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Abstract

The Wolfsberg lithium deposit in Austria is one of the largest Li-Cs-Ta pegmatite resources in Europe. The deposit is part of
the Austroalpine Unit Pegmatite Province in the Eastern Alps that formed during the high-temperature, low-pressure Permian
extensional event and was subsequently overprinted by Cretaceous eclogite-facies metamorphism during the Alpine orogeny.
The two pegmatite types distinguished at the deposit, amphibolite hosted-(AHP) and mica schist hosted-(MHP) pegmatite,
consist of quartz, albite, K-feldspar, muscovite and spodumene with accessory apatite, beryl and columbite. Both pegmatite
types have similar peraluminous granitic compositions and element distribution patterns. However, the AHP contains higher
Li and Cs concentrations. Both pegmatite types display LREE-enriched/HREE-depleted chondrite-normalized REY patterns
that suggest derivation from partial melting of basement mica schist during the Permian HT/LP extensional event. The Alpine
metamorphism more strongly affected the MHP relative to the AHP, resulting in recrystallization of primary assemblages
by metamorphic assemblages with lower rare-metal concentrations, and development of a strong foliation, during which (re)
mobilized elements (e.g., Li, Cs) were concentrated along localized shear zones. Recognition of element remobilization in
MHP associated with metamorphic overprinting may bear important implications towards mineral exploration for Li-Cs-Ta
pegmatite in other strongly metamorphosed terranes.

Keywords Wolfsberg lithium deposit - LCT pegmatite - Spodumene - Trace element geochemistry - Anatexis - Eclogite-
facies metamorphism

Introduction

Spodumene-bearing lithium-cesium-tantalum (LCT; Cerny
and Ercit 2005)-type pegmatite represents the most impor-
tant hard rock lithium resource on a global scale (Kesler
et al. 2012), besides hosting a suite of other important
rare-metal resources including cesium, tantalum, tin and
beryllium (London 2008). Although LCT pegmatite has a
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worldwide distribution (Kesler et al. 2012; Shaw 2021), it
often occurs as dike-like bodies previously considered too
small for economic exploitation, with few exceptional LCT
pegmatite occurrences contributing significantly to world
lithium production (e.g., Greenbushes, Western Australia;
119.41 Mt @ 2.42 wt.% Li,0; Sweetapple 2017). Europe
has more than 500 hard-rock lithium occurrences (Gourcerol
et al. 2019); the largest LCT pegmatite deposits occur in
Ukraine (Nadiya, 65 Mt @ 1.12% Li,O; Stankovaskoe, 36.15
Mt @ 1.3% Li,0) and Portugal (Mina do Barroso, 23.5 Mt
@ 1.02% Li,0). However, the European Union only pro-
duces 1-2% of the global lithium resources (Kavanagh et al.
2018).

The Wolfsberg lithium deposit (Carinthia, Austria) is the
third largest lithium pegmatite resource in Europe, with esti-
mated resources (measured + indicated + inferred) of 12.88
Mt @ 1.0% Li,O (European Lithium Limited 2021). The
deposit is part of the Austroalpine Unit Pegmatite Province
(AUPP) in the Eastern Alps (God 1989; Knoll et al. 2023).
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Pegmatite bodies throughout the AUPP exhibit variable
lithium 4+ rare-metal enrichment, however their emplacement
ages are largely tied to the same Permian tectonomagmatic
event (Schuster and Stiiwe 2008). Genetic models for peg-
matite are debated. God (1989) and Mali (2004) proposed
pegmatite formation by fractional crystallization from a
larger parent pluton. However, in the absence of strong field
evidence supporting a genetic relationship between plutons
and pegmatite, several authors have suggested that pegmatite
is the melt product of Al-rich metapelite during the Permian
event (Thoni and Miller 2000; Habler et al. 2007; Konzett
et al. 2018a; Knoll et al. 2018, 2023). Recent melt experi-
ments (Konzett et al. 2018b), fluid inclusion studies (Krenn
et al. 2021) and thermodynamic modeling (Knoll et al.
2023) support an anatectic origin for pegmatite throughout
the AUPP.

Detailed mineralogical and geochronological studies have
been carried out on pegmatite in various localities through-
out the AUPP with the aim of better understanding the tim-
ing and nature of pegmatite emplacement (e.g., Konzett
et al. 2018a; Knoll et al. 2018, 2023). This study uses new
petrographic observations, and mineral and whole-rock
chemical data to characterize the spodumene pegmatite at
the Wolfsberg deposit. The main objective is to understand
variability in pegmatite mineralogy and chemistry as they
relate to the amphibolite and mica schist host rocks and what
implications these may carry towards understanding pegma-
tite formation and lithium mineralization. This study also
presents an opportunity to evaluate the impact of eclogite-
facies metamorphism on element remobilization following
pegmatite emplacement. Such information may carry larger
implications about other pegmatite bodies throughout the
AUPP and LCT pegmatite deposits elsewhere.

Regional and deposit geology
Regional geological setting

The Wolfsberg deposit is located in the Koralpe region
of the central Eastern Alps (Fig. 1A). The Koralpe is part
of the Saualpe-Koralpe Complex, which is one of several
lithostratigraphic complexes within the Koralpe-Wolz Nappe
System of the polymetamorphic Austroalpine Unit nappe
stack. The dominant lithologies of the Saualpe-Koralpe
Complex are kyanite-bearing paragneiss and garnet-bear-
ing mica schist with intercalations of eclogite, amphibolite,
quartzite and marble (Miller et al. 2005). Magmatic litholo-
gies present within the region include MORB-type metagab-
bro (247-255 Ma; Miller and Thoni 1997), granite (i.e., the
Wolfsberg granitic orthogneiss, 258 + 11 Ma; Morauf 1980)
and leucogranite (250.4 +5.3 Ma; Knoll et al. 2018), and late
Permian to Triassic spodumene-free and spodumene-bearing
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pegmatite (Heede 1997; Thoni and Miller 2000; Thoni and
Miller 2010; Knoll et al. 2018).

The dominant metamorphic imprints recognized in the
region are attributed to the Permian event and the Cretaceous
Alpine orogeny. During the Permian event, lithospheric
extension along the western embayment of the Neotethys
Ocean was accompanied by basaltic underplating, which
led to high-temperature, low-pressure metamorphism up to
granulite-facies throughout the Austroalpine Unit (Schus-
ter and Stiiwe 2008). Partial melting of metasedimentary
rocks at lower crustal levels led to emplacement of granitoid
and pegmatite at middle to upper crustal levels throughout
the AUPP at amphibolite- to greenschist-facies conditions
(Knoll et al. 2023). The Cretaceous Alpine orogeny involved
an intracontinental subduction to collision process during
closure of the Meliata Ocean (Schmid et al. 2004), leading
to variable greenschist- to eclogite-facies metamorphism
throughout the Austroalpine Unit. Eclogite-bearing units
in the Saualpe-Koralpe Complex are under- and overlain
by basement units of lower metamorphic grade indicating
an inverted metamorphic gradient such that they resemble
the core of a recumbent fold within the extrusion wedge
(Schmid et al. 2004).

Pegmatite within the AUPP is predominantly Permian
to Triassic in age (Schuster et al. 2001; Schuster and Stiiwe
2008). Exceptions include Ordovician pegmatite related
to crustal melting during a ‘Caledonian’ magmatic event
(Thoni and Miller 2004; Gangl et al. 2005; Tropper et al.
2016), late Devonian pegmatite associated with magmatism
early in the Variscan orogeny (Mandl et al. 2018), and Cre-
taceous pegmatite emplaced during decompression melting
at the end of the Alpine orogeny (Thoni and Miller 2010).
Most of the pegmatite bodies are simple and consist of
quartz + feldspar + muscovite assemblages. However, a small
number of these are Nb—Ta-Sn-bearing spodumene pegma-
tite, including the most economically important Wolfsberg
pegmatite.

The Wolfsberg lithium deposit

Earlier studies on pegmatite at the Wolfsberg deposit were
conducted by God (1989) and Niedermayr and God (1992)
and are summarized below. The Wolfsberg deposit occurs
within the northern limb of a WNW-ESE-striking anticline
structure (‘Wolfsberg anticline,” God 1989) that dips ~60°
to the NNE and was developed during regional deformation
associated with the Alpine metamorphism (Fig. 1B). The
area is characterized by mica schist and eclogite-amphibolite
(amphibolite hereafter), with meter-thick intercalations of
the former found in the latter, and decimeter-scale graphite
and marble layers present within either lithology. The main
pegmatite-hosting mica schist unit dips beneath the pegma-
tite-hosting amphibolite unit. The mica schist assemblages
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Fig. 1 A Simplified tectonic map of the Eastern Alps (after Konzett
et al. 2018a) showing extent of the high-pressure Koralpe-Wolz
Nappe System, the Austroalpine Unit Pegmatite Province with
emphasis on areas metamorphosed at eclogite-facies conditions,
occurrences of spodumene-bearing pegmatite (after Knoll et al. 2018)

consist of muscovite + garnet + biotite + kyanite. Kyanite
can measure up to centimeter-scale and displays textural
features that indicate the pseudomorphic replacement of

AUSTRIA

and location of the Wolfsberg deposit. Abbreviations: EW-Engadine
Window; K-Koralpe; S-Saualpe. B Geological map of the Wolfsberg
deposit after God (1989). Eclogite-facies conditions in (A) sourced
from https://geolba.maps.arcgis.com/apps/webappviewer/index.html?
1d=ef8095943a714d7893d41f02ec9c156d

pre-existing andalusite. The amphibolite consists of amphi-
bole + plagioclase + quartz + garnet + pyroxene, with calcite
present as a primary component. When present, pyroxene
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shows symplectic textures with extensive replacement by
amphibole. Minor strata-bound scheelite is found within
amphibolite.

Pegmatite occurs as roughly NW-SE-striking dikes hosted
within the mica schist and amphibolite and is concordant
with the foliation of the host rock. The dikes have been
traced over a length of 1,300 m and to a depth of 350 m,
with an average thickness of 2 m, but can reach up to 5 m in
width. The pegmatite generally lacks zoning and displays
sharp contacts with the host rock. However, amphibolite-
hosted pegmatite displays internal irregular-shaped aplitic
domains and a~ 10-20 cm spodumene-poor aplitic border
along dike margins, with a contact aureole of up to 50 cm
characterized by biotitization of the host amphibolite and
formation of holmquistite, tourmaline and garnet. Irre-
spective of host rock, pegmatite consists of quartz + feld-
spar + muscovite + spodumene and a range of other acces-
sory minerals. The modal abundance of spodumene is higher
in amphibolite-hosted pegmatite than in mica schist-hosted
pegmatite, resulting in a~0.5 wt.% higher Li,O whole-
rock composition (God 1989). As both pegmatite types are
believed to have crystallized from the same highly fraction-
ated melt, differences between them are attributable to melt
reactivity with different host rocks and degree of metamor-
phic overprint resulting from different host rock competence
(God 1989).

Geochronological data for pegmatite at the Wolfsberg
deposit are limited. Zircon from pegmatite yielded a U-Pb
age of 240 + 1.5 Ma that was interpreted to represent the
timing of emplacement (Heede 1997). Thoni and Miller
(2000) obtained spodumene-whole rock isochron ages of
242.8+ 1.7 and 238.5+2.6 Ma for pegmatite samples that
were also suggested to represent the timing of pegmatite
emplacement. However, Sm-Nd mineral isochron ages of
87 and 65 Ma from the aplitic border zone of an amphi-
bolite-hosted pegmatite by Thoni and Miller (2000) were
interpreted to reflect local eclogite-facies remobilization and
recrystallization of the Permian protolith during the Alpine
orogeny.

Methodology
Sampling

The sample suite was collected from selected drill cores
intersecting representative pegmatite types at the Wolfs-
berg deposit. To assess the impact of possible zoning within
individual pegmatite dikes or host rock interaction, samples
from larger pegmatite dikes (> 2 m in thickness) were taken
proximal to upper and lower contacts with the host rock
and within dike centers. Samples of the host mica schist
are also included due to its possible genetic relationship to
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pegmatite (Konzett et al. 2018b; Schuster et al. 2019; Krenn
et al. 2021). Although not discussed in this study, whole-
rock chemical data for amphibolite samples are included in
spider diagrams for comparison. Mica schist and amphibo-
lite samples were collected from the tunnel walls perpen-
dicular to pegmatite strike at increasing intervals from 0.1
to>100 m.

Analytical methodology

One hundred and fourteen samples were assayed for whole-
rock chemistry by ALS Minerals (Loughrea, Ireland) to
determine average rare-metal contents, which was provided
by GEO-Unterweissacher GmbH. An additional forty-five
samples were analyzed by Activation Laboratories Ltd.
(Ontario, Canada). Further details on whole-rock analyti-
cal methodology with detection limits and whole-rock data
are provided in Electronic Supplementary Material (ESM)
Tables S1 and S2, respectively.

Petrographic characterization of the samples was carried
out on polished thick (300 um)- and thin (100 um)-sections
(2.5%5 cm) using a Hitachi S-3600 scanning electron micro-
scope (SEM) with high-resolution back-scattered electron
(BSE) imaging capabilities equipped with a Bruker XFlash®
5030 energy dispersive X-ray detector (EDX), housed at the
Geo Laboratory at the Natural History Museum, University
of Oslo, Norway.

Major and minor element analysis of selected miner-
als was performed using a Cameca SX100 Electron Probe
Micro-Analyzer (EPMA) equipped with five wavelength-
dispersive X-ray spectrometers. Analytical conditions for
microprobe analysis were 15 kV acceleration voltage with a
15 nA (silicates) or 20 nA beam current and a focused elec-
tron beam. Mineral trace element analysis was conducted
using a Bruker Aurora Elite Q-ICPMS with a Cetac LSX-
213 G2 +laser microprobe. Trace elements were measured
using a laser frequency of 20 Hz and a spot size of 50 pm.
Both instruments are housed at the Department of Geo-
sciences, University of Oslo, Norway. Additional informa-
tion on analytical methods including standards and mini-
mum detection limits (mdl) is provided in ESM Tables S3
and S4.

The studied pegmatite

The study focuses on the two main pegmatite types at the
Wolfsberg deposit that are referenced according to their
amphibolite and mica schist host rocks. Amphibolite-hosted
pegmatite (AHP; Fig. 2A, B) displays coarse-grained mag-
matic textures and consists of greyish spodumene crys-
tals (up to 5 cm) and dark mica flakes (mm-scale) within
a matrix of white feldspar and greyish quartz. The AHP
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also has ~ 10 cm spodumene-free aplitic border zones along
margins (Fig. 2C) and irregular aplitic domains interpreted
as albitization products (Fig. 2D). These consist mostly of
albite, muscovite, quartz, and in the border zones, tour-
maline. Mica schist-hosted pegmatite (MHP; Fig. 2 E, F)
is generally fine-grained and displays a distinct gneissic
appearance resulting from alternating quartz- and feldspar-
rich bands with dark aligned micas (Fig. 2F).

Petrography and mineralogy
Amphibolite-hosted pegmatite

The AHP contains mineral assemblages consisting of
quartz, feldspars (mostly albite but also K-feldspar), mus-
covite and spodumene, all of which can be found as inclu-
sions in, and sharing equilibrium grain boundaries with,
one another. Grains of near end-member albite and K-feld-
spar are anhedral and measure up to several millimeters in
size, however the latter displays perthitic textures in grain
cores (Fig. 3A). Muscovite occurs as randomly oriented
mm-scale flakes with either straight or embayed margins
and typically has cleavages lined with apatite (Fig. 3A, B).
Muscovite + quartz symplectites are common along grain
boundaries of K-feldspar and muscovite (Fig. 3B). Spo-
dumene occurs as mm-scale euhedral to subhedral grains
(Fig. 3A, B), and spodumene-quartz intergrowth textures
along grain margins are common. Cookeite is commonly

Fig.2 Photographs of mine
exposures, drill core and sam-
ples of representative pegma-
tite types. (A) A ~2-m-wide
amphibolite-hosted pegmatite
dike along the mine tunnel
ceiling. (B) Amphibolite-hosted
pegmatite specimen showing
coarse-grained texture. (C) Bor-
der zone of amphibolite-hosted
pegmatite containing musco-
vite, albite and tourmaline. (D)
Aplitic (albitized) pegmatite in
contact with amphibolite host 5 ¥
rock. (E) A ~2-m-wide mica e S s
schist-hosted pegmatite along Mgt
mine tunnel ceiling. White
arrows show rock cuts across
width of pegmatite. (F) Mica
schist-hosted pegmatite showing
gneissic texture. Abbreviations:
Ab-albite; Cst-cassiterite; Mus-
muscovite; Qz-quartz; Spd-
spodumene; Tur-tourmaline

L oA b e i g -G G

observed replacing spodumene along grain boundaries and
fractures (Fig. 3B). A typical feature in the AHP is the
presence of oriented fine-grained platy albite replacing
K-feldspar and spodumene (Fig. 3C), which in turn can be
crosscut by albite veinlets, as seen in cathodoluminescence
images (Fig. 3D). Such albite is associated with various
phosphate minerals.

Accessory minerals are abundant in the AHP and include
a diverse suite of phosphates, beryl, columbite group min-
erals (CGM), tourmaline, zircon, uraninite, cassiterite and
graphite. The most common phosphate mineral is Mn-rich
apatite, which is subhedral and measures several hundreds
of microns in size and commonly occurs with other acces-
sory minerals such as beryl (Fig. 3E), uraninite, CGM, and
other phosphates such as triphylite, fairfieldite, beryllonite,
tiptopite and montebrasite (Fig. 3F). Beryl forms clusters of
variably-shaped grains and commonly contains inclusions of
quartz, apatite, CGM, albite and K-feldspar. Compositional
zoning is rare in beryl but occurs in more euhedral grains
(Fig. 3G). Tourmaline in the aplitic border zones displays
variable sizes and morphologies, from mm-scale subhedral
grains, to fine-grained and euhedral, to interstitial. Coarse-
grained tourmaline displays scalloped margins and composi-
tional zoning with a complex inclusion suite of phosphates,
including montebrasite, CGM, spodumene, cassiterite, zir-
con, albite, K-feldspar and quartz (Fig. 3H). Fine-grained
euhedral tourmaline lacks zonation and contains only quartz
inclusions (Fig. 3I), whereas tourmaline lacking both inclu-
sions and zoning occurs interstitial to albite (Fig. 3J).

mica schist
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«Fig.3 BSE and CL images showing representative features of amphi-
bolite-hosted pegmatite. (A) Coarse-grained K-feldspar with perthitic
core intergrown with muscovite and spodumene. (B) Euhedral spo-
dumene with muscovite and K-feldspar. Note the incipient replace-
ment of spodumene by cookeite and formation of muscovite + quartz
symplectites along the contact of K-feldspar and muscovite. (C) Ori-
ented platy albite with apatite replacing K-feldspar, with inset (D)
showing CL image of later albite veinlets (white arrows) crosscutting
the platy albite. Apatite associated with (E) beryl and (F) montebra-
site. (G) Beryl showing compositional zoning. (H) Coarse-grained
tourmaline with quartz, phosphate and CGM (inset) inclusions and
crosscut by apatite stringers. (I) Euhedral tourmaline with quartz
inclusions, surrounded by muscovite. (J) Rounded albite grains with
interstitial tourmaline. Abbreviations: Ab-albite; Ap-apatite; Brl-
beryl; Ckt-cookeite; Col-columbite; Kfs-K-feldspar; Mnt-montebra-
site; Mus-muscovite; Pth-perthite; Qz-quartz; Spd-spodumene; Sph-
sphalerite; Sym-symplectite; Tur-tourmaline

Mica schist-hosted pegmatite

The MHP consists of quartz, albite, muscovite and spo-
dumene, although relicts of earlier minerals are present
(e.g., K-feldspar). Coarse-grained muscovite defines the
main foliation (Fig. 4A), but fine-grained muscovite forms
aggregates, overgrowths on coarser grains, or is intergrown
with quartz as symplectites (Fig. 4B). Coarse-grained spo-
dumene occurs as elongated porphyroblasts within the folia-
tion with muscovite (Fig. 4C). Specific to the MHP is stau-
rolite, which occurs locally as fine-grained (~ 10 um) laths
together with gahnite along spodumene margins (Fig. 4D),
or as coarse-grained (> 100 um) porphyroblasts within the
foliation and as inclusions in aligned muscovite (Fig. 4E).
The latter texture always contains symplectic quartz inclu-
sions, but commonly also contains muscovite, apatite and
columbite (Fig. 4E inset).

Accessory minerals in the MHP are much the same as
those found in the AHP but with a high degree of alteration/
deformation. Apatite is abundant and is largely replaced by,
or associated with, various secondary phosphates (e.g., wol-
feite, fairfieldite, beryllonite, tiptopite). Late apatite occurs
as crosscutting veins and is intergrown with aligned mus-
covite (Fig. 4A). Euhedral beryl porphyroblasts containing
aligned nano-inclusions of cordierite + quartz intergrowths
can be found within the foliation (Fig. 4A, F). Cassiterite
is rare and uncommonly contains aligned micro-inclusions
(exsolutions?) of zoned columbite or displays compositional
zoning (Fig. 4G, H). Such cassiterite is also associated with
chrysoberyl that displays compositional zoning (Fig. 4H).
Also rare is columbite with inclusions of zircon, albite,
wodginite, uraninite and other CGM (Fig. 41).

Mica schist
The medium-grained host mica schist is composed of

muscovite, biotite, quartz, plagioclase, garnet, staurolite,
kyanite, tourmaline, rutile and graphite with accessory

zircon, apatite, monazite, allanite and pyrite. The rocks are
characterized by a foliation defined by variably-sized mus-
covite, biotite, graphite and tourmaline. Almandine-rich
garnet (Almgg 79 SPSg 2.0PYP11.21G18;1.27) forms ~0.5-2 mm
porphyroblasts that are wrapped by the external foliation and
display textures suggesting multiple growth stages (Fig. SA).
An early stage of garnet growth (Grt,) is indicated by cores
rich with biotite, muscovite, quartz, plagioclase, rutile and
graphite inclusion trails, which can be continuous or dis-
continues with the external foliation. Inclusion-poor gar-
net rims, irregular garnet overgrowths or inclusion-poor
grains lacking zonation are representative of later garnet
growth (Grt,). Staurolite occurs as porphyroblasts or laths
up to~0.5 mm within the main foliation and is typically rich
with quartz and graphite inclusion trails continuous with the
main foliation (Fig. 5B). Kyanite is associated with staurolite
and similarly occurs within the main foliation with irregu-
lar shapes (Fig. 5B). Tourmaline is abundant as rounded
or elongated grains within the matrix and as inclusions in
garnet rims and displays dark green graphite-rich cores and
pale green rims in transmitted light (Fig. 5C).

Whole-rock geochemistry

Whole-rock data are provided in ESM Table S2. All pegma-
tite samples have peraluminous compositions. Pegmatite has
a wide range of SiO, (~67-79 wt.%), but relatively similar
concentrations of most other elements (Fig. 6). Noteworthy
differences between the AHP and the MHP are the higher
mean concentrations of Li,O (0.85 wt.%), CaO (1.5 wt.%)
and Na,O (4.2 wt.%) in the AHP compared to the MHP (0.76
wt.%, 0.65 wt.% and 3.4 wt.%, respectively). Relative to peg-
matite, the host mica schist has higher mean concentrations
of most elements with the exception of SiO,, Na,O, P,0;
and Li,O (0.11 wt.%) (Fig. 6). Although the geochemical
properties of the amphibolite host rock will not be discussed
in detail, it contains mean Li,O content comparable to the
mica schist.

On the diagram for selected elements normalized to upper
continental crust (Fig. 7A), the distribution patterns for the
two pegmatite types are similar and show notable enrich-
ments in Li, Be, B, Ga, Rb, Nb, Sn, Cs and Ta. On average,
the AHP contains higher concentrations of Li and Cs when
compared to the MHP, which contains higher concentra-
tions of Be, B, Sn, Th and U. The host mica schist displays
element enrichments similar to those of the two pegmatite
types but to a lesser degree. Chondrite-normalized REY pat-
terns for pegmatite and mica schist are similar but differ
with respect to the ZREY, slope and magnitude of anomalies
(Fig. 7B). Pegmatite and mica schist are LREE-enriched/
HREE-depleted. Both the MHP and the mica schist have
strong negative Eu anomalies, whereas the AHP has either
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«Fig.4 BSE images showing representative features of mica schist-
hosted pegmatite. (A) The main foliation showing coarse-grained
muscovite, beryl, quartz, albite and staurolite. Note the fine-grained
inclusions in beryl consisting of columbite and cordierite +quartz
intergrowths. (B) Muscovite+quartz symplectites included in
spodumene within the foliation. (C) Elongated spodumene with
albite + muscovite inclusions in the foliation. (D) Staurolite + gahnite
along margin of spodumene. (E) Staurolite porphyroblast included in
aligned muscovite. Note the inclusions of quartz and columbite (ele-
ment maps inset for clarity). (F) Aligned beryl porphyroblast with
inclusions of aligned cordierite + quartz (inset). (G) Cassiterite with
inclusions of aligned columbite that show compositional zoning. (H)
Compositional zoning in cassiterite (inset) with chrysoberyl along
margin, which also shows patchy compositional zoning. Columbite
inclusions in inset indicated with white arrows. (I) Columbite with
inclusions of zircon, albite and quartz as well as other CGMs (inset
shown in Fig. 9H). Abbreviations: Ab-albite; Ap-apatite; Brl-beryl;
Cbrl-chrysoberyl; Col-columbite; Crd-cordierite; Cst-cassiterite;
Ghn-gahnite; Kfs-K-feldspar; Mus-muscovite; Qz-quartz; Spd-spo-
dumene; St-staurolite; Tur-tourmaline; Zrc-zircon

positive or negative anomalies depending on the individual
sample. The host amphibolite has consistently flat REY pat-
terns with no distinct anomaly.

Mineral chemistry
Micas

Coarse-grained muscovite in the AHP, and aligned musco-
vite in the MHP, were the primary targets for EPMA (ESM
Table S5). However, fine-grained symplectic muscovite
intergrown with quartz in both pegmatite types (Figs. 3B
and 4B) was also analyzed. Muscovite from the MHP is
generally higher in Al and Na than that in the AHP, which
has higher Si, Fe and Mg (Fig. 8A-C). Within individual
samples, coarse-grained and aligned muscovite in the AHP
and the MHP, respectively, contains higher concentrations
of Si, Ti, Fe, Mg and Na than symplectic muscovite, which
has higher Al and K. Figure 8A-C shows strong nega-
tive correlations on binary plots for Si versus A" (apfu),
Fe + Mg (apfu) versus Al (apfu) and K/(K +Na +Rb)
versus Na (apfu). The composition of symplectic muscovite
in the AHP is similar to that of aligned muscovite in the
MHP in these plots. Muscovite from the AHP has higher Si,
Ti, Fe and Mg concentrations than that in the MHP, which
has higher Al and Na. Muscovite from the host mica schist
contains higher concentrations of Si, Ti and Mg, and lower
concentrations of Al when compared to the compositional
range of muscovite from pegmatite.

Muscovite from the AHP and the MHP contains com-
parable concentrations of most trace elements (ESM
Table S6). However, muscovite from the AHP is notably
enriched in Cs, Li, B, Sn and Nb relative to aligned mus-
covite in the MHP, which is slightly more enriched in Zn

and Ta. The mean Nb/Ta ratio of muscovite from the AHP
(7.2) is significantly higher than that of muscovite from the
MHP (4.6). Both muscovite types have REY < 1 ppm. Plots
comparing the K/Rb ratio versus various rare elements in
muscovite show trends with decreasing K/Rb ratios and
increasing concentrations of Cs, Li, B, Sn, Mn and Nb/Ta
for the AHP, whereas aligned muscovite in the MHP shows
opposite trends (Fig. 8D-I). Concentrations of Cs, Li and
B are higher in muscovite from tourmaline-bearing AHP.
Aligned muscovite associated with staurolite in the MHP
has the highest K/Rb ratios and low concentrations of Cs, Li,
B and Sn. Muscovite from the host mica schist has the low-
est concentrations of Cs, Li, B, Sn and Mn, and the highest
K/Rb and Nb/Ta ratios when compared to muscovite from
pegmatite. It is noteworthy that the highest concentrations of
Li (~ 1,030 ppm) occur in biotite from the host mica schist
(Fig. 8E; ESM Table S6).

Spodumene

Spodumene composition is relatively homogenous with
respect to SiO,, Al,O5 and Li,O irrespective of host rock
(ESM Table S7). Other elements in low concentrations
(< 1.0 wt.%) include FeO, MnO and Na,O. Trace element
analysis of spodumene within the two pegmatite types con-
sistently measured concentrations of B, Mg, P, Ti, Cr, Mn,
Zn, Ga and Sn > 10 ppm, concentrations of Be, Sc, V and Ge
between~ 1 and 10 ppm, and concentrations of Cs, Nb, Ta
and Pb < 1 ppm (ESM Table S8). The ZREY of spodumene
is <1 ppm with nearly all elements below detection. Nota-
ble differences between spodumene from the two pegmatite
types are higher concentrations of Mg, P, Ti, Sn, Cs, Nb
and Ta in spodumene from the AHP compared to that of
the MHP, which was comparably more enriched in Mn, Sc
and Zn.

Niobium-tantalum-tin minerals

Columbite group minerals in pegmatite occurs in a variety
of morphologies, sizes and zoning patterns (Fig. 9). Dark
and bright intensities in BSE images showing CGM zon-
ing correspond to Nb-richer and Ta-richer compositions,
respectively. Four textures of CGM were observed in the
AHP and include: (1) rounded grains > 100 um in size with
Ta-rich cores, Nb-richer mantles and Ta-rich rims (Fig. 9A);
(2) rod-shaped grains with Nb-rich cores and mottled rims
indicating resorption (Fig. 9B), (3) grains that lack obvious
compositional zoning and are always associated with Mn-
rich apatite and uraninite (Fig. 9C); (4) irregularly-shaped
grains with patchy zoning found as inclusions in tourmaline
in the aplitic border zone (Figs. 3H and 9D).

Rod-shaped CGM grains are the most common texture
within the MHP. The grains often display zoning from
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Fig.5 Optical images from host mica schist. (A) Garnet showing
inclusion-rich core (Grt,) and inclusion-poor rim (Grt,). (B) Textural
relationship between staurolite, kyanite, garnet and muscovite, all
showing abundant graphite inclusions. (C) Elongated tourmaline with
graphite-rich bluish core and graphite-poor pale green rim. Abbre-
viations: Bt-biotite; Gr-graphite; Grt-garnet; Ky-kyanite; Mus-musco-
vite; Qz-quartz; St-staurolite; Tur-tourmaline

Nb-rich cores to Ta-rich rims (Figs. 4G and 9E). Rarely,
CGM can display complex zoning patterns where both sec-
torial and oscillatory zoning occur within the same grain
(Fig. 9F). Columbite inclusions in aligned muscovite display
inverse zoning from Ta-rich cores to resorbed mantles and
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Nb-rich overgrowths (Fig. 9G). Similar Nb-rich overgrowths
can also be found on columbite showing complex zoning
patterns and a diverse suite of inclusions as described above
(Figs. 41 and 9H). It is important to note that fine-grained
needle-like columbite is also commonly found as inclusions
in aligned muscovite or porphyroblastic staurolite within the
foliation (Fig. 4E).

The compositional range of the various CGM textures is
narrow with respect to Xy, (Mn/(Mn + Fe,,*"); 0.25-0.53),
whereas the X, (Ta/(Ta+ Nb)) range is much wider
(0.06-0.56) (Fig. 9I; ESM Table S9). Columbite from the
AHP generally has lower Xy, than that of the MHP, with
the exception of columbite with uraninite and apatite asso-
ciations. Columbite inclusions in cassiterite from the MHP
has the highest X, values. In general compositional zon-
ing in columbite corresponds to increasing Xp, values from
core towards rim, with the exception of columbite from the
MHP showing inverse zoning or overgrowths (Fig. 9G, H).
Noteworthy minor elements present within the CGM include
MgO, TiO,, Sn0O,, Sc,0; and WO;. Columbite associated
with uraninite from the AHP has the highest concentrations
of TiO,, Sc,05 and WO;, all of which are positively cor-
related with one another. Both pyrochlore-group minerals
and wodginite, only found as inclusions in complexly zoned
columbite (Figs. 41 and 9H), have the highest X, values,
with the latter also containing ZrO, (ESM Tables S9 and
S10).

Staurolite

As staurolite was only found in the MHP, its composition is
compared with that in the host mica schist. Staurolite in both
lithologies is iron-rich (Fe/(Fe +Mg)=0.81-1.0; Fig. 10,
ESM Table S12). However, staurolite within the MHP con-
tains higher concentrations of Al,O;, ZnO and MnO than
that in the host mica schist, which has higher FeO, MgO and
TiO,. Noticeable differences are also observed between the
compositions of fine-grained staurolite inclusions in spo-
dumene and staurolite porphyroblasts within the foliation of
the MHP, where the former contains higher ZnO, Na,O and
TiO, and lower FeO than the latter. Staurolite from the MHP
is significantly enriched in Li (~ 4,550 ppm), Ge, Nb, Sn
and Ta compared to that in the mica schist (Li~ 2,800 ppm),
which is enriched in V, Cr and Co relative to that in the MHP
(ESM Table S13).

Tourmaline

All tourmaline from the AHP and the mica schist belongs
to the alkali group and contains higher Na+ K values
(0.38-0.91) than Ca (<0.15) and X-site vacancy values
(0.06-0.61) (Fig. 11A; ESM Table S14). Tourmaline com-
positions from both lithologies belong to the schorl-dravite
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Fig.6 Whole-rock composi-
tional data (wt.%) for pegmatite
showing SiO, plotted against
(A) Al,05; B) TiO,; (C) Fe,05;
(D) MgO; (E) CaO; (F) Na,O;
(G) K,0O; and (H) Li,O. Abbre-
viations: AHP-amphibolite-
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schist-hosted pegmatite; MS
mica schist
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Fig.7 A Upper continental crust-normalized (after Rudnick and Gao
2004) trace element plot and B chondrite-normalized (after McDon-
ough and Sun 1995) REY fractionation diagram for pegmatite and
mica schist. Thick lines represent lithology averages. Abbreviations:
AHP-amphibolite-hosted pegmatite; MHP-mica schist-hosted pegma-
tite

solid solution series (Fig. 11B). However, tourmaline
from the AHP is schorlitic (X, (Fe/Fe+Mg)=0.80-0.91)
with mean ZnO and MnO of 0.29 and 0.19 wt.%, respec-
tively, whereas tourmaline from mica schist is dravitic
(Xpe=0.18-0.43). In coarse-grained tourmaline from the
AHP, increasing Al (apfu) from core to rim is accompanied
by decreasing Mg (apfu) and Ti (apfu), whereas Fe (apfu)
decreases from core to mantle, then increases towards rim.
Blue cores in tourmaline from mica schist (Fig. 5C) corre-
spond to higher FeO and TiO, concentrations.

Tourmaline from the AHP is on average enriched in Li,
Zn, Nb, Sn and Ta compared to that in the host mica schist,
which is enriched in V, Cr, Co, Ni and XLREE relative to
that in the AHP (ESM Table S15). Coarse-grained tourma-
line from the AHP shows compositional variability with
decreasing Be, Ti and ZLREE and increasing Li, Nb, Sn
and Ta from core to rim.

Beryl, chrysoberyl and cordierite
Beryl and chrysoberyl were analyzed for major element

compositions. All beryl contains similar concentrations of
Si0,, Al,O5 and near stoichiometric BeO (13.4-14 wt.%)
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(ESM Tables S16). Analysis of beryl from the AHP shows
higher mean concentrations of FeO, Na,O and Cs,O than in
beryl from the MHP. Zoned beryl from the AHP (Fig. 3G)
shows decreasing FeO, MgO and Na,O content from core
to mantle and decreasing Na,O from mantle to rim. Beryl
from both pegmatite types contains mean concentrations of
Li> 1,000 ppm, Ti and Rb in the hundreds ppm, and B, P,
Cr and Ga in the tens ppm (ESM Table S17). Beryl from the
AHP is enriched in Mg (~ 500 ppm) relative to that in the
MHP (~ 20 ppm).

Chrysoberyl from the MHP contains minor FeO
(0.17-1.93 wt.%), and Ti (0.05-0.26 wt.% TiO,) and Ca
(0.08-0.21 wt.% CaO) were also detected in individual
analyses (ESM Table S18). Although some chrysoberyl
grains show brighter and darker intensities in BSE images
(Fig. 4H), no compositional variation could be detected via
EPMA.

Cordierite intergrown with quartz is considered to be an
exsolution product of beryl due to its fine-grained, aligned
morphology and restriction to the cores of beryl grains
(Fig. 4A, F). Cordierite compositions are characterized by
high MnO (2.48-2.85 wt.%), Na,O (1.55-1.81 wt.%), Xg,
values of 0.83-0.85, and low SiO, (~46.5 wt.%) and Al,O4
(~29.3 wt.%) (ESM Table S19). The high Na and low Al
contents in cordierite suggest the presence of BeO following
the substitution of Na* +Be** =AI’* (Cerny and Povon-
dra 1966; Povondra and Langer 1971). Approximately 1.0
wt.% BeO is estimated based on a regression line of BeO
versus Al,O; versus Na,O by Konzett et al. (2018a, refer
to Fig. 16A of same publication). Because this estimation
produces high T-site (Si+ Al+Be_,) totals (~9.16 apfu), it
is possible that Na only partially contributed to the substitu-
tion Na* +Be>* = AI** while excess Na substituted into the
M-site (Fe, Mg, Mn) along with Li following the substitution
Li* +Na* =R*" (Gordillo et al. 1985). This would explain
low M-site totals of ~ 1.6 apfu. High H,O contents are also
indicated by low totals of ~94-95 wt.%.

Discussion
Implications for pegmatite-melt source

Chondrite-normalized REY fractionation patterns of both
NFY- and LCT-type pegmatite have been compared to their
host rocks to assess the validity of formation from direct
anatexis (Simmons et al. 2016; Webber et al. 2019; Gion
et al. 2021). For example, similarities between the fraction-
ation patterns of LCT pegmatite and its metasedimentary
and migmatitic host rocks, and a lack of possible parental
plutons as a melt source have led to the hypothesis that peg-
matite in the Oxford County pegmatite field (Maine, USA)
formed as a result of decompression anatectic melting during
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Fig. 8 Muscovite compositional data from AHP, MHP and host mica
schist plotted on (A) Si versus Al'", (B) Fe'™+Mg versus Al and
(C) K/(K+Na+Rb) versus Na diagrams showing strong negative
correlations. Solid circles represent magmatic and aligned musco-
vite from AHP and MHP, respectively, while hollow circles represent
muscovite in symplectites with quartz. Binary plots for K/Rb versus

post-orogenic extension (Simmons et al. 2016; Webber et al.
2019). A similar model is proposed for pegmatite in the
AUPP (Thoni and Miller 2000; Konzett et al. 2018a, 2018b;
Schuster et al. 2019; Knoll et al. 2023).

At Wolfsberg, both the AHP and the MHP display REY
fractionation patterns that strongly resemble that of the host
mica schist (Fig. 7B). The main differences between the

(D) Cs; (E) Li (F) B; (G) Sn; (H) Mn; and (I) Nb/Ta in magmatic
and aligned muscovite from AHP and MHP. Data for muscovite and
biotite from host mica schist included for comparison. Abbreviations:
AHP-amphibolite-hosted pegmatite; Bt-biotite; MHP-mica schist-
hosted pegmatite; Mus-muscovite; MS-mica schist; Tur-tourmaline;
St-staurolite; Sym-symplectic muscovite

REY patterns of the two pegmatite types and the host mica
schist is the degree of slope and mean XREY, although there
is much overlap between the two. The distinct negative Eu-
anomaly of the mica schist is also present within the MHP,
and although the AHP has an average positive Eu-anomaly,
this also varies within the dataset where there also exist
strong negative Eu-anomalies. Low XREY and inconsistent
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R

Fig.9 BSE images showing representative textures of columbite
group minerals from (A-D) amphibolite-hosted pegmatites and (E-H)
mica schist-hosted pegmatites. (A) Columbite with core-mantle-rim
texture. (B) Elongated lath shaped columbite with resorbed margins
(white arrow). (C) Columbite associated with uraninite and apatite.
(D) Columbite inclusion in tourmaline showing complex zoning fea-
tures (also in Fig. 3H inset). (E) Columbite laths with dark cores and
bright margins showing sharp zoning. (F) Columbite on the margin
of cassiterite showing core-rim zoning. (G) Columbite inclusion in
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aligned muscovite showing a bright core, grey resorbed margins and
dark overgrowths with sharp contacts. (H) Complex zoning in colum-
bite with abundant inclusions of zircon, albite uraninite and uran-
microlite (also in Fig. 4I). (I) Compositions of CGM and wodginite
plotted in terms of Xy, versus Xr,. Circled analyses correspond to
numbers in (H). Abbreviations: Ab-albite; Ap-apatite; Col-columbite;
Cst-cassiterite; Rt-rutile; Spd-spodumene; Tur-tourmaline; Uml-uran-
microlite; Urn-uraninite; Wdg-wodginite; Zrc-zircon
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Fig. 10 Major element composition of staurolite plotted on a Mg-Zn-
Fe ternary diagram

Eu-anomalies of the AHP relative to the MHP and the mica
schist may be attributable to fluid-rock interaction with the
amphibolite host rock where REE-rich minerals are present,
such as garnet or tourmaline. Overall, from a geochemical
perspective, similar peraluminous compositions and REY
patterns of pegmatite to the host mica schist suggests deriva-
tion from partial melting of basement mica schist at deeper
crustal levels. Contrastingly, the amphibolite host rock dis-
plays relatively flat fractionation patterns that lack resem-
blance to either pegmatite type or to the mica schist.

Staurolite is the most Li-rich phase in amphibolite grade
metapelitic rocks (Dutrow et al. 1986). The presence of
staurolite in the Al-rich metapelitic host rocks has been a
key piece of evidence in models suggesting anatectic ori-
gin for spodumene pegmatite in the Eastern Alps (Konzett
et al. 2018b; Schuster et al. 2019; Knoll et al. 2023). Stau-
rolite from the mica schist has a mean Li concentration of
2,800 ppm (ESM Table S13). Of the micas within both peg-
matite types and the host mica schist, biotite from the mica
schist has the highest mean Li concentration of 1,030 ppm
(Fig. 8E). Considering the significantly larger modal abun-
dance of biotite relative to staurolite in the mica schist, and
assuming an anatectic origin for pegmatite, biotite from the
host mica schist was likely a larger contributor of Li to the
pegmatite-forming melt than staurolite. Although there is
no direct evidence for biotite breakdown during the Permian
event, PT estimates by Krenn et al. (2021) are above the
solidus for granite.

Paragenetic sequence

Petrographic observations coupled with mineral chemical
analysis provide an outline for a paragenetic sequence in
which the mineral associations observed within the Wolfs-
berg pegmatite types are attributable to two distinct events:
the Permian magmatic crystallization event and the Alpine
eclogite-facies metamorphism. Figure 12A outlines the key
differences observed between the two pegmatite types and
Fig. 12B outlines the general paragenetic sequence.

The Permian magmatic event

Crystallization of granitic pegmatite occurs over what is
commonly known as the magmatic-hydrothermal transition
(e.g., Ballouard et al. 2016), which distinguishes assem-
blages formed during early magmatic crystallization from
those formed during later metasomatic and hydrothermal
processes. The transition from a purely magmatic to a hydro-
thermal stage has been described as an unmixing process
where the residual pegmatite-forming melt forms immiscible
silicic and hydrosaline melts (Kaeter et al. 2018; Ballouard
et al. 2020), which then interact with the primary mineral
assemblage leading to albitization and/or greisenization. The
Permian magmatic event can be interpreted in the context
of the magmatic-hydrothermal transition, and is subdivided
into the magmatic, magmatic-hydrothermal and hydrother-
mal stages below.

The early magmatic pegmatite-forming stage at Wolfs-
berg is characterized by Li-supersaturated conditions
based on a lack of mineralogical zoning across pegmatite
and the presence of Li-aluminosilicates proximal to the
surrounding wallrocks (Maneta et al. 2015). This led to
early crystallization of spodumene (high B, Mg, P, Ti,
Sn, Cs, Nb, Ta), K-feldspar, albite, quartz and musco-
vite (low K/Rb, high Cs, Li, B, Rb, Sn). Interaction of
the melt with the host amphibolite hampered spodumene
crystallization due to formation of a holmquistite + biotite
aureole by Li and K-loss, resulting in a thin aplitic border
zone in the AHP consisting of albite, quartz, muscovite
and tourmaline (Mg-, Mn-, Ti- and LREE-rich cores).
Contemporaneous crystallization of Mn-apatite and beryl
is suggested at this stage based on equilibrium grain
boundaries with the major assemblage minerals, as is
Nb-rich columbite. Despite its textural variability, colum-
bite compositions follow a relatively consistent trend of
increasing X, with negligible Xy, change (Fig. 9) that
is observed in other lithium pegmatite regions, such as
Namibia (Fuchsloch et al. 2019), Spain (Llera et al. 2019)
and Zimbabwe (Shaw et al. 2022). This trend is suggested
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Fig. 11 Major element compo-
sition of tourmaline plotted on A
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(B) Fe-Al-Mg ternary diagrams
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to be controlled by the fluorine activity of the melt, with
low F activity promoting Mn-poor columbite composi-
tions while X, continues to increase with fractionation
(Cerny et al. 1986; Wise et al. 2012). A lack of F-bearing
phases at Wolfsberg indicates a F-poor pegmatite-forming
melt. The dominant fluid of this stage is suggested to
be a mixture of magmatic, low-saline aqueous, and host
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rock-derived metamorphic, carbonic, fluids, based on
fluid inclusion studies on garnet, tourmaline, quartz and
spodumene from pegmatite in the Koralpe area by Krenn
et al. (2021). The same authors obtained tourmaline fluid
entrapment conditions of 4.5-5.5 kbar at 650-750 °C,
which were interpreted as minimum pegmatite crystalliza-
tion conditions, consistent with crystallization within the
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Differences between Magmatic and Metamorphic Signatures A

Pegmatite mica schist-hosted pegmatite (MHP)

texture coarse-grained fine-grained, foliated

contact aureole biotite + holmquistite + tourmaline none

geochemistry Na,O, Ca0, Li, Cs B, Be,V, Cr, Ga, Zr, Sn, Th, U, REE

Mineral signature (magmatic) (metamorphic)

muscovite low K/Rb, Cs, Li, B, Rb, Sn high K/Rb

spodumene B, Mg, P, Ti, Sn, Cs, Nb, Ta Sc, Mn, Zn, Ga, Ge

Indicator mineral tourmaline staurolite, cordierite (in secondary beryl)
B Event Extensional/underplating event (~250 Ma) Alpine orogeny (~100 Ma)
— Stage magmatic » hydrothermal metamorphic
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Fig. 12 A Textural and chemical differences between the two pegma-
tite types at the Wolfsberg deposit. B Paragenetic sequence for peg-
matite. Black lines/text are characteristics observed in both pegmatite
types while green and red lines/text are indicative of characteristics

spodumene stability (> 1.7 kbar/ <720 °C; London 2005)
with no evidence of prior Li-phases.

During the magmatic-hydrothermal stage, in addition to
Na, concentrations of Li, Cs, Sn, Ta and Nb are expected to
increase within the system. Fluids exsolved from Na-rich
melts during late pegmatite crystallization have also been
associated with replacement of Nb-rich columbite by Ta-
richer compositions (Llera et al. 2019; Shaw et al. 2022).
This could explain the observed columbite zoning trends
of increasing Xr,, either as normal zoning to more Ta-rich
compositions (Fig. 9E) or resorption of earlier Nb-rich com-
positions and growth of Ta-richer compositions (Fig. 9B).
However, oscillatory or patchy zoning in columbite may be
indicative of temporal disequilibrium within the system (Van
Lichtervelde et al. 2018). Crystallization of tourmaline rims

specific to either AHP or MHP, respectively. Textural features and
trace elements definitive of a particular mineral generation are writ-
ten in italics within the lines. Abbreviations: Brl-beryl; Pth-perthite;
Spd-spodumene

(Li-, Sn-, Ta-, Nb-rich), cassiterite, chrysoberyl and various
phosphates is interpreted to have occurred during this stage.

Albitization may have continued into the late hydrother-
mal stage based on the presence of albite veinlets crosscutting
platy albite associated with the albitization of K-feldspar and
spodumene (Fig. 3C, D). Further hydrothermal activity is
evidenced by incipient cookeite replacement of spodumene,
phosphate veining and grain boundary fluid migration shown
by muscovite + quartz symplectites at K-feldspar and musco-
vite interfaces. Tourmaline interstitial to albite may suggest
excess B in late hydrothermal fluids. Columbite-cassiterite
associations, such as those in Fig. 4G, have been described by
Kongzett et al. (2018a) and were interpreted as resulting from
columbite exsolution from Nb-Ta-rich cassiterite during
post-magmatic cooling, which may be assigned to this stage.
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The Alpine metamorphic event

This stage is represented by minerals found within the foli-
ation of MHP and indicates element remobilization. The
foliation assemblage includes recrystallized quartz, albite,
muscovite, spodumene and staurolite. Lower concentrations
of highly mobile elements Li, B, Cs, Sn and Rb in meta-
morphic muscovite and spodumene suggests remobilization/
loss of these elements during (re)crystallization. Staurolite
has been reported in pegmatite from other regions in the
Eastern Alps and was interpreted as resulting from mag-
matic crystallization (Konzett et al. 2018b). However, at
Wolfsberg, staurolite is included in aligned muscovite and
is clearly metamorphic in origin. Crystallization of Li-rich
(> 4,000 ppm) staurolite porphyroblasts and coarse-grained
beryl within the foliation (Fig. 4A, E, F) is indicative of Li
availability during foliation development. Lithium was likely
mobile in solution considering the presence of aqueous high-
saline metamorphic fluids during the Alpine metamorphism,
as suggested by fluid inclusions in recrystallized quartz from
pegmatites of the Koralpe (Krenn et al. 2021). Metamorphic
fluids are suggested to have derived from decompression
melting/dehydration of host metapelite in the area during
the Alpine metamorphism and have also resulted in local
pegmatite formation (Thoni and Miller 2010; Schorn et al.
2021). Apatite, beryl (with quartz + cordierite exsolutions),
and Nb-rich columbite either as overgrowths on grains
included in aligned muscovite (Fig. 9G) or within metamor-
phic beryl or staurolite (Fig. 4A, F), are also attributable to
the metamorphic stage and suggest mobility of Be, Nb and
Ta during foliation development.

Conclusions

The relationship between petrography and trace element
chemistry of minerals from the two pegmatite types at the
Wolfsberg deposit show that, although their emplacement
is temporally tied to the same Permian event, they display
mineralogical and chemical differences that result from dif-
ferent melt-host rock interactions and different host rock
rheology during the Alpine orogeny. Trace element com-
positions of minerals from the AHP, such as coarse-grained
muscovite and spodumene, show it has retained highly frac-
tionated magmatic chemical signatures, whereas the texture
and composition of minerals within the MHP, including
aligned muscovite and spodumene, reflects recrystallization
during metamorphism. Geochemical similarities between
chondrite-normalized REY fractionation patterns of the
host mica schist and pegmatite supports an anatectic origin
for pegmatite via melting of mica schist host rock, compa-
rable to metapelite-derived pegmatite elsewhere. Although

@ Springer

metasomatic processes such as albitization occurred during
initial pegmatite emplacement, later metasomatic element
remobilization within pegmatite occurred during decom-
pression fluid release following the Alpine orogeny, which
was especially important in the MHP. Recognition of ele-
ment remobilization, particularly Li and Cs, in the MHP
associated with metamorphic overprinting may bear impor-
tant implications towards mineral exploration for LCT peg-
matite in other strongly metamorphosed terranes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-023-01176-w.
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