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ABSTRACT

Major tin (Sn) deposits within the Variscan orogen are closely related to 325-270 Ma
postkinematic granites that intruded the metamorphic rocks of the former precollisional
accretionary wedge of the Gondwana margin. In the Erzgebirge (Germany), some of these
metasedimentary rocks have high Sn contents (locally more than 1000 ppm Sn). We report
cassiterite (SnQ,) U-Pb ages of 395-365 Ma and high Sn contents in prograde biotite in these
metasedimentary rocks. These data demonstrate that Sn was already introduced into these
rocks during accretion and prograde metamorphism. Mobilization of Sn from sedimentary
source rocks during prograde fluid loss in a subduction-accretion setting represents an im-
portant process of pre-enrichment of sedimentary source rocks that upon partial melting may
produce Sn-enriched melts. The large-scale metamorphic mobilization of Sn, documented
here for the first time, highlights the possible importance of metamorphic Sn enrichment
in accretionary complexes, thereby explaining the spatial distribution of major Sn districts

within the Variscan orogen.

INTRODUCTION

Tin (Sn) mineralization related to peralumi-
nous granites is the result of a series of processes
that operate in different tectonic settings. These
processes include (1) residual enrichment of Sn
during intense chemical weathering on a stable
continent, (2) redistribution of the intensely
weathered sediments to the continental margin
during passive margin development, (3) stacking
of the shelf sediments during the initial stages
of accretion and collision in an active margin
setting, (4) partial melting of subducted sedi-
mentary rocks, (5) Sn enrichment in evolving
granitic melts, (6) redistribution of Sn during
fluid exsolution and during hydrothermal altera-
tion of Sn-bearing granite, and (7) deposition of
Sn in pegmatites and greisen, skarn, and lode
types of mineralization (e.g., Lehmann, 1990;
Romer and Kroner, 2015, 2022). This generic
sequence of processes explains the distribution
of granite-related tin deposits in belts along for-
mer continental margins and the broad range
of mineralization ages within individual belts
(Romer and Kroner, 2016, 2022). Tungsten (W)
behaves similar to Sn during exogenic processes,
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but it seems to take separate paths of redistri-
bution during endogenic processes, as it may
be mobilized during prograde metamorphism
(e.g., Cave et al., 2017), partitions along with
Li, Rb, and Cs into partial melts at lower tem-
perature than Sn (e.g., Wolf et al., 2018; Yuan
et al., 2019; Michaud et al., 2021), and seems
to partition preferentially into the fluid during
fluid exsolution, in contrast to Sn, which tends
to stay in the melt (Schmidt et al., 2020). The
contrasting behaviors of Sn and W explain why
the two metals commonly are associated in the
same mineral belt but typically occur in separate
deposits (Yuan et al., 2019; Zhao et al., 2022).

The roles of most of the seven processes
are increasingly well understood. For instance,
chemical weathering results in the residual
enrichment of Sn (and W) that is (are) adsorbed
on or incorporated in clay minerals and Fe-oxy-
hydroxides and in the loss of Ca and Na, favor-
ing the stabilization of mica rather than feldspar
and amphibole during later metamorphism. The
abundance of mica in turn allows for the forma-
tion and loss of a larger volume of low-Sn melt
during early muscovite dehydration melting and
a higher concentration of Sn in the restite (e.g.,
Wolf et al., 2018). The behavior of Sn during

early stages of subduction, however, is not well
understood, even though it is a critical step in
Sn redistribution.

We present chemical and U-Pb age data for
cassiterite from a distinctive, highly sheared
metasedimentary unit in the Erzgebirge, Ger-
many, a major Variscan Sn province. We demon-
strate that the high Sn content in the investigated
sedimentary unit reflects fluid-related redistribu-
tion of Sn during the early stages of subduction-
accretion of the metasedimentary rocks.

GEOLOGIC SETTING

The Variscan belt is the complex result of
the collision between the continents of Gond-
wana and Laurussia, which included (1) tectonic
reworking of the hyperextended West African
part of the Gondwana shelf by ca. 400-340 Ma
subduction-accretion processes, and (2) the final
collision of these continents at ca. 340 Ma fol-
lowed by the westward indentation of the East
African—Arabian segment of the Gondwana
shelf (Stephan et al., 2019a, 2019b; Kroner
et al., 2022). Within the Variscan orogen, Sn
deposits seem to occur in the former West Afri-
can Gondwana shelf, and W deposits seem to
occur mainly in the former East African—Ara-
bian Gondwana shelf (Fig. 1A; Stephan et al.,
2019b).

The Erzgebirge is a pile of nappes of
metasedimentary rocks of the former passive
margin West African Gondwana shelf (Fig. 1B).
Early high-pressure metamorphism peaked at
ca. 380 Ma, and high-pressure and ultrahigh-
pressure metamorphism related to the continen-
tal collision peaked at 340 Ma (Klemd 2010;
Hallas et al., 2021, and reference therein).
The nappe pile was finally assembled during
exhumation after 340 Ma and was intruded by
crust-derived post—325 Ma granites (Forster and
Romer, 2010). In the middle part of the nappe
pile, there is a medium-pressure—low-temper-
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Figure 1. (A) Location of the Saxo-Thuringian zone within the Variscan orogen. Provenance
of Paleozoic shelf sediments is according to Stephan et al. (2019a). Schematic distribution of
Variscan Sn and W mineralization is taken from Stephan et al. (2019b). (B) Simplified tectonic
map of Erzgebirge showing distribution of three differently aged nappe complexes, post-
Variscan granites, historic mining activity, and anomalous Sn rocks of the Garnet Phyllite
Unit, which dominantly consists of variably metamorphosed Ordovician sedimentary rocks

(Mingram, 1998). (U)HP—(ultra)high pressure.

ature metasedimentary unit (Garnet Phyllite
Unit) that mainly includes Early Ordovician
quartzites, quartz phyllites, and phyllites of
West African provenance (Mingram, 1998). The
metamorphic mineral assemblage of these gen-
erally Al-Fe-rich rocks is typically feldspar-free
(Rotzler et al., 1998; Jouvent et al., 2022). These
metamorphic rocks are locally characterized by
distinctly higher Sn contents (>1000 ppm) than
their sedimentary protoliths (1015 ppm; Romer
and Hahne, 2010). In the Bockau and Aue areas
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(Fig. 1B), metamorphic biotite and chlorite in
these schists contain inclusions of metamorphic
cassiterite. In addition, there are metamorphic
quartz-cassiterite segregations (Fig. 2).

METAMORPHIC CASSITERITE FROM
THE GARNET PHYLLITE UNIT,
ERZGEBIRGE, GERMANY

We concentrated cassiterite (SnO,) by dis-
solving ~400 g of two rock samples in HF on
a hot plate. The purpose of using mineral acids

to concentrate cassiterite rather than crushing
combined with traditional mineral separation
procedures was to maximize cassiterite recov-
ery, to get an idea of the grain-size distribution,
and to preserve delicate overgrowth textures.
Cassiterite was handpicked from the insoluble
mineral residue (cassiterite plus some zircon)
for electron microprobe analysis and U-Pb dat-
ing by isotope dilution—thermal ionization mass
spectrometry. Analytical methods and results are
provided in the Supplemental Material'.

In the investigated samples, cassiterite occurs
as inclusions in biotite and chlorite. Cassiter-
ite forms small isolated grains with irregular
shape (Figs. 2B and 2C). Some cassiterite has
aradiating texture and appears to be porous and
fractured (Fig. 2D). Electron microprobe data
(see the Supplemental Material) showed low Fe
and Ti contents typically below 1.1 wt% and
0.3 wt%, respectively, and slightly lower Fe and
Ti contents at the rim (Figs. 2E and 2F; Table S1
in the Supplemental Material). The contents of
Nb, Ta, and W were found to be near or below
the detection limit. Cassiterite in biotite showed
commonly lower Fe and Ti contents than cassit-
erite in chlorite. Biotite had high Fe and low Mg
and Ti contents (Mg# = 29), as well as a rela-
tively high Sn content (up to 0.08 wt% SnO,).
Chlorite was found to be Fe rich (Mg# = 24)
and had a SnO, content below the detection
limit (Tables S2 and S3). Thus, the retrograde
formation of chlorite at the expense of biotite
released Sn that may have precipitated as cassit-
erite, locally forming tiny inclusions in chlorite
and radial overgrowths on silicate minerals and
older cassiterite (Fig. 2).

Cassiterite inclusions in biotite gave
a weighted apparent 2°Pb/?¥U age of
395.3 + 3.4 Ma (20), whereas cassiterite inclu-
sions in chlorite gave a weighted 2°°Pb/>*U
apparent age of 367.8 £ 11.0 Ma (20) for the
three fractions with the youngest apparent
206Pb/>8U ages (Fig. 3; for discussion of analyti-
cal results, see the Supplemental Material). Cas-
siterite inclusions in chlorite (sample B1525R1)
had lower *’Pb/**Pb ratios and higher U and Pb
contents and yielded younger 2°Pb/?3¥U appar-
ent ages. The older apparent 2%Pb/*¥U ages of
three fractions indicate that chloritization did not
destroy cassiterite already present in the precur-
sor biotite (Table S4). The older ages closely
correspond to the age of onset of subduction
and deformation in the accretionary wedge
(Kroner and Romer, 2013). The younger age is
clearly older than the age of granite magmatism
(<325 Ma; Forster et al., 1999).

!Supplemental Material. Analytical methods
and U-Pb cassiterite data. Please visit https://doi
.org/10.1130/GEOL.S.20669298 to access the
supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 2. (A) Sheared quartz (Qz) segregations in mica schist with Sn-rich biotite. (B,C) Meta-
morphic cassiterite (Sn0,) in biotite (Bt; sample B1525R1) and chlorite (Chl; sample B1534R2),
respectively. Note the irregular shape and small size of cassiterite in chlorite. (D) Backscattered
electron (BSE) image of cassiterite crystal from sample B1534R2. Holes possibly represent
former silicate inclusions that dissolved in HF during sample preparation. (E) Distribution of

Fe. (F) Distribution of Ti.

DISCUSSION

The cassiterite inclusions in the metamorphic
minerals demonstrate that the high Sn contents
of the Garnet Phyllite Unit cannot be due to
Sn additions from magmatic fluids from the
postmetamorphic Sn-specific evolved granites.
The cassiterite ages are not compatible with the
presence of detrital cassiterite, the composition
of which would not depend on the host rock.
Instead, the age and composition of cassiterite
and its occurrence as inclusions in Sn-rich bio-
tite imply formation of cassiterite during pro-
grade metamorphism. There are two types of
metamorphic cassiterite, one in prograde bio-
tite and one in retrograde chlorite. The older
generation of cassiterite requires Sn addition by
metamorphic fluids, whereas the younger gen-

eration reflects Sn release during chloritization
of biotite.

The protoliths of the metamorphic rocks
of the Garnet Phyllite Unit were chemically
intensely weathered rocks that were charac-
terized by low Ca and Na contents (e.g., Min-
gram, 1998), which resulted in feldspar-poor and
feldspar-free metamorphic mineral assemblages
(Rotzler et al., 1998). Sn released during chemi-
cal weathering on the continent became residu-
ally enriched by adsorption on clay minerals and
Fe-oxyhydroxides. Later redeposition of these
continental sediments on the marine Gondwanan
shelf (Linnemann et al., 2000) accounted for
high Cl contents in pore water of the sediments.
During subduction and prograde metamorphism,
clay minerals and Fe-oxyhydroxides from the
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Figure 3. Concordia diagram for metamor-
phic cassiterite (SnO,) from sample B1525R1
(red; biotite-hosted cassiterite) and B1534R2
(blue; chlorite-hosted cassiterite). Large 2¢
uncertainties mainly reflect the unradiogenic
nature of measured Pb and the uncertainty
of common Pb isotopic compositions. For
details, see the Supplemental Material (see
footnote 1).

sedimentary protoliths were consumed to form
micas and other silicate minerals. Adsorbed
Sn ended up in the newly formed metamor-
phic minerals or in the pore fluids, where Sn
formed chloride complexes. Subsequent met-
amorphic reactions redistributed Sn between
the various metamorphic minerals and fluid.
Whether this redistribution of Sn during pro-
grade metamorphism reduced the Sn contents
of the sedimentary rocks largely depended on
the rock chemistry that determined the nature
of stable metamorphic minerals, the partition-
ing of Sn between these minerals and fluids, the
availability of Cl, and the temperature at fluid
loss, as high temperatures increase Sn solubil-
ity (Schmidt, 2018). Compaction of the rock
during subduction and prograde metamorphism
resulted in the loss of pore water and metamor-
phic fluids (e.g., Fyfe et al., 1978; Yardley and
Cleverley, 2015; Cave et al., 2017) together with
dissolved Sn.

The chemical composition of the chemically
intensely weathered sediments that are the domi-
nant lithology of the metamorphic nappes of
the Erzgebirge favored the formation of large
amounts of Sn-poor, low-temperature melt by
muscovite dehydration melting (Wolf et al.,
2018), which resulted in Sn enrichment in the
restite. Later melting of these restites generated
Sn-specific granites (Wolf et al., 2018). The
restricted mineral assemblage of these metasedi-
mentary rocks, however, also may have favored
the loss of Sn to a fluid when Sn-sequestering
phases decomposed during prograde metamor-
phism. Loss of Sn during prograde metamor-
phism from geochemically favorable source
rocks (e.g., Romer and Kroner, 2015, 2016)
would have reduced the Sn endowment of these
sedimentary rocks. On the other hand, the redis-
tribution of Sn during prograde metamorphism
may have increased the Sn contents of rocks that
under normal circumstances would have little or
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no potential to source Sn mineralization. Two
examples of such rocks include (1) schists of
the Garnet Phyllite Unit near Bockau, with Sn
contents >1000 ppm Sn in some sections, and
(2) metamorphic skarn-type mineralization at
Hiammerlein (Fig. 1A).

Rocks of the Garnet Phyllite Unit near
Bockau are characterized by high contents of Sn
that is hosted in biotite (Table S2) and prograde
and retrograde cassiterite (Fig. 2). The presence
of prograde and retrograde cassiterite accounts
for the broad range of cassiterite ages. The old-
est ages for cassiterite (Fig. 3) indicate that Sn
was mobile during prograde metamorphism. The
younger ages (Fig. 3) demonstrate that Sn, as
well as Fe and Ti, was released during chloritiza-
tion and incorporated in the second generation
of cassiterite. The redistribution of Sn during
subduction-accretion and metamorphism may
have resulted in very high Sn contents in units
that served as fluid channels. Although this pro-
cess is so far not known to form economic Sn
mineralization, it definitively has the potential
to produce highly fertile protoliths that upon
partial melting may produce Sn-rich melts, even
without significant magmatic fractionation. Met-
amorphic redistribution of Sn during subduc-
tion-accretion processes affected the western
segment of the Gondwana shelf, where the major
Variscan Sn provinces of Cornwall, Erzgebirge,
and Galicia developed, but were absent in the
eastern segment of the Gondwana shelf, where
W rather than Sn deposits formed (Stephan
et al., 2019b).

Within the Erzgebirge, there are numerous
skarn deposits, some of which host significant
resources of Sn, Zn, and In (e.g., Bauer et al.,
2019; Lefebvre et al., 2019a). There were two
events of Sn addition: first, Sn redistributed dur-
ing Variscan metamorphism was sequestered in
metamorphic minerals of the peak assemblage
(garnet, pyroxene, and amphibole) that may
have had Sn contents as high as 1 wt% (Lefeb-
vre et al., 2019a). Second, the emplacement of
postmetamorphic Variscan granites may have
introduced additional Sn and induced chlori-
tization of minerals of the peak metamorphic
assemblage, thereby releasing Sn that precipi-
tated as cassiterite (Lefebvre et al., 2019a). A
comparison of the skarns and their nonminer-
alized equivalents indicated that addition of Sn
was associated with the addition of Fe, Zn, As,
(W), Sc, and In (Lefebvre et al., 2019b). Thus,
the high Sn content in minerals of the metamor-
phic peak assemblage demonstrates that Sn (as
well as Fe, Zn, As, and In) was transported by
metamorphic fluids. The enrichment of these
elements in skarn rocks indicates that their
precipitation may have been strongly affected
by fluid-driven reactions between silicate and
carbonate rocks that (1) resulted in the forma-
tion of the skarn mineral assemblages and (2)
modified the fluid composition, which resulted
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in the incorporation of Sn in silicate minerals
(Lefebvre et al., 2019b).

SUMMARY

High Sn contents in metamorphic miner-
als and cassiterite U-Pb ages of 395-365 Ma
demonstrate that the high Sn concentrations
in some metamorphic rocks of the Erzgebirge
are not related to the emplacement of the 325—
300 Ma postkinematic Sn granites. Instead, Sn
was redistributed during prograde fluid loss in
a subduction-accretion setting. Metamorphic
mobilized Sn may have precipitated in shear
zones (locally >1000 ppm Sn) and along
reaction fronts with carbonate rocks (as in the
Hémmerlein skarn). Retrogression of Sn-rich
silicates would have released Sn and formed
secondary cassiterite. Metamorphic mobiliza-
tion of Sn from sedimentary source rocks during
prograde fluid loss in a subduction-accretion
setting may represent an important Sn enrich-
ment step of sedimentary source rocks that
upon partial melting may produce Sn-enriched
melts. Metamorphic redistribution of Sn dur-
ing subduction may be important beyond the
Erzgebirge: Variscan Sn deposits occur in
rocks of the former West African shelf and are
generally absent in rocks of the former East
African—Arabian shelf (Stephan et al., 2019b).
The West African shelf experienced extensive
subduction-accretion before the final collision
of Laurussia and Gondwana, whereas the East
African—Arabian shelf did not.
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