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Abstract

The Lautenthal sphalerite-galena vein deposit is part of the world-class Upper Harz Pb-Zn-Ag district in the Harz uplift
block of the Paleozoic Variscan fold belt in Germany. Its sphalerite-dominated mineral association was studied using bulk-
ore chemistry, electron probe microanalysis, and laser ablation-ICP-mass spectrometry. Gallium and locally In are the main
high-tech-relevant trace elements hosted by sphalerite, with up to 150 ppm Ga and up to 380 ppm In in hand-picked sphalerite
samples (mean In/Zn, 0.70 x 10~2). Ore concentrates (< 50 kg) contain up to 65 ppm Ga and up to 109 ppm In (mean In/Zn,
0.36x 1073). Accessory Fe-Co-rich gersdorffite-1 occurs in the earlier quartz-sulfide ore stage and Sb-rich gersdorffite-2
in the later carbonate-sulfide stage. Enrichment patterns of In are either defined by overprinting textures in the Fe-richer
sphalerite-1 of the earlier stage, or relate to primary growth zoning in Fe-poor sphalerite-2 of the later stage. Using the
sphalerite geothermometer GGIMFis, formation temperatures (median) of sphalerite-1 were estimated at~230 °C for the
Lautenthal orebody and at~ 175 °C for the Bromberg orebody, which may indicate lateral T-zonation for the earlier ore stage.
Sphalerite-2 data indicate formation temperatures of ~ 185 °C (median). Copper-bearing brines of the carbonate-sulfide stage
with assumed temperatures of ~250 °C initiated replacement of In-poor sphalerite-1 by chalcopyrite and remobilization of
Zn and trace elements. Indium-rich sphalerite-2 occurs associated with calcite and fine-grained galena. A direct spatial or
temporal link of ore formation to a magmatic-hydrothermal system is unlikely, which contrasts to In-rich epithermal and
tin-polymetallic vein deposits worldwide.
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Introduction

High-tech-relevant trace elements, such as indium (In) and
to a lesser degree also germanium (Ge) and gallium (Ga),
are commonly hosted by base metal sulfides (e.g., Ishihara
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Numerous Pb-Zn-Ag deposits have been mined in the
Upper Harz Mountains for more than 1000 years; the total
production of the Rammelsberg deposit was estimated at 2.2
Mt Pb, 4.6 Mt Zn, 0.5 Mt Cu, and > 4 kt Ag, whereas that of
the vein-type deposits was 1.9 Mt Pb, 1.5 Mt Zn, and > 5 kt
Ag (e.g., Klockmann 1893; Kraume 1955, 1958; Buschen-
dorf et al. 1971; Sperling and Stoppel 1979; Stoppel et al.
1983; Brinckmann et al. 1986; Stedingk 1986, 2012, 2021;
Moller and Liiders 1993; Miiller 2022). However, there are
few studies on ore genesis and exploration potential using
modern analytical approaches. In particular, in situ trace
element analysis of ore minerals (e.g., laser ablation-ICP-
mass spectrometry) and investigation of accessory miner-
als in host rocks and veins using (field emission) scanning
electron microscopy are lacking. Recent overview studies,
almost exclusively on historical collection specimens (e.g.,
Graupner et al. 2019; Henning et al. 2019; Schirmer et al.
2020), revealed that vein-type base metal deposits in the
Upper Harz Mountains locally host sphalerite with signifi-
cant concentrations of In. A first evaluation of the data has
shown that such In-bearing veins share characteristics with
their well-known equivalents in the Erzgebirge and in the
mostly sub-volcanic rocks in Bolivia (e.g., Seifert and Sand-
mann 2006; Murakami and Ishihara 2013).

The sphalerite-dominated Lautenthal deposit (Zn/Pb
ratio of produced metal: 2.9; Stedingk 2012) in the north-
western Upper Harz mining district, located ~ 10 km SW of

the Rammelsberg deposit, was among the recently identi-
fied In-bearing vein systems. Newly compiled geologic field
observations as well as mineralogical and trace element geo-
chemical data for this deposit are presented here. Trace ele-
ment (e.g., In, Ga, Ge, Sb, Cu, Sn) characteristics of sphal-
erite are used to put constraints on ore formation. Special
focus is on the accessory ore minerals and their potential for
an improved classification of the polycyclic mineralization.
Finally, the sphalerite data are comparatively discussed with
worldwide equivalents.

Regional geology

The Harz Mountains in central Germany are part of the Rhe-
nohercynian zone of the Variscan orogenic belt and are for the
most part composed of siliciclastic Paleozoic strata intruded
by granites and minor gabbro (Fig. 1). The Early Paleozoic
to Lower Carboniferous package strongly varies in thickness
from about 2 km in the south-eastern Harz Mountains up to
about 6 km in the north-western part (Upper Harz Mountains),
and largely consists of flysch-like sediments (greywacke),
shale, conglomerates, limestone reefs, and locally meta-
basalt (Franke and Oncken 1995; Franke 2000; Huckriede
et al. 2004). During the Variscan Orogeny, the sediment-filled
troughs were deformed into a fold and thrust belt. Intrusion of
the post-orogenic Brocken, Oker, and Ramberg granites and
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Fig.1 Position of the Harz Mountains in the European Variscides
(modified from McKerrow et al. 2000) and schematic geological map
of their western parts (Upper Harz and western parts of the Middle
Harz) showing the position of relevant base metal deposits. Impor-
tant fault systems of the Upper Harz district (after Jacobsen and Sch-
neider (1951) and Jacobsen et al. (1971)): [—Laubhiitte fault system;
II—Silbernaal fault system; IIl—Rosenhof fault system; IV—Zeller-
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feld fault system; V—Burgstitte fault system; VI—Haus Herzberg
fault system; VII—Spiegeltal fault system; VIII—Bockswiese fault
system; IX—Lautenthal fault system; X—Hahnenklee fault system;
XI—Gegental fault system; XII—Schleifsteintal fault system; XIII—
Burghagen fault system; XIV—Heimberg-Drohneberg, Beste Hoff-
nung and Todberg fault systems
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the Harzburger gabbro is dated to Early Permian (e.g., 297 to
283 Ma U-Pb zircon, Rb—Sr and K—Ar mineral ages; Bau-
mann et al. 1991; Zech et al. 2010).

The multiple interconnecting fault systems in the Upper
Harz Mountains (Figs. 1 and 2) consist of steeply SSW-
dipping fracture zones with Hercynian strike (WNW-ESE
direction) that formed as a combination of Late Variscan
tectonics and Mesozoic wrench-faulting (Behr et al. 1987).
A curved fault pattern including merging and branching
lodes is visible for the Upper Harz mining district (Fig. 2).
Along the boundary of the Harz, the folded Paleozoic strata
are discordantly overlain by Lower Permian rocks (Upper
Rotliegend) and the evaporite sequence of the Zechstein,
with Zechstein transgression conglomerate and the Copper
Shale (“Kupferschiefer”) at its base (Upper Permian). Late
Cretaceous intraplate shortening in Central Europe produced
uplift of the Harz Mountains with a final vertical displace-
ment of 5 to 7 km and erosion of Permian and Mesozoic
rocks (e.g., von Eynatten et al. 2008).
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Geology of the Upper Harz block

The major structural units in the study area are the Upper
Harz Devonian Anticline (UHDA) and the Carboniferous
Clausthal Culm Fold Zone (CCFZ), which are bordered
to the SE by the Devonian Upper Harz Diabase Range
(Fig. 1). The oldest stage of the stratigraphic succession is
represented by the Lower Devonian (Upper Emsian stage)
Kahleberg Sandstone, which is composed of 1000 m of
sandstone, quartzite, and shale and forms the core of the
UHDA (Fig. 2). The overlying Middle to Upper Devonian
pelitic and partly carbonate-bearing sedimentary rocks
(e.g., Wissenbach Shale; Figs. 2 and 3) locally strongly
vary in thickness reaching up to 1000 m, with intercalated
layers of tuff. The stratiform Pb-Zn-Cu-barite orebodies
of the Rammelsberg massive sulfide deposit are emplaced
within this succession (Eifelian stage of the Middle Devo-
nian; ca. 390 Ma; Fig. 2). Following the generally pelitic
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Fig.2 Schematic geological map of the northern section of the Upper
Harz Mountains showing the position of the studied mines. The drill-
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thal enable access to cores containing sequences of Devonian up to
Lower Carboniferous rocks (Brinckmann et al. 1986)
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Fig.3 Vertical NNE-SSW
cross-section through the
Lautenthal fault system close
to the location of the New main
shaft of the Lautenthal’s Gliick
mine (for position of the shaft
see Fig. 4a). Data sources:
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shales, the prevailing sediments from the Upper Devonian
up to the Lower Carboniferous are clastic flysch sediments
of the CCFZ composed of greywacke, shale, and radiolar-
ian chert (lydite; Figs. 1, 2, and 3).

The Lautenthal fault system is the northernmost fault
system of economic importance in the Upper Harz (IX in
Fig. 1), followed S by the similar Silbernaal (Grund) and
Burgstitte (Clausthal) fault systems (II-V in Fig. 1). It initi-
ates NE of Seesen and crosscuts in eastern direction shales
and greywacke of Lower Carboniferous age and Middle to
Upper Devonian shales (Fig. 3). Lateral movement of the
southern hanging wall occurred into south-eastern direc-
tion along the faults. The system cuts and displaces a N-S
striking kersantite (lamprophyre) dyke, which is discussed
to be Upper Carboniferous to Lower Permian (Rotliegend)
in age (Schriel 1954; Gabert 1958). However, the dyke
has not been dated by radiometric methods. The stepwise
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downward displacement of the Lower Carboniferous strata
starting from the footwall (NNE) towards the hanging wall
(SSW) of the Lautenthal fault system (by ~500 m in total)
is illustrated by a vertical NNE-SSW cross-section through
the fault system (Fig. 3).

For the Grund vein deposit (Fig. 1), which is structurally and
paragenetically similar to the Lautenthal deposit, Rb—Sr ages on
illite provide the only age dates available for the Upper Harz Zn-
Pb-Ag veins. Using these age data, the formation of the vein-type
ores was attributed to two events in the Triassic (238 +20 Ma)
and Lower Jurassic (178 +9 Ma; Boness et al 1990); however, the
data were later re-interpreted using a mixing model resulting in
one Lower Jurassic age (183 Ma; Liiders and Moller 1992; Haack
and Lauterjung 1993). In the Grund mine, ~19.1 Mt ore contain-
ing 740 kt Zn and 1.1 Mt Pb (Zn/Pb, 0.7) was produced until
1992 and remaining resources are ~5 Mt ore containing ~220 kt
Zn,~200 kt Pb, and~ 180 t Ag (Stedingk 2021).
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The Lautenthal base metal vein deposit

The estimated total production of the Lautenthal mines from
1620 to 1946 was 4.2 Mt ore at a grade of 6.7% Zn and 2.3%
Pb containing 280 kt Zn and 97 kt Pb (Stedingk 2012). The
economically most important vein of the deposit is the Laut-
enthal vein (Main fault; Figs. 3 and 4a, b). The Leopold and
Bergstern faults, occurring close to its footwall contact, as
well as the Jacob fault to the S of the Main fault (Fig. 3), are
occasionally mineralized with Zn-Pb ore. A more intense
development of the base metal sulfide ores, also extending

to greater depth, seems to characterize the Lautenthal ore-
body, when compared to the Bromberg one (Fig. 4b). In
the Lautenthal orebody, the Lautenthal vein splays up into
three branch veins (“Triimer”) for~2 km with massive ore
(Fig. 4a). The Lautenthal’s Gliick branch vein was the main
target of mining here. Zoning with depth was not observed
in the latter orebody; neither a galena-siderite-barite zone
exists on top of the sphalerite-dominated ore, nor indica-
tions for a chalcopyrite-richer zone at greater depth were
found (Sperling and Stoppel 1979). Following eastwards, the
branch veins re-unite into a barren fault zone, which extends
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towards the village of Hahnenklee where it crosscuts the
Kahleberg sandstone (Fig. 2).

Four hydrothermal pulses (stages) are commonly distin-
guished for the post-Variscan base metal vein deposits of the
Upper Harz Mountains (Sperling 1973; Liiders et al. 1993b).
A pre-ore stage followed by two main ore stages with mas-
sive precipitation of base metal-silver ores are described for
the Lautenthal deposit (e.g., Sperling and Stoppel 1979).
The latter stages resulted from repeated opening of the vein
fractures by movement along listric faults. The quartz-sulfide
stage (main ore stage I[; Table 1), with common occurrence
of massive, banded, and breccia ore types in up to several-
meters-wide ore veins, and the subsequent carbonate-sulfide
stage (main ore stage II) with a predominance of breccia ore.
By volume and economic importance, base metal ore of the
quartz-sulfide stage clearly dominates over the later stage
ore (Sperling and Stoppel 1979). Ore veins of the carbonate-
sulfide stage frequently show a complex internal structure
and calcite can reach up to 12 m thickness in the so-called
Kalkspatfirste (Lautenthal orebody; e.g., Stedingk 2012). A
later siderite-dominant sub-stage of this ore stage is devel-
oped in other Upper Harz Mountains vein deposits, but not
present in the orebodies at Lautenthal. However, Sperling
and Stoppel (1979) found siderite veinlets outside of the
orebodies (Table 1). The post-ore stage has no economic
significance in the deposit.

The economically most important ore minerals of the
Lautenthal deposit were sphalerite with mostly moderate

to low Fe contents, Ag-bearing galena, and minor chalco-
pyrite, similar to most Pb-Zn-Ag vein deposits in the Upper
Harz. The Lautenthal and Bergstern veins show mostly a
predominance of sphalerite over galena. Light brownish to
brown sphalerite was found to be essentially free of fine-
grained mineral inclusions (e.g., no “chalcopyrite disease”;
cf. Barton and Bethke 1987). However, one deep to black
brown sphalerite sample of unknown origin (probably from
a deep mining level of the Lautenthal orebody) was pre-
viously described to contain numerous dust-like chalcopy-
rite inclusions that outline crystallographic patterns of the
mineral (Buschendorf and Hiittenhain 1971). The ore grade
at Lautenthal is highly variable along strike and depth of
individual veins.

Samples and analytical methods

Seven underground vein outcrops located at the level of the
Ernst August gallery were investigated in the Lautenthal
deposit (Table ESM 1; Figs. 4a, b). The Lautenthal vein
(Main fault) was studied at the crosscuts 500 m West, 600 m
West, and 700 m West (Bromberg orebody; Fig. 4a, b). The
Bergstern vein was accessible at 330 m West and 370 m
West of the same orebody. Within the Lautenthal orebody,
the Lautenthal’s Gliick branch vein was studied using out-
crops in the Kalkspatfirste at~ 100 m East (Fig. 4a, b). Col-
lection specimens used from the Lautenthal and the Jacob

Table 1 Summary of the observed ore, gangue, and accessory minerals in the studied vein outcrops of the Lautenthal deposit with addition of
data from Sperling and Stoppel (1979) for inaccessible parts of the mine workings

Mineral Quartz-sulfide stage Carbonate-sulfide stage (main ore stage II)
(main ore stage I) - - - — -
Quartz-dominated Calcite-dominated sub-stage Siderite-bearing
sub-stage assemblage

(occurrence west of
the Bromberg ore-
body*)

Galena Galena-1 Galena-2a Galena-2b Galena

Sphalerite Sphalerite-1 Sphalerite-2a Sphalerite-2b Sphalerite

Chalcopyrite Chalcopyrite* Chalcopyrite Chalcopyrite

Pyrite Pyrite Pyrite

Marcasite Marcasite(?)

Tetrahedrite Tetrahedrite-(Zn)

Freibergite Freibergite-(Zn)

Bournonite Bournonite

Gersdorffite Gersdorffite-1 Gersdorffite-2

Arsenopyrite Arsenopyrite-1 Arsenopyrite-2

Quartz Quartz Quartz Quartz Quartz

Calcite Calcite Calcite Calcite Calcite

Siderite Siderite Siderite

Synchysite-(Ce,Nd)

Synchysite-(Ce,Nd)

*Data are from Sperling and Stoppel (1979); bold—major minerals; normal—minor minerals; italic—accessory minerals
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veins are listed in Table ESM 1. Altogether, 35 hand speci-
mens were studied from Lautenthal using ~40 polished cen-
timeter-sized slabs. Furthermore, millimeter-sized sphalerite
grains of eight samples were hand-picked under a binocular
microscope. The separated fractions have sulfide contents
between 75 and 99 wt%. Their bulk chemistries are deter-
mined to check the relevance of the micro-analytical spot
measurements with regard to the trace element composi-
tion of the mineral. Additionally, seven moderate volume
sphalerite-enriched ore concentrates (~ 0.5 to> 50 kg each)
were prepared by hand cobbing ore piles with up to deci-
meter-sized material (A. Haas, pers. comm.; Graupner et al.
2019). The material derives from three large volume samples
(>200 kg each) from the Lautenthal vein at 500 m West and
the footwall and central branches of the same vein at 700 m
West (Table ESM 1). The first two outcrops are attributed to
the quartz-sulfide stage, whereas the central branch at 700 m
West contains substantial amounts of carbonate-sulfide stage
ore.

Energy-dispersive X-ray fluorescence spectrometry
major and minor element mapping (p-EDXRF) was car-
ried out using the M4 Tornado by Bruker at BGR to obtain
an overview on the textural characteristics and the mineral
proportions of larger rock slices (maximum size, 16X 20
cm). Mineral distribution maps were obtained by supervised
classification using the “Spectral Angle Mapper” algorithm
(Nikonow and Rammlmair 2017).

Scanning electron microscope (SEM) investigations of
carbon-coated polished sections were carried out at BGR
using a MLA650F (Quanta 650 FEG system; FEI Com-
pany). The system was equipped with two energy-dispersive
X-ray detectors (XFlash Detector 5030, Silicon Drift Detec-
tor; Bruker Nano) for semi-quantitative element analysis.

In situ laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) was used applying a Plasma-
Quant Elite quadrupole ICP-MS by Analytik Jena coupled
to a 213-nm laser ablation system (LSX-213 G2+ by CETAC
Technologies). The laser system was adjusted to ablate round
40 pm spots using a fluence of 8 J/cm? at 20 Hz for 15 s. Prior
to each ablated spot, a gas blank was monitored for 15 s. On
each polished sample 30 to 50 spots on sphalerite were ana-
lyzed. Helium was used as the carrier gas (0.4 1/min). Argon
was used as cool, auxiliary, and sample gas of the ICP-MS
and the gas flow rates were adjusted to 9.0, 1.35, and 1.04 1
Ar/min, respectively. The isotopes g 4Ca,dlV, 52Cr, SMn,
56.57Fe, 9Co, Ni, 395Cu, Zn, 7'Ga, ™*Ge, "As, 77 7882Se,
83Kr, Mo, 17 Ag, 111Cd, !'5n, 1171188, 1215h, 126Te, 137Ba,
20571, and 2®®Pb were monitored by the ICP-MS using a dwell
time of 10 ms for each isotope. The average limits of detec-
tion of the method (LODs) for selected elements are listed
in Table ESM 2. The mineral chemistry of sphalerite was
determined for ~ 35 samples with > 1000 LA-ICP-MS meas-
urement spots (Table ESM 2).

Electron probe microanalysis (EPMA) was performed on
carbon-coated sections using a JEOL JXA-8530F Hyper-
probe at BGR. The quantitative analysis of the major, minor,
and trace element compositions of sphalerite, galena, chal-
copyrite, marcasite, gersdorffite, arsenopyrite, calcite, tet-
rahedrite, and bournonite were conducted by single spot
analyses using wavelength-dispersive X-ray spectrometry
(WDS) with acceleration voltages ranging from 12 kV (car-
bonate) to 25 kV (sulfides) and beam currents ranging from
20 nA (carbonate) to 80 nA at spot sizes of about 1-2 um
(sulfides). The LOD for Ge (30 ppm), Ga (23 ppm), and
In (24 ppm) are higher compared to those of the LA-ICP-
MS. Semi-quantitative mapping of major and trace element
concentrations in rectangular segments (up to 4 X4 mm in
size) of sphalerite grains was carried out using the energy-
dispersive X-ray spectrometry (EDS; Zn Ka, S Ka, Fe Ko)
and WDS methods (Cd La, Cu Ko, In La, Ga Ka, Sb La)
with variable spot sizes ranging from 0.4 to 6.2 um depend-
ing on the step size for the respective mapping area.

Sodium peroxide fusion was used to prepare the hand-
picked sphalerite samples for analysis (Actlabs-Activation
Laboratories Ltd., Canada). Major elements (Cu, Fe, Zn,
Pb, S) were analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES, assays) and trace elements
(Ga, Ge, In, Sn, Cd) by ICP-MS. The limits of detection for
the trace elements are between 0.2 and 2.0 ppm. Moder-
ate volume ore concentrates were crushed and subsequently
milled. The major and trace elements were either analyzed
by ICP-OES or by a combination of ICP-OES and ICP-MS

(In).

Results

Ore mineralogy of hydrothermal stages
at Lautenthal

Pre-ore stage Intense fluid-rock interaction during this stage
is reflected by local silicification of wall rocks and formation
of commonly zoned dolomite-ankerite (lenses and veinlets).
Euhedral pyrite overgrowing earlier framboidal aggregates
in the altered rocks close to veins and in the vein selvages is
accompanied by quartz, calcite, rutile, and less commonly
apatite. These features of early hydrothermal fluid overprint
are common in the studied outcrops of the deposit, and often
outline vein margins.

Quartz-sulfide stage (main ore stage I) Major base metal
ore minerals in the massive, banded, and breccia ore types
are moderately Fe-bearing sphalerite-1 and coarse-grained
galena-1 with minor pyrite and chalcopyrite (Table 1 and
2); quartz is the dominant gangue mineral. Light brownish
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Mineralium Deposita

to brown sphalerite-1 commonly occurs as coarser-grained
massive aggregates, in banded textures, or as fragmented
grain aggregates in brecciated vein segments (Fig. 5a). It is
more frequent in the Lautenthal veins than later sphalerite
generations. Sphalerite-1 shows primary oscillatory growth
zoning and/or sector zoning and grains from the studied min-
ing levels (Fig. 4b) were essentially free of fine-grained ori-
ented mineral inclusions. Most samples from the Lautenthal
orebody contain sphalerite-1 with higher Fe contents (Table
ESM 2), when compared to material from the Bromberg
orebody. Along vein selvages and inside of or adjacent to
wall rock fragments in brecciated ore, minor to moderately
As-, Ni-, and Co-bearing early pyrite commonly acted as
nucleus for the crystallization of gersdorffite-1 overgrowths
(Fig. 5c; arsenopyrite-1 overgrowth is scarce) or was occa-
sionally replaced by gersdorffite-1 to variable degrees (cf.
Figure 5d, e). Sphalerite-1 and galena-1 occur in close
spatial association with zoned quartz that hosts gersdorf-
fite-1. However, the base metal sulfides are often devoid of
gersdorffite-1 inclusions. The most important minor ele-
ments in gersdorffite-1 are Fe and Co (Table 2), with the
first one showing the strongest variability in zoned crystals
(Fig. 5f). Mineral associations, characterized by signifi-
cant replacement of moderately Fe-bearing sphalerite-1 by
later chalcopyrite (Fig. 5b), are well documented especially
for breccia ore from the Lautenthal orebody. Occasion-
ally, small remnants of replaced sphalerite are left behind
within lenticular or irregularly formed chalcopyrite aggre-
gates. Massive vein calcite, which is often embedding such
sphalerite-1-chalcopyrite mineral associations, is attributed
to the subsequent carbonate-sulfide stage.

Carbonate-sulfide stage (main ore stage Il) Ore formation
within this stage is commonly initiated by reactivation of
fault structures hosting older stage ore and is characterized
by multiple stages of deformation and mineral precipitation
(e.g., cockade breccia textures). This frequently resulted
in formation of complex vein outcrops (e.g., Fig. 6(a))
accessible along the Lautenthal and Bergstern veins at the
Ernst August gallery level. The ore stage is sub-divided
into a quartz-dominated and a calcite-dominated sub-stage
(Table 1). Elevated galena-2 contents in the sphalerite-2-ga-
lena-2 ore occur spatially confined to the westernmost vein
outcrops of the deposit. Minor to locally moderate quantities
of chalcopyrite, as well as minor to accessory amounts of the
Cu-Sb-Ag sulfosalts tetrahedrite-(Zn) and freibergite-(Zn)
(Fig. 5i, 1), bournonite (Fig. 51) and the Fe-Co-Ni sulfarse-
nides gersdorffite-2 and arsenopyrite-2 (Fig. 5i-k, m—o) are
also present (Table 1 and 2). The minor element composition
of the gersdorffite-2 grains is significantly different to the
type 1 grains. Whereas Fe and Co are rather low in gers-
dorffite-2, it commonly contains significant Sb concentra-
tions (maximum value ~ 10 wt% Sb; Table 2). Sphalerite-2a

typically appears in almost mono-mineralic ribbon-like
textures in zoned quartz stringers, whereas sphalerite-2b
occurs as fine-grained intergrowth with chalcopyrite + fahl-
ore and late galena-2b or as coarser-grained anhedral aggre-
gates (Fig. 5h). Both sphalerite generations (sphalerite-2a
and sphalerite-2b) commonly have rather low Fe contents
(Table 2), show light to middle brown colors, display intense
primary oscillatory growth zoning and sector zoning, and
are devoid of fine-grained oriented mineral inclusions. Fine-
grained galena-2a typically forms net-like textures in mul-
tiple layers of zoned quartz by the arrangement of its fine
grains (Fig. 6(b, ¢)). Galena-2b is present as late anhedral
grains and aggregates in cavities between calcite and sphal-
erite-2b (Fig. S5h) or forms replacement textures enclosing
fragments of partly replaced sulfides (Fig. 51). In calcite-
rich vein segments, fine veinlets and nests of galena-2 and
tetrahedrite occur in chalcopyrite; both minerals replace
chalcopyrite (Fig. 51).

Post-ore stage This stage is characterized by local redistribu-
tion and recrystallization of vein minerals. Minor amounts
of sphalerite-3, galena-3, and marcasite-3 occur on veinlets.

Relationship between main ore stages | and Il The relation-
ship between these ore stages is illustrated in the complex
vein outcrop from the central branch of the Lautenthal vein
in the Bromberg orebody described in the following section
(Fig. 6(a)). The exposed wall rocks are composed of folded
and deformed massive greywacke and shale (Lower Carbon-
iferous IIIB; Sperling and Stoppel 1979). Close to the NNE
vein margin, several quartz-galena-2a-sphalerite-2a stringers
of the quartz-dominated sub-stage of the carbonate-sulfide
stage cut moderately Fe-bearing banded sphalerite-1 of the
quartz-sulfide stage (Fig. 6(b)). Ribbon-like sphalerite-2a
in the center of cutting stringers is rimmed by gersdorffite-2
bearing quartz (not shown). The southern segment of the
vein outcrop (Fig. 6(a)) is dominated by calcite-sphaler-
ite-2b(-quartz) ore attributed to the calcite-dominated sub-
stage of the carbonate-sulfide stage. The age relationship
between the quartz-galena-2a-sphalerite-2a stringers and
the calcite-dominated sub-ore stage is clarified by the pres-
ence of stringer fragments, which are tectonically rotated
and embedded in massive calcite of the younger sub-stage
(Fig. 6(c)). A profile covering half of the vein (Fig. 6(d))
provides a brief overview on the ore textures of the calcite-
dominated sub-ore stage. It derives from the continuation
of the vein shown in Fig. 6(a) on the roof of the crosscut;
quartz-sulfide stage sphalerite-1 is lacking here. A marginal
brecciated zone (a in Fig. 6(d)) is followed by massive cal-
cite of the carbonate-sulfide stage, making up most of the
precipitates towards the vein center (b to d in Fig. 6(d)).
Cavities remaining in the center after calcite precipitation
are filled mainly by anhedral sphalerite-2b (Figs. 5h, 6(a); e
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in Fig. 6(d)). The calcite shows MgCO; values between 0.15
and 0.42 wt% (mean, 0.22 wt%; n=17; EPMA data of this
study), which are similar to those for the identical ore stage
(IITa) at the Grund deposit (Sperling 1973). The MnCO;
values are mainly between 1.70 and 3.26 wt% (mean,
2.51 wt%; n=17). Calcite from the carbonate-sulfide stage
at Lautenthal commonly hosts anhedral inclusions of siderite
(up to 25 um) and synchysite-(Ce-Nd) needles (up to ~ 80 um

@ Springer

in size; Table 1). Quartz forms thin overgrowths on rock
fragments embedded in the calcite and on crystal faces of
euhedral calcite. This quartz hosts gersdorffite-2, sphaler-
ite-2b, chalcopyrite, and galena-2b (Fig. 5g, h). Fine grains
(<200 um) of light-brownish sphalerite-3 of the post-ore
stage are present in marcasite-3-(sphalerite-3)-calcite-quartz
veinlets intersecting all older ore associations (Fig. 6(b);
Table 2).
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«Fig.5 a—o Mineralogy of the Lautenthal (a—d, f—i, m, o) and the
Bergstern veins (e, k-1, n) of the Lautenthal deposit. a, b, k. Color-
coded mineral distribution maps (u-EDXRF data). c—i, l-o. SEM-
BSE images. a—f. Quartz-sulfide ore stage. a Sphalerite-1 with
moderate Fe values (green) in breccia ore (BO; 500 m W). b Fe-
richer sphalerite-1 (dark green) partly replaced by chalcopyrite
(LO; Giite des Herrn mine; 8th mining level). ¢ Pyrite-gersdorf-
fite-1 aggregate from a brecciated vein segment (BO; 700 m W).
An earlier core of framboidal pyrite is rimmed by coarser Fe sulfide
(py) formed during the quartz-sulfide stage. Gersdorffite-1 forms
an overgrowth on the Fe sulfide. d Gersdorffite-1 with pyrite inclu-
sions from the marginal breccia of the vein (BO; 700 m W). e Ger-
sdorffite-1 grain with altered pyrite remnants (BO; 330 m W). f
Gersdorffite-1 with hourglass sector zoning (BO; 600 m W). g—o
Carbonate-sulfide ore stage. g-h Euhedral calcite, overgrown by
quartz hosting gersdorffite-2. The cavities between the carbon-
ate are filled by sphalerite-2b, chalcopyrite, and galena-2b. i.
Lens-shaped  chalcopyrite-sphalerite-quartz  aggregate, embed-
ded in coarse-grained calcite (calcite not shown). The chalcopy-
rite is partly replaced by galena-2b and fahlore. Euhedral gersdorf-
fite-2 is present at the interface between chalcopyrite/galena-2b
and sphalerite (panels g—-i from BO; 700 m W). k Vein breccia
cut by a galena-2b-dominated veinlet, containing sphalerite-2b
and gersdorffite-2. 1 Galena-2b-sulfosalt association. Freibergite-(Zn)
replaces chalcopyrite and, subsequently, galena-2b replaces all older
sulfides. Remnants of the chalcopyrite are present along the margins
of the aggregate (panels k-1 from BO; 370 m W). m Euhedral arseno-
pyrite-2 in quartz close to partly replaced sphalerite-1 (LO; Giite des
Herrn mine; 8." mining level). n Euhedral gersdorffite-2 with oscil-
latory growth zoning and sector zoning in galena-2b rich ore (BO;
370 m W). o Gersdorffite-2 fragments cemented by sphalerite-2b
(BO; 700 m W). apy, arsenopyrite; bo, bournonite; cal, calcite; carb,
carbonate; ccp, chalcopyrite; fbg, freibergite; Fe-ox, iron oxides; gf,
gersdorffite; gn, galena; py, pyrite; py-framb, framboidal pyrite; gtz,
quartz; sph, sphalerite; td, tetrahedrite. Orebodies: Bromberg (BO);
Lautenthal (LO)

Minor and trace element distribution
in sphalerite

Sphalerite is the main host mineral for high-tech trace met-
als in the Lautenthal veins. Laser ablation-ICP-MS minor
and trace element data for sphalerite-1 and -2 of the main
ore stages I and II are summarized in Table ESM 2 and plot-
ted in Fig. 7. The much less abundant post-ore stage sphal-
erite-3 contains very low Fe (0.20 to 0.37 wt%; EPMA data)
and its trace element content is extremely low (Table 2).
Consequently, it is not further presented in this section.

Iron The Fe contents in sphalerite-1 and -2 are generally
low to moderate and increase towards the eastern portion
of the deposit (Fig. 7). In the Lautenthal orebody, sphaler-
ite-1 with elevated Fe contents of up to 4.09 wt% (median
values of eight samples, 1.95 to 3.22 wt%; Table ESM 2)
was observed.

Cadmium This element shows a low variability in concen-
trations throughout the deposit. The Cd contents in sphaler-
ite vary from 0.11 to 0.91 wt%, with median values ranging

from 0.19 to 0.32 wt% for all locations (Table ESM 2). No
differences are present between the orebodies and the ore
stages. In the carbonate-sulfide stage, the distribution of Cd
is, at least locally, crystallographically controlled (Fig. 8c).
Here, zones with high Cd show moderate Fe, but are char-
acterized by low contents in some trace elements (e.g., Cu,
Sb, In, Ga; Fig. 8c-h).

Copper Its concentrations show a strong variation even
on the grain scale. They commonly range from tens to a
few thousands of ppm (Fig. 7). Two LA-ICP-MS meas-
urement spots in samples from the Lautenthal vein (Kalk-
spatfirste) and the Bergstern vein (370 m West, Bromberg
orebody) provided Cu values as high as 1.3 wt%. However,
these spots occur close to chalcopyrite intergrown with or
replacing sphalerite and the datasets may represent mixed
analyses or submicron-sized inclusions. Sphalerite-1 shows
two distinctly different patterns of Cu distribution. On the
one hand, Cu-enriched patches or nests are linked to alter-
ation-related textures in millimeter-scale remnant grains
embedded in replacing chalcopyrite. These patterns were
especially observed in moderately Fe-bearing sphalerite-1
of three samples from the Lautenthal orebody. On the other
hand, sphalerite-1 not influenced by fluid-driven alteration
commonly shows crystallographic control on the Cu dis-
tribution in the mineral (so-called sector zoning; cf. Johan
1988). The element distribution maps in carbonate-sulfide
stage samples from the Bromberg orebody indicate that
the distribution of Cu in sphalerite-2b is strictly crystallo-
graphically controlled. Its variation in concentration either
outlines oscillatory growth zoning patterns or highlights
sector zoning-related patterns (Fig. 8e). Copper enrichment
in sphalerite-2b commonly follows Fe-depleted patterns in
the mineral (Fig. 8d, e).

Antimony Its concentrations show a strong variation. Com-
monly, the Sb values range from some tens to a few hundreds
of parts per million (Fig. 7). Maximum Sb concentrations
of 0.2 to 0.3 wt% occur in sphalerite from most outcrops
within the Bromberg orebody. Higher Sb concentrations are
indicated for sphalerite-2b from the latter orebody (medi-
ans of samples, 115 to> 150 ppm), when compared to most
sphalerite-1 (Fig. 7). All samples from the Lautenthal ore-
body, either overprinted by later fluids (cf. above paragraph
focused on Cu) or largely unmodified, have Sb median/mean
values in sphalerite-1 of less than ~65 ppm. A dependency
of the Sb concentration in sphalerite on the depth level of
the sampling positions in the vein system was not observed.
Within grains, increased Sb concentrations commonly high-
light sector zoning-related patterns (Fig. 8f). Such high-Sb
patterns correlate with some of the high-Cu patterns; how-
ever, other Cu-rich patterns are low in Sb (red dashed circles
in Fig. 8e, f).

@ Springer
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Fig.6 Outcrop of base metal ores in the Lautenthal vein (central
branch) showing the quartz-sulfide and carbonate-sulfide stages at
crosscut 700 m West (Bromberg orebody). (a) Massive sphalerite-1
of the quartz-sulfide stage forms the NNE side of the ore, cut by sev-
eral footwall quartz stringers containing galena-2a and subordinate
sphalerite-2a of the quartz-dominated sub-stage of the carbonate-
sulfide stage. The SSW side (central part) of the vein structure is
formed by moderately sphalerite-2b-bearing ore of the carbonate-
dominated sub-stage of the carbonate-sulfide stage. (b) Color-coded
mineral distribution map for one of the footwall stringers (u-EDXRF
data). Green, purple, pale greenish, and white colors stand for sphal-

Tin Its concentrations are very low in most sphalerite grains.
In many quartz-sulfide stage samples from both orebodies,
less than 50% of the measurement spots yield measurable
amounts of this trace element (Fig. 7). Somewhat elevated
Sn concentrations were recorded for sphalerite-2b from
the Bromberg orebody, with medians for sampling loca-
tions reaching values as high as 32 ppm (Bergstern vein).
A final assignment of the variation of the Sn concentrations
to zoning-related or other patterns in the carbonate-sulfide
stage sphalerite is not possible at present. Overprinted sphal-
erite-1 from the Lautenthal orebody shows Sn enrichment
when compared to unmodified sphalerite-1 (Fig. 7). In one
sample from the Abendstern branch vein, Sn is concentrated
in small, irregularly formed Sn-In-enriched domains in the
mineral. Such domains were observed adjacent to the contact
between sphalerite-1 and the replacing chalcopyrite. Very
rare cassiterite grains (size 4 to 10 um) occur in chalcopyrite
aggregates of this sample (Weber 2013 and this study).

@ Springer

erite (sph), galena (gn), calcite (cal), and quartz (qtz), respectively,
whereas orange colors stand for FeS,. (¢) Fragment of a footwall
stringer (gn-2a-qtz; top right of specimen), which was tectonically
rotated and, subsequently, embedded in calcite of the central part of
the vein structure. (d) Profile covering the northern segment of the
base-metal ore vein (margin to center). The large specimen contain-
ing this profile was taken from the roof of the crosscut. The profile
was sampled (red squares) and the five sections (a—e) were studied
here. For abbreviations of minerals see Fig. 5. Qtz-sulf stage, quartz-
sulfide stage; carb-sulf stage, carbonate-sulfide stage

Silver The Ag median values for the samples range from 2 to
36 ppm (Table ESM 2). There are no significant differences
in the Ag concentrations between the sample locations and
ore stages (Fig. 7). Due to its overall low concentrations
in sphalerite and the rather high background during EPMA
element mapping, the distribution characteristics of Ag in
sphalerite remain poorly constrained. However, moderate
enrichment of Ag in sector zoning-related patterns show-
ing also Cu and Sb enrichment is indicated for at least one
carbonate-sulfide stage sphalerite sample by EPMA-WDS
element mapping.

Germanium The element is uniformly incorporated into the
lattice of sphalerite from both sulfide ore stages in rather
low concentrations, with maximum values ranging from 55
to~210 ppm for individual samples (Fig. 7). Median values
for Ge range from~1 to 11 ppm for both orebodies (Table
ESM 2).
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Fig.7 Box plot diagrams for Fe, Cu, Ag, Sn, Sb, Ga, Ge, and In in
sphalerite-1 of the quartz-sulfide stage from the Lautenthal orebody
(blue boxes (LO); 230 laser spots in 4 samples) and the Bromberg
orebody (blue boxes (BO); 517 spots in 12 samples) as well as in later
overprinted sphalerite-1 from the Lautenthal orebody (blue boxes

Indium Its concentrations show the highest variability of all
trace elements in sphalerite from Lautenthal (Fig. 7). This
observation applies for the macroscopic scale (i.e., the posi-
tion of a sample in the vein system and its assignment to an
ore stage), and also for the individual sphalerite grain scale.
The lowest In values in the sphalerite lattice were recorded
for all quartz-sulfide stage samples from both orebodies that
show no indication for significant sphalerite-1 replacement
by chalcopyrite (Fig. 7). Especially low In concentrations
occur in the sphalerite-1 from the brecciated Lautenthal vein
at crosscut 500 West (Bromberg orebody). Here, > 50% of
the spot measurements were below the LOD of the LA-ICP-
MS method for In. Partly replaced and altered sphalerite-1
grains of the Lautenthal orebody show moderately enriched
In concentrations (median/mean for samples~ 11 to ~80
ppm In), when compared to “normal” sphalerite-1 (Fig. 7).
Indium-enriched domains in these grains are clearly linked
to alteration-related textures (e.g., patches, nests, domains
arranged adjacent to cracks or cleavage planes). However,
the highest In concentrations at Lautenthal occur in sphaler-
ite-2b from the Bromberg orebody (Fig. 7), with a maximum
concentration of 0.34 wt% for an individual measurement
spot (Bergstern vein). The median values for carbonate-
sulfide stage vein outcrops within the Bromberg orebody

with red outline (LO); 71 spots in 3 samples) and sphalerite-2b of the
carbonate-sulfide stage from the Bromberg orebody (red boxes (BO);
429 spots in 12 samples). Median values, whiskers (1.5 times the
interquartile range), outliers, and mean limits of detection (LOD) of
LA-ICP-MS datasets are shown in the plots

range from~5 to 574 ppm (sphalerites-2a and -2b; Table
ESM 2). The distribution of In in carbonate-sulfide stage
sphalerite is strongly crystallographically controlled. The
variations in concentration often highlight sector zoning-
related patterns of the mineral and, less commonly, outline
narrow oscillatory growth zoning patterns. Clearly visible
in the element distribution maps is the spatial correlation
of In-rich with some Cu-rich patterns (Fig. 8e, g). How-
ever, a striking feature is the divergent (mutually exclusive)
arrangement of In-rich and Sb-rich patterns in the crystal
structure of sphalerite (red dashed circles in Fig. 8f, g).
However, both patterns combined fit well with zones of Cu
enrichment (circles 1-3 and 5 in Fig. 8e—g).

Gallium Its concentrations in sphalerite have median val-
ues for the individual vein outcrops of both ore stages
and in both orebodies between 6 and 165 ppm (Table
ESM 2). A difference in concentrations between “nor-
mal” and overprinted sphalerite-1, as observed for a
number of other trace elements, might be present also for
Ga (Fig. 7). Sphalerite-2b from the Bromberg orebody
shows the highest median Ga concentrations within the
Lautenthal deposit (153 to 165 ppm). Gallium incorpora-
tion into the sphalerite-2b lattice is crystallographically
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Fig.8 a-h Semi-quantitative element distribution maps for major,
minor, and trace elements in sphalerite-2b from the carbonate-sulfide
stage of the Bergstern vein (370 m West; Bromberg orebody). All
data were determined using EPMA (WDS or EDS methods). Dashed
circles 1 to 4 in figures d to h highlight crystallographic zones in the

controlled and follows the sector zoning-related pat-
terns as highlighted by Fe depletion and Cu enrichment
(Fig. 8d, e, h). A sample from Maassen mine hosts two
sphalerite generations (Weber 2013); the older Fe-richer
sphalerite is Ga-rich (Fe, 1.7 wt%; Ga, 188 to 193 ppm),
whereas the younger one (probably sphalerite-3) is Ga-
poor (Fe, 0.3 wt%; Ga, 7 to 10 ppm).
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mineral grain with contrasting behavior of trace element incorpora-
tion: 1 and 2 (white)—low Fe, high Cu, high Sb, low In, high Ga; 3
and 4 (red)—low Fe, high Cu, low Sb, high In, low Ga. For abbrevia-
tions of minerals see Fig. 5

Trace element concentrations
in hand-picked sphalerite samples and ore
concentrates

To evaluate and scale-up the micro-analytical data, sphalerite
from both main ore stages within the Lautenthal vein was con-
centrated in hand-picked samples and ore concentrates.
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The In concentrations and In/Zn values in the hand-picked
sphalerite samples from the Bromberg orebody show a steady
increase from 500 m West and 600 m West, over the footwall
branch vein at 700 m West, to the central branch vein at 700 m
West (Table 3). The Cu values are almost identical for the first
three locations and are higher for the central branch samples.
Gallium and Sn show similar trends. Despite the fact that the
first three locations host sphalerite-1-dominated ore of the
quartz-sulfide stage only, there is a difference in In concentra-
tions between them (Table 3). The high In and moderate Sn val-
ues in the samples from the central branch of the vein at 700 m
West indicate a high In level and associated moderate Sn
enrichment in the sphalerite-2a and -2b ore of the carbonate-
sulfide stage at this location. Thus, these bulk data confirm the
EPMA and LA-ICP-MS micro-analytical data for the respec-
tive sphalerite generations.

Both sphalerite-1-enriched moderate volume ore concen-
trates from 500 m West are similar in base metal and trace
element (Cu, Ga) compositions. Indium and Sn concentrations
are below the LOD of the method (1 sample; Table 3). Moder-
ate volume concentrates from both locations at 700 m West
confirm the trace element compositional trend observed for the
respective hand-picked samples. Despite rather low Zn contents
in the carbonate-sulfide stage-dominated ore from the central
branch vein, weak Sn and strong In enrichment (up to~ 109
ppm) is indicated here, when compared to the quartz-sulfide
stage ore of the footwall branch vein (Table 3). Finally, the 700
m West sample composed of > 50 kg of mixed ore from both
main ore stages (A. Haas, pers. comm.) still contained signifi-
cant In concentrations (82 ppm; In/Zn, 0.44 x 10~3) despite low
Zn contents in the ore (Haas 2020).

The historical industrial mixed ore concentrate from the
Lautenthal orebody sampled during ore processing in 1922
probably contains sphalerite of all generations. However, its
In concentration and In/Zn value are in the same order of mag-
nitude like those data for the mixed ore concentrate from 700
m West (Table 3).

Mineral geothermometers

Gersdorffite-1 neither displays significant substitution of
As for S (As:S atomic ratio, 0.89 to 1.08(1.15); median,
0.96; n=98), nor significant substitution of Sb for As (Sb:As
atomic ratio, <0.001 to 0.057; median, 0.003; n=98). There-
fore, its chemical data can be plotted in the NiAsS-CoAsS-
FeAsS diagram (Fig. 9) as constructed by Klemm (1965),
which shows the stability fields of solid solutions dependent
on the temperature of synthesis. The plotted positions of the
gersdorffite-1 data (Bromberg orebody) in the diagram allow
to estimate temperatures of precipitation for the mineral at
about 300 °C or slightly below 300 °C. On the other hand,
significant substitution of Sb for As is indicated for a large

portion of the gersdorffite-2 grains and consequently their
mineral chemistry data cannot be used for a temperature
estimation. Klemm (1965) assumes a large uncertainty of the
NiAsS-CoAsS-FeAsS temperature estimation below 300 °C;
no specific values are provided.

Using the sphalerite geothermometer GGIMFis (Fren-
zel et al. 2016), median crystallization temperatures of the
sphalerite-1 were calculated between 151 and 204 °C for
LA-ICP-MS data of 12 samples (Table ESM 2; Table 3) from
the Bromberg orebody (median for all samples, 174 °C). In
the Lautenthal orebody, the calculated median values for
sphalerite-1 samples are between 198 and 246 °C (median
for all samples, 230 °C). GGIMFis temperatures for over-
printed sphalerite-1 do not differ substantially from those
for unmodified sphalerite-1 (Table ESM 2). Crystallization
temperatures of the carbonate-sulfide stage sphalerite-2 were
calculated between 158 and 210 °C for LA-ICP-MS data
of 13 samples from the Bromberg orebody (median for all
samples, 184 °C; Table 3). The uncertainty of the GGIMFis
temperature estimation in the temperature range relevant for
Lautenthal is + 60 °C (Frenzel et al. 2016).

Discussion

The data indicate that Ga and locally In show the highest
enrichment among the high tech-relevant trace elements and
are predominantly hosted by sphalerite in the Lautenthal
base metal veins. Tin concentration is low. Discrete In-bear-
ing minerals like roquesite (CulnS,), sakuraiite ((Cu, Zn, Fe,
In, Sn)S) or dzhalindite (In(OH);), which commonly occur
in In-rich epithermal deposits (e.g., Cook et al. 2009), were
not observed in the Lautenthal veins.

From the evaluation of the ore concentrate data, it is
inferred that the In-bearing ore type at Lautenthal, as for
example represented by the complex carbonate-sulfide ore
outcrop at crosscut 700 m West (Fig. 6(a)), contains Zn ore
with average In contents up to> 100 ppm. Thus, In enrich-
ment at Lautenthal locally may reach economically relevant
concentrations.

The first part of the discussion focuses on an interpre-
tation of the observed high tech-element distribution in
sphalerite. Finally, the sphalerite mineral chemistry data
are comparatively discussed with adjacent hydrothermal
systems from the Upper Harz and worldwide equivalents.

Interpretation of trace element distribution
in sphalerite: incorporation mechanisms

Divalent cations (e.g., Fe, Cd) show a strong negative

correlation with Zn in our sphalerite dataset and substi-
tute directly for Zn>* cations into the sphalerite lattice. In
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Fig.9 Compositional plot of the gersdorffite-1 from the Bromberg
orebody in the system NiAsS-CoAsS-FeAsS. Each red star in the dia-
gram stands for the average composition of the gersdorffite-1 in one
individual sample. Solvus lines at different temperatures (in °C) are
taken from Klemm (1965)

contrast, the trivalent cations (e.g., Sb, Ga, In) substitute for
Zn in the sphalerite structure by coupled substitution mech-
anisms involving monovalent cations (e.g., Ag, Cu) or by
resulting vacancies (cf. Cook et al. 2009). The positive cor-
relation of Sb>* and Cu™ (LA-ICP-MS data; see ESM; Fig.
ESM 1a) in the In-bearing samples of the calcite-dominated
sub-stage of the carbonate-sulfide stage from the Bergstern
and Lautenthal veins supports their crystallographically con-
trolled incorporation as indicated by EPMA element map-
ping (Fig. 8e, f). The presence of data points below the 1:1
line in the Sb>* versus Cu* plot indicates the involvement
of other trivalent cations. Monovalent Ag shows a strong
positive correlation with Sb above the 1:1 line (Fig. ESM
1b). The cations Ga** (Fig. ESM 1d) and In** do not show
a clear correlation trend with monovalent Ag. However, a
positive correlation with Cu™ is indicated for both elements
(Figs. ESM 1c,e), supporting the results of EPMA element
maps (Fig. 8e, g, h). In general, the presence of monova-
lent cations enabled the incorporation of Sb, In, and Ga into
the sphalerite lattice in the investigated samples by coupled
substitution (Fig. ESM 1f), but low concentrations of other
cations or the formation of vacancies may have contributed
to the incorporation of the above elements as well. Possible
incorporation mechanisms of Sb, In, and Ga into In-bearing
sphalerite of the Bergstern and Lautenthal veins are shown
in the following equations (cf. Sahlstrom et al. 2017; Hen-
ning et al. 2022):

2Zn**  (Sb,In, Ga)** + (Cu, Ag)* M

3Zn*t & 2Ga*t + O 2

It is very likely that the oscillatory or zone-controlled
incorporation of Cu+In+ (Sb) represents the result of
fluctuation in temperature during sphalerite precipitation.
However, elevated concentrations of Cu, Ag, and Sb may
also hint towards the presence of nano-scale mineral inclu-
sions (e.g., tetrahedrite or freibergite) in the sphalerite. Cop-
per (and some of the other mentioned elements) may have
formed nanocrystals of Cu-Sb sulfides that cluster especially
into sector zones. Antimony is commonly not present in
solid solution in sphalerite at elevated concentrations. But,
coupled substitution allows the incorporation of Cu into
the sphalerite structure in In-bearing samples without chal-
copyrite disease (Cook et al. 2009). Therefore, the strong
crystallographic control (Fig. 8) and the absence of chalco-
pyrite disease may indicate the incorporation of these ele-
ments into the sphalerite structure in our dataset. A proper
statistical analysis on Sn and Ge behavior is not possible
due to their presence in elevated concentrations (> 50 ppm)
in only <10 and < 15% of the laser spots, respectively.
Although EPMA—having smaller spot sizes than LA-ICP-
MS—did not confirm a frequent presence of micro-inclu-
sions of Cu-Ag-Sb or Sn minerals (e.g., cassiterite), their
occurrence as tiny interstitial inclusions in certain domains
of the sphalerite at Lautenthal cannot be excluded.

Lateral main ore stage | geochemical
zonation: constraints from mineral
geochemistry and geothermometers

Mineralogical data for the quartz-sulfide stage show sub-
stantial variation throughout the Lautenthal deposit. Most
evident is the irregular but clearly visible increase in Fe
concentrations for sphalerite-1 from the Bromberg orebody
towards the easternmost segments of the vein system in the
Lautenthal orebody. Median In and Sn values are at very
low levels, with Sn always close to or below the LOD of the
LA-ICP-MS. However, In and Sn seem to be somewhat more
frequent in sphalerite-1 from the Lautenthal orebody com-
pared to the Bromberg orebody. The other trace elements
measured in sphalerite-1 behave inconsistently (Fig. 7).
Whereas median Cu and Ag concentrations are similar for
samples from both orebodies, median Sb, Ga, and Ge val-
ues are higher for the Bromberg orebody. Whether these
chemical variations reflect lateral geochemical zonation for
main ore stage | along the Lautenthal fault zone remains
open. Frenzel et al. (2016) states that Fe and In are on the
high-temperature calibration side of the GGIMFis thermom-
eter, whereas Ga and Ge decrease with increasing forma-
tion temperatures of sphalerite. This explains the GGIMFis
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crystallization temperature estimates for Lautenthal (Table
ESM 2), which are constantly higher for sphalerite-1 from
the Lautenthal orebody (median, 230 °C) compared to sphal-
erite-1 from the Bromberg one (median, 174 °C), allowing
to take a lateral temperature zonation within the hydrother-
mal system into consideration. Figure 4b illustrates that both
orebodies differ regarding their depth extensions and, con-
sequently, the calculated GGIMFis temperature difference
may reflect different exhumation levels for them. Observed
higher frequencies of occurrence of gersdorffite-1 and the
presence of larger crystal sizes of them in the Bromberg
compared to the Lautenthal orebody provide another argu-
ment for the above assumption. The rather large uncertain-
ties of the gersdorffite and GGIMFis temperature estimations
in the temperature range relevant for the quartz-sulfide stage
at Lautenthal allow no detailed statement about a tempera-
ture evolution from initial to later parts of this stage. How-
ever, the gersdorffite-1 data provide a temperature estimate
for the initial part of this stage with ~300 °C (or slightly
lower; Fig. 9), which probably characterizes the maximum
temperature conditions for the assumed ascending metal-
bearing brines. The formation of banded base metal sulfide
ores of the Upper Harz district is commonly explained by
mixing of such brines with lower-temperature, H,S-bearing
fluids at the depositional site (e.g., Moller et al. 1984; Liiders
and Ebneth 1993). Such a fluid mixing prior to sphalerite
formation could explain the reduced GGIMFis temperature
estimates for the moderate Fe- and low In-bearing sphaler-
ite-1 at Lautenthal (Table 3; Table ESM 2). GGIMFis tem-
perature estimates for sphalerites of the quartz-sulfide and
the carbonate-sulfide ore stages of the respective orebodies
overlap within the uncertainty of the method. Fluctuations in
the fluid temperature are indicated by zone-controlled trace
element patterns in sphalerite. Fluid temperature estimates
from fluid inclusion data are not available for Lautenthal.

Indium-enrichment process during main ore
stage Il and comparison of both ore stages

Reactivation of fault structures during the carbonate-sulfide
stage allowed precipitation of moderate volumes of base-
metal sulfides. Hydrothermal fluid circulation during this
stage affected sphalerite-1-bearing vein assemblages and
triggered local sphalerite-1 replacement by chalcopyrite
(Fig. 5b). However, all chalcopyrite at Lautenthal has simi-
larly low In concentrations (max.,~ 11 ppm In; n=150;
LA-ICP-MS data of this study) like the “unmodified”
sphalerite-1 from both orebodies (Fig. 7). A genetic link
of both (i) secondary In enrichment in sphalerite-1 domains
that are partly replaced by chalcopyrite of the carbonate-
sulfide stage, and (ii) primary In incorporation in sphal-
erite-2b (Fig. 7) due to a probably Cu-In-bearing fluid,

@ Springer

is likely. It is assumed that chalcopyrite overgrowing and
replacing sphalerite-1 consumes S during its precipitation,
which is provided by the dissolution of the sphalerite-1.
Consequently, the fluid becomes increasingly enriched in
Zn, which in turn facilitates the redistribution of Zn over
a short distance. The evolution of the hydrothermal fluid
was controlled by its primary composition and by interac-
tion with the pre-existing solid mineral phases of the veins.
Saturation of Zn in the fluid results in the precipitation of
texturally younger sphalerite-2. As the crystallographically
controlled In patterns in sphalerite-2b are correlating with
Cu-rich patterns and this sphalerite occurs associated with
gersdorffite-2, it is assumed that a Cu-Sb-In-bearing fluid
of the carbonate-sulfide stage supplied In and replaced In-
poor sphalerite-1.

Besides the ore textures, a substantial difference between
the main ore stages at Lautenthal concerns the minor ele-
ment compositions of the accessory Fe-Co-Ni sulfarsenides
(mainly gersdorffite). Furthermore, main ore stage II con-
tains slightly higher contents in Cu-Sb minerals than stage
I, and higher concentrations of In are present in sphalerite-2
compared to those in sphalerite-1. A combination of these
distinguishing features between the stages is used to put fur-
ther constraints on the processes resulting in formation of
the carbonate-sulfide stage. The trace element characteristics
of Fe-Co—Ni sulfarsenide—sphalerite pairs of minerals, rep-
resenting each individual ore stage, are plotted in Fig. 10.
Both minerals always occur in direct spatial association
within studied samples. For the Sb concentration in Fe-Co-
Ni sulfarsenide grains, the median and maximum values
of each sample are given, whereas the In concentrations in
sphalerite grains are represented by the median values of
the respective sample (n=25). The sample origin for each
Fe-Co-Ni sulfarsenide—sphalerite pair is listed in the legend
of Fig. 10 for both orebodies.

In Fig. 10, quartz-sulfide stage ore constantly plots at
low Sb and In values. However, the Sb concentrations in
gersdorffite-1 from the Lautenthal orebody seem to be
even lower than those in gersdorffite-1 from the Brom-
berg orebody. Constantly high Sb and In concentrations
for the two minerals characterize all samples from the
carbonate-sulfide stage ore within the Bromberg orebody.
However, the data suggest a linear trend between these
two extreme fields with a slight offset between the two
orebodies. The differences between points with similar In
on both trend lines (left trend line in the figure: Lauten-
thal orebody; right trend line: Bromberg orebody) are
ascribed to the Sb concentrations in gersdorffite. The trend
is interpreted to indicate variable degrees of overprinting
of older quartz-sulfide stage ore and/or variations in fluid
compositions in structures located in the surroundings of
vein structures that were intensely reactivated during the
carbonate-sulfide stage.
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Fig. 10 Plot of Sb concentration in accessory Fe-Co-Ni sulf-
arsenides versus In concentration in sphalerite for Lautenthal
base metal vein samples. The sulfarsenides (mainly gersdorf-
fite) and sphalerite grains of each combined dataset (pair of miner-
als) always derive from identical ore stage, position in the respec-
tive mineralization, and, importantly, from an identical sample.
Several sphalerite samples of the quartz-sulfide stage constantly
yielded very low In concentrations with resulting median val-
ues below the LOD of the LA-ICP-MS method. To show the

Furthermore, chalcopyrite attributed to the carbonate-
sulfide stage shows replacement by tetrahedrite-(Zn) or
freibergite-(Zn) (Fig. 51, 1; Table 2). If S is treated as the
only relatively immobile element in the latter replacement/
precipitation processes (cf. Wagner and Cook 1997), an
influx of Cu, Ag, Zn, and Sb can be assumed. The dissolu-
tion of the sphalerite-1 provided the source of Zn, whereas
Cu, Ag, and Sb must have been present in the mineralizing
fluids of the carbonate-sulfide stage at significant concentra-
tions. Mineral associations of chalcopyrite and fahlore-(Zn)
that commonly occur nearby to both In-enriched modified
sphalerite-1 and high-In sphalerite-2b (e.g., Lautenthal and
Bergstern veins) suggest that the fluid active during the
carbonate-sulfide stage is represented by a Cu-Sb-Ag-In-
bearing fluid. Slight In enrichment in quartz-sulfide stage ore
from the footwall branch at crosscut 700 m West (Table 3)
supports the above assumption that carbonate-sulfide stage
fluid circulation affected adjacent older vein structures. Fur-
thermore, the Fe content in sphalerite-1 was probably too
low to initiate significant diffusion of Cu into the sphaler-
ite to produce chalcopyrite disease (cf. Bente and Doering
1993; Lepetit et al. 2003).

approximate position of the data for these samples in the plot, a
Sb range for some samples is indicated outside of the diagram
field by a thick blue line connecting median Sb values of samples.
The two trend lines added in the figure connect the two “fields”
for both stages for the Bromberg and the Lautenthal orebodies,
respectively; see text for details. For abbreviations of minerals see
Fig. 5. Sph-1(op), sphalerite-1 overprinted by later stage fluids (blue
symbols with red outline)

Indium-bearing ore associations
in adjacent hydrothermal systems
of the Upper Harz Mountains

Despite the fact that the Middle Devonian stratiform Pb-
Zn-Cu deposit Rammelsberg, ~ 10 km NE of Lautenthal
(Fig. 2), is older than the Pb—Zn-mineralized vein systems
in the Upper Harz, it is worth to mention that this deposit
hosted large volumes of In-enriched ore (mixed ore: In <77
ppm, Sn 50 ppm; Cu-rich ore: In 40 ppm, Sn~300 ppm; e.g.,
Kraume 1955; Brauer 2013).

Considering base metal ore-bearing vein-type deposits in
the study area, variable In concentrations are found in late,
slightly Fe-enriched sphalerite (up to~6 wt% Fe) from the
hydrothermal vein deposit at Groffiirstin Alexandra (GFA)
mine (Graupner et al. 2019), located ~8 km NE of Lautenthal
(Sperling and Berthold 1979; Stedingk 1982; Fig. 2). Median
In values for three sphalerite samples range from 2 to~ 120
ppm, with a maximum In concentration of ~700 ppm.
The median for Sn in two sphalerite samples is 39 ppm
(LA-ICP-MS data) and in the third sample 300 ppm (EPMA
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data; Fig. 11; Graupner et al. 2019). The sulfide ores of the
Lautenthal and the GFA mines are similar in some respects.
This includes a Zn dominance of the ore at both locations,
similar Sb concentrations and Ag contents of the Pb ores,
with the latter being rather low relative to other Pb ores
from the Upper Harz Mountains (Ahrend and Seidensticker
in Kraume 1964). However, the common occurrence of
oriented chalcopyrite and/or pyrrhotite micro-inclusions in
anhedral sphalerite in the GFA veins (Stedingk 1982; Hall
2019) is different compared to their scarcity in sphalerite at
Lautenthal.

For the world-class hydrothermal vein deposit Grund (~ 8 km
S of Lautenthal; Fig. 1), which is paragenetically similar to
Lautenthal (e.g., Sperling and Stoppel 1979), 18 sphalerite ore
samples from the West Field orebody were measured for trace
elements (Gundlach (1958) in Sperling 1973). The sphaler-
ite contains between 10 and 140 ppm In (median, 30 ppm),
20 to 100 ppm Ga (median, 50 ppm), and 10 to 280 ppm
Sn (median, 89 ppm). Sphalerite from drill core partly inter-
secting unmined portions of various depth levels of the West
Field orebody II contains< 1 to 116 ppm In, 22 to 147 ppm
Ga, and 1 to 220 ppm Sn, with median values of 12 ppm In,
75 ppm Ga, and 17 ppm Sn (ICP-MS data; n=141; Stedingk
1993: Fig. 11). Iron contents in sphalerite from this orebody
reach up to 8 wt% and its central segment often shows Fe
(max) values >5 wt% (Sperling 1979). Industrial sphalerite

concentrates and one moderate volume sphalerite concentrate
contain between 6 and 22 ppm In, 73 and 86 ppm Ga, and 12
and 111 ppm Sn (ICP-MS data; Graupner et al. 2019; Fig. 11).
Oriented micro-inclusions do not occur in sphalerite from this
deposit.

Sediment-hosted hydrothermal Zn-Fe-Pb mineralized
zones from the Lower Saxony Basin to the NW of the Upper
Harz are characterized by overall low minor and trace ele-
ment contents in the sphalerite (median values for Ga and
In are 0.99 ppm and 0.064 ppm, respectively; Nadoll et al.
2019) in contrast to studied locations in the Upper Harz.

Comparison of Lautenthal
with magmatic-hydrothermal, vein-style
Sn-In-rich systems worldwide

Vein-style In-rich ore formed at high (> 300 °C) or more
moderate (~300 to <300 °C) temperatures (Seifert and
Sandmann 2006; Dill et al. 2013; Jovic et al. 2015), and
is commonly attributed to tin-polymetallic veins and epi-
thermal ore systems (Cook et al. 2009; Dill et al. 2013;
Murakami and Ishihara 2013; Jovic et al. 2015). The
deposits are spatially and temporally related to mainly sub-
volcanic rocks and represent magmatic-hydrothermal sys-
tems. They are characterized by high Sn concentrations in
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Fig. 11 Indium vs. tin for In-bearing sphalerite from worldwide
deposits. Large symbols represent hand-picked sphalerite samples
(<100 g each) and ore concentrates, whereas small symbols stand
for median values of EPMA or LA-ICP-MS spot measurements on
sphalerite. Data are from Stedingk (1993), Cook et al. (2009), Ishi-
hara et al. (2011), Murakami and Ishihara (2013), Dill et al. (2013),
and Graupner et al. (2019). The data for Freiberg are from Bauer
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et al. (2019a) and are plotted (crosses) for Fe-rich sphalerite Ia (sph
Ia; from kb veins), Fe-rich sphalerite Ib (sph Ib; from eb veins), and
coarse-grained sphalerite IIb (sph IIb; from fba veins). The dashed
circle around the sph Ia symbol stands for the range for individual sph
Ta samples. *Based on median values for deposits studied by Cook
et al. (2009)
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the In-enriched ore minerals (mostly sphalerite; Fig. 11) or
bound to discrete Sn minerals in the ore veins (cassiterite,
stannite). Discrete In-bearing mineral phases (e.g., roquesite,
sakuraiite) are typical of such veins (Cook et al. 2009; Dill
et al. 2013; Murakami and Ishihara 2013).

The contrasting features between Sn-In-rich vein-
type systems worldwide and Lautenthal can be dis-
cussed using the Freiberg district in the Variscan Orogen
(Erzgebirge, Germany). In contrast to Lautenthal, the
Freiberg vein systems are affected by magmatic-hydro-
thermal fluids from post-collisional lamprophyric and
rhyolitic dikes (Seifert and Sandmann 2006). Such flu-
ids are likely, but could not be proven in Freiberg so far
(Swinkels et al. 2022). Sphalerite Ia from the Zn-Sn-Cu
sequence (“indium stage”) of the polymetallic-sulfide-
quartz (“kb”) formation is the main host for In in Freiberg

with median In contents of 424 ppm (In,,,, 2680 ppm),
median Ga contents of 6 ppm (Ga,,,, 180 ppm), and
median Sn contents of 36 ppm (Sn,,,, 7640 ppm;

Bauer et al. 2019a; Fig. 11). Bulk ore geochemistry of “kb”
veins shows high Sn concentrations with a mean of 1500 ppm
Sn (Sn,,,,. 1.3 wt%; Seifert and Sandmann 2006). The In
concentrations in sphalerite Ia from Freiberg are similar
to the In-enriched sphalerite-2b of the carbonate-sulfide
stage at Lautenthal with median In contents of 250 ppm
(In,,,, 3400 ppm); however, the median Ga contents are
higher (165 ppm; Ga,,,,, 1200 ppm) and the median Sn
contents lower (13.5 ppm; Sn,,,, ~450 ppm) at Lautenthal
(Table ESM 2; Fig. 7), when comparing these two sphaler-
ite generations directly. The temperature conditions during
formation of the Freiberg “kb” formation clearly exceeded
300 °C and a genetic link between In- and Sn-bearing flu-
ids is indicated (Seifert and Sandmann 2006). In contrast
to Freiberg, the hydrothermal ore system at Lautenthal is
low in Sn with even its highest enrichments in hand-picked
In-rich (~ 380 ppm) concentrates never exceeding 30 ppm
Sn (Table 3), and the ore formation temperatures are lower.

The In-rich ore type of the Lautenthal deposit neither
spatially nor temporally shows a direct link to magmatic-
hydrothermal processes. The Sn-poor nature of its ore forms
a significant difference to the In-rich vein-like mineralization
styles known from other parts of the world. This is probably
due to the lack of magmatic input during ore formation in
the Upper Harz Mountains during the Mesozoic. One model
for the source(s) of the base metals in the Harz vein dis-
trict based on, e.g., Pb isotopic compositions of galena, Sr
isotopic compositions of calcite, and fluid inclusion data,
assumes a crustal source involving a pile of deep-seated
unmetamorphosed or very-low-grade metamorphic Paleo-
zoic sediments of varied lithologies (Lévéque and Haack
1993a, b; Liiders et al. 1993a; de Graaf et al. 2020), with

metals extracted by interaction with circulating basement
brines of probably metamorphic origin (Nadoll et al. 2019
and references therein).

Summary and conclusions

(1) Massive, banded, and breccia ore types of main ore stage
I (quartz-sulfide stage) of the hydrothermal Lauten-
thal base metal vein deposit contain sphalerite-1-
galena-1-quartz associations with accessory Fe-Co-
rich gersdorffite-1, whereas the breccia ore of main ore
stage II (carbonate-sulfide stage) is mainly composed
of sphalerite-2-galena-2-carbonate/quartz associations
with accessory Sb-rich gersdorffite-2.

(2) The moderate Fe-bearing sphalerite-1 hosts low In,
moderate Ga, and very low Sn contents with median
LA-ICP-MS values of 0.3 ppm, 31.5 ppm, and below
LOD, respectively. Sphalerite-1 sometimes shows over-
printing textures, replacement by chalcopyrite, and a
related increase in its In contents. The Fe-poor sphal-
erite-2b hosts higher In and Ga contents and slightly
enriched Sn with median values of 250 ppm, 165 ppm,
and 13.5 ppm, respectively. Very high In values for indi-
vidual locations (median, 574 ppm; In,,,, 3400 ppm)
occur restricted to sphalerite-2b. Median Ge contents
are low for both sphalerite generations (7.4-9.2 ppm).

(3) Lateral geochemical and temperature zonation for
main ore stage I is taken into consideration based on
observed systematic changes in the calculated sphaler-
ite-1 GGIMFis temperatures along the Lautenthal fault
zone and geological data as well as strongly variable
frequencies and crystal sizes of gersdorffite-1. GGIM-
Fis temperature estimates for sphalerite-1 (median)
are ~230 °C for the Lautenthal orebody and~ 175 °C
for the Bromberg orebody. Sphalerite-2 data indicate
formation temperatures of ~ 185 °C (median).

(4) To scale-up the micro-analytical data, bulk composi-
tions of hand-picked sphalerite samples and sphalerite
ore concentrates were determined. Two hand-picked
sphalerite-2b samples from the Bromberg orebody con-
tained ~380 ppm In with In/Zn, ~0.70x 10~>. Moderate
volume concentrates (~ 1-50 kg each) from the same
location, which are composed of a mixture of ores from
main ore stages I and II, contained 66 to 109 ppm In and
54 to 65 ppm Ga.

(5) The results of this work demonstrate that formation of
vein-style In-bearing sphalerite mineralization is also
possible without a magmatic-hydrothermal system.
This In mineralization type has the diagnostic feature
of low Sn content.

@ Springer
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