Grt, Chl, Amp, 
Py, Mag, Cst, 

Ccp, Sch 

- 

Oelsnitz 
Calcite>Dolomite 

marble 

Three skarn units and 
two discontinuous 
lens shaped bodies, 
max. thickness of 

skarn and ore bodies 
6 m; striking length 

unknown 

1. Stage: Grt, Ep, 
Sph, Gn, Hem; 2. 
Stage: Prograde: 
And-Grt, Cpx, 

Wol, Mag; 
Retrograde: Ep, 

Sph, Chl, Gn, Cst 

297.9 ± 4.0, 
295.5 ± 4.4 

Waschleithe/ 
Gelbe Birke 

Dolomite-calcite 
marble 

One skarn unit with 
two skarn layers not 
exceeding 10 m and 

irregular in shape 

Prograde: Cpx, 
Ves, Grs-Grt; 

Retrograde: Bst, 
Rdn, Amp, Sph, 

Ccp, Gn 

313.1±2.3 

 227 

 

Localities  
 

  

Nieder-
schmiede-

berg, Boden 
- not present - 

Burisch et al. 
2019; Hoth et 

al. 2010*; 
Legler et al. 

1985* 
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Horní Halže, 
Měděnec, 
Přísečnice, 
Kovářská 

- not present 
Měděnec fault 

(NW-SE) 

Baumann et al. 
2000*; Hoth et 

al. 2010*; 
Pauliš and 

Haake 1991; 
Pokorný and 

Zemánek 
1960*; Starý 
et al. 2024 

Berggießhübel - 

Markersbach granite 
(high-F low P2O5 Li-
mica granite); greisen 
alteration; ~200 - 800? 

m 

Elbe-lineament 
(NW-SE) 

Baumann et al. 
2000*; Hösel 
1967*; Jobst 
and Grundig 

1961*; Vossen 
2018; 

Zobes - 
Bergen granite (low-F 
two mica granite); no 
alteration; 0 – 500 m 

Zobes-Tirpersdorf 
fault (NE-SW) 

Burisch et al. 
2019; 

Schuppan and 
Hiller 2012* 

Pöhla-
Globenstein 

Cst-vein: 440 
– 400 °C / 30.0 

wt. % eq. 
NaCl; 

Retrograde: 
320 – 150 °C / 
1.5 wt. % eq. 

NaCl 

Eibenstock granite (high 
F high P2O5 Li-mica 
granite), microgranitic 
and rhyolitic dykes; 0 - 

> 800 m 

Arnoldshammer 
fault (80 °NE-SW), 
Globenstein fault 
(60 ° NE-SW), 

Luchsbach fault I 
and II (60° NW-

SE) 

Burisch et al. 
2019; Hösel et 

al. 2003*; 
Reinhardt et 

al. 2022 

Antonsthal - 
Eibenstock granite; 

>300 m? 

Weißer Hirsch 
(NW-SE), minor 

faults, partly 
mineralized (NE-
SE and NE-SW) 

Hösel et al. 
1997*; Hoth et 

al. 2010*; 
Reinhardt et 

al. 2022 

Hämmerlein-
Tellerhäuser 

Cassiterite: 
400 – 500 °C / 

30 – 40 
Prograde: 270 
– 300 °C; / 2.0 

to 3.8 
Retrograde: 
335 °C - 185 
°C / 2 - 6.7 

Aue-Schwarzenberg 
granite suite (low F 

biotite granite + low-F 
two mica granite) + 

Eibenstock granite (high 
F high P2O5 Li-mica 
granite); Eibenstock: 

rare greisen in 
endocontact; 
0 - >1000 m 

Gera-Jáchimov 
fault zone; 

Rittersgrün fault 
(NW-SE); 
Hirtenberg, 
Dreiberg, 

Zweibach, Wilder 
Mann fault (NE-

SW) 

Bauer et al. 
2019; Kern et 

al. 2019; 
Korges et al. 

2020; 
Lefebvre et al. 
2019; Saxore 

Bergbau 
GmbH; 

Schuppan and 
Hiller 2012* 
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Breitenbrunn - 

Eibenstock granite; 
Greisen alteration and 

lamprophyres; 100 - 800 
m 

Schildbach, 
Luchsbach, 

Ehrenzipfel fault 
(NW-SE), 
Dreiberg, 

Zweibach, Wilder 
Mann fault (NE-

SW) 

Hösel et al. 
1997*; 2003*; 

Hoth et al. 
2010*; Saxore 

Bergbau 
GmbH 

Zlatý Kopec / 
Boží Dar - 

Eibenstock granite; 
Alteration in granite not 
reported/drilled; 350 - 

950 m 

- 

Baumann et al. 
2000*; Pauliš 
et al. 2015; 
Starý et al., 

2024; 
Tichomirowa 

et al. 2019 

Geyer 

1. Stage: 450 – 
470 °C / 7.1 – 
11.0; 2, Stage: 
Prograde: 330 
– 340 °C / 26.9 
– 28.7 and 2.6 

– 5.6; 
Retrograde: 

270 – 320 °C / 
16.8 – 31.5 

and 0.9 – 3.2 

Ehrenfriedersdorf 
Batholith (high F high 
P2O5 Li-mica granite); 

Rhyolites and 
microgranitic dykes; 

Greisen alteration within 
Geyersberg and 

underlying pluton; 0 - 
750 m 

Geyer-Herold (NE-
SW) and Geyer-
Schönfeld (NW-

SE) fault 

Bolduan 
1963*; Brosig 
et al. 2020*; 
Hösel et al. 

1996*; Meyer 
et al. 2024; 
Romer et al. 

2007 

Ehrenfrieders-
dorf 

- 

Ehrenfriedersdorf 
Batholith (high F high 
P2O5 Li-mica granite); 

Rhyolites and 
microgranitic dykes; 

Endo- and exo-greisen 
formation in granite and 

metasediments; 
0 – 450 m? 

Wiesenbaden (NW-
SE) Geyer-
Schönfeld, 

Greifenbach fault 
(NE-SW) 

Lehmann and 
Seltmann 

1995; Hösel 
1994*; Romer 

et al. 2007; 
this study 

Großschirma - not present 

Mylonitic zone; 
Central Saxonian 
Lineament (NE-

SW) 

Baumann and 
Weinhold 

1963*; 
Baumann 

1965*; Jaroka 
2013; 

Kormilicyn 
1987*; Lorenz 

and Schirn 
1987* 

Oelsnitz - 

Schönbrunn-Eichigt 
granite massif 

(concealed; A-type 
granite); albitisation 
within endocontact? 

Not reported 

Baumann et al. 
2000*; 

Gottesmann et 
al. 2017; 

Kuschka and 
Hahn 1996* 
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Waschleithe/ 
Gelbe Birke 

Prograde: 365 
- 385 °C / 0.3 

– 2.3; 
Retrograde: 

285 – 318 °C / 
0.6 – 1.4 

Eibenstock granite; > 
1000 m from granite 

surface 

Minor faults (NE-
SW and NW-SE) 

Hoth and 
Lorenz 1966*; 

Hoth et al. 
2010*; 

Reinhardt et 
al. 2021 

 

 228 
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Zobes (Western Erzgebirge) 229 

The Zobes skarn is located about 10 km E of Plauen (see Fig. 3B). Some historic mining of Fe and Cu 230 

is documented, but production numbers are not available. Between the beginning of the 20th century 231 

1918, at least 260 t of W were produced mainly from skarn-hosted ore. Several mineralized skarn bodies 232 

were intersected during U exploration and mining. Skarn-hosted resources were estimated to 1.6 Mt of 233 

ore at 0.24 % W (Sächsisches Oberbergamt 2008).  234 

Skarns at Zobes occur in immediate contact with the 320 – 325 Ma Bergen pluton (low-F two-mica 235 

granite; Förster et al. 1998; Fig. 3) that intruded into a series of Ordovician-Silurian-Devonian meta-236 

volcano-sedimentary host rock succession. Dating of skarn-related garnet by LA-ICP-MS U-Pb yielded 237 

an age range between 325.5 ± 2.3 Ma and 321.5 ± 3.5 Ma (Burisch et al. 2019), thus coinciding well 238 

with the intrusion age of the Bergen pluton.  239 

Fig. 3 Cross-section of the Zobes skarn and the corresponding geological map on the +97 m level. 

Note the proximity of the skarns to the granitic intrusion and the prevalence of mafic meta-volcanic 

rocks that are besides marble affected by skarn alteration  



22 

 

Skarns in the Zobes area are hosted by one marble layer, intercalated with organic-rich phyllites in the 240 

footwall of metavolcanic rocks of Ordovician age (Hiller and Schuppan 2016). Skarn bodies are 241 

discontinuous, lenticular bodies with typical thicknesses of 25 by 1 – 4 m that extend over 800 m down 242 

dip and several km along strike (Fig. 6). Their extent is limited by the Neusalzer fault in the SW but 243 

remains unexplored towards the NE (Hiller and Schuppan 2016). Prograde skarn exhibits a skarnoid 244 

texture including garnet, vesuvianite, clinopyroxene, and wollastonite accompanied by scheelite. 245 

Retrograde overprint is subordinate with only local epidote, actinolite and chlorite developed along 246 

veinlets (Hiller and Schuppan 2016).  247 

Aue-Schwarzenberg district (Western Erzgebirge 248 

The Aue-Schwarzenberg district is well-known as the most prolific area of skarn-type mineralization in 249 

the Erzgebirge (Hoth et al. 2010). It spans across an area of ~ 12 x 15 km in the western part of the 250 

Erzgebirge (Fig. 1C). The central portion of the district comprises Ordovician orthogneiss and 251 

paragneiss of the Přísečnice group overlain by a succession of metasediments including the highest 252 

abundance of calcitic and dolomitic marbles within the Erzgebirge region (Hoth and Lorenz 1966; Hoth 253 

et al. 2010; Fig. 1). These metasedimentary units are cut by the major Gera-Jáchymov fault zone, which 254 

was active since pre-Variscan until at least Cretaceous times (Guilcher et al. 2024; Hösel et al. 2003; 255 

Romer et al. 2010). Late-Variscan granites of the low-F biotite and two mica series (Aue-Schwarzenberg 256 

granite suite) occur mainly in the central part of the district. In the western section of the Aue-257 

Schwarzenberg district, the large volume high-F, high-P2O5 Li-mica Eibenstock composite batholith is 258 

exposed. The flanks of this pluton dip towards the northeast below the metamorphic rock units. The 259 

slopes of the intrusive contact flatten out to a sub-horizontal orientation toward the NE (Förster et al. 260 

1999). The Aue-Schwarzenberg district is host to a considerable number of skarns of different ages and 261 

different metal endowment (see Fig. 1C for reference). These will be described in the following from 262 

North to South. 263 
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Waschleithe-Gelbe Birke cluster 264 

The Waschleithe-Gelbe Birke skarn cluster is located in the NE part of the Aue-Schwarzenberg district 265 

(Fig. 1C). Around 600 t of Zn metal, 9000 t of marble and 30 t of Cu ore with an unknown grade were 266 

produced from historic underground mines of Herkules Frisch-Glück, Himmlisch Heer am Fürstenberg, 267 

and Fundgrube am Sauerwiesenbächle (Hoth and Lorenz 1966; Hoth et al. 2010; Fig. 3). The 268 

Waschleithe and Gelbe Birke skarns are hosted by two marble units that occur within a sequence of 269 

mica schist and paragneiss dipping towards the N. The vertical distance of the skarn to the contact of 270 

the underlying Eibenstock granite exceeds 1000 m (Reinhardt et al. 2021 and references therein).  271 

Fig. 4 A) Simplified map of the Waschleithe and Gelbe Birke cluster of skarns. Several marble and 
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skarn bodies are present, some of which were mined for Fe. B) Underground picture of a stratabound 

skarn situated in the middle of a marble unit (Waschleithe). C) Large radial aggregates of 

clinopyroxene replacing marble. D) Sketch of skarn cutting across a marble unit (Herkules Frisch-

Glück mine; after Hoth et al. 2010)  

The marble layers, which are up to 10 m thick, are only partly replaced by skarn. Skarn forms several 272 

irregular- to lenticular-shaped zones (Reinhardt et al. 2021). Generally, the skarns can be traced over 273 

distances of 250 m with a thickness reaching 3 m (Hoth et al. 2010). Prograde skarn comprises a coarse 274 

metasomatic texture and consist predominantly of a prograde mineral assemblage of dark brown 275 

clinopyroxene with only subordinate amounts of garnet. The retrograde mineral assemblage comprises 276 

manganoan ilvaite, rhodonite and Mn-bearing calcite. Ore minerals associated with this retrograde 277 

assemblage include sphalerite along with chalcopyrite, galena and magnetite as well as accessory 278 

cassiterite, acanthite and scheelite (Hoth et al. 2010; Reinhardt et al. 2021). The overall high 279 

pyroxene/garnet ratio and the significant Mn content in clinopyroxene are indicative of a distal position 280 

of skarn formation (Meinert et al. 2005; Reinhardt et al. 2021). LA-ICP-MS U-Pb dating of garnet from 281 

Gelbe Birke yields an age of 313.1 ± 2.3 (Burisch et al. 2019). 282 

Pöhla-Globenstein 283 

The laterally extensive skarn bodies of Pöhla-Globenstein are located in the central part of the Aue-284 

Schwarzenberg district and were mined for Fe from the 17th century until 1941, with an estimated 285 

production of ~ 27 kt of magnetite. From 1950 until 1988, a total of 34.1 kt Fe (9.5 – 11%), 4,136 t Sn 286 

(0.41 – 0.55 %) and 8,079 t W (0.29 – 0.44 %) were produced from underground trial mining operations. 287 

Between 1956 and 1988, a total of 438 exploration boreholes with a combined length of 112,500 m were 288 

drilled from the underground adits (Hösel 2003). Geological resources were estimated to 16 Mt of ore 289 

at 0.57 % Sn, 0.36 % W and 0.81 % Zn (Hösel 2003). In 2015, three exploration holes were drilled by 290 

Saxony Minerals & Exploration AG with a total length of 502 m in order to twin historic drill cores. In 291 

2019, the company constructed an exploration shaft to recover a bulk sample of scheelite-bearing ore 292 

for metallurgical test work. The results of this test work were not published, nor was a revised resource 293 

statement released by SME.  294 
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Skarns of the Pöhla-Globenstein deposit occur in close to moderate distance to the contact of the large 295 

Eibenstock batholith (Fig. 4A and B). However, geochronological data (U-Pb ages of prograde garnet, 296 

338.2 ± 2.5 to 331.2 ± 3.0 Ma, Reinhardt et al. 2022) suggest that at least some of the skarns formed 297 

prior to the main emplacement of the Eibenstock granite (314 – 315 Ma; Tichomirowa et al. 2025). 298 

Stratabound skarns bodies are laterally extensive; they are developed along three major dolomitic and, 299 

to a lesser extent, calcitic marble horizons intercalated with mica schists and amphibolites. The skarns 300 

are cross-cut by swarms of microgranitic and rhyolitic dikes of unknown age (Hösel 2003) and displaced 301 

by several faults, which dip either towards the SW or to the SE (Hösel 2003). The stratigraphically 302 

lowermost skarn body reaches a thickness of up to 12 m and can be traced over 2.4 km eastwards. The 303 

distance to the underlying granite intrusion ranges between 10 to 350 m (Fig. 4A and B). The second 304 

skarn horizon strongly varies in thickness, reaching up to 12 m northwest of the Globenstein Fault and 305 

up to 80 m to the southeast, before decreasing again to 30 m (Hösel 2003). The distance to the underlying 306 

granite intrusion ranges between 50 and 500 m (Fig. 4A and B). A third, predominantly calcic skarn is 307 

exposed at surface along its western limit but is found approximately 50 to 100 m below the surface 308 

elsewhere. This third skarn body has a thickness of 20 to 50 m and can be traced over 500 m eastward 309 

from the surface, though its eastward continuation remains unconstrained.  310 
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Fig. 5 A) Cross-section and corresponding geological map on the 410 m level of the Globenstein 

system after Hösel et al. (2003). B) Geological map on the 260 m level at Globenstein with the 

respective cross-section that shows mineralized skarn proportions (after Hösel et al. 2003). C) Typical 

structure of skarn alteration and mineralization at Globenstein (after Hösel et al. 2003)  

The stratigraphically lowest skarn horizon is characterized by abundant cassiterite, cadmium-bearing 311 

sphalerite, and minor magnetite. The middle skarn unit is exceptionally rich in magnetite, with the 312 

largest magnetite ore body measuring 6 x 300 x 300 meters, northwest of the Globenstein fault (Hösel 313 

2003). Only minor Sn and W mineralization is recognized in this skarn unit. To the SE of the Globenstein 314 

fault, the bulk of Sn-W mineralization is associated with the central and shallowest skarn units. 315 

Typically, the Sn mineralization is spatially separated from the W mineralization. Tungsten-rich ores 316 

predominantly comprise scheelite that occurs in poorly consolidated breccia zones referred to as 317 

“Zersatzerz”. Scheelite is accompanied by fluorite, siderite, kaolinite, sulfides, and cassiterite. Scheelite 318 

mineralization has been described as postdating skarn formation and is mostly associated with faults and 319 

alteration halos of veins, resulting in irregularly shaped ore bodies of variable grades (Hösel et al. 2003). 320 
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Tin (cassiterite) mineralization, in contrast, appears to form part of retrograde skarn alteration 321 

assemblages (Fig. 4C), with relatively constant distribution and abundance along skarn-altered units. 322 

The distance from the granite contact does not seem to have a significant control on the skarn 323 

mineralogy, at least on the scale of the known extent of the skarns (Hösel 2003).  324 

Unfortunately, modern investigations of the mineralogy and petrography of the skarns at Pöhla-325 

Globenstein are sorely lacking. Previous petrographic studies have suggested two main stages of 326 

prograde skarn formation at Pöhla-Globenstein (Hösel 2003): The first stage is described as skarnoid 327 

comprising clinopyroxene, minor forsterite and Mg-spinel. This is followed and often strongly replaced 328 

by a second prograde alteration stage with green grandite garnet (containing up to 0.23 wt. % Sn), 329 

clinopyroxene and vesuvianite, with interstitial scheelite, magnetite and ludwigite (Hösel 2003). 330 

Retrograde alteration follows this second, metasomatic skarn stage, associated with the formation of 331 

epidote, amphibole, chlorite, and fluorite, and cassiterite (Hösel 2003). 332 

Breitenbrunn 333 

The Breitenbrunn deposit, located in the south-western part of the Aue-Schwarzenberg District, was 334 

mined for Fe, Sn, Zn, and marble between 1567 and 1924 (Hoth et al. 2010). Since 2012 Saxore Bergbau 335 

GmbH holds the exploration license for this deposit. Systematic exploration was conducted between 336 

1938 and 1943, yielding 26 boreholes with a total length of 2570 m. Between 1946 until 1967 another 337 

506 diamond core boreholes (>11,000 m) were drilled. Mineral resources were estimated at 2.2 Mt of 338 

ore at grades between 0.25 % Sn, 2.0 % Zn, 2.0 % Cu and 30 % of Fe (Hösel et al. 1997; Hoth et al. 339 

2010).  340 

Skarns at Breitenbrunn are hosted by five southwest-dipping marble horizons that are intercalated with 341 

mica schists and phyllites of the Jáchymov Group. The Eibenstock granite is exposed about 100 – 500 342 

m to the W and SW of the deposit and dips below the skarns. Detailed petrographic descriptions are still 343 

unavailable for the Breitenbrunn skarns, but some preliminary observations have been published (Hoth 344 

et al. 2010; Reinhardt et al. 2022). According to these observations, three phases of skarn formation can 345 

be distinguished. The prograde stage of the first phase comprises green andradite garnet with abundant 346 

magnetite. U-Pb dating of garnet (Reinhardt et al. 2022; Burisch et al. 2019) suggests this stage to have 347 
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formed at 337.5 ± 3.3 Ma. The second phase is marked by the formation of a skarnoid comprising 348 

pyroxene, minor fine-grained red garnet and vesuvianite. Geochronological evidence suggests this 349 

assemblage to have formed between 317.3 ± 6.3 Ma and 313.5 ± 4.7 Ma. The skarnoid was later replaced 350 

by an even younger metasomatic skarn, comprising green garnet and clinopyroxene, representing a third 351 

phase of skarn formation at 302 ± 2.7 Ma. Retrograde alteration includes actinolite, epidote, chlorite, 352 

and prehnite, as well as cassiterite and sphalerite (Hoth et al. 2010; Reinhardt et al. 2022). The exact age 353 

of cassiterite mineralization remains unknown at present. 354 

Hämmerlein-Tellerhäuser cluster 355 

The prolific Hämmerlein-Tellerhäuser skarn cluster forms a concealed 7 x 3 km laterally continuous ore 356 

body in the SE sector of the Aue-Schwarzenberg district. The cluster includes the Dreiberg and 357 

Zweibach (Tellerhäuser sector) and the Hämmerlein (sector) skarn deposits (Fig. 5). Mining in the area 358 

began in 1750 and continued until 1852, focusing on Sn, Ag, Fe, and Cu (Baumann et al. 2000). In 1965, 359 

the exploration focus shifted to U, which included several drilling and mapping campaigns, resulting in 360 

the construction of the Pöhla adit that was built primarily for exploration. It was not until 1972 that 361 

exploration of skarn-hosted Sn mineralization began. In total, 138,900 m of diamond core drilling was 362 

carried out from 32,000 m of underground drifts. Moreover, during pilot mining large volume samples 363 

for test work were collected which were also included in the resource estimates (Schuppan and Hiller 364 

2012). Additionally, 186 drill cores were drilled from surface on a grid of 100 m to 200 m. Until 1991, 365 

extensive test work for the extraction of tin was conducted, but remained unsuccessful – hence, 366 

commercial production of Sn never commenced. Successful beneficiation was accomplished in 2019 by 367 

a pilot experiment coordinated by the Helmholtz Institute Freiberg for Resource Technology in 368 

cooperation with Saxore Bergbau GmbH (a subsidiary of First Tin PLC) and other research partners. 369 

Since acquiring the license in 2013, Saxore Bergbau/First Tin has confirmed historical drill results with 370 

thirteen new diamond core drillings spread across the Hämmerlein-Tellerhäuser skarn cluster. Recent 371 

resource estimates include indicated resources of 9.9 Mt at 0.45 % Sn, 10.24 % Fe2O3, 0.42 % Zn, 2.49 372 

g/t Ag, and 22.49 g/t In with and additional inferred resources of 17.97 Mt of ore at 0.52 % Sn, 8.63 % 373 

Fe2O3, 0.62 % Zn, 2.59 g/t Ag, and 26.94 g/t In (First Tin PLC 22.04.2024).  374 



29 

 

 

Fig. 6 A) Mineralized skarns and underground drifts within the Hämmerlein-Tellerhäuser system 

(after Saxore GmbH). B) Simplified section through the Hämmerlein skarn with numerous faults 

intersecting the skarn units (after Schuppan and Hiller 2016). C) Overview section of the 

Hämmerlein-Tellerhäuser cluster with the Hämmerlein, Dreiberg and Zweibach skarn deposits. Zlatý 

Kopec presents the SE extension of the skarn cluster into the Czech Republic (after Baumann et al. 

2000). D) Cross-section of Zlatý Kopec at same scale as B for comparison. Note the abundance of 

dolomitic marble not affected by skarn alteration (after Pauliš et al. 2015). E) Garnet-rich skarn in 
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mica schist with minor retrograde alteration near the footwall contact. F) Pyroxene-rich skarn with 

notably retrograde overprint and massive sphalerite and magnetite mineralization in the footwall 

Laterally extensive stratabound skarn bodies are related to three distinct marble units of the Jáchymov 375 

group that dip shallowly to the SE (Fig. 5A-C): the Hämmerlein skarn in the northwest and the Dreiberg 376 

and Zweibach skarn in the southeast. Locally, stockwork-hosted cassiterite-quartz-fluorite 377 

mineralization (“Schiefererz”; Schuppan and Hiller 2012) occurs in mica-schist in the immediate 378 

footwall of the skarn zones. The general dip of the skarn units is 10 to 15° to the SE; they partly overlap 379 

at different depths (Fig. 5B and C). The entire area is underlain by the western flank of the Eibenstock-380 

Nejdek batholith that dips shallowly to the NE (Förster et al. 1999; Schuppan and Hiller 2012). The 381 

contact metamorphic halo around this batholith extends up to 1000 m into the metasedimentary host 382 

rocks – with the skarn units located within this halo (Schuppan and Hiller 2021).  383 

Petrographic observations summarized by Schuppan and Hiller (2012) suggest the presence of at least 384 

two distinct skarn stages. The first stage is expressed as a prograde skarnoid comprising clinopyroxene, 385 

Sn-poor garnet, wollastonite, and vesuvianite. Pale red and green garnet from this skarnoid stage were 386 

dated at 327.3±8.4 Ma to 324±7.4 Ma (Reinhardt et al. 2022). This prograde skarnoid assemblage was 387 

only overprinted by a retrograde assemblage of epidote and axinite. The second stage comprises a coarse 388 

crystalline prograde metasomatic skarn assemblage with clinopyroxene and stanniferous, green garnet 389 

and abundant magnetite (Fig. 5E; Schuppan and Hiller 2012). Dark brown to greenish garnet of this 390 

prograde metasomatic stage yield ages of 304 ± 5.7 to 294 ± 8.3 Ma (Burisch et al. 2019; Reinhardt et 391 

al. 2022). This younger prograde skarn assemblage was extensively overprinted by a retrograde 392 

assemblage of (Fig. 5F) tremolite-actinolite, chlorite, fluorite, quartz, cassiterite, In-rich sphalerite, and 393 

chalcopyrite (Bauer et al. 2019; Kern et al. 2019).  394 

Zlatý Kopec  395 

Several skarns in the area northwest of Boží Dar in the Czech Republic are considered to represent the 396 

SE continuation of the Hämmerlein-Tellerhäuser cluster, of which Zlatý Kopec is the most important 397 

one (Fig. 5D). Mining of this skarn deposit took place between the 16th and the late 18th century (Pauliš 398 

et al. 2015). Between the 1950s and the 1980s, several exploration campaigns proved around 1 Mt of 399 
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ore at 0.95 % Sn, 0.5 % Zn, and relatively high concentrations of Cd, In, Sc, and Tl (Pauliš et al. 2015; 400 

Starý et al., 2024). The opportunity for renewed exploration ceased, when the area became a landscape 401 

heritage zone in 2016.  402 

The skarns at Zlatý Kopec form lenticular bodies within marble and mica schist of the Jáchymov Group 403 

within a succession of carbonaceous phyllites, quartzites, and metabasites (Baumann et al. 2000). The 404 

deposit consists of one main skarn-bearing marble horizon, and one smaller skarn-bearing horizon about 405 

70 m below the main horizon. Skarn bodies predominantly strike NW-SE with a gentle dip of 5-20° to 406 

the NE. The thickness of the skarn units varies from typically 1.5 to 3 meters which may locally increase 407 

up to 9.5 meters. The lateral extent of the skarn is constrained by drilling to about 600 x 300 meters. 408 

About 350 meters below the skarn zone, a high-F high-P2O5 Li-mica granitic intrusion was intersected 409 

in drill core (Pauliš et al. 2015) that likely belongs to the Eibenstock batholith. Radiometric ages at Zlatý 410 

Kopec are not available.  411 

The skarns comprise a prograde assemblage of clinopyroxene (diopside) and garnet in variable ratios. 412 

Magnetite is abundant, together with borates, chlorite, cassiterite and sulfides it forms the retrograde 413 

assemblage. Fe-rich sphalerite (containing up to 0.15 wt.% In; Pauliš et al. 2015) occurs in skarn as well 414 

as metapelites (possibly similar to the “Schiefererz” at Hämmerlein-Tellerhäuser). Locally, the skarn-415 

bearing units are replaced by a mineral association comprising hulsite, schoenfliesite and ludwigite 416 

(Pauliš et al. 2015), which are common for skarns with Mg-rich protoliths (Burisch et al. 2023). The 417 

skarn texture is not described in detail in the available literature.  418 

 419 

Geyer - Ehrenfriedersdorf District (Central Erzgebirge) 420 

The Geyer-Ehrenfriedersdorf District is located in the central part of the Erzgebirge, covering an area 421 

of about 11 km2. It includes the historic mines and mine camps of Geyersberg, Geyer SW and NE, 422 

Sauberg, Vierung, Greifensteine, and several other smaller Sn occurrences (Fig. 2A). Historic Sn 423 

production occurred discontinuously between 1395 and 1990 and mainly focused on greisen-, 424 

stockwork-, and vein-hosted cassiterite mineralization at Geyersberg and Ehrenfriedersdorf (Hösel 425 
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1994; Hösel et al. 1996). Tin ore was extracted from stockwork zones crosscutting the metasedimentary 426 

host rock (exocontact) and the intrusion (endocontact; Fig. 2B; Hösel 1994). Additionally, some skarn-427 

hosted Sn was mined at Geyer between 1667 and 1853. Skarn-hosted mineralization at Geyer SW was 428 

extensively drilled in1968/69 and 1975/76 by the SDAG Wismut, resulting in 123 boreholes with more 429 

than 37,000 m of core recovered (Hösel et al. 1996). Skarn-hosted resources were inferred to 8.2 Mt of 430 

ore at grades of 0.56 % Sn and 1.1 % Zn (Elsner 2014). In addition, resources of 353 t of Ga and 441 t 431 

of In were reported without detailed information (Hösel et al. 1996). In 2011 and 2012, twin holes drilled 432 

by Tin International confirmed previous results, but renewed exploration did not yield a new resource 433 

assessment.  434 

The Ehrenfriedersdorf tin mine was closed in 1990. It exploited stockwork-type Sn mineralization in 435 

biotite-rich schist of the Klínovec and Jáchymov group (Hösel 1994). Several thin skarn units (< 1 m 436 

thickness) that occur intercalated with the biotite schist are exposed in drifts of the historic underground 437 

mine (Fig. 2B). Previously, those were not studied in detail, but the associated geological resource was 438 

estimated to about 0.8 Mt of ore at 0.44 % of Sn (Hösel 1994). Skarns form irregular, lens-shaped bodies 439 

that range between several tens of meters up to 500 m in lateral extent and between 0.2 and 5 m in 440 

thickness (ESM 1; Hösel 1994). At Geyer SW, three skarn horizons strike NE-SW and dip to the NW 441 

at 30–40° (Fig. 2C; Hösel et al. 1996). The skarn units can be traced over a strike length of up to 4 km 442 

and extend down to the sub-horizontal igneous contact (5D). The thickness of skarn horizons varies 443 

between 5 and 40 m (Hösel et al. 1996). The skarn packages are truncated in the north by the Herold-444 

Schönfeld fault; their continuation to the south-west is unconstrained.  445 
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Fig. 7 A) Overview of the Geyer-Ehrenfriedersdorf district with historically important mine camps 

(after Hösel 1994). B) Underground skarn exposure in the historic Ehrenfriedersdorf mine showing 

typical textural and structural features. C) Simplified geological map of the Geyer SW skarn project 

(after Hösel et al. 1996). D) Cross-section through the Geyer SW skarns (left) and Ehrenfriedersdorf-

Sauberg (right; after Hösel 1994 and Hösel et al. 1996)   

Skarns of the Geyer-Ehrenfriedersdorf district are hosted by a succession of low- to medium 446 

metamorphic metasediments of the Jáchymov Group. The metasedimentary succession is underlain by 447 
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the Ehrenfriedersdorf composite pluton. The contact between the granite and metasediments was 448 

intersected in drill core at depths between 150 and 450 m below the surface; the intrusive contact forms 449 

a subtle dome-structure with steeper slopes to the N and a gently dipping slope to the S forming a horse-450 

shoe-shaped topography of the concealed intrusion (Fig. 2A; Brosig et al. 2020). Exposure of the mostly 451 

concealed granite massif is limited to several smaller stocks and cupolas such as the Greifensteine, 452 

Geyersberg and Ziegelberg (Hösel et al. 1996). Geochronological Th-U-Pb ages of uraninite in granites 453 

from the Greifensteine and Sauberg and U-Pb ages of apatite from the Sauberg granite indicate intrusion 454 

ages ranging from 324 ± 4 to 319.7 ± 3 Ma and from 323.9 ± 3 to 317.3 ± 2 Ma, respectively (Romer et 455 

al. 2007). Cassiterite from Ehrenfriedersdorf show a wide age range from ~ 320 to 311.7 ± 2.1 (Meyer 456 

et al. 2024; Zhang et al. 2017). Note, however, that the published ages of Zhang et al. (2017) are about 457 

8 Ma too old because they used an inaccurate reference material (Zhang and Lehmann pers. comm.). 458 

More recent ages of similar sample material from Ehrenfriedersdorf are in the range of 313 to 311 Ma 459 

(Leopardi et al. 2024a; Meyer et al. 2024). Cassiterite from Geyersberg are of distinctly younger age 460 

than these intrusions, with U-Pb ages between 305.7 ± 3.7 and 308.2 ± 3.7 Ma (Meyer et al. 2024). 461 

Skarn-hosted cassiterite yields ages of 308.2 ± 3.7 Ma (Geyer) and 311.5 ± 3.6 Ma (Ehrenfriedersdorf; 462 

Meyer et al. 2024; this study).  463 

Based on textural observations and radiometric dating, two distinct stages of skarn formation in the 464 

Geyer - Ehrenfriedersdorf district are distinguished (Meyer et al. 2024; 2025). The paragenetically older 465 

skarn stage comprises calcsilicate rocks with commonly fine-grained prograde skarn minerals that form 466 

a skarnoid texture. Those skarnoids are barren and are not enriched in Sn. Moreover, they are not 467 

associated with retrograde alteration, unless they are overprinted by the second, paragenetically younger 468 

skarn event (Meyer et al. 2024: ESM 1). LA-ICP-MS U-Pb geochronology on garnet constrains the 469 

older skarn stage to ~322 Ma at Geyer (Meyer et al. 2024) and 322.3 ± 4.5 Ma at Ehrenfriedersdorf 470 

(ESM 2). The second stage is best described as a typical metasomatic skarn with a coarse crystalline 471 

prograde assemblage of garnet, pyroxene and vesuvianite, followed by intense retrograde skarn 472 

alteration with a mineral assemblage comprising variable amounts of actinolite, chlorite, cassiterite, 473 

fluorite and base metal sulfides. Uranium-Pb LA-ICP-MS ages of prograde garnet of this second stage 474 
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range between 307.3 ± 4.8 and 301.6 ± 5.0 Ma at Geyer (Meyer et al. 2024), whereas one garnet sample 475 

from Ehrenfriedersdorf yielded 305.3 ± 2.7 Ma (Burisch et al. 2019). More information on the 476 

Ehrenfriedersdorf and Geyer skarns is available in Meyer et al. (2024) and ESM 1. Geochronological 477 

data are listed in ESM 2, mineral chemical data  may be found in ESM 3.  478 

Common characteristics  479 

Despite their diversity, most skarns in the Erzgebirge show some common paragenetic and textural 480 

features. Although mineralogy varies considerably as a function of protolith composition and distance 481 

to the fluid source, at least two distinct prograde stages and one retrograde stage can be recognized in 482 

most skarns (Fig. 7). The general similarities of these different types of alteration are presented below.   483 
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Fig. 8 Characteristic rock types of skarn systems. A) Skarnoid with red garnet intercalated by green 

clinopyroxene, Zobes. B) Red garnet and grey wollastonite in a skarnoid, Geyer. C) Contact and 
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center of a skarn lenses with partly preserved fabric of the protolith and higher abundance of K-

feldspar and plagioclase, Ehrenfriedersdorf. D) Metasomatic skarn with a variable ratio between 

green garnet and beige clinopyroxene, Geyer. E) Green metasomatic garnet replacing calcic marble. 

The lower part comprises dark grey sphalerite, Antonsthal. F) Green metasomatic skarn replaced by 

sphalerite and hematite, Berggießhübel. G) Pale green garnet skarn with layers comprising mainly 

clinopyroxene, Globenstein. H) Retrograde skarn with predominantly sphalerite (left) and magnetite 

(right), Hämmerlein. I) Clinopyroxene-rich skarn replaced by epidote as well as base metal sulfides 

and magnetite, Antonsthal. K) Sphalerite in a clinopyroxene-rich skarn, Berggießhübel. L) Contact 

between mica schist (dark), retrograde skarn with mainly amphibole and chlorite (green) and 

dolomitic marble, Ehrenfriedersdorf). M) Retrograde chlorite and amphibole replacing 

clinopyroxene-rich prograde skarn, Geyer   

Skarnoid (prograde association) 484 

Entire skarn bodies (e.g., Zobes) or only local domains within skarns (e.g. Geyer) exhibit a skarnoid 485 

texture, i.e., they comprise of a prograde calc-silicate assemblage that is fine-grained and preserves some 486 

of the macroscopic textures of the protolith, most notably compositional banding. Pale green 487 

clinopyroxene with a hedenbergite-rich composition is the prevalent mineral in skarnoids. It is 488 

intergrown with pale red garnet of variable composition (Hiller and Schuppan 2012; Meyer et al. 2025). 489 

Wollastonite is a typical mineral in skarnoids, with highest abundances typically found close to the 490 

marble front (Hiller and Schuppan 2016). Vesuvianite commonly has an Al- and Mg-rich composition. 491 

Magnesian skarns comprise forsterite-rich olivine instead of garnet, intergrown with pyroxene and 492 

spinel (sensu stricto; Hösel et al. 2003; Pfeiffer and Schützel 1969). In marly protoliths, K-feldspar and 493 

plagioclase constitute large parts of a skarnoid (Hösel et al. 1994). Minor clinozoisite and phlogopite 494 

can occur in a paragenetically late position (Fig. 8). A retrograde stage is commonly absent. The mineral 495 

chemistry of calcsilicates in skarnoids is dictated by the composition of the protolith and indicates low 496 

fluid/rock ratios (Jamtveit and Hervig 1994; Meyer et al. 2025). Skarnoids are typically not associated 497 

with ore minerals; the only exception is the scheelite-bearing skarnoid at Zobes, where scheelite is 498 

invariably hosted by calcic skarn zones (Hiller and Schuppan 2012).  499 
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500 

Fig. 9 Generalized paragenetic sequence of skarns of the Erzgebirge/Krušné hory. Minerals that were 501 

described or occur in abundance in single systems are indicated below the bar (after Hiller and Schuppan 502 

2012; Hösel et al. 1996; 1997; 2003; Hoth et al. 2010; Korges et al. 2020; Kuschka and Hahn 1996; 503 

Meyer et al. 2024; 2025; Pauliš et al. 2015; Schuppan and Hiller 2012; Reinhardt et al. 2021. Mineral 504 

abbreviation after Warr (2021)  505 

 506 
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Metasomatic skarn (prograde assiciation) 507 

Metasomatic textures are recognized in most skarns except Zobes and are characterized by medium- to 508 

coarse-grained euhedral garnet and pyroxene having an isometric fabric. Clinopyroxene and garnet 509 

occur in variable proportions ranging from pyroxene to pyroxene-garnet skarn. Garnet skarn is common 510 

but usually forms only smaller lenses within the overall pyroxene-rich skarn units (Hoth et al. 2010; 511 

Korges et al. 2020; Meinert et al. 2005; Reinhardt et al. 2021). Pyroxene color varies from cream white 512 

to pale green to dark brown in most distal zones (e.g. Waschleithe). Garnet color ranges from brown to 513 

green to pale green. Clinopyroxene (Fig. 9A) composition varies as a function of host rock with higher 514 

diopside-component in (calcic-)magnesian skarns (Meyer et al. 2025; Pfeiffer and Schützel 1969) and 515 

becomes progressively Mn-richer with increasing distance to the source intrusion. In most metasomatic 516 

skarns, garnet composition lies within the grossular-andradite solid solution with insignificant 517 

spessartine, almandine, pyrope components (Fig. 9A). Garnet is commonly intergrown or replaced by 518 

vesuvianite, which shows high concentrations of B, Be, Sb, and Sn (Meyer et al. 2025). Malayaite occurs 519 

regularly together with garnet (Hösel 1994; Meyer et al. 2024; Reinhardt et al. 2021). Bustamite and/or 520 

rhodonite are recognized in distal prograde skarn environments (Reinhardt et al. 2022). Andradite-rich 521 

garnet and malayaite may contain significant Sn concentrations in the wt.%-range (Fig. 10; Hösel 2003; 522 

Lefebvre et al. 2019; Meyer et al. 2025; Reinhard et al. 2021; this study). Additionally, paragenetically 523 

early cassiterite occurs rarely in prograde skarn (Korges et al. 2020). Garnet typically shows elevated 524 

W concentrations even in skarn not associated with significant Sn or W mineralization (Meyer et al. 525 

2025). 526 
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Fig. 10 Ternary diagrams of garnet (left) and clinopyroxene (right). Grey areas are compositions 

observed in association with skarns with distinct metal tenor (after Meinert 1992). A) Data from 

the Erzgebirge/Krušné hory (Lefebvre et al. 2019; Meyer et al. 2025; Reinhardt et al. 2021; this 

study). B) Mineral composition of garnet and clinopyroxene worldwide (Alderton 2018; Chen et 

al. 1992; Dobson 1982; He et al. 2024; Li et al. 2024; Liu et al. 2021; Meyer et al. 2025; Ray 2013; 

Wang et al. 2024; Yuan et al. 2018; Zhao et al. 2021; Zhou et al. 2017). C) Sketch to illustrate the 

dependence between mineral composition and spatial and temporal position within a skarn system   



41 

 

Magnetite is an abundant mineral in most skarns of the Erzgebirge. It invariably occupies a transitional 527 

paragenetic position between the prograde and retrograde stage (Fig. 8). Particularly in pyroxene-rich 528 

magnesian skarn, it may form extensive almost monomineralic lenses (Hösel et al. 2003; Meyer et al. 529 

2024; Pauliš and Haake 1991). Magnetite is commonly accompanied by axinite and/or ludwigite, which 530 

are common minor minerals in magnesian skarn in B-rich systems (Burisch et al. 2023; Hösel et al. 531 

2003; Reinhardt et al. 2021; Schuppan and Hiller 2012). 532 

Metasomatic skarn (retrograde association)  533 

Particularly Sn-endowed skarns are characterized by an intense retrograde stage that pervasively 534 

overprints prograde skarns along stockwork zones and veins. The retrograde mineralogy varies locally, 535 

strongly depending on protolith composition. Retrograde associations replacing calcic(-magnesian) 536 

skarns are characterized by a high abundance of epidote and actinolite, whereas retrograde associations 537 

in magnesian(-calcic) skarns are characterized by chlorite, actinolite, tremolite, as well as minor 538 

serpentine and ludwigite. In addition to these major mineral phases, retrograde skarn may contain 539 

various accessory minerals, as summarized in Figure 8. The retrograde association typically contains 540 

abundant cassiterite and sulfide minerals that are commonly intergrown with mainly chlorite, actinolite 541 

and other retrograde phases. Sulfide minerals include sphalerite, chalcopyrite, galena, stannite and 542 

acanthite (Korges et al. 2021; Reinhardt et al. 2021; Schuppan and Hiller 2012). Paragenetically early 543 

retrograde minerals, such as epidote, may have significant Sn concentrations (Fig. 10), whereas chlorite 544 

and amphiboles intergrown with cassiterite contain distinctly lower Sn concentrations (Meyer et al. 545 

2025; Reinhardt et al. 2021). Retrograde tungsten mineralization is typically minor and economically 546 

relevant only at Pöhla-Globenstein. Scheelite-hosted by retrograde skarn is typically accompanied by 547 

chlorite and fluorite. However, scheelite mainly occurs on veins or in breccia zones that appear to 548 

postdate the retrograde skarn formation. Here, scheelite is accompanied by fluorite and quartz. 549 
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550 

Fig. 11 Sn concentrations of garnet, amphibole, titanite, and epidote from the Geyer, Hämmerlein-551 

Tellerhäuser (Meyer et al. 2025; Lefebvre et al. 2019), Waschleithe (Reinhard et al. 2021) and 552 

Ehrenfriedersdorf (this study) 553 

Some retrograde skarn zones in the Erzgebirge are distinctly enriched in In (Bauer et al. 2019; Kern et 554 

al. 2019; Schwarz-Schampera and Herzig 2000; Seifert and Sandmann 2006). Sphalerite, chalcopyrite, 555 

and stannite with elevated In concentration as well as minor roquesite have been reported from 556 

Hämmerlein, Zlatý Kopec, and Oelsnitz (Bauer et al. 2019; Seifert and Sandmann 2006; Starý et al. 557 

2024). Exceptionally sulfide-rich zones are often spatially (but not paragenetically) associated with 558 
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magnetite zones (Hämmerlein, Globenstein, Geyer; Korges et al. 2020; Hösel 2003; Meyer et al. 2024), 559 

which preferentially occur in pyroxene-rich magnesian skarns (Waschleithe, Breitenbrunn, Antonsthal; 560 

Reinhardt et al. 2021; Schuppan and Hiller 2012).  561 

The retrograde stage is followed by late-stage vein and cavity infill that mainly includes quartz, fluorite, 562 

manganiferous calcite, prehnite, illite, and arsenopyrite. Minor Sn-silicates such as stokesite 563 

(CaSn(Si₃O₉)·2H₂O), wickmanite (Mn[Sn(OH)₆]), and schoenfliesite (Mg[Sn(OH)₆]) occur, most likely 564 

related to late-stage  replacement of prograde Sn-silicates and cassiterite (Kern et al. 2019; Meyer et al. 565 

2024; Pauliš et al. 2015). 566 

Fluid inclusion characteristics  567 

Fluid inclusion assemblages in pyroxene with skarnoid texture were measured only in samples from 568 

Geyer and have estimated formation temperatures of 450 – 470 °C and salinities of 7 – 11 % NaCl eq 569 

(Meyer et al. 2024). Fluid inclusions in garnet and clinopyroxene in metasomatic skarns show a wide 570 

temperature and salinity range between 270 and 385 °C (Fig. 11; Korges et al. 2020; Meyer et al. 2024; 571 

Reinhardt et al. 2021). Some of these fluid inclusion assemblages show a bimodal distribution of 572 

salinities clustering around 0.3 – 3.8 and 28.7 – 30 wt. % NaCl eq., observed in heterogeneous fluid 573 

inclusion assemblages at Geyer (see Fig. 11; Meyer et al. 2024). A few cassiterite-hosted fluid inclusions 574 

from Hämmerlein were reported to have anomalously high homogenization temperature of 470-500 °C 575 

and high salinities (Korges et al. 2020).  576 
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Fig. 12 Salinity (wt. % NaCl eq.) versus homogenization temperature in °C of fluid inclusion 

assemblages of the Hämmerlein (Korges et al. 2020), Geyer (Meyer et al. 2024), Waschleithe 

(Reinhardt et al. 2021) and Globenstein (Hösel et al. 2003) skarn system. Note that vapor-rich fluid 

inclusions are not depicted. Skarnoid assemblages are pressure corrected (200 MPa; Thomas et al 

1997), other fluid inclusions are corrected assuming hydrostatic conditions according to Korges et al. 

(2020), Meyer et al. (2024) and Reinhardt et al. 2021) 

 577 

Most of the reported fluid inclusion data of retrograde skarns are found in cassiterite, fluorite and 578 

sphalerite, having a salinity between 0.6 to 6.7 wt. % NaCl eq. (Korges et al. 2020; Kuschka and Hahn 579 

1996; Meyer et al. 2024; Reinhardt et al. 2021). In addition, some fluid inclusions in cassiterite have 580 

high salinities between 16.8 and 31.5 wt. % NaCl eq. and occur together with vapor-rich inclusions for 581 

which no estimations for temperature or salinity are possible. The homogenization temperature of fluid 582 

inclusions ranges from 330 to 185 °C (Korges et al. 2020; Kuschka and Hahn 1996; Meyer et al. 2024; 583 

Reinhardt et al. 2021). These temperatures are consistent with temperature estimated using compositions 584 

of coeval chlorite (Korges et al. 2019; Meyer et al. 2025; this study). Fluid inclusion assemblages hosted 585 

in fluorite and quartz of late-stage veins without cassiterite have homogenization temperatures of 295 °C 586 

to 310 °C with salinities between 0.96 and 5.9 wt. % NaCl eq. (Korges et al. 2020; Meyer et al. 2024; 587 

Reinhardt et al. 2021).  588 
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Discussion 589 

Timing of skarn formation and associated Sn-mineralization 590 

Recent geochronological studies on garnet (LA-ICP-MS U-Pb) from prograde skarnoid and 591 

metasomatic skarn assemblages have revealed that hydrothermal skarns formed in three phases across 592 

the Erzgebirge: I) an early late-Variscan phase (341 – 330 Ma), II) a late Variscan phase (330 – 313 Ma) 593 

and a III) post-Variscan phase (313 – 295 Ma). Garnet ages of the early late-Variscan phase I (~338 – 594 

331 Ma) are almost all from the Pöhla-Globenstein and Breitenbrunn deposit in the Aue-Schwarzenberg 595 

District and skarns hosted within gneiss units. Skarns of this age overlap with the collisional phase of 596 

the Erzgebirge (Kröner and Willner 1998) Although some of these skarns show characteristics of 597 

metasomatic alteration, no known magmatic intrusions coincide temporally with this group (Reinhardt 598 

et al. 2022; Tichomirowa et al. 2019b; 2022), suggesting an unconstrained hydrothermal event at this 599 

time. Garnets from all other Sn and/or W endowed skarns yield mostly ages belonging to phase II and 600 

III. These phases of prograde skarn formation coincide with late and post Variscan felsic magmatism 601 

(Fig. 12; Burisch et al. 2019; Meyer et al. 2024; Reinhardt et al. 2022).  602 

Although the timing of prograde skarn formation across the Erzgebirge is well constrained by garnet U-603 

Pb dating, the timing of associated Sn and W mineralization remains insufficiently constrained for most 604 

occurrences. Cassiterite and scheelite typically occupy a late paragenetic position (with the notable 605 

exception of the Zobes locality), overprinting prograde skarnoid and metasomatic calcsilicate minerals 606 

(Korges et al. 2020; Hösel et al. 2003; Meyer et al. 2024; Reinhardt et al. 2021; Schuppan and Hiller 607 

2012). Recently published cassiterite and garnet U-Pb ages of the Geyer skarn have confirmed this 608 

relationship (Meyer et al. 2024). Skarnoid-hosted garnet at Geyer was dated at 322 Ma, whilst garnet 609 

associated with prograde metasomatic skarn yielded ages ranging between 307 – 302 Ma. Cassiterite as 610 

part of the retrograde skarn assemblage yielded ages of 308 – 306 Ma – a range also obtained for 611 

cassiterite present in greisen-type mineralization in the Geyer-Ehrenfriedersdorf District (Meyer et al. 612 

2024). This provides the first direct evidence that skarn- and greisen-related Sn mineralization in the 613 

Erzgebirge is related to the same magmatic-hydrothermal mineral system. 614 
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Moreover, the garnet ages of Geyer are consistent with the observation that garnet with skarnoid textures 615 

is generally older than garnet with metasomatic textures across the Erzgebirge (Burisch et al. 2019; 616 

Reinhardt et al. 2022). Skarnoid and metasomatic stages within one skarn occurrence have statistically 617 

significant age differences of > 5 Ma (taking the analytical uncertainty into account) and are, hence, not 618 

related to the same intrusive event. This observation is atypical for skarn systems elsewhere, where both 619 

skarnoid and metasomatic skarn stages are typically related to the same magmatic-hydrothermal event 620 

(Burisch et al 2023, Meinert et al. 2023). Ages of skarnoids mostly overlap with ages of nearby large 621 

volume intrusions (e.g. Eibenstock batholite and garnet ages obtained for the Hämmerlein and 622 

Breitenbrunn skarns), whereas the metasomatic stage typically postdates voluminous intrusions in the 623 

immediate vicinity of the skarns and were therefore related to hypothesized younger intrusions (the 624 

plutonic equivalents to subvolcanic and volcanic rocks outcropping at surface or underground; 625 

Tichomirowa et al. 2025) that occur deeper relative to the present-day surface (Burisch et al. 2019; 626 

Meyer et al. 2024).  627 

Considering all available cassiterite ages across the Erzgebirge (greisen and skarn-hosted), Sn 628 

mineralization is related to the terminal stage of the late Variscan phase (~313-310 Ma) as well as to the 629 

post Variscan phase (~30x Ma; Leopardi et al. 2024a; Meyer et al. 2024).  630 
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Fig. 13 Geochronological data of igneous rocks (Leonhardt et al. 2018; Tichomirowa and Leonhardt 

2010; Tichomirowa et al. 2019; 2022), prograde skarn a formation (Burisch et al. 2019; Meyer et al. 

2024; Reinhardt et al. 2022; this study) and cassiterite mineralization (Meyer et al. 2024; Zhang et al. 

2017; this study) in the Erzgebirge. Three major sequences of skarn formation are recognized on the 

scale of the province. Most skarns show a twofold age distribution while skarns of multistage origin 

only occur within the Aue-Schwarzenberg District 

Genetic model  631 

Skarn deposits of the Erzgebirge may be the result of up to three separate hydrothermal events that can 632 

be discriminated on cross-cutting relationships and geochronological data. The oldest skarns 633 

(343 – 331 Ma) are evidence for hydrothermal activity shortly after the peak metamorphic stage of the 634 

Variscan orogeny, yet their metallogenetic relevance and the origin of fluids remains poorly constrained. 635 

There seems to be a spatial relationship between those early late-Variscan skarns and the Gera-Jáchymov 636 
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Fault zone, a pre-Variscan deep-reaching fault zone that runs NW-SW across the Aue-Schwarzenberg 637 

district (Guilcher et al. 2024; Hösel et al. 2003; Romer et al. 2010).  638 

The second event of skarn formation occurred between 325 and 310 Ma and is related to the intrusion 639 

of voluminous granite batholiths that are widespread across the Erzgebirge. Most skarns of this stage 640 

have characteristics of skarnoids and occur in proximal and intermediate positions relative to their 641 

causative source intrusions in a rock-buffered environments. Textural arguments indicate a relatively 642 

deep formation environment of these, which is consistent with estimated emplacement depths of 3 – 6 643 

km of the related granites (Thomas 1997). This is also supported by the fluid inclusion data, which show 644 

higher homogenization temperatures compared to other systems. These fluids were exsolved from an 645 

igneous body without undergoing phase separation (Driesner and Heinrich 2007; Leopardi et al. 2024b). 646 

The formation of skarnoids or metasomatic skarns, however, depends on the spatial position to the 647 

causative fluid source. The Waschleithe pyroxene Zn-skarn is one example, which falls in this age group. 648 

Here, metasomatic skarn features prevail, especially the strong retrograde overprint, which is probably 649 

due to its distal formation position. The Eibenstock pluton is relatively deeply eroded (Burisch et al 650 

2025) which further supports a deep formation environment of related skarns. 651 

The third event of skarn formation is related to post-Variscan magmatism (Tichomirowa et al 2025). By 652 

this stage, the Erzgebirge block already occupied a shallower crustal position, which is supported by the 653 

high abundance of subvolcanic and volcanic rocks of this age (Tichomirowa et al. 2025). Textural 654 

characteristics, mineral trace element compositions, and fluid inclusion data suggest hydrostatic and 655 

fluid-buffered conditions consistent with a relatively shallow skarn formation (1 – 1.5 km; Meyer et al. 656 

2024; 2025), which is consistent with greisen system emplaced at this time at same depth ranges (. 657 

Homogenization temperatures in prograde skarn minerals are relatively low, indicating intermediate to 658 

distal positions relative to the causative intrusions (Korges et al. 2020; Meyer et al. 2024). Additionally, 659 

fluid inclusion assemblages of some skarns provide evidence for boiling (Korges et al. 2020; Meyer et 660 

al. 2024), a phenomenon more commonly observed in shallow systems (Driesner and Heinrich 2007; 661 

Leopardi et al. 2024b). These fluids are able to transport elements such as Sn, W, and In, which are 662 

subsequently incorporated into prograde calcsilicates (Meyer et al. 2025).  663 
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This final phase of skarn formation is typically associated with a stronger retrograde overprint than 664 

earlier events, which furthermore supports a relatively shallow depth of formation. Retrograde skarn 665 

alteration is associated with the main phase of ore mineral precipitation, partly due to the replacement 666 

of stanniferous prograde skarn minerals. Fluid inclusions of retrograde skarns show indications of 667 

boiling within the causative intrusion and subsequent cooling and admixture of meteoric fluids, leading 668 

to cassiterite precipitation (Heinrich 1990). A few cassiterite-hosted fluid inclusions from Hämmerlein 669 

were reported to have anomalously high homogenization temperature of 470-500 °C and high salinities. 670 

As such high temperatures conflict with a retrograde origin of the cassiterite, we speculate that some of 671 

the cassiterite at Hämmerlein may have formed during the prograde stage. 672 

This apparent age-depth relationship suggests a prominent superimposition (telescoping), which is 673 

consistent with rapid uplift and exhumation of the Erzgebirge during the post-collisional stage (Fig. 13; 674 

Collett et al. 2020). This hypothesis is furthermore supported by a high abundance of volcanic rocks that 675 

have similar ages as the metasomatic skarns and support a relatively shallow crustal position of the 676 

Erzgebirge during the post Variscan phase (313 – 295 Ma Burisch et al. 2019; Tichomirowa et al. 2025). 677 

However, scheelite and minor cassiterite associated with the prograde stage at Zobes and greisen-hosted 678 

cassiterite from the eastern Erzgebirge indicates that tin mineralization occurred prolonged during the 679 

late- and post-Variscan stage. Thus, both stages seem to have significantly contributed to the Sn 680 

endowment of the Erzgebirge.  681 
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Fig. 14 Schematic model illustrating the spatial and temporal evolution of different skarn systems of 

the Erzgebirge. A) First metasomatic skarn alteration unrelated to igneous processes (e.g., Měděnec, 

Niederschmiedeberg, first stage of Antonsthal?). B) Deep situated formation of skarnoids that formed 

under rock-buffered conditions. C) Main phase of prograde, metasomatic skarn formation. Shallow 

skarn formation after uplift of the Erzgebirge to higher crustal level. Alteration occurs in intermediate 

to distal position in relative to the fluid source. D) The retrograde stage, which occurs mainly along 

faults or other fluid conduits, is host to the major proportion of mineralization. Cooled magmatic 

fluids, in case mixed with meteoric fluids, led to the replacement of stanniferous minerals and the 

precipitation of cassiterite along base metal sulfides 



51 

 

Comparison to other Sn skarn systems  682 

The skarns of Erzgebirge/Krušné hory show striking similarities to the skarns of the Cornubian ore field. 683 

As both provinces occur within the Variscan orogenic belt, the two regions have fairly similar tectonic 684 

histories (Anderson et al. 2016; Jackson et al. 1989; Moscati and Neymark 2020; Shail and Leveridge 685 

2009). The Cornubian skarns are also multi-stage and comprise intermediate to distal Sn-Zn-In skarns 686 

(Andersen et al. 2016; Alderton and Jackson 1978). Similar to the Erzgebirge, the Cornubian skarns 687 

exhibit a pronounced early barren skarnoid stage (locally known as “calc-flintas”; Alderton and Jackson 688 

1978; van Marcke de Lummen 1986) that is superimposed/overprinted by metasomatic skarn stages. 689 

However, geochronological data is lacking for the skarns in the Cornubian ore field; thus, it is unclear 690 

if a similar temporal hiatus between skarnoid and metasomatic skarn exists. Significant In (as well as 691 

Cd and Ga) is hosted by skarn-related sphalerite and chalcopyrite (Andersen et al. 2016) in both 692 

provinces, but more prominent in the Erzgebirge region.  693 

Compared to W skarn provinces such as the Canadian Cordillera (Elongo et al. 2020) or Shizhuyuan 694 

and the Nanling range in South China (Ni et al. 2023), W skarns in the Erzgebirge are minor. The only 695 

typical W skarn in the Erzgebirge is Zobes, which shows characteristic features such as a calcic 696 

composition with skarnoid textures in a proximal position similar to W skarns elsewhere (Chang et al. 697 

2019; Štemprok and Blecha 2015; Ray 2013). The Globenstein skarn differs from this category and 698 

shows features of a more distal formation that is overprinted by late-stage W mineralization.  699 

Skarns with Sn mineralization are associated with S- and A-type granites in post-collisional settings 700 

such as the UK, Malaysia, Australia, Canada, or China (Aleksandrov 2010; Brown et al. 1984; Chang 701 

et al. 2019; Chen et al. 1992; Einaudi et al. 1981; Jackson et al. 1989; Kwak 1983; 1987; Layne and 702 

Spooner 1991; Ray 2013). In such settings, skarn alteration primarily occurs as exoskarn, whereas 703 

greisen alteration is predominant in the endocontact (Einaudi et al. 1981; Aleksandrov 2010; Kwak and 704 

Askin 1981; Meinert 2005; Burisch et al 2025). In some skarn deposits such as Mt. Garnet, Lost River 705 

or JC Tin skarns, cassiterite is recognized to occur early during prograde alteration (Aleksandrov 2010; 706 

Brown et al. 1984; Layne and Spooner 1991). Conversely, in the Erzgebirge/Krušné hory cassiterite 707 

occurs invariably paragenetically late, typically intergrown with actinolite and chlorite. Only locally at 708 
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the Hämmerlein deposit, some cassiterite appear to have formed during the prograde stage (Korges et 709 

al. 2020). A strong affiliation of cassiterite with the retrograde minerals seems to be typical of 710 

intermediate to distal Sn skarns globally (Einaudi et al. 1981; Kern et al. 2019; Kwak 1987; Meinert et 711 

al. 2005; Ray et al. 2000). The relatively pronounced Zn tenor in the Erzgebirge skarns is also 712 

documented for other intermediate to distal Sn skarns (Chang et al. 2019). In addition to Zn, some 713 

intermediate to distal skarns may be associated with significant Ag, Pb and/or Cu concentrations. The 714 

Erzgebirge skarns do not contain significant amounts of Ag and Pb, whereas some are associated with 715 

subeconomic Cu (e.g. Berggießhübel). 716 

Conclusions 717 

The Erzgebirge skarns range in composition from calcic to magnesian and form vertically discontinuous, 718 

yet laterally extensive alteration zones. Most skarns consist of skarnoid and metasomatic domains that 719 

are not related to the same magmatic-hydrothermal event. Instead, different skarn domains record a 720 

multi-stage formation history linked to distinct magmatic-hydrothermal episodes. Three age groups of 721 

skarns occur across the Erzgebirge/Krušné hory: 722 

1. Early late Variscan skarns (339–334 Ma) formed in the aftermath of peak metamorphism in 723 

the region. These skarns suggest an early, unconstrained magmatic-hydrothermal activity with 724 

no clear relationship to Sn and W mineralization. 725 

2. Late Variscan skarns (328–312 Ma) are associated with late-Variscan granitic magmatism. 726 

Most skarns of this stage exhibit skarnoid textures and calc-silicate compositions, typical of 727 

deep, proximal to intermediate, and rock-buffered formation environments. If not overprinted 728 

by a younger skarn event, stage II skarnoid skarns generally lack significant retrograde alteration 729 

and mineralization, with the exception of the Zobes skarn. However, some of the youngest 730 

skarns in this stage, formed around 313 Ma, exhibit metasomatic textures, occur in intermediate 731 

to distal positions relative to their source intrusions, and may be associated with retrograde 732 

alteration. Some of these skarns, such as Hämmerlein and Waschleithe, are linked to Sn ± Zn 733 
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mineralization. Skarns of this stage have a distinct temporal and often spatial relationship to 734 

large-volume late-Variscan plutons.  735 

3. Post-Variscan skarns (306–299 Ma) are invariably characterized by metasomatic textures and 736 

calc-silicate compositions, indicating a shallow, intermediate to distal, and strongly fluid-737 

buffered formation environment. These skarns typically exhibit intense retrograde alteration, 738 

which also overprints earlier skarn stages I and II where present. This retrograde stage is closely 739 

associated with significant Sn mineralization. Unlike stage II skarns, stage III skarns lack a clear 740 

spatial relationship to nearby intrusions and instead coincide with widespread post-Variscan 741 

volcanism, while only a few plutonic rocks of this age have been documented. 742 

Limited U-Pb ages of skarn-hosted cassiterite from Ehrenfriedersdorf and Geyer show a bimodal 743 

distribution at 314–313 Ma and 305–303 Ma, suggesting that Sn mineralization is related to the late 744 

phase of late-Variscan and post-Variscan magmatism. However, the timing of Sn mineralization in the 745 

Aue-Schwarzenberg district and its relationship to multi-stage skarn formation remains poorly 746 

constrained. 747 

Skarn-hosted, low-grade, high-tonnage resources in the Erzgebirge represent an underexplored source 748 

of Sn, W, In, and other critical elements within the European Union. Although scientific understanding 749 

of these systems has advanced significantly over the past decade, fundamental aspects remain 750 

unresolved. This contribution aims to assist future skarn researchers in navigating the often difficult-to-751 

access literature and, hopefully, to inspire new interest in studying the skarns of the Erzgebirge/Krušné 752 

hory region. 753 
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