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ARTICLE INFO ABSTRACT

Keywords: Metamorphosed Zn-Pb deposits can host significant amounts of critical metals, but their enrichment and source
Briartite ) are often not well understood. The Black Angel district in central West Greenland hosts several marble-hosted
Zn-Pb deposit Paleoproterozoic Zn-Pb occurrences, including the Black Angel mine. The sphalerite-pyrite-galena dominated
Remobilization

massive sulfides in the district host briartite, a rare Cu-thiogermanate mineral. Detailed petrographic studies,
electron microprobe and laser ablation-inductively coupled plasma-mass spectrometry and micro-XRF-mapping
were applied to breccia-hosted massive sulfide from the South Lakes Glacier prospect in the Black Angel district
to study the formation of briartite and the distribution of Ge in the ore. Whole rock analyses reveal Ge grades of
120 ppm in the ore. Briartite, occurring as clusters of pm-sized grains, as well as anhedral grains of up to three
millimeters in diameter, formed by precipitation from Cu-Ge-bearing hydrothermal fluids coevally with Ge-rich
chalcopyrite and is the main host for Ge. Unusually Ge-rich phengite and quartz post-dating briartite reflect a
shift in Ge behaviour from sulfide-hosted to silicate-hosted. The epigenetic ore assemblage was overprinted by
metamorphism leading to solid-state and dissolution-precipitation sulfide remobilization as well as the formation
of a syn-metamorphic ore stage. Remobilization led to widespread sulfide breccia formation at South Lakes
Glacier. Biotite and graphite geothermometry reveal peak metamorphic temperatures of ~500°C.

Critical metals
Syn-metamorphic
Rinkian

1. Introduction commonly occurs as traces in various deposit types but is rarely highly
concentrated, though it may occur in discrete, highly Ge-enriched
phases in some deposit types, mainly in KPT deposits, but also volca-

nogenic massive sulfide and epithermal deposits (Intiomale and Oos-

Germanium (Ge) is a metalloid listed as critical raw material by the
European Union and the United States of America (European Commis-

sion, 2020; U.S. Geological Survey, 2024). It is widely used for high-tech
applications such as fiber optic cables, infrared optics, solar applications
and polymerization catalysts. Germanium is a frequently unreported
and overlooked trace element which contributes to a lack of reliable
bulk geochemical data, even within larger ore deposits (Holl et al.,
2007). Germanium has an average crustal abundance of 1.5 ppm, is
mainly produced as a by-product from coal fly ash and Zn-Pb mining. It
is concentrated in carbonate-hosted Mississippi Valley-type (MVT) and
Kipushi-type (KPT) deposits, as well as clastic-dominated Zn-Pb deposits
(Paradis, 2015; Shanks et al., 2017; Torré et al., 2023). Germanium

terbosch, 1974; Kampunzu et al., 2009; Melcher, 2003; Paar and Putz,
2005; Vikentyev et al., 2016; Wagner and Monecke, 2005). In unde-
formed MVT deposits and vein-type Zn-Pb deposits, Ge is dominantly
hosted in the sphalerite crystal lattice (Belissont et al., 2014; Torré et al.,
2023). Germanium contents may reach up to 3000 ppm Ge in various
sphalerite types, from acicular to euhedral undeformed crystals
(Belissont et al., 2014; Bernstein, 1985; Luo et al., 2022). Several sub-
stitution mechanisms have been proposed to explain Ge incorporation in
sphalerite, e.g. direct substitution of Ge** for Zn?" or coupled substi-
tution with monovalent cations such as Cu'™ and Ag™ or divalent cations
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like Pb%t and Mn?t (Belissont et al., 2014; Belissont et al., 2016;
Cugerone et al., 2021; Liu et al., 2023; Luo et al., 2022). In KPT and
epithermal deposits, Ge is mainly hosted by (Cu-)thiogermanates, such
as briartite [Cug(Fe,Zn)GeS4], renierite [(Cu,Zn);1(Ge,As)2Fe4S16], ger-
manite [CujsFeyGeyS16], germanocolusite [Cuj3V(As,Ge)sSi6] and
argyrodite [AggGeSg] (De Vos et al., 1974; Geier and Otteman, 1970;
Intiomale and Oosterbosch, 1974; Melcher, 2003; Melcher et al., 2006;
Paar and Putz, 2005) which are thought to form from Ge-bearing hy-
drothermal fluids with a high sulfidation state (Bernstein, 1985; Kam-
punzu et al., 2009; Melcher, 2003). In metamorphosed Zn-Pb deposits
recrystallisation and remobilization can have a significant impact on the
distribution of critical and trace elements, including Ge (Cugerone et al.,
2020; Fougerouse et al., 2023; Tiu et al., 2021). The occurrence of
accessory Ge-phases (e.g. briartite) in deposits of the Pyrenean Axial
Zone has been linked to dynamic recrystallisation of sphalerite
(Cugerone et al., 2018).

Recently, briartite was reported from the former Black Angel mine,
where it is found in association with sphalerite (Horn et al., 2019). The
Black Angel mine in central West Greenland, active from 1973 to 1990,
produced 11.2 Mt with 12.3 % Zn, 4.1 % Pb and 29 ppm Ag from ten
marble-hosted ore bodies (Thomassen, 2003). While major base and
precious metals contents were reported during production times (van
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der Stijl, 1990), the critical element distribution was never evaluated.
New whole rock data of massive sulfide ore from the South Lakes Glacier
occurrence in the Black Angel district show mean Ge grades of 120 ppm
and mean Ga grades of 130 ppm (Supplementary Table 1), indicating a
significant, previously unrecognized Ge and Ga endowment, and making
Black Angel an ideal place to study the formation of Ge-bearing Zn-Pb
deposits. The formation of discrete Ge phases is not well understood, but
knowledge of these processes is vital for future exploration and exploi-
tation efforts. Like many other Zn-Pb or polymetallic districts (e.g.
Broken Hill, Red Dog or Mt. Isa) the Black Angel district has been subject
to deformation and metamorphism (Horn et al., 2019; Partin et al.,
2021; Pedersen, 1980; Pedersen, 1981). Formation of briartite in the
Black Angel district may therefore either be related to metamorphic
recrystallisation and remobilization, as in the Pyrenean deposits, or may
have formed by direct precipitation from Ge-bearing hydrothermal
fluids. While the Black Angel mine itself is now inaccessible, the South
Lakes Glacier occurrence within the district offers the chance to char-
acterize the deformation processes affecting the ore and mechanisms of
briartite formation.

Metamorphic conditions at Black Angel are not well constrained but
are vital for understanding potential processes affecting the ore. This
study aims at better constraining: (1) formation of discrete Ge minerals
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in Zn-Pb deposits; (2) genesis of mineralization at South Lakes Glacier
and in the Black Angel district; and (3) the metamorphic temperature
conditions in the Black Angel district by investigating petrography and
mineral chemistry of sulfides and micas using electron microprobe
analysis (EMPA), laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) and micro-XRF mapping. Multiple geo-
thermometers were applied to determine metamorphic temperature
conditions At South Lakes Glacier.

2. Geological setting
2.1. The Karrat Group and Rinkian Orogen

The Black Angel district is located between Nuussuaq peninsula and
the Karrat Fjord of central West Greenland (Fig. 1A). It is dominated by
Paleoproterozoic metasedimentary and metavolcanic rocks of the Karrat
Group, which unconformably overlie the Archean Rae craton (Guarnieri
et al., 2022; Henderson and Pulvertaft, 1987). The Karrat Group was
deposited between ca. 2000 Ma and 1850 Ma (Guarnieri et al., 2023).
The lower Karrat Group consists of marble and clastic metasedimentary
rocks of the Marmorilik Formation and the laterally equivalent Qaar-
sukassak Formation (Fig. 1B; Guarnieri and Baker, 2022; Guarnieri
et al., 2022). This is overlain by metagraywacke and metapelite of the
Nikavsak Formation and intercalated amphibolite of the Kangilleq
Formation (Fig. 1B; Grocott and McCaffrey, 2017; Henderson and Pul-
vertaft, 1987; Partin et al., 2024). The Black Angel district is part of the
Rinkian Orogen, an Andean-type orogen linking western Greenland and
Baffin Island which is considered part of the Trans-Hudson Orogen
(Grocott et al., 2023; Guarnieri et al., 2023). Peak metamorphism was
dated at ca. 1830——1810 Ma on apatite and detrital zircon (Kirkland
et al., 2017; Thrane, 2021). Sidgren et al. (2006) report 40Ar 39y
cooling ages ranging from 1795 + 3 to 1782 + 3 Ma for hornblende
from Archean rocks of the southern Rinkian Orogen. Kirkland et al.
(2017) provide titanite U-Pb ages of 1768 + 8 Ma reflecting meta-
morphic crystallization. The rocks of the Karrat Group occur in a fold-
and-thrust belt thought to represent an inverted back-arc basin associ-
ated with arc-continent collision (Grocott et al., 2023; Guarnieri et al.,
2023; Partin et al., 2024). The deformation history of the southern
Rinkian Orogen is complex and controversial. Grocott et al. (2023)
identify three regional deformation events in the southern Rinkian
Orogen: (1) eastward thrusting with close to tight folding beginning at
ca. 1870 Ma (D); succeeded by (2) subsequent westward, thick-skinned
inversion tectonics reworking older structures (D) between 1830 and
1820 Ma; and (3) continued high-temperature deformation associated
with N-S shortening by bivergent detachment folding and thrusting at
ca. 1820 -1810 Ma (D3) (Fig. 2). Thus, Dy and D3 of Grocott et al. (2023)
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coincide with available ages for peak metamorphism. Guarnieri et al.
(2023) report one collisional stage leading to regional Rinkian meta-
morphism between 1830-1800 Ma with folding and thrusting post-
dating the regional metamorphism (Fig. 2). However, Guarnieri and
Baker (2022) describe two deformation events affecting the Black Angel
area: (1) the first event is characterized by NNE-SSW oriented maximum
horizontal stress and SW-ward thick-skinned thrusting (D;); and (2) a
second stage of brittle deformation caused the inversion of pre-existing
normal faults during NW-SE compression, with SE-ward propagation, re-
folding and breaching of previous thrust contacts (D3) (Fig. 2). This
study follows the D; and Dj classification of Guarnieri and Baker (2022).

2.2. The Black Angel district

The Zn-Pb occurrences of the Black Angel district are hosted by the
Marmorilik Formation consisting of calcitic and dolomitic marble with
intercalated graphitic metapelite and chert (Fig. 3; King, 1983). The
Marmorilik Formation is divided into two tectonostratigraphic units
separated and tectonically stacked by the Nunngarut thrust (Fig. 3;
Guarnieri et al., 2022): (1) the South Lakes Unit forms the footwall and
consists of a basal quartzite member overlain by quartz- and tremolite-
bearing dolomite marble, pure dolomite marble, minor calcite marble
and graphitic metapelite (King, 1983; Pedersen, 1978); and (2) the Black
Angel Unit in the hanging wall contains banded and massive calcite
marble, minor dolomite marble with locally preserved stromatolitic
textures and intercalated graphitic metapelite. Marble commonly con-
tains anhydrite and scapolite, interpreted as metamorphic relics of
evaporites (Rosa et al., 2023), and vuggy zones in ore-bearing horizons
of the Black Angel mine that potentially represent leached evaporites
(Harris, 1986). In the South Lakes area, N-S to NE-SW trending syn-
sedimentary, listric normal faults are prominent, that were reactivated
and inverted during (D2) (Fig. 3; Guarnieri and Baker, 2022).

The Black Angel mine consists of ten ore bodies: Angel, Cover,
Tributary, V16, I, I South, Banana, Deep Ice, Nunngarut 1 and Nunn-
garut 2 (Fig. 3). Angel and Cover are the largest ore bodies containing
around 78 % of the total ore (van der Stijl, 1990). These ore bodies are
hosted by calcite marble of the Black Angel Unit (Fig. 3) and form flat-
lying sheets up to 600 m wide, 1000 m long and 0.5 — 35 m thick
(Pedersen, 1981). These sheets occur in the core of roughly WNW-ESE
trending isoclinal folds and are subparallel to the S; foliation of the
marble (Pedersen, 1980). The Angel orebody was metamorphosed and
deformed during D; (Guarnieri and Baker, 2022) showing isoclinal to
tight folding with E-trending fold axis, southward thrusting with thrust
sheets subparallel to the ore body and N-vergent open to tight folding
with fold axes trending 90-125° (Pedersen, 1980). Four ore textures are
distinguished in the Angel ore body (Pedersen, 1980): (1) “banded ore”
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Fig. 2. Comparison of available age data and interpretations of deformation history of the Karrat area (Sidgren et al., 2006; Kirkland et al., 2017; Thrane, 2021;
Guarnieri and Baker, 2022; Grocott et al., 2023; Guarnieri et al., 2023; Saintilan et al., 2024).
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Fig. 3. Geological map of the Black Angel district in central West Greenland with surface projection of orebodies of the Black Angel mine and further Zn-Pb oc-

currences (modified after King, 1983; Thomassen, 2003; Guarnieri et al., 2022

with alternating mm- to cm-thick bands of pyrite and sphalerite-galena
interpreted as syngenetic and primary ore texture (Pedersen, 1980;
Partin et al., 2021); (2) sphalerite-galena dominated “massive ore”
thought to have formed from banded ore by homogenization due to
deformation; (3) “porphyroclastic ore” with cm-sized, rounded pyrite in
fine-grained sphalerite-galena matrix; and (4) coarse-grained “remobi-
lized ore” in the northern part of the orebody.

The ore is dominated by sphalerite, galena and pyrite with minor
amounts of chalcopyrite and other sulfides (Pedersen, 1980; Horn et al.,
2019). Saintilan et al. (2024) determined a Re-Os age of 1884 + 35 Ma
for pyrite from the massive ore of the Angel ore body and a Re-Os age of
1828 + 17 Ma for pyrite in metapelite wallrock. The deposit has been
interpreted as MVT deposit based on Re-Os data, meta-carbonate host
rock and the presence of meta-evaporite (Hughes, 1982; Partin et al.,
2021; Rosa et al., 2023; Saintilan et al., 2024). Horn et al. (2019)
interpret the Black Angel deposit as KPT deposit based on the occurrence
of briartite, high fluid temperatures and syn-tectonic mineralization.

Outside the Black Angel mine, several sulfide occurrences hosted by
both the Black Angel Unit and the South Lakes Unit have been mapped
throughout the district, namely South Lakes Glacier, G, Ark, Wedge and
Meyers (Fig. 3). The most prominent massive sulfide occurrence is the
South Lakes Glacier prospect at the edge of the inland ice, where sulfide
mineralization occurs over several hundred meters. The mineralization
at South Lakes Glacier is dominated by massive sulfide breccias similar
to the “porphyroclastic ore” of the Angel orebody and is hosted in folded
and foliated dolomite marble (Fig. 4). The South Lakes Glacier occur-
rence is located in roughly NNE-SSW oriented D; fold structures and is
the focus of this study.

).
3. Methodology

Nine representative hand samples of the mineralization and its host
rocks were collected during field work at South Lakes Glacier. Petrog-
raphy of ore and host rock was investigated with transmitted and re-
flected light microscopy, as well as scanning electron microscopy and
cathodoluminescence on 29 polished thin sections (Supplementary
Table 1).

3.1. Electron microprobe analysis (EMPA)

Major element composition of sulfides was determined using a JEOL
JXA-8230 electron microprobe at the Petrology and Mineral Resources
Group at the University of Tiibingen. The analyzed elements are Zn, Pb,
Ag, Cu, Fe, S, Sn, As, Sb, Mn, Cd, Te, Se, Bi and Ge (Supplementary
Table 2). Analyses were conducted in wavelength-dispersive mode with
an acceleration voltage of 25 kV, a probe current of 20nA and with a
beam diameter of 5 um. Counting times for major elements were 16/8 s
(peak/background) and 30/15 s for minor elements. An internal overlap
correction for Bi to Ge with a factor of 0.0023 was applied. Phi-Rho-Z
(PRZ) correction was applied to all sulfides for data processing. Sul-
fide analyses with totals outside the 100 + 2 w% range were rejected.

Major element composition of biotite and phengite was determined
with the same equipment. Analyzed elements are Na, Mg, F, Si, Al, K, Cl,
Ca, Ti, Ba, Fe and Mn (Supplementary Table 2). Analyses were con-
ducted in wavelength-dispersive mode with an acceleration voltage of
15 kV, a probe current of 20nA and focused beam with a diameter of 5
um. Counting times for major elements were 16/8 s (peak/background)
and 30/15 s for minor elements. Internal overlap correction of Ba to Ti,
Ti to Ba and F to Fe were applied (Supplementary Table 2). PRZ
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e s Iﬁde breccia

Fig. 4. Field photographs of sulfide mineralization at the South Lakes Glacier prospect. A) Sulfide breccia with rotated marble clasts floating in sphalerite matrix.
Note isoclinal folds in the clasts. B) Sulfide breccia appearing subparallel to the regional S; foliation in the outcrop surface clearly crosscuts the foliation in this three-
dimensional exposure. Orientation of S; foliation in marble is 211/64 (dip direction/dip). Arborescent propagation of brown sphalerite replacement veins cross-
cutting marble. C) Thin sulfide breccia vein (210/42 dip direction/dip) subparallel to S; foliation of marble (207/30 dip direction/dip). A piercement vein crosscuts
marble foliation at right angle. D) Sphalerite vein and sphalerite-filled tension gashes crosscutting foliation. Tension gashes have a N-S to NW-SE orientation.

correction was applied for data processing. Results of electron micro-
probe analyses are available in Supplementary Table 3.

3.2. Whole rock analysis

Whole rock analysis was conducted for three massive sulfide samples
(Supplementary Table 1). The major element composition was deter-
mined by Optical Emission Spectroscopy (OES) and Carbon-Sulfur
Analysis. The samples were digested using a microwave assisted pro-
cedure. First, 4 mL HNO3 (65 %, subboiled), 2,5 mL HCI (32 %, supra-
pur), 1 mL HF (48 %, p.A.) were added to 100 mg of milled sample
material. The mixture was heated stepwise to 220 °C and held at tem-
perature for 30 min. Then, 5 mL of boric acid were added. During
heating, the fluorides are redissolved. The final residue was dissolved in
50 mL of ultrapure water. The major element concentration in the digest
was measured with a Thermo Fisher ICP-OES iCap 7000 in a radial or
axial mode. All samples were prediluted to minimize interferences and
assure an optimal measurement range. The certified reference materials
GRX-4 (copper mill-head powder, USGS), GRX-5 (soil powder, USGS)
and TUBAF (Pb-Zn-sulfide ore, house standard) were repeatedly
measured to determine precision and accuracy of the measurements.
Furthermore, blanks and duplicates were added to the analysis protocol.
The total carbon and sulfur of the bulk rock material was determined
using an Eltra CS 2000 Carbon-Sulfur Analyzer. Powdered material was
heated to 2000 °C in an induction furnace with added Fe chips and W
granules. Released CO2 and SO, were quantified via IR spectrometry

after passing through several traps to ensure dust and HyO removal. A
steel standard (92400-3050; Eltra) and a barium sulfate standard
(90821; Eltra) were used as reference materials to monitor analytical
precision (<0.3 % for carbon, <0.6 % for sulfur).The trace element
geochemistry was determined with Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) using a Thermo Fisher Scientific iCap RQ with
helium as collision gas on the same digest. The certified reference ma-
terials CRM-TMDW-A (High-Purity standards, Inc.), TUBAF, GXR-4 and
EMS-1 (metalliferous shale, GeoPT) were used for quality assurance.
Argon gas flows were as follows: nebulizer gas flow 0.88 L/min, auxil-
iary gas flow 0.68 L/min, and cooling gas flow 13 L/min.

3.3. Raman spectroscopy of graphite

Raman spectra were collected with a Bruker Senterra Raman mi-
croscope at KIT, using a depolarized green laser at 532 nm wavelength
and 2 mW power. Spectra were collected over a range of 70 — 2740 cm
with a resolution of 3 — 5 cm . Measuring time was 60 s (integration
time 6 s with 10 co-additions). The samples were cut parallel to foliation.
Sample polishing can have a significant effect on the crystal structure of
graphite, and thus on the resulting Raman spectra (Beyssac et al., 2003).
To avoid such mechanically modified grains, the laser was focused only
on grains located beneath the sample surface covered by adjacent
transparent minerals. The Raman spectra were evaluated using the
IFORS software following the automated approach by Liinsdorf and
Liinsdorf (2016) and Liinsdorf et al. (2017) minimizing user-introduced
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uncertainties. 45 spot measurements on 7 graphite grains were con-
ducted and a median temperature calculated for each grain
(Supplementary Table 4).

3.4. Laser ablation inductively coupled mass spectrometry (LA-ICP-MS)

Trace element composition of sulfides was measured in situ by LA-
ICP-MS using a Teledyne 193 nm Excimer Laser coupled to an Ther-
moScientific Element XR sector field ICP-MS at KIT with spot sizes
ranging from 25-40 um, laser frequency of 10 Hz, fluence of 5 J/cm?, He
flow of 0.3 1/min (cell), 0.2 1/min (cup) and Ny flow 12 ml/min. A gas
blank was analyzed for 20 s for each spot, followed by 20 s of ablation.
The analyzed isotopes are 47T, 51y, 55Mn, >"Fe, >°Co, °°Ni, ®3Cu, ®0Zn,
69Ga, 71Ga, "2Ge, 73Ge, "Ge, 75As, 78Se, %Mo, 17Ag, 111cd, 113, 1151n,
lisg 121gp, 1257¢ 137p, 197y 202(g 205T| 208p}, and 299Bi. For Ge
concentration “2Ge is used as main Ge isotope. For calibration the
standards Mul-ZnS-1 (main standard; Onuk et al., 2016), MASS-1
(Wilson et al., 2002), UQAC-FeS-1 (LabMaTer, UQAC), UQAC-FeS-4
(LabMaTer, UQAC) and NIST612 (Wise and Wattens, 2012a) were
used. Standards were analyzed at the start of the sequence and after
every 40 sample spots. EMPA data of Cu (briartite, chalcopyrite, ten-
nantite), Fe (pyrite, arsenopyrite), Zn (sphalerite) and Pb (galena) was
used for internal calibration. For spots without available EMPA data
(marked by asterisk in Supplementary Table 5), median contents of the
respective elements and minerals of the EMPA dataset were used for
internal calibration. Data reduction was conducted using the Iolite 3DRS
plugin v.4.8.3 (Paton et al., 2011). Only flat intervals of the time count
signal were considered for data reduction, but microinclusions could not
always be completely avoided (e.g., Cu in sphalerite due to chalcopyrite
disease). Due to isobaric interference of 1'°Sn on '°In and '3Cd on
131y indium values in Sn- and Cd-rich minerals such as briartite are
possibly overreported. Trace element concentrations of ore-hosted
phengite and quartz was analyzed with the same equipment using a
spot size of 35 um, laser frequency of 10 Hz, fluence of 7.48 J/cm?, He
flow of 0.3 1/min (cell) and 0.2 I/min (cup), as well as Ar flow of 0.9 1/
min and N5 flow of 9 ml/min. The standards NIST612 (main), NIST614
(Wise and Wattens, 2012b), BIR-1G, BHVO-2G, and BCR-2G (all USGS)
were used for calibration. For internal calibration the median Si content
(48.02 wt%, EMPA data, Supplementary Table 3) was used for ore-
hosted phengite and the ideal stoichiometric Si content of 46.74 wt%
was used for quartz. The full dataset is available in Supplementary
Table 5. Trace element concentrations are reported as median =+ stan-
dard deviation.

3.5. Micro-XRF scanning

Micro-XRF (EDX) scanning of thin sections was carried out using a
Bruker Tornado M4 micro-XRF at the Micro Analytical Laboratory of the
Department of Applied Geochemistry at the Technical University of
Berlin. An amplifying time per analysis spot of 30 ms, an acceleration
voltage of 50 kV, a beam current of 600 pA and a beam size of 20 ym
(spot distance 20 pm) were used for analysis. Data was processed with
the M4 Tornado software. Resulting element maps are available in
Supplementary Fig. 1.

4. Petrography
4.1. Host rocks

Host rocks to the mineralization at South Lakes Glacier consist of
dolomite marble and metapelite. The marble is strongly foliated (S;)
with pronounced parallel layering striking roughly NW-SE (Fig. 4) and
isoclinal folds. Dolomite is commonly granoblastic and shows shape
preferred orientation with grain sizes of mostly 10 - 200 pm
(Supplementary Fig. 2A, 2C). Twins are common (Supplementary
Fig. 2B). Thin graphite schlieren are common in the marble,
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emphasizing the parallel layering (Supplementary Fig. 2C). Graphite
forms thin flakes of 1—10 pm length with shape-preferred orientation.
Calcite and pyrite occur as minor accessory phases. The marble is
intercalated with meter-wide bands of fine grained, dark, graphitic,
schistose metapelite consisting of quartz, phlogopite, phengite, alkali
feldspar, graphite, pyrite and rutile (Supplementary Fig. 2D-F). Shape
preferred orientation of phlogopite and phengite defines the foliation of
the metapelite (S;).

4.2. Ore textures at South Lakes Glacier

The mineralization at South Lakes Glacier is dominated by coarse,
polymict, matrix-supported, chaotic to mosaic breccias with a massive
sphalerite-dominated sulfide matrix and abundant angular to sub-
rounded clasts (Fig. 4A-B). The clasts, consisting mainly of dolomite
marble with minor amounts of metapelite and quartz aggregates,
constitute a significant volume (20 — 25 %) of the massive sulfide ore
(Fig. 4A-B). The clasts are between 1 — 50 cm in size with strong S;-
foliation, chaotic 3D orientation and strong internal deformation in the
form of isoclinal to tight folds (Fig. 4A). Thin sulfide veinlets are
emplaced along axial traces of isoclinal folds in clasts. The irregular
sulfide breccia bodies crosscut S; foliation of the surrounding marble
(Fig. 4B) and show tectonic thickening in fold hinges, forming saddle
reef structures.

In addition to the breccia, mineralization occurs as extensional veins
replacing marble along foliation planes, piercement veins and tension
gashes (Fig. 4B-D). Arborescent sphalerite veins commonly extend from
the sulfide breccias replacing surrounding marble (Fig. 4B). The orien-
tation of the extensional veins is WNW-ESE (Fig. 4B-C, Rosa et al., 2023)
and the tension gashes show a N-S to NE-SW trend (Fig. 4D), both
consistent with D; NNE-SSW compression (Guarnieri and Baker, 2022).
The sulfide breccia and associated vein mineralization post-date the
onset of S; foliation and folding as evidenced by crosscutting relation-
ships, clast foliation and clast-internal folds.

The main ore constituents are sphalerite, galena and pyrite, whereas
chalcopyrite, arsenopyrite, tennantite, and briartite occur as minor
sulfide phases (Fig. 5). Dolomite is the main gangue phase, with
graphite, quartz, phengite, alkali feldspar, chlorite, calcite, rutile and
apatite occurring as minor phases (Fig. 5). The mineralogy is more
diverse than in the Black Angel mine (Horn et al., 2019). Four stages of
mineralization were observed at South Lakes Glacier based on textures
and spatial distribution (Fig. 5). Stage I is the main mineralization event
and includes the major sulfides sphalerite, galena and pyrite, as well as
briartite (Fig. 5). Stage I was affected by the main deformation event D;.
Stage II post-dates D; and is spatially limited. Stage III consists of galena
and chalcopyrite fracture fills formed during the second deformation
event Dy post-dating stages I and II (Fig. 5). Stage IV consists of the
supergene minerals anglesite, cerussite, covellite, goethite and smith-
sonite replacing primary ore minerals (Fig. 5). There is no observed
difference in paragenesis between the studied samples.

4.3. Sphalerite

Sphalerite is the most common sulfide mineral and forms the matrix
of the prevalent sulfide breccia (Fig. 4A, 6A-B). It is bright brown in
outcrop and creamy yellow in transmitted light (Fig. 6A). Sphalerite
mostly shows grain sizes of 100 — 600 um but individual grains can reach
up to 1 mm (Fig. 6C, 6H). Grains are anhedral showing a granoblastic
amoeboid to granoblastic polygonal texture (Fig. 6C, 6E-F). Annealing
twins are common (Fig. 6C, 6F, 6I). Deformation twins (Fig. 6G) and
grain boundary bulging (Fig. 6H) occur occasionally. Sphalerite
commonly occurs as roundish growth inclusions and embayments in
pyrite-1 and pyrite-2 (Figs. 6I-J, 7D-E), and less commonly as irregular
inclusions in dolomite and briartite (Fig. 8L). It can be found as crack-fill
in pyrite-2 fractures together with galena and chalcopyrite-1. In several
samples, sphalerite is fine-grained with grain sizes of 10 — 50 pm
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Fig. 5. Paragenetic sequence of the mineralization at South Lakes Glacier. The paragenesis is divided into four stages. Stage I corresponds to an epigenetic stage. It is
affected by brittle-ductile deformation of D; resulting in sulfide remobilization. Stage II formed during D; and is affected in turn by D,. Stage III consists of sulfides

remobilized during D, and stage IV comprises late supergene minerals.

(Fig. 6E). These smaller grains show granoblastic polygonal texture and
abundant annealing twins. Domains of finer-grained sphalerite coincide
with more rounded pyrite-2 (Fig. 6D). In these domains larger sphalerite
grains are preserved in pyrite growth embayments and in D; pressure
shadows of pyrite (Fig. 61).

4.4. Galena

Galena etched with a thiourea solution reveals a highly variable
grainsize distribution from 50 pm to almost 2 mm. All galena grains are
strongly granoblastic polygonal with 120° triple junctions (Fig. 7A).
Galena forms coarse-grained aggregates and veinlets crosscutting
sphalerite. Galena displays negative cuspate to curvilinear, corroded
grain boundaries with sphalerite (Fig. 7A-B), but also with pyrite-2 and
briartite, which can occur as rounded clasts in galena veinlets. It
commonly exhibits cusp-and-caries replacement texture with sphalerite
(Fig. 7B) and tends to accumulate in strain shadows of pyrite or wallrock
clasts (Fig. 6D). It can also be found as injection veins in wallrock clasts
along dolomite grain boundaries, and as small-scale fracture-fills in most
other minerals, most notably in pyrite (Fig. 6K), tennantite (Fig. 7G, 71),
briartite (Fig. 8B, 8I) and sphalerite (Fig. 8B, 8E). Galena occurs as
growth inclusions in pyrite-1 and pyrite-2 (Fig. 7F).

4.5. Chalcopyrite

Chalcopyrite is significantly less abundant than sphalerite, galena
and pyrite. Chalcopyrite-1 is anhedral and ranges from 5 — 150 um in
size. It occurs as scattered grains in sphalerite (Fig. 7B), as grain trails
(Fig. 8D) or as clusters in sphalerite (Fig. 7C). It also forms small, round
inclusions in pyrite-1 and pyrite-2 (Fig. 7D), fills fractures in pyrite-2,
and occurs in strain shadows of pyrite-2 and wallrock -clasts.
Chalcopyrite-1 often occurs together with and is locally intergrown with
briartite (Fig. 8A). Chalcopyrite-2 is solely found in spatial association
with arsenopyrite in galena veinlets and is intergrown with both arse-
nopyrite and galena (Fig. 7H, 71). It forms anhedral grains of 50 — 200

um. Fractures of tennantite-1 are locally filled by chalcopyrite-2
(Fig. 7).

4.6. Briartite

Briartite [Cua(Zn,Fe)GeS4] occurs in half of the ore samples and is
more abundant at South Lakes Glacier compared to the Black Angel
mine. Two different textures are distinguished: Type I briartite forms 50
um to 3 mm large anhedral to subhedral grains or sub- to euhedral ag-
gregates (Figs. 6B, 8B). Some type I grains are rounded to oval in
sphalerite or galena matrix (Fig. 8C). Type II consists of anhedral, partly
round to oval, <1 — 20 pm-sized grains occurring as clusters or isolated
grains within sphalerite (Fig. 8D-G). Type II briartite grain clusters often
resemble watermelon-type chalcopyrite disease (Figs. 7C, 8E).

Common micro-textures of type I briartite are growth and annealing
twins (Fig. 8J, 8H). Larger grains locally have rims of smaller grano-
blastic grains growing at the expense of the larger grain (Fig. 8H). These
recrystallized grains show grain boundary bulging recrystallization,
120° triple junctions, annealing twins and alignment along rims of
parent grains (Fig. 8H). Type I briartite is riddled with round to elongate
sphalerite, chalcopyrite and, less abundantly, tennantite inclusions
(Fig. 8B, 8K, 8L). These inclusions follow crystallographic orientations
of the host grain including twin planes. They show bimodal grain size
distribution with a population of < 1 um and a second population of 4 —
20 pm. The tennantite inclusions are 2 — 20 ym but are difficult to
identify in the briartite matrix due to inconspicuous color. Some of the
chalcopyrite inclusions show a core of elongate, worm-like sphalerite
(Fig. 8K). The inclusions are crosscut by galena-filled fractures (Fig. 8I).
Briartite grains occasionally exhibit flame-like exsolution patterns
perpendicular to inclusion trails (Fig. 8K, Supplementary Fig. 3). This
exsolution pattern is crosscut by the sphalerite, chalcopyrite and ten-
nantite inclusions. Much larger, round to irregular growth inclusions of
sphalerite, galena and dolomite do not follow crystallographic orienta-
tion (Fig. 8L). Type I briartite with abundant sphalerite inclusions occurs
as inclusions in pyrite-2. Type II briartite grains do not show any
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Fig. 6. Transmitted light thin section scans and reflected light microphotographs of sphalerite textures. Sphalerite in microphotographs C + E-I is etched with sodium
hypochlorite [NaClO]. A) Thin section scan with yellow sphalerite (Sp) and dolomite (Dol). Pyrite and galena appear black. TL, PPL. Sample 561730B-2. B) Overview
of mineralization with sphalerite, galena (Gn), briartite (Btt) and pyrite-2 (Py-2). RL, PPL. Sample 561732G. C) Coarse-grained, blocky sphalerite with subhedral
pyrite-2. RL, PPL. Sample 561730B. D) Rounded pyrite-2 grain with galena accumulation in its pressure shadow. RL, PPL. Sample 561733. E) Fine-grained, equant,
granoblastic sphalerite with abundant annealing twins. RL, PPL. Sample 561733. F) Annealing twins and 120° triple junctions in granoblastic sphalerite. RL, PPL.
Sample 561731A. G) Thin, tapered and bent deformation twins in sphalerite. RL, PPL. Sample 561732A. H) Corse sphalerite grain with grain boundary bulging. RL,
PPL. Sample 561730B. I) Coarser grained sphalerite preserved in pyrite-2 embayment, whereas sphalerite outside is fine grained. RL, PPL. Sample 561733. J)
Anhedral to subhedral, poikilitic pyrite-2 grains overgrowing sphalerite. RL, PPL. Sample 561732I. K) Large, abraded and fractured pyrite-2 grain. Galena-1 (Gn-1)
fills the fractures. RL, PPL. Sample 561733.
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Fig. 7. Microphotographs of sulfide textures in reflected light. A) Coarse-grained, granoblastic galena (Gn). Galena was etched with a thiourea solution. RL, PPL.
Sample 561730A-2. B) Cusp-and-caries replacement texture of remobilized galena and sphalerite (arrows). RL, PPL. Sample 561732B. C) Watermelon-type chal-
copyrite disease in sphalerite (Sp). RL, PPL. Sample 561732F. D) Large, anhedral pyrite grain with inclusion-rich pyrite-1 (Py-1) core and inclusion-poor pyrite-2 (Py-
2) rim. RL, PPL. Sample 561732A. E) Impingement cracking in pyrite-2 grains. RL, PPL. Sample 561730B. F) Sphalerite and galena filled 120° triple junctions in
aggregate of annealed pyrite-2 grains. RL, PPL. Sample 561730B. G) Arsenopyrite (Apy), tennantite-1 (Tnt-1) and tennantite-2 (Tnt-2) intergrown with remobilized
galena. Tennantite-1 shows thin galena-filled Dy-related fractures. RL, PPL. Sample 561732B. H) Arsenopyrite intergrown with chalcopyrite-2 and remobilized
galena. RL, PPL. Sample 561732E. I) Tennantite-1 showing Do-related fractures filled with either chalcopyrite or galena. Chalcopyrite-2 is intergrown with arse-

nopyrite and remobilized galena. RL, PPL. Sample 561732B.

inclusions (Fig. 8D-G). Twins and exsolution patterns are also absent.
Briartite is intergrown with chalcopyrite-1 (Fig. 8A). Type II also occurs
together with chalcopyrite-1 in grain trails, locally replacing chalcopy-
rite (Fig. 8D). It has been observed in sphalerite inclusions within pyrite-
1 (Fig. 8G).

4.7. Pyrite

Pyrite grain size ranges from 100 um to 2 mm but is mostly around 1
mm. Pyrite-1 occurs as relict cores overgrown by a rim of pyrite-2
(Fig. 7D). Grains with pyrite-1 cores are rare. Nearly all pyrite grains

are poikilitic with abundant sphalerite inclusions (chadacrysts) and
growth embayments along grain peripheries (Fig. 6J). These inclusions
range from 50 — 400 pym in diameter. Dolomite, galena and (rarely)
briartite form inclusions in pyrite-2. Inclusions in pyrite-1 cores are
more abundant and of a greater mineralogical diversity, comprising
sphalerite, galena, dolomite, quartz, chalcopyrite and feldspar (Fig. 7D).
Pyrite-2 is anhedral to subhedral and locally shows abrasion, fracturing
and impingement cracking (Figs. 6K, 7E). Fractures are filled by
chalcopyrite-1, galena and sphalerite. Grain boundaries are usually
rugged. Where in contact with galena, grain boundaries are often
smooth and rounded. Where several pyrite grains form aggregates,
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Fig. 8. Microphotographs of briartite textures. Samples are not etched. A) Type I briartite (Btt) intergrown with coeval chalcopyrite-1 (Ccp-1). RL, PPL. Sample BA1-
B. B) Large mm-sized, sub- to anhedral type I briartite in galena (Gn) and sphalerite (Sp). Note the small sphalerite and chalcopyrite (Ccp) inclusions. Late Do-related
fractures crosscut the grain. RL, PPL. Sample 561732E. C) Rounded, abraded briartite grain (type I) with abundant small sphalerite inclusions in sphalerite matrix.
RL, PPL. Sample 561731A. D) A type II briartite grain within a trail of chalcopyrite disease in sphalerite. RL, PPL. Sample BA1-B. E) Cluster of pm-sized, anhedral type
II briartite in sphalerite matrix. A Da-fracture filled by galena crosscuts sphalerite. RL, PPL. Sample 561730B. F) Cluster of um-sized, anhedral type II briartite in
sphalerite grain. RL, PPL. Sample 561730B. G) Type II briartite and sphalerite inclusions in pyrite-1 (Py-1). RL, PPL. Sample 561730B. H) Recrystallized briartite
grains of 40 — 60 um size with 120° triple junctions occur along the edge of coarse briartite type I grain. Grain boundary bulging was observed locally. Growth twins
occur in the host grain. RL, XPL. Sample 561730A. I) Zoom-in of B. Galena-filled Do-related fractures crosscut a large type I briartite grain as well as sphalerite
inclusions therein. RL, PPL. Sample 561732E. J) Briartite (type I) with annealing twins. Twins have straight edges with local steps. RL, XPL. Sample 561730A. K)
Sphalerite, chalcopyrite and tennantite (Tnt) inclusions in a large type I briartite grain. The sphalerite and chalcopyrite inclusions have a bimodal grainsize dis-
tribution. Larger sphalerite grains are elongate and oriented. A flame-like exsolution pattern of the briartite matrix is crosscut by the inclusions. RL, PPL. Sample
561732E. L) Type I briartite grain with small sphalerite inclusions overgrowing galena, sphalerite and dolomite, forming the respective larger inclusions. RL, PPL.
Sample 561731A.

120 °C triple junctions are ubiquitous (Fig. 7F). Sphalerite and galena 5. Mineral chemistry

are observed as injections along triple junctions replacing pyrite

(Fig. 7F). Major and trace elements of sulfides and micas were analyzed. All
results, including apfu calculations, are reported in Supplementary
Table 3 (EMPA) and Supplementary Table 5 (LA-ICP-MS). The major
element data in weight percent is based on EMPA and the trace element
data in parts per million is based on LA-ICP-MS. Values are reported here
as range (min-max) and median + standard deviation. Sulfide trace
element contents are plotted in figure 9.

4.8. Arsenopyrite

Arsenopyrite forms rhombic, euhedral grains between 30 — 400 pm
(Fig. 7G = I). It is found almost exclusively in veinlets and patches of
remobilized galena. Arsenopyrite commonly shows inclusions of galena
and chalcopyrite-2 (Figs. 7G, 7H, 8F), and rarely inclusions of sphalerite

and dolomite (Fig. 8F). 5.1. Sphalerite

The Fe content of sphalerite ranges from 0.4 — 2.9 wt% (2.0 + 0.6 wt

4.9. Tennantite %) with the structural formula Zng 97Feg 04S0.99 (n = 125, EMPA). The
Cd content ranges from 2500 — 4500 ppm (3200 + 350 ppm) and the Cu

Tennantite is rare and forms large, mm-sized aggregates occurring content from 140 — 3300 ppm (180 + 110 ppm, n = 118). Several out-
solely in galena veinlets (Fig. 7G, 71). Tennantite is partially intergrown  liers with Cu values > 500 ppm are likely caused by chalcopyrite micro-
with galena, resulting in galena inclusions and growth embayments. inclusions. Manganese varies between 4 ppm and 380 ppm (220 + 70

Chalcopyrite-2, arsenopyrite and galena occur as droplet-shaped ppm) and Ga between 50 — 340 ppm (90 + 30 ppm). Mercury has con-
patches within tennantite aggregates. The large aggregates mostly tents of 30 & 30 ppm with values up to 120 ppm and Ag values are 12 +
belong to tennantite-1, which show fractures filled by chalcopyrite and 12 ppm (3 — 70 ppm). The Ge content is 5 + 5 ppm (<1 — 27 ppm) with
galena (Fig. 7G, 7I). Occasionally along tennantite-galena grain 18 % of Ge values below detection limit.

boundaries, a second generation of tennantite (Tnt-2) was observed

(Fig. 7G). Tennantite-2 grains are very small (1 — 10 ym) and forms 5.2. Galena

protuberances replacing galena.

Cadmium ranges from 500 — 1400 ppm with a median of 800 + 160
ppm (n = 74, EMPA). Silver shows contents of 180 + 35 ppm and the Cu
content is 730 + 200 ppm (n = 27). The content of Tl is 420 & 110 ppm,
whereas the As content is 60 + 40 ppm. Germanium is below the median
detection limit of 21 ppm.

4.10. Gangue minerals

The main gangue mineral is dolomite, which occurs in two genera-
tions with different textures. Dolomite-1 is abundant, forms aggregates
with widely varying grain size between ~ 50 — 800 um and commonly

exhibits recrystallization and thick intersecting sets of twins. It over- 5.3. Chalcopyrite

grows sphalerite and often occurs as inclusions in pyrite-1 and pyrite-2.

Dolomite-2 forms large, homogenous, anhedral grains and aggregates, Chalcopyrite-1 and chalcopyrite-2 show differences in trace element
that can reach a size of 3 — 4 cm. Graphite is commonly found as dark distribution. Due to small grainsize, only two analyses of chalcopyrite-1
layers in the the marble but is also found as clusters in the massive are available. Chalcopyrite-1 has a Ge concentration of 630 + 10 ppm
sulfide ore. The elongate and curved grains are mostly < 10 um in size, (n = 2), whereas chalcopyrite-2 only has a concentration of 80 + 110
larger grains are rare. Graphite often forms symplectitic intergrowths ppm (n = 17). Gallium shows a similar distribution with 270 + 10 ppm

with galena. Graphite can also be found as pockets in dolomite, and and 40 =+ 20 ppm respectively, as well as Hg with 100 & 10 ppm and 40
rarely, sphalerite. Apatite, forming small grains of 30 — 200 um, is found + 20 ppm respectively, and Sn with 460 + 10 ppm and 340 + 110 ppm

in dolomite-1 aggregates, but has also been observed in galena, sphal- respectively. Arsenic is relatively low in chalcopyrite-1 with 45 & 3 ppm
erite and pyrite-2. Phengite occurs in the massive sulfide ore in the form and much higher in chalcopyrite-2 with 1170 + 520 ppm.

of 50 — 400 um sized euhedral laths in sphalerite and galena matrix.

Phengite inclusions in pyrite-2 have been observed. Apatite and briartite 5.4. Briartite

locally occur as inclusions in phengite, and phengite and briartite are

locally intergrown as well. Quartz forms large, rounded grains of 0.5 -5 Major and trace element analysis of briartite was only conducted for
cm in diameter, visible as quartz ‘eyes’ in hand samples. These large type I briartite. The grain size of type II briartite, for which only one
grains show signs of strong abrasion. Quartz also forms 100 — 500 um EMPA analysis is available, is too small for meaningful quantitative
sized, anhedral grains and aggregates. Subgrains and subgrain rotation analysis. Briartite has a Ge content of 15.4 + 0.4 wt% and an Sn content
recrystallization are common. Foam texture has been observed in of 4.1 £ 0.5 wt% (Fig. 10, n = 76, EMPA). The composition is relatively
recrystallized grains. Chlorite forms rare aggregates of acicular, platy Fe-rich with 12.6 + 0.3 wt% Fe and 2.2 + 0.8 wt% Zn (Fig. 10, EMPA).
grains of 20 — 100 pm size and is hosted in remobilized galena. Due to the abundance of sphalerite and chalcopyrite inclusions it is not
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Fig. 10. Box-and-whisker plots of major element EMPA data (Ge, Sn, Fe, Zn, Cu) for different briartite texture types.

possible to rule out mixed analysis. The structural formula is
Cug, 01(Feg.90Zng.12)(Gey.84Sng 14)S3.99. Smaller, anhedral briartite grains
along rims of larger type I grains (Fig. 8H) have a lower Zn concentration
of 1.7 + 0.2 wt% (Fig. 10, n = 19, EMPA). Several briartite grains show
rims of different composition, with strong enrichment in Sn and deple-
tion of Ge, Fe and Cu (Fig. 10). The Sn content in these rims is 19.3 + 3.4
wt% and the Ge content is 6.2 + 2.2 wt% (Fig. 10, n = 3, EMPA). The
structural formula of these rims is Cug g1(Feg.g5Zng.12)(Sng.¢8Gep.36)
S3.95. No quantitative analysis is available for the flame-like exsolution
pattern due to its small grainsize (Fig. 8K), however they show a more
Fe-rich and Zn-poor composition than non-exsolved briartite in EDS
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mapping (Supplementary Fig. 3).

Significant trace elements in type I briartite are Cd, Ga, In, Hg, Ag
and As (n = 37). The Cd content is 3200 + 400 ppm (1800 — 3800 ppm).
Cadmium in the Sn-rich rims is lower at 1500 + 100 ppm (n = 3).
Gallium shows values of 180 + 30 ppm (140 — 300 ppm), Hg of 120 +
30 ppm (80— 190 ppm) and Ag of 25 + 15 ppm (14 - 80 ppm). However,
the high Ga content could not be reproduced by micro-XRF mapping
(Supplementary Fig. 1). Arsenic ranges from 4 — 300 ppm (15 + 60
ppm). This wide spread of As values can likely be explained by the
presence of micro-inclusions of tennantite. Indium values of 150 + 20
ppm (*31n) and 140 + 10 ppm (*5In) have been measured. Due to
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isobaric interference these In values are possibly overreported.

5.5. Pyrite

Pyrite-1 has an As content of 630 + 450 ppm (90 — 1300 ppm, n =
15), whereas pyrite-2 has significant lower values of 60 + 25 ppm (30 —
120 ppm, n = 47). The contents of other trace elements in pyrite is < 30
ppm, except for several outliers. The Ge content is 14 &+ 18 ppm (8 - 78
ppm) in pyrite-1 and 11 + 2 ppm (8 — 17 ppm) in pyrite-2.

5.6. Arsenopyrite

The As content of arsenopyrite is 42.9 + 0.5 wt% (31.1 + 0.4 at.%),
the Fe content is 34.9 + 0.3 wt% and the Se value is 0.2 + 0.02 wt% (n
= 40, EMPA). Zinc shows values of 170 + 430 ppm (<1 -2200 ppm) and
Ag values of 50 + 90 ppm (<1 —-350 ppm) (n = 23). The content of Hg is
45 + 25 ppm (20 — 110 ppm), of Cd it is 30 & 40 ppm (20 — 160 ppm)
and of Sb it is 25 + 25 ppm (<1 - 90 ppm). The In content is 10 & 3 ppm.

5.7. Tennantite

Tennantite-1 has an As content of 19.2 + 0.4 wt%, an Sb content of
0.5 + 0.5 wt% and a Ag content of 1.3 + 0.15 wt% (n = 64, EMPA). The
structural formula is (Cug94Ago.17)(Fe1.16Zn0.81)(As3.84Sbo.07Cdo.01)
(S12.985€0.02). Tennantite-2 has a lower As content of 14.3 + 1.5 wt%
but has a higher Sb content of 7.6 + 2.2 wt% and Ag content of
2.7 £ 0.6 wt% (n = 6, EMPA). The Cd content is 800 + 80 ppm and
Se content is 530 + 150 ppm (n = 6, EMPA). The structural formula is
(Cug 69Ag0.39)(Feq.04Zn0.99) (As2.97Sbg.97Cd0.01)(S12.99S€0.01). Tennantite
inclusions in briartite show As values of 18.9 &+ 0.1 wt%, Sb values of
1.1 + 0.4 wt% and Ag values of 2.1 + 0.1 wt% (n = 2, EMPA). The
formula is (Cug 70Ag0.20)(Fe1.68Zn0.50)(As3.77Sbo.14)(S12.925€0.01)-

Ge

Ore Geology Reviews 189 (2026) 107117

The trace element contents of tennantite-1 are: Cd, 600 + 150 ppm;
Se, 800 + 150 ppm; Hg, 130 + 25 ppm; and Mn, 50 + 10 ppm (n = 31).
Other trace elements like Ge, Ga, In and Sn are < 10 ppm. Due to small
grain size no trace element data is available for tennantite-2 and the
tennantite inclusions in briartite.

5.8. Phengite and quartz

The structural formula of wallrock-hosted phengite is (Ko.97Nag o3)
(Al1.74Mgo.14Fe0.06 Tio.06)(Siz.15Al0.85) O10(OH)2. The formula for
ore-hosted phengite is (Ko_ggNao_Oz)(A11‘78Mg0.11Tio_04)(Si3_23A10‘77
010[(OH)1.98F0.02]. Fluorine is below detection limit in wallrock-hosted
phengite (n = 20), but ranges from 0.03 — 0.33 wt% with a median of 0.1
+ 0.1 wt% in ore-hosted phengite (n = 52, EMPA, Supplementary
Table 3). Qualitative micro-XRF mapping revealed an association of Ge
with ore-hosted phengite and quartz (Fig. 11). Ore phengite has a Ge
content of 660 + 450 ppm ranging from 300 — 1900 ppm and a Ga
content of 250 + 200 ppm ranging from 90 690 ppm
(n = 54, Supplementary Table 5). The Cu concentration is 1 + 16 ppm
(<1 - 80 ppm).

The Ge concentration of quartz is 370 + 170 ppm (6 — 560 ppm),
with one grain showing much lower values of 13 + 2 ppm (n = 31,
Supplementary Table 5). The Ga content is 1 + 6 ppm (1 — 22 ppm).
Phengite and quartz do not contain any Ge-bearing microinclusions
(Supplementary Fig. 4).

5.9. Whole rock analysis

The sulfide breccia at South Lakes Glacier shows mean whole rock Zn
values of 27.1 4 3.5 wt% and Pb values of 6.7 &= 1.2 wt% (n = 3, ICP-MS,
Supplementary Table 1). Mean Cd values are 1700 + 210 ppm (1410 -
1940 ppm) and the Mn content is 350 + 34 ppm (298 — 373 ppm).

Si

Fig. 11. Micro-XRF scans showing the distribution of Ge, Si, Zn and K in sample 561732B. Briartite is absent in this sample. Germanium is not associated with
sphalerite (represented by Zn), which is homogeneously barren of Ge. Germanium shows an association with Si and K, corresponding to quartz (Qz, red circle) and

phengite (Ph, yellow circle).
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Copper ranges from 302 — 971 ppm (530 + 317 ppm). The mean Ga
content is 130 + 13 ppm (111 - 138 ppm) and the mean Ge content is
120 + 27 ppm (99 - 158 ppm). The mean values of Ag are 25 + 6 ppm
(19 - 32 ppm) and In values are 0.6 + 0.1 ppm (0.5 — 0.7 ppm).

6. Geothermobarometry
6.1. Graphite thermometry

Graphite hosted in dolomitic marble, as well as in sphalerite, has
been analyzed by Raman spectroscopy. Evaluation of graphite Raman
spectra with the IFORS software (Liinsdorf and Liinsdorf, 2016) yields
metamorphic temperatures ranging from 470 — 540 °C with a median of
510 + 40 °C (Supplementary Table 4, n = 45), including the random
uncertainty of graphite thermometry of 36——37 °C. The average tem-
perature of grains hosted in dolomite marble and ore is similar within
error, but only one ore-hosted grain was analyzed.

6.2. Arsenopyrite thermometry

The arsenopyrite geothermometer by Kretschmar and Scott (1976) is
applied to euhedral arsenopyrite. Textural evidence shows that arse-
nopyrite is in equilibrium with pyrite (Supplementary Table 4). Arse-
nopyrite was buffered by pyrite alone, as neither pyrrhotite nor
lollingite are present. This thermometer yields a temperature of 390 +
30 °C (Supplementary Table 4). Arsenopyrite shows an intermediate
sulfur fugacity with a mean log;ofSy of —7.2 + 1.2 (Supplementary
Table 4; Sharp et al., 1985).

6.3. Biotite thermometry

The biotite thermometer (Henry, 2005; Wu and Chen, 2015) is
calibrated for rutile- and/ or ilmenite-bearing, TiOy-saturated, graphitic
metapelite and P-T ranges of 0.1 — 1.9 GPa and 450 - 840 °C. Biotite
thermometry was applied to phlogopite from graphitic, rutile-bearing
metapelites of the Marmorilik Formation from the South Lakes Glacier
area (Supplementary Table 4). The metapelite was sampled in proximity
to, but outside of, massive sulfide mineralization. Phlogopite follows
regional S; foliation. The calculated median temperature after Wu and
Chen (2015) is 530 £ 65 °C (Supplementary Table 4, n = 67) based on a
pressure of 1.5 kbar (Pedersen, 1980). A temperature of 510 + 25 °C is
estimated after Henry (2005) (Supplementary Table 4, n = 67).

7. Discussion
7.1. Metamorphic temperature history

Temperatures reconstructed with the graphite thermometer (510 +
40 °C) together with the biotite thermometer (530 + 65 °C and 510 +
25 °C) show peak upper greenschist to lower amphibolite facies condi-
tions for Rinkian metamorphism. These results are in line with the
estimated peak temperature of ~ 500 °C for the Angel orebody based on
the metamorphic mineral assemblage (Pedersen, 1980). Microstructures
at South Lakes Glacier indicate similar peak temperatures. Dolomite
twins form at temperatures > 300 °C (Barber et al., 1981) and subgrain
rotation recrystallisation of quartz indicates temperatures of ~ 400 —
500 °C (Stipp et al., 2002). The arsenopyrite thermometer of Kretschmar
and Scott (1976) is generally considered valid for ores formed under
greenschist and amphibolite facies conditions (Sharp et al., 1985). The
thermometer yields a temperature of 390 + 30 °C (Supplementary
Table 4) which is significantly lower than the peak metamorphic tem-
perature determined by graphite and biotite thermometry. Arsenopyrite
is a robust mineral and unlikely to be reset by deformation (Fougerouse
et al., 2016). Therefore, this temperature could reflect prograde or
retrograde growth of arsenopyrite.
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7.2. Timing and relationship of mineralization and deformation

Ore stage I, comprising the main part of the mineralization at South
Lakes Glacier, formed around 1884 + 35 Ma as indicated by Re-Os ages
of ore pyrite from Black Angel, equivalent to pyrite-2 in this study, and
therefore represents an epigenetic MVT mineralization (Fig. 12, Sainti-
lan et al., 2024). During the Rinkian orogeny D; deformation lead to
mechanical/solid-state (plastic flow) and fluid-assisted (dissolution-
reprecipitation) remobilization of ore stage I (Fig. 12). Remobilization
refers to translocation and redistribution of pre-existing sulfides
(Marshall and Gilligan, 1993). At amphibolite facies metamorphic
conditions, as determined by various geothermometers for the Rinkian
orogeny, many of the common sulfides will be ductile (e.g. sphalerite,
galena, chalcopyrite), whereas wallrock and competent ore minerals (e.
g. pyrite) will still behave brittle, creating a contrast in rheological
behavior essential for mechanical remobilization (Marshall and Gilligan,
1993). The massive sulfide breccia at South Lakes Glacier has been
interpreted as either deformed pre-orogenic dissolution collapse breccia
(Partin et al., 2021; Rosa et al., 2023) or as syn- to post-tectonic breccia
(Horn et al., 2019). Strongly folded marble clasts within the sulfide
breccia at South Lakes Glacier (Fig. 4A-B) imply that breccia formation
occurred after the onset of regional deformation, as strain partitioning
into the much weaker sulfide matrix likely prevents folding of the clasts
after being embedded in the sulfides (Marshall and Gilligan, 1993;
Tombkins, 2007). The sulfide bodies clearly crosscut S; foliation of the
wallrock and the orientation of sulfide veins and tension gashes are
consistent with D; (Fig. 4). The breccia at South Lakes Glacier was
therefore formed by sulfide remobilization during D, like parts of the
Angel orebody (Pedersen, 1980, 1981). Such breccias with ductile sul-
fide matrix and competent clasts (durchbewegung texture) are a typical
macroscale feature of metamorphosed massive sulfide deposits formed
by solid-state remobilization processes (Denisova et al., 2023; Gilligan
and Marshall, 1987; Marshall and Gilligan, 1987; Vokes, 1969).
Piercement veins are another indicator of solid-state remobilization of
sulfides by plastic flow, particularly of sphalerite (Fig. 4C). At the
microscale, brittle clasts, such as pyrite and quartz, locally experienced
cataclasis, resulting in fracturing, fragmentation (Figs. 6K, 7E) as well as
rotation and abrasion, evidenced by round quartz ‘eyes’ (Figs. 4, 6D).
Brittle dolomite marble clasts were less affected, mostly retaining an
angular shape. Galena was remobilized into small veinlets crosscutting
the massive sulfide. Chalcopyrite-1 and galena also accumulated in
pressure shadows of pyrite grains (Fig. 6D). In addition to solid-state
processes, fluid-state remobilization affected sphalerite, galena and
chalcopyrite. Sphalerite-filled tension gashes (Fig. 4D), arborescent
sphalerite veins extending from the breccias (Fig. 4B), as well as sulfide-
filled fractures and triple junctions in pyrite (Figs. 6K, 7F) formed by
localized dissolution-precipitation (Gilligan and Marshall, 1987; Skinner
and Johnson, 1987; Zheng et al., 2012).

Sphalerite and briartite show evidence of dynamic recrystallization
with bulging grain boundaries (Figs. 6H, 8H) and relic deformation
twins (Fig. 6G). Recrystallization led to pervasive grain size reduction in
discrete zones within the ore (Fig. 6E), where coarser sphalerite was
protected by pyrite embayments (Fig. 61) and pyrite grains are abraded
(Fig. 6D). This implies strain localization into these zones.

Ore stage II consists of minerals, that occur only within remobilized
galena and are intergrown with galena. This indicates that stage II
minerals formed during or after remobilization of galena. Arsenopyrite
thermometry thus possibly represents the temperature of galena remo-
bilization either during prograde or retrograde metamorphism. Near
peak and retrograde remobilization has been suggested for other
metamorphosed deposits (Cook et al., 1993; Craig et al., 1998; Viken-
tyev et al., 2016). Chlorite, a typically retrograde mineral, was observed
intergrown with galena. Thus, remobilization at South Lakes Glacier
likely occurred during retrograde metamorphism. Galena stays mobile
at lower temperatures than the other sulfides, meaning that remobili-
zation of sphalerite and chalcopyrite may have occurred at higher
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Fig. 12. Schematic model of ore genesis in the Black Angel district and associated ore textures. A) Formation of the Marmorilik Formation as evaporite and hy-
drocarbon bearing carbonate platform. B) Epigenetic MVT mineralization (stage I) by rising metalliferous basement brines mixing with sulfate-bearing evaporite-
dissolution brines and hydrocarbon-derived fluids. C) The area is affected by thrusting and folding during the Rinkian orogeny (D;). Sphalerite, galena and chal-
copyrite are remobilized and massive sulfide breccias are formed. D) During retrograde metamorphism rising metalliferous fluids lead to stage II mineralization.
Sulfides are annealed and exsolution textures form in briartite. E) During D5, reverse faulting leads to fracturing of sulfides and remobilization of galena and

chalcopyrite into these fractures (stage III).

temperatures closer to peak conditions (Marshall and Gilligan, 1987).
Stage II is interpreted to have formed from retrograde metamorphic
fluids. Syn-metamorphic modification of the ore by renewed influx of
metalliferous (As, Cu) fluids is supported by a syn-metamorphic Re-Os
age of 1828 + 17 Ma for wallrock pyrite from Black Angel (Saintilan
et al., 2024). Therefore, ore stage II is likely significantly younger than
ore stage I.

Small-scale brittle fractures crosscutting various sulfides, e.g.
sphalerite (Fig. 8B, 8E, 81), briartite (Fig. 8B, 81) and tennantite (Fig. 7G,
71), that are filled by remobilized sulfides (ore stage III), likely formed
during brittle D, deformation, as these fractures post-date ore stages I
and II, and crosscut annealed sulfide grains (Fig. 12). The galena and
chalcopyrite fracture fill formed most likely by closed system fluid-state
remobilization and dissolution-precipitation processes (Gilligan and
Marshall, 1987; Zheng et al., 2012).

Widespread granoblastic textures and abundant annealing twins of
sphalerite (Fig. 6E-F), galena (Fig. 7A), briartite (Fig. 8H, 8J), pyrite
(Fig. 7F), quartz and dolomite indicate that the ore was well annealed.
Annealing overprinted and most likely erased a large part of deforma-
tion fabric in the sulfides (Gilligan and Marshall, 1987). Annealed grains
do not show an overprint of dynamic recrystallization but are crosscut
by the Dj-related sulfide-filled fractures. Therefore, annealing likely
postdates D; and predates D,. Due to complete recrystallization sphal-
erite appears to be in equilibrium with other sulfides, such as galena and
pyrite, that it did not form coevally with.

7.3. Mechanisms of briartite formation

Possible mechanisms for briartite formation encompass: (1) libera-
tion of Ge during sphalerite recrystallisation and subsequent syn-
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metamorphic growth of distinct Ge minerals (Cugerone et al., 2021;
Cugerone et al., 2020; Fougerouse et al., 2023); (2) precipitation from
Ge-bearing (meta-)hydrothermal fluids, as for example at the Kipushi
deposit (Kampunzu et al., 2009) or at Khusib Springs (Melcher, 2003);
and (3) briartite exsolution from Ge-rich chalcopyrite (Kabwe deposit;
Kamona and Friedrich, 2007). Briartite in KPT deposits commonly forms
round to oval, um-sized inclusions in sphalerite, galena and pyrite
(Belissont et al., 2016; Holl et al., 2007; Kamona and Friedrich, 2007;
Kampunzu et al., 2009). Briartite textures reported from the Angel
orebody are similar to those from KPT deposits, but with a larger grain
size (Horn et al., 2019). However, type I briartite textures observed in
this study are distinctly different. Type I briartite is much larger (up to 3
mm) than what has been described from other briartite-bearing deposits
(De Vos et al., 1974; Intiomale and Oosterbosch, 1974; Kamona and
Friedrich, 2007; Kampunzu et al., 2009; Cugerone et al., 2020).
Germanium-sulfides formed by sphalerite recrystallization and exsolu-
tion from chalcopyrite are much smaller than their parent sphalerite or
chalcopyrite grains, typically < 20 um (Cugerone et al., 2018; Fouger-
ouse et al., 2023; Kamona and Friedrich, 2007). At South Lakes Glacier
briartite I grains are significantly coarser than sphalerite. Sphalerite has
a homogenous Ge distribution without Ge-enriched remnants, and a
consistently low Ge concentration (~5 ppm) compared to sphalerite in
many other Zn-Pb deposits (Figs. 9, 11). The high Ge concentrations of
phengite and quartz show that Ge was present in the hydrothermal fluid.
Moreover, type I and II briartite occur as growth inclusions in pyrite-1
and pyrite-2 (Fig. 8G), indicating that briartite formed prior to pyrite-
2, which was dated at 1884 + 35 Ma (Re-Os age; Saintilan et al.,
2024). Thus, (1) the larger grain size of briartite than sphalerite; (2) the
lack of Ge-rich sphalerite remnants; (3) the spatial association of
briartite with other minerals than sphalerite; (4) the high Ge
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concentration in coeval phengite and (5) the occurrence of type I and II
briartite within early-stage pyrite-2 indicate that type I briartite formed
by precipitation from a Cu-Ge-bearing hydrothermal fluid.

Type II briartite (Fig. 8D-G), and similar briartite from Black Angel
(Horn et al., 2019), resemble briartite formed by sphalerite recrystalli-
zation (Cugerone et al., 2020). However, these grains do not occur in
ribbons or patches of recrystallized sphalerite, but rather as clusters or
isolated grains, and are not systematically associated with recrystallized
sphalerite. It is therefore unlikely that type II briartite formed by
sphalerite recrystallization. However, due to the occurrence of type II
briartite in trails of chalcopyrite disease (Fig. 8D) and the resemblance of
clusters with watermelon-type chalcopyrite disease (Fig. 7C, 8E-F), type
II briartite may have formed analogously as’briartite disease’ through
reaction of a Cu-Ge-bearing fluid with the host sphalerite. A similar
texture of 1 — 5 pm sized clustered briartite grains in sphalerite matrix
has been described from the Kipushi mine, indicating that ‘briartite
disease’ may not be limited to the Black Angel district (Francotte et al.,
1965; Intiomale and Oosterbosch, 1974).

Similar minute inclusions of sphalerite and chalcopyrite within
briartite as observed at South Lakes Glacier have also been reported
from Kipushi, Kabwe and Black Angel (De Vos et al., 1974; Kamona and
Friedrich, 2007; Horn et al., 2019). Crystallographically oriented chal-
copyrite inclusions in briartite at Kipushi are interpreted as exsolution
(De Vos et al., 1974), whereas a similar texture from the Kabwe deposit
was interpreted as the result of simultaneous growth of briartite and
chalcopyrite (Kamona and Friedrich, 2007). Briartite can incorporate a
significant amount of As, e.g. up to ~ 0.95 wt% at Kipushi (Kampunzu
et al., 2009). Briartite at South Lakes Glacier, however, has a low mean
As concentration of 15 ppm (Fig. 9). Tennantite inclusions in briartite
thus likely formed by exsolution, depleting the host in As. Sphalerite and
chalcopyrite inclusions may have formed in a similar way by using
excess Zn, Cu and Fe. The inclusions were then concentrated along twin
boundaries by intragranular diffusion/dislocation-impurity pair diffu-
sion, as twin boundaries commonly contain a high number of disloca-
tions (Kelly and Knowles, 2012; Piazolo et al., 2016; Vukmanovic et al.,
2014). Smaller, granoblastic briartite grains along rims of larger type I
grains (Fig. 8H) formed by recrystallization, as evidenced by grain
boundary bulging, 120° triple junctions and annealing twins. These
grains have a lower median Zn content than its parent (Fig. 10) and lack
sulfide inclusions. This indicates that excess Zn and other metals were
expelled from briartite during dynamic recrystallization before exsolu-
tion of sphalerite, chalcopyrite and tennantite could occur. The flame-
like exsolution pattern (Fig. 8K) formed prior to the minute inclusions,
as it is crosscut by inclusion trails. In several briartite grains, D, fractures
filled by remobilized galena (Fig. 8I) crosscut the inclusions and exso-
lution flames, indicating that exsolution occurred prior to Dy, likely
during the retrograde stage of D;.

7.4. Germanium distribution in the ore

In most Zn-Pb deposits Ge is hosted in sphalerite (Frenzel et al.,
2016). South Lakes Glacier is clearly an exception with a relatively low
Ge content of sphalerite and briartite as the main Ge host. A likely
explanation for this discrepancy is differences in physicochemical con-
ditions of the mineralizing fluids. It has been suggested that Ge is pref-
erentially substituted into sphalerite at low to intermediate sulfur
activity levels but enters discrete Ge-sulfides and sulfosalts in higher
sulfur activity or high Cu environments (Fig. 13; Bernstein, 1985). This
effect can be observed in various deposit types, e.g. Kipsuhi-type and
epithermal deposits (Bogdanov et al., 2004; Holl et al., 2007; Melcher,
2003; Paar and Putz, 2005; Sahlstrom et al., 2017). The temperature of
ore fluids in the Black Angel district is unknown, but assuming typical
fluid temperatures of MVT deposits (<250 °C) the low Fe content of
sphalerite (~2 wt%) as well as the coexistence of pyrite and chalcopyrite
suggest an intermediate sulfur activity level for South Lakes Glacier
(Einaudi et al., 2003). This would shift to a higher sulfur activity when
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Fig. 13. Relative S-O, activity diagram showing Ge behaviour in different
geochemical environments, modified after Bernstein (1985). Ore stage I at
South Lakes Glacier transitions from Ge in sulfides to Ge in silicates as evi-
denced by briartite (Btt) and Ge-bearing chalcopyrite-1 (Ccp-1) followed by Ge-
bearing phengite (Ph) and Ge-bearing quartz (Qz). Data from the Mt Carlton
high sulfidation (HS) to intermediate sulfidation (IS) deposit is plotted in green,
showing a transition from Ge-rich sulfosalts to Ge-rich sphalerite (Sahlstrom
et al., 2017). An estimated path for the Arre deposit, which shows syn-
metamorphic recrystallization of Ge-enriched sphalerite to Ge-oxides and Ge-
silicates, is shown in blue (Cugerone et al., 2018).

assuming slightly higher fluid temperatures, e.g. typical of Kipushi-type
deposits (250——450 °C). It is therefore probable that an intermediate to
high sulfur activity was the main driver for the occurrence of briartite
over Ge-enriched sphalerite (Fig. 13). Significant amounts of Ge are also
hosted in the silicate-phases phengite and quartz as well as chalcopyrite-
1 (Supplementary Table 5). Germanium can be incorporated into chal-
copyrite by direct substitution for Fe (Gena et al., 2005; Reiser et al.,
2011; Takeno, 1975). With 660 + 450 ppm and 370 + 170 ppm,
respectively, the Ge concentrations in both phengite and quartz are
unusually high (Gotze et al., 2021; Monnier et al., 2022). Germanium is
most likely hosted as solid solution in the crystal lattice, as both phengite
and quartz do not contain any Ge-bearing microinclusions
(Supplementary Fig. 4). In silicates Ge substitutes directly for silicon
(Goldschmidt, 1926).

Germanium shows differing geochemical behaviour depending on
sulfur and oxygen activity (Fig. 13). A change in Ge behaviour during
mineralization has been observed at the Mt. Carlton epithermal deposit,
where Ge is hosted mainly in sulfosalts and sulfides during a high sul-
fidation stage, but is then hosted in Ge-rich sphalerite in a later inter-
mediate sulfidation stage (Fig. 13; Sahlstrom et al., 2017). This effect
was caused by decreasing sulfur activity during ore formation (Fig. 13;
Sahlstrom et al., 2017). At the Arre Zn-Pb deposit, Ge hosted in primary
sphalerite formed Ge-phases during metamorphic recrystallization of
sphalerite under the presence of oxidizing metamorphic fluids, reflect-
ing an increase in oxygen activity (Fig. 13; Cugerone et al., 2018). At
South Lakes Glacier, a change in Ge behaviour can be observed as well in
stage 1. Germanium is first hosted in briartite and chalcopyrite-1, fol-
lowed by Ge-rich phengite and quartz (Fig. 5). This change from sulfide-
hosted to silicate-hosted Ge suggests a decrease in sulfur activity in the
ore fluid, and possibly an increase in oxygen activity (Fig. 13). The
decrease in sulfur activity likely reflects sulfur removal from the ore
fluid by progressive sulfide precipitation.
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The occurrence of Ge-enriched, F-bearing phengite at South Lakes
Glacier is analogous to phengite from the Ge-bearing Khusib Springs
deposit, where F-rich, ore-hosted phengite carries elevated concentra-
tions of Ge (up to 1100 ppm) and Cu (up to ~ 1 %) (Melcher et al.,
2006). The Cu concentration in phengite from South Lakes Glacier is
however very low (~1 ppm). Nevertheless, this shows that mineralizing
fluids carried substantial amounts of Ge. An elevated F concentration in
ore fluids, as indicated by F-bearing phengite in both deposits, indicates
that F complexes may play a role in the aqueous transport of Ge in these
deposits.

7.5. Ore fluids and metal sources

Metamorphic rocks can produce metal-rich basement brines (Burisch
et al., 2016a; Burisch et al., 2016b; Walter et al., 2018; Walter et al.,
2020). The salinity of basement brines is limited (Burisch et al., 2016a),
but primary fluid inclusions from the Black Angel mine show high sa-
linities of 30 — 40 % NaClegyiy (Hughes 1982; Konnerup-Madsen, un-
published data) exceeding the salinity range of basement brines. These
high salinities may be the result of mixing with evaporite-dissolution
brines in the carbonate platform, since anhydrite and scapolite are
present in the Marmorilik Formation as metamorphosed relic evaporites
(Rosa et al., 2023). Anhydrite dissolution possibly provided sulfate to
the brine (Rosa et al., 2023). In addition to high salinity aqueous fluid
inclusions, CO3-CH4 dominated fluid inclusions have been described
representing an organic carbon/hydrocarbon-dominated fluid (Hughes
1982; Konnerup-Madsen, unpublished data). Graphite is ubiquitous in
the marble, the metapelite and the massive sulfide at South Lakes
Glacier and Black Angel, attesting to widespread pre-metamorphic
presence of organic carbon. Sulfate reduction and sulfide precipitation
were possibly triggered by interaction of a metalliferous, sulfate-bearing
brine with hydrocarbon-derived fluids or other organic material
(Fig. 12; Scharrer et al., 2022; Scharrer et al., 2021; Walter et al., 2019).
Hydrocarbons have been described as critical reducing agent in
numerous Zn-Pb deposits (Burisch et al., 2017; Heijlen et al., 2008; Pfaff
et al., 2010; Szmihelsky et al., 2020; Walter et al., 2019).

Potassic silicates and quartz have been observed as hydrothermal
gangue in numerous carbonate-hosted Zn-Pb deposits, such as MVT, KPT
and Irish-type deposits (Chabu and Boulegue, 1992; Leach et al., 2010;
Melcher et al., 2006; Riegler and McClenaghan, 2017). Phengite and
rare potassic feldspar observed at South Lakes Glacier and Black Angel
(this study; Saintilan et al. 2024) likely represent potassic alteration
associated with formation of massive sulfides. Phengite can form from
hydrothermal fluids with a wide temperature range but requires acidity
of the fluid (Cooke et al., 1998; Riegler and McClenaghan, 2017; Velde,
1967). Fluid acidity may have been caused by dissolution of accessory
sulfides in basement rocks.

Lead and Zn in the ores of the Black Angel mine were (dominantly)
sourced from the local Archean basement (Partin et al., 2021; Saintilan
et al., 2024). By extension, metamorphic basement rocks are thus also
the most likely source for Cu, Ag and other metals. The source of Ge in
ore deposits is however often unclear, but organic matter and basement
rocks have been suggested (Luo et al., 2022; Saintilan et al., 2023). It has
been demonstrated that unusual pre-enrichment of Zn in basement
source rocks is not necessary to form high-grade ore deposits (Walter
et al., 2019). A rough estimation after Walter et al. (2019) indicates
leaching of a basement gneiss cube with ~ 700 m edge length is suffi-
cient to produce 1 t of briartite, assuming 10 % leaching of a gneiss with
average crustal abundance of Ge. Therefore, basement rocks are a
reasonable source of Ge. However, due to the organophile behavior of
Ge it is also plausible that Ge may have been sourced from organic
carbon ubiquitous in the Marmorilik Formation. Hydrocarbons and
organic-rich rocks can contribute significantly to the metal budget of ore
fluids and could constitute an alternative Ge source (Melcher et al.,
2006; Migdisov et al., 2017; Saintilan et al., 2019; Sosnicka et al., 2023).
If Archean basement rocks were the source of Ge, it raises the question of
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why Ge mineralization is not more prevalent in other ore deposits
formed by basement-derived fluids. The relative timing of mineraliza-
tion seems not to be critical to Ge endowment, as MVT deposits form syn-
diagenetically and KPT deposits are formed both syn- and post-
orogenically (Chetty and Frimmel, 2000; Schneider et al., 2007). Car-
bonate host rocks and the presence of hydrocarbons/organic matter
appear to be the key factors connecting Ge-enriched sulfide deposits. In
summary, the mineralization in the Black Angel district likely formed by
fluid mixing of an acidic, metalliferous basement brine ascending along
normal faults with sulfate-rich evaporite-dissolution brines upon
reaching the carbonate platform, and reduction by hydrocarbon-derived
fluids (Fig. 12).

The mean Ge grades of 120 ppm and mean Ga grades of 130 ppm
from South Lakes Glacier (Supplementary Table 1) are higher than mean
Ge whole rock grades published for many Ge-producing and Ge-sulfide
bearing deposits like Tsumeb (50 ppm), Khusib Springs (40 ppm) or
Kipushi (<60 ppm) (Holl et al., 2007; Ivanhoe Mines, 2015). Germa-
nium occurs almost exclusively in a discrete Ge-mineral and not in
sphalerite, where it is typically hosted in. The Black Angel district
therefore constitutes a prospective exploration target for high-grade Ge-
bearing Zn-Pb deposits.

8. Conclusions

The marble-hosted South Lakes Glacier prospect in the Black Angel
district is host to substantial amounts of bulk Ge and Ga, both considered
critical metals, hosted in high grade Zn-Pb ore. Whereas Ga is mostly
hosted in sphalerite, Ge is almost exclusively hosted in briartite, a Ge-
sulfide mineral, and not in sphalerite. Two ore stages are observed at
South Lakes Glacier: (1) an epigenetic MVT stage with sphalerite, pyrite
and galena, that forms the main part of the ore; and (2) a syn-
metamorphic stage of renewed fluid flow modifying the primary ore
assemblage during retrograde metamorphism. The stage I mineraliza-
tion was deformed and remobilized during D, of the Rinkian Orogeny at
ca. 510 + 40 °C, leading to formation of massive sulfide breccias. An
overprint by Dy deformation led to small-scale fracturing and a second
sulfide remobilization. Briartite, formed during stage I, occurs in two
texture types: type I forms up to 3 mm large anhedral to rounded grains
with abundant inclusions and type II occurs as small, sphalerite-hosted
grains of < 20 pym forming ‘briartite disease’. Briartite formed by pre-
cipitation from hydrothermal Cu-Ge-bearing fluids as opposed to
metamorphic recrystallization of sphalerite, based on grain size, spatial
distribution and inclusion in epigenetically formed MVT-stage minerals.
Abundant inclusions and flame patterns within briartite likely formed by
exsolution during cooling. Ore-hosted phengite and quartz also show
unusually high Ge contents and post-date briartite. This marks a shift in
Ge behaviour from sulfide-hosted to silicate-hosted, caused by
decreasing sulfur activity of the ore fluid. Germanium was either
leached from basement rocks by acidic brines along with the other
metals, or alternatively, was sourced from organic matter occurring in
the Marmorilik Formation. Sulfide precipitation was likely triggered by
fluid mixing of a metalliferous basement brine with evaporite-
dissolution brines and hydrocarbon-derived fluids.
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