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ARTICLE INFO ABSTRACT

Keywords: The Kupferschiefer ores of Central Europe have long served as an important source of Cu and Ag, but have also
Kupferschiefer yielded a number of important by-product metals, including Pb, Zn, Co, Ni, Ge, Re, and Au. However, little is
f:lljé(}))dll\l/[? known about the mineralogy and distribution of such by-product metals. The present study provides a

comprehensive assessment for the mineralogy and distribution of potential value-adding by-products (Co and Ni)
and deleterious elements (As and Bi) in drill-cores from the Spremberg-Graustein-Schleife prospect in Lusatia,
Germany. Detailed mineralogical investigations were conducted using scanning electron microscope-based
automated mineralogy to identify and quantify the abundance of minerals hosting Co, Ni, As, and Bi. Major
sulfide minerals were analyzed by laser ablation-inductively coupled plasma-mass spectrometry to constrain
their trace element compositions and to assess their contribution to the bulk content of the four target elements.
The results show that the bulk of Co and Ni is hosted in major sulfides, discrete Co and Ni minerals, as well as
gangue minerals. In the copper-mineralized samples, most of the recoverable Co and Ni occur as fine cobaltite —
gersdorffite inclusions within Cu-sulfides. The two deleterious elements illustrate a very different distribution.
Arsenic occurs primarily in cobaltite — gersdorffite and pyrite, whereas Bi is mainly incorporated into Cu-sulfides.
The results have important implications for the recovery of these four target elements during industrial mineral
processing. Recovery of Ni and Co will be limited by their deportment to gangue minerals (including pyrite).
Bismuth, as well as As, will effectively report to the Cu concentrate. Because of low bulk concentrations in the
ore, Bi contents in the copper concentrate can be expected to remain below smelter penalty levels. This is
markedly different for As contents in the Cu concentrate that may, in fact, approach smelter penalty levels.

metal deportment

1. Introduction

The shift towards renewable energies, electrification, and digitali-
zation gives rise to a rapid increase in global demand for raw materials
(IEA, 2024). Concerns relating to supply security are escalating,
particularly in many highly industrialized nations that depend largely
on raw material imports (European Commission, 2023; U.S. Department
of Energy, 2023). While risks in the major commodity markets, such as
Cu and Al, are well constrained, many minor metals that are essential to
modern society are primarily recovered as by-products with small
annual production volumes and complex commodity supply chains that
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are limited to a small number of suppliers and traders (Nassar et al.,
2015). The lack of information can begin as early as the exploration
phase, where potential by-products are typically evaluated only through
geochemical assay campaigns with no evaluation of their mineralogical
distribution. Thus, their economic potential is frequently overlooked in
both early-stage exploration and subsequent feasibility studies, which
ultimately inform processing route decisions. The potential to recover
these by-products is, however, usually dependent on the beneficiation
route chosen for the major products (Greffe et al., 2024).

Despite the growing importance of by-product metals, quantitative
studies on their mineralogical deportment and distribution within ore
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deposits continue to be underrepresented within scientific literature
(Mudd et al., 2017; Frenzel et al., 2019). This is largely due to the
inherent complexity and costs associated with detailed characterization
studies, which require the evaluation of a representative suite of samples
across an ore deposit and the integration of data from multiple analytical
techniques. Representative samples are typically analyzed using scan-
ning electron microscopy (SEM)-based automated mineralogy (AM) to
identify host minerals for major and minor elements, with results vali-
dated through bulk chemical assays (Goodall et al., 2005; Coetzee et al.,
2011). Further analysis of the host minerals using electron probe micro-
analyzer (EPMA) and laser ablation-inductively coupled plasma mass-
spectrometry (LA-ICP-MS) is required to determine the deportment for
minor and trace elements. While such quantitative studies are more
common for noble metals (e.g., Chryssoulis and Cabri, 1990; Butcher
et al., 2000; Goodall, 2008; Cabri et al., 2009), they remain scarce for
non-precious and by-product metals (e.g., Frenzel et al., 2019; Kelvin
et al., 2022; Zhang et al., 2024). This lack of quantitative assessment is
particularly notable for well-known polymetallic ore types, despite the
insights it could provide into potential by-product supplies (Frenzel
et al., 2015, 2017).

The sediment-hosted stratabound copper (SSC) deposits of the Kup-
ferschiefer in Central Europe are a prime example of a polymetallic ore
type. Not only are these deposits a significant source of Cu and Ag, they
also contain elevated concentrations of several other metals, including
Pb, Zn, Co, Ni, Ge, Re, and Au (Borg et al., 2012; Vind and Tamm, 2021;
Kopp, 2022). While the industrial exploitation of the Kupferschiefer is
currently limited to Poland, there is extensive exploration taking place
in both Poland and Germany, including the Spremberg-Graustein-
Schleife prospect in Brandenburg and Saxony, which is currently
owned by KSL Kupferschiefer Lausitz GmbH.

The polymetallic character of the Kupferschiefer ores is aptly illus-
trated by current operations in Poland (managed by KGHM Polska Miedz
S.A.), where by-product metals, such as Au, Pb, Re, and Ni, are recovered
in addition to Cu and Ag (KGHMa, 2025). In the Mansfeld and Sanger-
hausen regions in central Germany, prior to the closure of the mining
operations in 1990, more than 20 metals were recovered either
continuously or intermittently, depending on their concentrations in the
bulk ore (Klette, 2003; Spilker, 2010). The approach in central Germany
involved smelting the entire organic-rich marl/shale unit of the Kup-
ferschiefer, with its finely disseminated sulfide mineralization, directly
in so-called shaft furnaces to produce Cu matte that was then refined
further. This approach was feasible under the economic conditions
prevailing at the time. In present-day operations in Poland, in contrast, a
Cu-rich sulfide concentrate is first produced by froth flotation, and then
smelted using flash smelting technology or, alternatively, shaft furnace
technology to yield copper matte. This matte is subsequently converted
into blister copper and further refined to high-purity cathode copper
(KGHMD, 2025).

To assess the possibilities of recovering Co and Ni as potential by-
products from Cu-rich mineral concentrates obtained from
Kupferschiefer-type ores, it is crucial to quantitatively assess the
deportment of these two metals. It is equally important to quantify the
deportment of deleterious elements, such as As and Bi, which pose
environmental concerns, impair product quality, and increase process-
ing costs (Fountain, 2013). Little is currently known about the distri-
bution of Bi in Kupferschiefer ores. Arsenic, on the other hand, is a
stoichiometric constituent in several of the Cu ore minerals in Kupfer-
schiefer ores, including tennantite (Cui2As4S13) and enargite (CusAsSa),
but may also occur as a trace constituent in minerals like pyrite. Ten-
nantite and enargite exhibit comparable flotation characteristics to
copper sulfides and will thus report to the concentrate. Arsenic is vola-
tilized during the Cu smelting process, entering the furnace off-gases and
later condensing in flue dusts, leading to significant emission and
contamination risks (Long et al., 2012). Bismuth, in contrast, is highly
insoluble in copper metal, where even trace amounts can cause brittle-
ness, requiring further refining (Duscher et al., 2004). Assessing the
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deportments of As and Bi, alongside Co and Ni, is therefore important to
optimize processing efficiency and product quality, and to minimize
environmental impacts and costs.

This study investigates the mineralogy and distribution of Co, Ni, As,
and Bi in samples from exploration drill-cores of the Spremberg-
Graustein-Schleife Kupferschiefer prospect in Lusatia, Germany. It
builds on previous work, in which the deportment of Ag in the same
sample suite was investigated (Nourizenouz et al., 2026). Comprehen-
sive mineralogical analyses using SEM-based AM were conducted to
identify and quantify the modal abundances of the principal Co-, Ni-, As-
, and Bi-containing minerals. Subsequently, mineral chemical analyses,
including LA-ICP-MS and EPMA, were carried out on major base-metal
sulfides, such as chalcocite-group minerals, covellite, bornite, and
chalcopyrite, as well as sphalerite, galena, and pyrite, to quantify the
distribution of Co, Ni, As, and Bi between these common sulfide min-
erals. This knowledge is then used to place constraints on the recovery of
Co and Ni as by-products to a Cu concentrate and to predict whether
concentrations of As and Bi in the concentrate exceed threshold levels
and incur smelter penalties.

2. Geological setting

The Kupferschiefer ore deposits are hosted within the Southern
Permian Basin (SPB), an extensive intracontinental basin that stretches
from England across the North Sea, northern Germany, and Poland to
the Baltic States (Ziegler, 1990). This basin formed during the late
Carboniferous period (~300 Ma), following the Variscan Orogeny, and
developed as a successor to the Variscan foredeep along the northern
margin of the orogenic belt (van Wees et al., 2000). The formation of the
SPB was driven by post-orogenic tectonics, characterized by strike-slip
faulting and the formation of pull-apart basins (Ziegler, 1990).
Bimodal volcanism was initially widespread; volcanic rocks and inter-
bedded fluvial and lacustrine sedimentary strata constitute the Permian
Lower Rotliegend Subgroup (Geifller et al., 2008). Subsequent crustal
uplift and erosion, marked by the Saalian Unconformity, were followed
by thermal subsidence and renewed sedimentation in arid environments
(Glennie, 1997). This latter phase led to the deposition of the Upper
Rotliegend Subgroup, characterized by extensive continental evaporite
deposits and sedimentary features typical of desert conditions in the SPB
(Stollhofen et al., 2008).

During the late Permian (~258 Ma), the shallow continental Zech-
stein Sea formed following rapid marine transgression across much of
the SPB. This resulted in the deposition of a thin, carbonaceous black
marl/shale unit, the so-called Kupferschiefer (T1) at the base of the
Zechstein Group that conformably overlies the Rotliegend Group sand-
stones (S1) with a sharp contact (Glennie, 1997). The Zechstein Group is
subdivided into several cycles, reflecting progressive evaporation and
chemical precipitation that filled the SPB. Evaporation cycles typically
begin with the deposition of marls or limestones, followed by evaporites,
including gypsum/anhydrite and halite (Tucker, 1991; Strohmenger
et al., 1996; Kaiser et al., 2003). Zechstein Limestone (Cal), overlying
the T1, is the first carbonate-rich unit deposited during the first evapo-
ritic cycle.

The sulfide mineralization in the Kupferschiefer ores reflects a
complex, multi-stage paragenetic sequence, with different textural styles
of sulfide mineralization, including fine disseminations, crosscutting/
bedding-parallel veins, and replacement of carbonate cements, fossils,
and detrital clasts (Borg et al., 2012). High-grade base metal minerali-
zation is distinctly zoned, both laterally and vertically, and is genetically
associated with a prominent post-depositional oxidation front known as
“Rote Faule”. Immediately adjacent to the Rote Faule oxidation front, a
Cu-Ag mineralization zone is developed, consisting of chalcocite,
covellite, bornite, and chalcopyrite. Locally, a thin zone of precious
metal enrichment (e.g., Au, Pt, Pd) has been described along the im-
mediate redox boundary (Piestrzynski et al., 2002). With increasing
distance to the oxidation front, Cu-Ag mineralization is followed by Pb-
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Zn (galena and sphalerite) and Fe (pyrite) mineralization. The latter
carries only negligible base metal concentrations (Borg et al., 2012).

The Spremberg-Graustein-Schleife Kupferschiefer prospect in Lusa-
tia, eastern Germany, is situated between the historical German mining
districts of Mansfeld and Sangerhausen and the active mining operations
in Southwest Poland (Fig. la). Targeted exploration was carried out
from 1954 to 1980 and restarted in 2009 by KSL. The prospect extends
over a total area of 15 km by 3.5 km, and consists of two disjointed
orebodies, called the Spremberg and Graustein fields. These are sepa-
rated by the Tiirkendorfer Graben, a prominent NE-SW-striking graben
structure (Fig. 1b). The bulk of these orebodies is located in the state of
Brandenburg. The term “Schleife” denotes the southeasterly extension of
the Graustein field into the jurisdiction of the Free State of Saxony. The
Cu-Ag mineralization lies at a depth of 800 to 1500 m, with an average
thickness of 2.4 m. Indicated and inferred resources consist of 115.2 Mt.
at 1.47% Cu and 24.1 g/t Ag, and 14.5 Mt. at 1.46% Cu and 29.9 g/t Ag,
respectively (KSL report, 2021).

3. Material and methods
3.1. Sampling and sample preparation

For this study, 53 samples were collected from three exploration
drill-cores (131, 133, and 136), all drilled in 2009 by KSL (Fig. 1b). Drill-
cores 131 and 133 are situated in the Graustein area, whereas drill-core
136 is located within the Tiirkendorfer Graben (Fig. 1c). Each of the
three drill-cores intersected the S1, T1, and Cal units. Regarding
mineralization in the T1 unit, drill-cores 131 and 133 intersected Cu-Ag
mineralization, whereas drill-core 136 intersected Pb-Zn mineralization.
Notably, drill-core 133 shows evidence of the Rote Faule oxidation front
at the base of the T1 unit (Fig. A1). Slab samples (~ 2 cm thick and ~ 4
cm wide) were cut from the drill-cores using an NTT Coresaw at the
Helmbholtz Institute Freiberg for Resource Technology (HIF). The lengths
of the slab samples correspond to the lengths of the sampling intervals
previously defined and assayed by KSL (see ESM-2 for details).

The sample preparation process consisted of several steps, which
involved crushing, splitting, and compositing (see Nourizenouz et al.,
2026). Samples were initially crushed in stages to 100% passing 500 pm
and split into representative aliquots using a laboratory rotary splitter.
To improve representativeness for the scale of mining and reduce
analytical costs, the 53 samples were composited into 19 composite
samples. Compositing was performed within individual lithological
units. Base-metal assay data (Cu, Pb, and Zn) were used as the
geochemical criteria guiding aggregation. While this approach may
smooth small-scale whole rock geochemical and mineralogical hetero-
geneity, it provides representative bulk compositions at a scale relevant
to mining and processing operations.

One aliquot of each composite sample was reserved for mineral
chemical analysis by EPMA and LA-ICP-MS. A second aliquot was milled
to 95% passing 100 pm for SEM-based AM, while a third aliquot was
milled to 100% passing 63 pm for bulk geochemical analysis. For SEM-
based AM, polished epoxy grain mounts (30 mm diameter) were pre-
pared by embedding the milled material within a mixture of epoxy resin,
graphite powder, and 10 wt% iodine. The addition of iodine helps to
differentiate organic carbon from the epoxy resin in back-scattered
electron (BSE) images (Rahfeld and Gutzmer, 2017). To minimize bias
from gravitational settling, the mounts were sliced vertically, rotated
90°, and remounted in 30 mm epoxy resin (Heinig et al., 2015).

Heavy liquid separation (HLS) was carried out on the crushed ma-
terial (100% passing 500 pm) to upgrade the sulfide content for point
analysis by LA-ICP-MS and EPMA. Sodium polytungstate salt (SPT;
3NaaW04-9W03-H0) was dissolved in water to achieve a density of 3.1
g/cm?®. The resulting sink fractions were washed with distilled water,
dried in the oven overnight at 48 °C, and then embedded in epoxy resin.
These epoxy grain mounts were also sliced vertically, rotated by 90°,
and remounted in epoxy resin blocks (25 mm diameter). Due to low
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mass recoveries in the sink fractions, several samples were prepared
without rotation and remounting (samples 131-1, 131-8, 133-5, and
133-6).

3.2. Bulk geochemistry

In addition to the geochemical assay data provided by KSL for the
initial 53 intervals, in-house XRF analyses were conducted on the newly
sampled material with the same sampling intervals as KSL to validate
sampling and sample preparation. Furthermore, the finely milled ali-
quots (100% passing 63 pm) of the 19 composite samples were analyzed
at Actlabs in Canada using the Ultratrace-3 multi-element analytical
package (Actlabs, 2023). This program involves four-acid digestion
(HCI-HNOs-HClO4-HF), followed by ICP-OES and ICP-MS analyses. The
concentration of As was quantified by instrumental neutron activation
analysis (INAA), since As is susceptible to volatilization during acid
digestion. The total organic carbon content was determined by infrared
spectroscopy (IR). To assess analytical precision, four duplicates of the
drill-core composite samples were included. To evaluate analytical ac-
curacy, four OREAS certified reference materials (CRMs) were submit-
ted as unknowns: three from sediment-hosted Cu deposits (OREAS 554,
902, and 993) and one from a porphyry Cu-Au deposit (OREAS 504d).

3.3. Mineralogy

Reflected- and transmitted-light microscopy were carried out on all
of the grain mounts prepared for this study using a Carl Zeiss Axio
Imager Z2m, equipped with an AxioCam MRc camera at the HIF. In
addition, several polished thin sections provided by KSL were examined
using optical microscopy. These observations were used to obtain an
overview of the ore and gangue mineralogy, as well as their paragenetic
and textural relationships within the different lithological units and
drill-cores.

Detailed mineralogical characterization was conducted on both the
milled drill-core samples and HLS sinks by SEM-based AM using a
Mineral Liberation Analyzer (MLA; Gu, 2003). The MLA analyses were
performed using a Thermo Fisher Scientific FEI Quanta 650F field
emission gun SEM at the HIF, equipped with two Bruker Quantax X-
Flash 5030 energy dispersive X-ray spectrometers. Measurement and
data processing were accomplished using the MLA software suite (ver-
sions 3.1.4.686 and 3.1.5.993, respectively).

A grain-based X-ray mapping (GXMAP) routine, as well as a sparse
phase liberation X-ray mapping routine (SPL-GXMAP) were used for
analyses (Fandrich et al., 2007). The former represents a comprehensive
particle mapping measurement, where both ore and gangue minerals are
mapped until a particle count limit of 200,000 is reached. The latter
represents a BSE thresholding mapping technique, where minerals
exceeding a predefined BSE brightness are mapped. This technique
improves the counting statistics of minor and trace minerals (e.g., sul-
fides) by removing particle count restrictions. This allows for quantita-
tive mapping of bright minerals over the entire surface area of each
epoxy mount. The total bright phase content was obtained from the
GXMAP measurement, whereas the relative proportions of each bright
phase were obtained from the SPL-GXMAP measurement. Further in-
formation on operating conditions used for the MLA is listed in Table A3
(ESM-1).

3.4. Mineral chemistry

Twelve grain mount samples (HLS sink; 25 mm) containing sufficient
mineral sulfide content (> 0.1%), including three from the S1 (footwall
sandstone), five from the T1 (Kupferschiefer), and four from the Cal
(hanging wall Zechstein limestone) lithological units, were selected for
sulfide mineral chemical analysis. Prior to EPMA and LA-ICP-MS mea-
surements, all polished mounts were examined using reflected-light
microscopy and SEM to identify suitable analytical points and to avoid
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Fig. 1. a) Simplified geological map of South Brandenburg and Lower Silesia showing metal zonation in the T1 unit (modified after Kopp et al., 2010). The location
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mineral inclusions and intergrowths that could affect the analytical re-
sults. LA-ICP-MS was employed to analyze the major sulfide minerals
(Cu-, Pb-, Zn-, and Fe-sulfides) to quantify trace element concentrations,
including the concentrations of the four target elements (Co, Ni, As, Bi).
Sulfosalts and arsenides were analyzed primarily by EPMA and SEM-
EDS, as the target elements in these minerals occur at major-element
levels. Where possible, LA-ICP-MS was additionally applied (e.g., to
quantify Co, Ni, and Bi in tennantite), though the number of analyses is
limited due to their fine grain size and trace abundance. Only sulfides,
sulfosalts, and arsenides were measured for mineral chemical analysis,
since they represent the major mineral groups recovered during froth
flotation in the processing plant.

EPMA analyses were conducted using a JEOL JXA-8530F at the HIF
(see Nourizenouz et al., 2026 for analytical methodology). The trace
element content of sulfide minerals was studied by LA-ICP-MS at the
Laboratory of Environment and Raw Materials Analysis (LERA), Karls-
ruhe Institute of Technology, with a focus on constraining the concen-
trations of Co, Ni, Bi, and As. The LA-ICP-MS system at LERA couples a
Teledyne 193 nm Excimer Laser to a Thermo Fisher Scientific Element
XR sector-field ICP-MS. Samples were ablated in a helium atmosphere
and mixed with argon and nitrogen before reaching the plasma torch.
The ICP-MS was tuned for maximum sensitivity while keeping oxide
formation (UO/U < 0.1%) and element fractionation (i.e., Th/U ~ 1)
low. An ablation pulse frequency of 10 Hz and fluence of 5 J/cm? for 25 s
were employed. A 50 pm spot size was preferentially used where grain
size and texture permitted, while smaller spot sizes (down to 20 pm)
were employed in areas affected by intergrowths or inclusions to mini-
mize mixed analyses. For galena, a constant spot size of 20 pm was used
due to its high signal intensity.

Where possible, a minimum of 5 spot analyses were performed on
each mineral in each sample. The following isotopes were measured,
each with 20 ms dwell time, except when in parenthesis: 23Na, Z7Al, 2°si,
325 (8 ms), *s (8 ms), *K, **Ca, **Ca, 'V, **Mn, *"Fe (8 ms), *°Co, 5°Ni,
8¢y, %67n, %9Ga, "'Ga, "*Ge, 3Ge, 7Ge, "°As, 78Se (80 ms), **Mo (80
ms), 105pq (80 ms), 107Ag, 111Cd, 113p, (40 ms), 15r, (40 ms), 118Sn,
121Sb, 125Te (80 ms), 126T¢ (80 ms), 137Ba, 185Re (120 ms), 187Re (120
ms), 18905 (80 ms), 195p¢ (80 ms), 197 A1 (80 ms), 202Hg, 205T1, 208Pb, and
209g; (80 ms). Two spots on each of four different reference materials
were measured before and after every 40 spot analyses, allowing for the
correction of instrumental drift over the course of an experiment. The
reference materials included MASS-1 polymetallic sulfide (Wilson et al.,
2002), MUL-ZnS1 sphalerite (Onuk et al., 2017), UQAC-FeS-4 base
metal sulfide nano-powder pellet (Savard et al., 2018), and NIST SRM
612 glass (Jochum et al., 2011).

Data reduction was performed using the HDIP software package from
Teledyne. Time-resolved LA-ICP-MS signal profiles were examined for
each analysis to assess and mitigate the effects of fine-grained inclusions.
Distinct signal spikes or peaks indicative of inclusions were identified
and excluded during data reduction. To convert measured count rates
into concentrations, the °*Cu signal was used as the internal standard for
Cu-sulfides (chalcocite and covellite), as well as bornite, while °”Fe was
used for chalcopyrite and pyrite. For sphalerite and galena, °Zn and
208ph were used as internal standards, respectively. Internal standard
concentrations were derived from the average concentrations of the
corresponding elements within each mineral generation in each sample,
as determined from prior EPMA measurements. Different external
standards were selected to match the matrix for the different sulfide
minerals. MASS-1 was used for Cu(Fe) sulfides, UQAC-FeS-4 for pyrite,
and MUL-ZnS]1 for sphalerite and galena. NIST SRM 612 was measured
for quality control and drift monitoring.

3.5. Elemental deportment and uncertainty Assessment
The elemental deportment of Co, Ni, As, and Bi was quantified by

calculating the contribution of target minerals to the total metal content,
following the methodology described by Frenzel et al. (2019). Bootstrap
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re-sampling was used to estimate the uncertainties on the modal
mineralogy measurements, while Monte Carlo simulations were applied
for uncertainties on the mineral chemical data for both sulfides and the
discrete Co, Ni, and As minerals. The simulation results from SEM-based
AM, EPMA, and LA-ICP-MS were integrated to determine the best esti-
mates and 95% confidence intervals for each metal deportment in each
sample. To ensure representative, accurate, and internally consistent
results, each dataset was validated through multiple quality control
measures. A detailed account of these quality assurance protocols is
provided in Nourizenouz et al. (2026).

4. Results

In the following sections, the results of the bulk geochemical,
mineralogical, and mineral chemical analyses are presented. Further
details used for this assessment are provided in the electronic supple-
ments (ESM-1, —2, and — 3).

4.1. Bulk geochemistry

A comparison of assay results from this study and existing company
data shows good overall agreement, confirming the reliability of the
sampling and sample preparation (Fig. A2). Minor Co contamination,
likely from the grinding media, was identified in a number of sandstone
samples. Accordingly, KSL data were utilized for this element (see ESM-
1). Contamination was not identified for any of the other elements.

The results indicate that the T1 unit is enriched in base metals across
all three drill-cores (Table 1, ESM-2). Notably, the T1 interval exhibits
high Cu concentrations with average concentrations of 5.3 wt% and 1.2
wt% in drill-cores 131 and 133, respectively, and average Pb and Zn
contents of 1.8 wt% and 0.5 wt%, respectively, in drill-core 136. The
highest contents of Co and Ni are also found within the T1 unit. For
example, the highest average Co content occurs in the T1 unit of drill-
core 131 (178 pg/g) and the highest average Ni content occurs in the
T1 unit of drill-core 136 (116 pg/g). Arsenic is also abundant in the T1
unit. However, drill-core 136 exhibits elevated As contents in both the
underlying S1 unit (47 pg/g) and the overlying Cal unit (up to 120 pg/g
in sample 136-1). Bismuth concentrations are much lower, ranging from
0.1 to 12.2 pg/g, and show a distinct positive correlation with Cu (R? =
0.73).

4.2. Mineralogy

4.2.1. Qualitative mineralogy

The mineral assemblages in the drill-cores reflect the expected
stepwise interaction between metalliferous brines and early diagenetic
pyrite (Borg et al., 2012 and references therein). This interaction
resulted in a temporal and spatial sequence of: Fe-oxides (Fe>*, Rote
Faule oxidation front) — Cu(Fe)-sulfides and electrum (Au-PGEs) —
chalcocite group minerals (hereafter chalcocite) and bornite (Cu) —
chalcopyrite/bornite (Cu) — galena (Pb) — sphalerite (Zn) — pre-ore
pyrite (Fe?™) (Fig. Al). Within this framework of base metal sulfide
zonation, the occurrence and abundance of minerals containing Co, Ni,
and As in stoichiometric amounts vary systematically between different
zones. In the oxidized zone, sulfides, sulfosalts, and arsenides are absent.
In the Au-PGE zone, sulfosalts and arsenides are not present, and sul-
fides remain scarce; however, selenide minerals, such as clausthalite and
electrum grains, are hosted within ore-forming Cu-sulfides.

In the Cu-mineralized zone, minerals from the cobaltite (CoAsS) —
gersdorffite (NiAsS) solid solution series (hereafter cobaltite — gers-
dorffite) commonly occur as very fine-grained inclusions within ore-
forming Cu(Fe)-sulfides. In samples dominated by chalcopyrite/
bornite, minute inclusions of cobaltite — gersdorffite are found alongside
tennantite, which itself forms intergrowths with Cu(Fe)-sulfides
(Fig. 2a). Such inclusions are particularly common in the T1 strati-
graphic unit, where they occur as vermicular intergrowths within
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Table 1
Whole rock geochemical assays for Cu, Co, Ni, As and Bi.
Drill-core Composites Lithology Cu (%)° Co (pg/g) Ni (ng/g) As (pg/g) Bi (ug/g)
0.2 pg/g 0.5 0.5 0.5 0.1
131 131-1 Cal 0.070 29.9 12.0 38.5 0.4
131-2 Cal 1.50 7.4 14.5 14.6 0.1
131-3 Cal 2.21 7.8 21.5 9.8 0.2
1314 T1 5.28 178.3 169.0 78.9 12.2
131-5 S1 1.96 6.0 16.3 9.1 3.3
131-6 S1 1.08 2.1 17.1 1.4 0.5
131-7 S1 1.01 3.1 16.9 1.0 0.4
131-8 S1 0.21 3.7 19.4 3.0 0.1
133 133-1 Cal 0.003 3.0 7.2 4.4 <0.1
133-2 Cal 0.003 2.5 4.6 4.2 < 0.1
133-3 Cal 0.038 18.0 20.6 21.9 0.1
133-4 T1 2.22 48.7 50.9 51.6 0.8
133-5 T1 0.100 7.8 28.3 5.3 0.5
133-6 S1 0.004 4.1 20.6 4.9 <0.1
136 136-1 Cal 0.839 68.3 29.5 120.0 0.5
136-2 Cal 0.035 14.5 24.0 53.3 0.1
136-3 T1 0.15 8.2 69.7 17.0 0.2
136-4 T1 0.171 54.0 76.0 33.2 0.2
136-5 S1 0.103 40.8 47.5 46.5 0.1

@ For Cu, two different methods were used: ICP-MS was conducted on all samples. ICP-OES was conducted on samples with Cu content exceeding the upper limit of
detection of the ICP-MS (1 wt%). Please note that the lower detection limits are provided directly below the element.

chalcocite and bornite (Fig. 2b). Fine inclusions of cobaltite — gers-
dorffite are also widespread in proximity to the S1-T1 contact, where
they occur as infills or replacements of fine-grained framboidal pyrite
(Fig. 2c, d). Disseminated grains of the safflorite ((Co,Fe)Asy) — ram-
melsbergite (NiAsy) solid solution series (hereafter safflorite — ram-
melsbergite) were found in the T1 unit of drill-core 133. These minerals
occur in massive and otherwise featureless calcite as rare pore infills or
isolated grains. Using location coordinates from SEM-based AM, it was
found that these grains are concentrated within a well-defined band
(Fig. 2e; A3). SEM-EDS elemental mapping was used to confirm the
presence and distribution of Co, Ni, and As (Fig. 3). The cobaltite —
gersdorffite grains exhibit elevated levels of both Co and Ni (Fig. 3a, b,
c). The same holds true for safflorite — rammelsbergite, which also
commonly contains highly variable contents of both Co and Ni within
individual grains (Fig. 3d). In the Pb-Zn-mineralized zone, only a small
number of cobaltite — gersdorffite grains were identified and were
typically associated with pyrite.

Several additional trace minerals, which contain Co, Ni, and As, were
identified by SEM-based AM. These include minute, isolated grains of
millerite (NiS) in the Cu-mineralized zones, as well as minerals of the
linnaeite (Co?"Co%"S4) — polydymite (Ni2"Ni®*2S4) solid solution series
(hereafter linnaeite — polydymite). The latter occur in the sandstone
intervals of drill-core 136 and are typically associated with chalcopyrite
and pyrite. Minerals containing Bi in stoichiometric proportions were
not identified by SEM-based AM in any of the samples.

4.2.2. Quantitative mineralogy

Quantitative mineralogical data were obtained using SEM-based AM
and were complemented by results from X-ray powder diffractometry
(see Nourizenouz et al., 2026 for the complete dataset). The normalized
modal mineralogy results for the major sulfides, obtained from GXMAP
and SPL-GXMAP measurements, show good agreement, indicating that
the collection of 200,000 grains per sample in the GXMAP mode was
sufficient to be representative of the entire grain mount (Fig. A4). In
addition, the relative sulfide abundances in both drill-core samples and
HLS sinks were compared to ensure the representativeness of the HLS
technique further information is available in Nourizenouz et al. (2026).

The mineralogy of major gangue minerals varies greatly between the
S1, T1, and Cal units (Fig. 4). The S1 unit (footwall sandstone) is
dominated by quartz, along with clay minerals, K-feldspar, and car-
bonate group minerals. The T1 (Kupferschiefer) and Cal (hanging wall
carbonates) units, in contrast, are carbonate-rich (dolomite and calcite),

and are accompanied by moderate to minor concentrations of illite,
muscovite, and quartz. The T1 unit further shows variable enrichment in
organic carbon (0.3-9.7 wt%).

Sulfide mineralogy also varies across lithologies and drill-cores. In
drill-core 131, samples from all three units (S1, T1, and Cal) belong to
the Cu-mineralized zone, with chalcocite and bornite representing the
dominant Cu-sulfide minerals. In the lower part of drill-core 133 (S1 and
the base of the T1 unit), a general absence of sulfides coincides with the
Rote Faule oxidation front. Like drill-core 131, samples from the T1 unit
belong to the Cu-mineralized zone. However, the overlying Cal unit is
Pb-mineralized and contains abundant galena and pyrite. Most samples
from drill-core 136 belong to the Pb-Zn-mineralized zone (galena and
sphalerite). In contrast, the uppermost Cal unit contains Cu minerali-
zation, such as bornite, chalcopyrite, and covellite. Although Co, Ni, and
As minerals are scarce (<0.03 wt%) in all three drill-cores, they are
generally more abundant in Cu-rich samples (Fig. 4).

4.3. Mineral chemistry

At stoichiometric levels, Co, Ni, and As occur in a variety of minerals,
including arsenides (e.g., safflorite — rammelsbergite) and sulfosalts (e.
g., cobaltite — gersdorffite, tennantite, etc.). They are also present in
minor to trace concentrations in several major sulfide minerals, such as
pyrite, marcasite, chalcopyrite, chalcocite, bornite, sphalerite, and
galena. Hereafter, we refer to the former group of minerals as Co, Ni, and
As minerals and the latter as major sulfide minerals. Since discrete Bi
minerals were not identified during the comprehensive SEM-based AM
searches, its occurrence is limited to minor contents substituted into the
lattice of major sulfide minerals. The following sections describe the
results obtained for the mineral chemistry of different Co, Ni, and As
minerals, as well as the major sulfide minerals (refer to ESM-3 for
detailed results).

4.3.1. Cobalt, nickel, and arsenic minerals

Cobaltite — gersdorffite contains both Co and Ni in all analyzed
grains, with Ni ranging from 8 to 17 wt% and Co from 21 to 29 wt%,;
however, the sum of Co and Ni across the analyzed points remains
roughly constant, averaging 36 wt%, as expected for this mineral series.
The As and S contents are also constant, averaging 39 wt% and 23 wt%,
respectively (Fig. 5a). Although the molar As/S ratio is thus somewhat
low for stoichiometric cobaltite — gersdorffite series minerals, minor
deviations may be attributed to substitution of As by S, or alternatively,
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Fig. 2. Reflected light photomicrographs of Co, Ni, and As minerals from the Spremberg-Graustein-Schleife prospect. a) A complex sulfide particle from the Cal unit,
showing fine inclusions of cobaltite — gersdorffite (Cbt-Gdf) within a composite particle composed of tennantite (Tn), chalcopyrite (Ccp), bornite (Bn) and covellite
(Cv) from sample 136-1. b) Sample 131-4 (T1 unit) with disseminated bornite and chalcocite (Cct) with fine vermicular inclusions of cobaltite — gersdorffite within
chalcocite. ¢) Contact between the S1 and T1 units in sample 131-5. Note the abundance of bornite along this contact. d) Bornite along the S1-T1 contact with

abundant inclusions of cobaltite — gersdorffite. €) Sample 133-4 (T1 unit) showing disseminated safflorite — rammelsbergite (Saf-Rmb), along with chalcocite in a
calcite-dominated (Cal) matrix.
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Fig. 3. SEM-BSE images and elemental maps of Co, Ni, and As minerals. a) Cobaltite — gersdorffite associated with sphalerite (Sp) in a sample from the Cal unit (HLS
sink from sample 131-2). b) Cobaltite — gersdorffite inclusions within chalcocite from the T1 unit (sample 131-4). c¢) Cobaltite — gersdorffite infilling framboidal
pyrite in the S1 unit near the contact with the T1 unit (sample 131-5). d) Safflorite - rammelsbergite-bearing particle with variable Co and Ni contents in the HLS sink

from the T1 unit (sample 133-4).

to deviations caused by the influence of surrounding sulfide minerals
enclosing the minute (<3 pm) grains of cobaltite — gersdorffite. In fact,
the latter is suggested by the often elevated Cu and/or Zn values in the
chemical data for these minerals (ESM-3, Fig. 5a).

Safflorite — rammelsbergite is characterized by rather consistent As
values at ~71 wt% (Fig. 5b). Cobalt (13-21 wt%) and Ni (9-16 wt%)
contents are variable (ESM-3), but again constant in their sum (~29 wt
%). The S1 samples from drill-core 136 contain linnaeite — polydymite
grains with compositions of 42 wt% S, 32 wt% Co, 23 wt% Ni, and minor
Fe (<3 wt%) (ESM-3). Cobalt and Ni contents were generally found to be
constant across the different grains analyzed in this sample (Fig. 5c).
Tennantite was observed in the Cal unit of drill-cores 131 and 136
(Fig. 5d). Its appearance corresponds with elevated bulk rock As con-
centrations (120 pg/g in sample 136-1).

4.3.2. Major sulfide minerals
An overview of the concentrations of the target elements (Co, Ni, As,

and Bi) in major sulfide minerals obtained from LA-ICP-MS measure-
ments is presented in Fig. 6, with further details provided in ESM-3.
Among the major sulfide minerals, pyrite contains the highest concen-
trations of Co, Ni, and As, with average values of 155, 244, and 576 pg/
g, respectively, across all samples. Pyrite in the T1 sample of drill-core
136 also displays particularly high Ni concentrations, reaching up to
1.5 wt%, with these spots additionally enriched up to 6 wt% in Cu (ESM-
3). Chalcopyrite and covellite also contain elevated concentrations of
these three elements. Chalcopyrite, in particular, can exhibit very high
As concentrations in the S1 and T1 samples from drill-core 136, aver-
aging 280 and 557 pg/g, respectively (Fig. 6). All Cu(Fe)-sulfides,
including chalcocite and bornite, in the S1 samples are relatively
depleted in Co, Ni, and As compared to those in the T1 and Cal units,
with most analytical spots falling below detection limits (BDL). Elevated
contents of Co, Ni, and As are occasionally found within all sulfides.
However, in cases where the concentrations of these elements covary,
they are related to the presence of minute/sub-microscopic inclusions of
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cobaltite — gersdorffite.

Bornite, particularly in samples from the S1 and T1 units, is enriched
in Bi, with average concentrations of 142 pg/g and 209 pg/g, respec-
tively. In drill-core 133, bornite and chalcocite in the sample corre-
sponding to the lower part of the T1 unit contain significantly more Bi
than the sample representing the upper part of this unit. At the lower T1
interval in this drill-core, the Rote Faule intersects the T1 unit. Minute
inclusions of clausthalite (PbSe) are limited to Cu-sulfides from this
particular sample. Galena also hosts Bi; although its Bi content is lower
than bornite, it remains remarkably constant across all three drill-cores
and lithologies (~ 9 pg/g).

Time-resolved LA-ICP-MS spot profiles for individual spot analyses
are presented in Fig. 7. These plots provide insights into the mode of
trace element incorporation within mineral structures (Cook et al.,
2011; Gregory et al., 2015). Flat signal patterns in the time-resolved LA-
ICP-MS data typically indicate that trace elements are either structurally
incorporated into the host mineral lattice or that they occur as uniformly
distributed nano-scale inclusions. Such patterns were observed for Bi in
bornite, As in chalcopyrite, and Co, Ni, and As in pyrite. In contrast,
localized spikes in the profiles for chalcocite group minerals and bornite
indicate the presence of Co, Ni, and As as minute mineral inclusions.
This is consistent with petrographic observations, where abundant fine
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whereas those for b) and d) are derived from EMPA.

inclusions of cobaltite — gersdorffite were observed within major sulfide
mineral grains, specifically bornite and chalcocite.

4.4. Element deportment

The element deportment in each sample was quantified by inte-
grating modal mineralogical compositions from SEM-based AM with
mineral chemical data from LA-ICP-MS and EPMA (Fig. 8, ESM-1). The

10

results reveal that Co, Ni, and As show close similarities in their
deportment. Sulfosalts and arsenides, which are generally only present
in trace amounts in the bulk ore, are the most important hosts for these
three target elements. In the Cu-mineralized samples, cobaltite — gers-
dorffite is a major host of these three elements. Although millerite and
tennantite occur only in very minute amounts, they constitute important
hosts for Ni and As, respectively, wherever they are present (e.g.,
millerite in sample 131-3 and tennantite in sample 136-1). Pyrite and
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Fig. 6. Summary plots illustrating the main statistics of Co, Ni, As, and Bi concentrations in major sulfides and lithologies. Note change in mineral order for Bi.
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chalcopyrite are major hosts of Co, Ni, and As in Pb-Zn-mineralized
samples.

As expected from the SEM-based AM observations, Bi is hosted
mostly by the major sulfides. In the Cu-mineralized zone, Bi is hosted
primarily by Cu(Fe)-sulfides (mainly bornite and chalcocite), whereas in
the Pb-Zn-mineralized zone, Bi is mainly hosted by galena and pyrite.
Note that the deportment results for sample 131-6 (a sample from the S1
unit) are not shown due to very low bulk concentrations of all four target
elements.

4.5. Validation of analytical results

Reconciliation between measured and calculated bulk concentra-
tions from SEM-based AM and mineral chemistry data was carried out to
assess whether all target elements are hosted within the recoverable
minerals analyzed (Fig. 9). Among the four elements measured, the
median calculated values of Bi are most congruent with measured con-
centrations. Similarly, good agreement between the measured and
calculated values was noted for As, with the exception of two low-grade
samples from the T1 unit. For Co and Ni, underestimation is more pro-
nounced, particularly for Ni in the T1 unit. Note that some of the
calculated assay values for Co, Ni, and As show high uncertainties.

5. Discussion

In this study, we examined the distribution of Co, Ni, As, and Bi
within sulfosalts, arsenides, and major sulfide minerals to quantify the
amounts of recoverable Co and Ni as potential by-products, and As and
Bi as deleterious elements. Our results indicate that the calculated bulk
contents of Co and Ni are underestimated relative to the assay values.
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For As, underestimation is less pronounced and only occurs in a small
number of samples, with calculated values generally in good agreement
with the measured assay values, considering the 95% confidence in-
tervals. For Bi, the calculated values are closely aligned with the assays.
In the following subsections, we first discuss potential reasons for the
underestimation of Co, Ni, and As in some of the samples. We then
examine the geological controls on elemental distribution and miner-
alization, followed by a discussion of the implications of these results for
mineral processing.

5.1. Underestimation of calculated assays

The underestimation of Co, Ni, and As can be attributed to a number
of factors relating to the intrinsic compositional and textural charac-
teristics of Co, Ni, and As minerals in the Kupferschiefer-type orebody at
the Spremberg-Graustein-Schleife prospect. For As, most samples fall
along the 1:1 line considering the 95% confidence intervals (Fig. 9c).
However, a small systematic underestimation is observed for samples
characterized by very low bulk As concentrations (10 pg/g or less,
Fig. 9¢).

Cobalt and Ni show a stronger degree of systematic underestimation
compared to As (Fig. 9). This can be attributed to the well-known sub-
stitution of these two transition metals into the crystal lattices of car-
bonates, silicates, Fe-oxides/oxyhydroxides, and other minerals (Slack
et al., 2017). This is due to the similarity in charge and the ionic radii of
Ni%* (0.69 A) and Co®* (0.745 A) to those of Fe** (0.78 A), Fe** (0.645
A), Mg2+ (0.72 10\), and Mn>* (0.83 A). Dolomite, as a major carbonate
mineral in the samples from the Spremberg-Graustein-Schleife prospect,
is enriched in Fe and Mn (Kim et al., 2024), and thus may also contain
non-negligible concentrations of Co and Ni. Previous studies on
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Fig. 8. Cobalt, nickel, arsenic, and bismuth deportment results.

Kupferschiefer samples from Poland have also suggested sheet silicates
and feldspars as potential carriers of Co and Ni (Kucha and Pawlikowski,
1986; Mikulski, 2022). This is supported by LA-ICP-MS time-resolved
elemental profiles of inclusion-rich sulfides in Kupferschiefer samples,
where elevated (and highly variable) Co and Ni concentrations were
documented from shale-hosted vein-type mineralization (Foltyn et al.,
2022). Iron oxides and oxyhydroxides, such as hematite, magnetite, and
goethite in the Rotliegend sandstones, as well as in samples cross-cut by
the Rote Faule oxidation front, may also serve as minor hosts for Ni and
Co (Moats and Davenport, 2014). Finally, organic matter can also host
Ni, as Sawtowicz (1985) reported the presence of Ni porphyrins in the
resin fraction of bitumen from organic-rich, Cu-bearing shales of the
Lubin-Sieroszowice mining district in Poland. We therefore attribute the
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systematic underestimation of Co and Ni in the calculated assays to the
presence of these two metals substituted into different groups of gangue
minerals.

The inherent textural characteristics of Co, Ni, and As minerals can
also contribute to underestimation of calculated assays. Arsenides and
sulfosalts represent the most important hosts of Co, Ni, and As, with
respect to bulk rock content. However, these minerals are generally fine-
grained and occur in trace abundances. The low overall abundance of
these minerals and specifically their limited grain counts, may result in
underrepresentation, contributing to discrepancies between calculated
and assayed values. Further, they are not always homogeneously
distributed, and in some instances occur as local clusters (e.g., safflorite
— rammelsbergite), thus complicating accurate quantification of their
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true abundance (nugget effect).

Based on the above, we conclude that consistent underestimation is
mainly due to the presence of Co and Ni in gangue minerals. Yet, the
limitations of SEM-based AM may also well contribute to systematic
underestimation. One such limitation involves the segmentation of
extremely fine-grained inclusions of Co, Ni, and As minerals (< 3 pm).
When these fine-grained trace minerals occur as inclusions within sul-
fides, with similar mean atomic numbers (Z), their comparable grayscale
intensities may hinder or even preclude grain segmentation. For
example, Co, Ni, and As mineral inclusions (Z = 27.6-28.0) within
bornite (Z = 25.4) and chalcocite (Z = 26.2) show weak BSE contrast
and poor segmentation, whereas those in chalcopyrite (Z = 23.5) exhibit
a stronger BSE contrast and improved segmentation. Similar challenges
were observed for linnaeite — polydymite inclusions (Z = 22.4-22.9)
within chalcopyrite. Moreover, when the target minerals occur in the
form of inclusions within other sulfide minerals, the acquired X-ray
spectrum (commonly a single analysis point) may represent a mixed
analysis and be subject to misclassification, as the signal originates from
the entire excitation volume rather than only the surface. Lastly, target
mineral grain sizes below the minimum segmentation size of the MLA
(~1 pm) may contribute to systematic underestimation. This is partic-
ularly well illustrated in Fig. 10, where samples that are characterized
by extremely fine-grained Co, Ni, and As minerals (e.g., 131-4 and

133-4) are marked by significantly greater levels of underestimation
compared to samples containing relatively coarse-grained Co, Ni, and As
minerals.

5.2. Uncertainties in calculated assays

High uncertainties in calculated Co, Ni, and As assays mainly result
from the compositional variability of different minerals. Both discrete
Co, Ni, and As minerals, as well as the common major sulfides, especially
pyrite, show considerable variation in Co, Ni, and As contents. Greater
intra-grain and intra-sample variability increases the estimated standard
deviations, which directly translates into greater uncertainty in the
calculated bulk concentrations. Among the discrete Co, Ni, and As
minerals, safflorite — rammelsbergite exhibits extensive intra-grain
variability, with Co and Ni contents fluctuating significantly (Fig. 3d),
while the As content remains relatively constant. Similar compositional
heterogeneity has been reported by Wagner and Lorenz (2002) for
diarsenide and sulpharsenide minerals from the Post-Variscan Co-Ni-Bi
vein-type ores of the Bieber deposit (Spessart Mountains, Germany),
which are also related to the Permian Kupferschiefer.

Compositional heterogeneity of pyrite and chalcopyrite is considered
another reason for high uncertainties in Co, Ni, and As deportment
calculations. Pyrite shows distinct compositional variability both within
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different paragenetic generations and between different samples. In
sample 136-4, for example, early framboidal pyrite, coarse euhedral
pyrite, and vein-associated pyrite and marcasite are present. Marcasite
and coarse euhedral pyrite are characterized by low Co, Ni, and As
concentrations, while vein pyrite exhibits zones markedly enriched in
Cu (up to 6 wt%) and Ni (up to 1.5 wt%). Since MLA cannot distinguish
pyrite from marcasite, their combined abundances and contrasting
compositions contribute to elevated uncertainties. In the same sample,
chalcopyrite also shows strong variability in Co, Ni, and As, likely
reflecting the different enrichment processes between vein-type and
disseminated mineralization, as previously reported by Foltyn et al.
(2022).

5.3. Spatial and temporal element distribution

The distribution of Co, Ni, and As in the studied samples marks
distinct enrichment at the top of the S1 and at the base of the T1 units,
corresponding to the transition from continental sandstones to reduced,
organic-rich black marl/shale. This corresponds with previous studies
(e.g., Kucha, 1990; Banas et al., 1996; Mikulski, 2022) and confirms that
the geological redox interface acted as a key metal trap not only for
major (Hitzman et al., 2005) but also for minor and trace elements.
Cobaltite — gersdorffite grains are common along the S1-T1 interface and
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predominantly occur as infills of framboidal pyrite, a texture also
observed in the Lubin-Sieroszowice district (Poland). Large et al. (1999)
interpreted that framboidal pyrite acted as a preferred substrate for
cobaltite precipitation, driven by local redox shifts along the S1-T1
contact.

Our results also reveal systematic differences in the deportment of
trace elements across different zones of mineralization: In the Au-
bearing basal T1 unit in drill-core 133, Cu-sulfides are not only
notably enriched in Co, Ni, As, and Bi, but also contain clausthalite and
rare electrum inclusions (Nourizenouz et al., 2026). This translates into
a metal association rich in Ag, Se, Pb, Au, and Bi that has already been
noted by Kopp et al. (2012). The latter authors related this association to
a late-stage hydrothermal overprint of an earlier diagenetic Cu-Fe sul-
fide assemblage.

Beyond the immediate contact zone to the Rote Faule, Cu-Ag-rich
ores contain Co, Ni, and As, predominantly as minute discrete min-
erals — mostly as cobaltite — gersdorffite enclosed in the ore forming
sulfide minerals. In the adjacent Pb-Zn-bearing mineralization zone, in
contrast, the same elements substitute into the lattice of pyrite albeit at
much lower bulk concentrations. Bi, however, does not form discrete
mineral grains, and is substituted in Cu-sulfides and galena.
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5.4. Implications for mineral processing

Although the Spremberg-Graustein-Schleife prospect has not pro-
gressed beyond the exploration stage, the deportment results reported in
this study have important implications for the recovery of trace metals
during beneficiation. Indeed, the significance of our results may be
extended to active mining operations in Poland, where the process
flowsheet involves the recovery of Cu-sulfides (and associated Ag)
through froth flotation and the subsequent smelting of the flotation
concentrate to yield refined Cu and Ag, along with Au, Pb, Re, and Ni as
by-products (KGHMa). In this context, the deportment of Co and Ni is
particularly relevant.

Exploration and exploitation of Kupferschiefer-type deposits in
Central Europe primarily targets the Cu-Ag-mineralized zone. In this
zone, Co and Ni, which are hosted by discrete arsenides and sulfosalts,
are amenable to Cu-sulfide flotation. Cobaltite — gersdorffite occurs as
fine inclusions within Cu-sulfides; given their close textural association
with Cu-sulfides, they are expected to report to the Cu concentrate
during flotation. Safflorite — rammelsbergite, in contrast, occurs mostly
as discrete mineral grains that are not necessarily intergrown with Cu-
sulfides. Nevertheless, they will still be recovered during flotation
because the reagents used as collectors in Cu-flotation circuits promote
the flotation of arsenides and sulfosalts (Stodulski and Drzymala, 2016;
Dehaine et al., 2021).

A significant proportion of Co and Ni are hosted within gangue
minerals particularly in the T1 unit. During flotation, these gangue
minerals (with their contained Ni and Co) will be lost to the tailings
stream, resulting in significant losses of these two valuable by-product
metals. This loss appears unavoidable, unless mining operations return
to the previous approach of simply smelting the entire T1 unit.

Arsenic and Bi represent two deleterious elements in Cu concentrates
that were considered in this study. In the Cu-mineralized zone, As occurs
mainly in cobaltite — gersdorffite and tennantite, and both are expected
to report to the Cu concentrate (Fuerstenau et al., 2007). Smelters can
normally only treat copper concentrates in which the arsenic level is
<0.5 wt% and a penalty of $3 USD/kg arsenic is charged for an arsenic
concentration over 0.2 wt% (Nazari et al., 2017). The highest bulk As
content measured in our samples was 120 pg/g. By using the deportment
results from this study and Cu concentrate recovery data (KGHM
Technical Report, 2013), a feed at this level would yield a theoretical Cu
concentrate containing ~0.15-0.2 wt% As. This is consistent with the
grade of the concentrate fed to the Legnica smelter (0.2 wt% As; KGHM
Technical Report, 2013). Although this predicted As content remains
below the penalty threshold, it will be important for an eventual mineral
processing operation to monitor As concentrations in the feed material
in order to assure that the penalty threshold will not be exceeded. This
may require careful blending of ores from different parts of the orebody.

With the exception of one sample from the T1 unit (sample 131-4;
12 pg/g), the bulk concentration of Bi in the ore was found to be rather
uniform and low (below 1 pg/g). Based on the elemental deportment
from the T1 samples and Cu concentrate recovery data (KGHM Tech-
nical Report, 2013), the average Bi content of a theoretical Cu concen-
trate is not expected to breach 45 pg/g and thus remain well below the
typical smelter penalty threshold of 200 pg/g. This aligns with a Bi grade
of 7 pg/g reported from the Cu concentrate fed to the Legnica smelter
(KGHM Technical Report, 2013). Consequently, Bi is unlikely to present
a metallurgical or environmental concern.

6. Conclusion

This investigation into the distribution of Co, Ni, As, and Bi in ores
from the Spremberg-Graustein-Schleife prospect in Lusatia highlights
the complex mineralogical and geochemical distribution of these minor
elements in Kupferschiefer-type mineralization. Cobalt, Ni, and As occur
in a variety of host minerals whose importance varies across different
mineralization zones. In the Cu zone, discrete Co, Ni, and As minerals
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occur as the main recoverable hosts of these metals. Members of the
cobaltite — gersdorffite solid solution series are particularly abundant at
the base of the T1 (carbonaceous shale) unit and along its contact with
the underlying S1 (sandstone) unit.

Since Co, Ni, and As minerals predominantly occur as fine inclusions
within the ore-forming Cu(Fe)-sulfides, they will almost certainly report
to the Cu- and Ag-rich flotation concentrate. Other Co, Ni, and As
minerals that are not directly associated with Cu(Fe)-sulfides may also
be recovered, owing to their similar response to flotation reagents
(Fuerstenau et al., 2007). In the Pb-Zn zone, pyrite represents the
principal host of Co, Ni, and As. This type of mineralization is currently
subeconomic and thus not exploited. However, if economic circum-
stances change, it is likely that Co- and Ni-bearing pyrite would be
recovered together with galena (main Pb ore mineral) and sphalerite
(main Zn ore mineral). Arsenic shows a similar behavior to Co and Ni; it
occurs either as fine inclusions within Cu-sulfides or as As-bearing
minerals that may be recovered together with the Cu-sulfide ore min-
erals. If present in high concentrations, this may actually cause smelter
penalties. Bismuth is generally incorporated into ore-forming Cu(Fe)-
sulfides. Its concentration is, however, very low in the ore and thus
unlikely to incur smelter penalties.
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