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Abstract. The Ertelien and Langedalen magmatic Ni—Cu sulfide deposits are hosted within mafic intrusions
of the Kongsberg Lithotectonic Unit in the southwestern Fennoscandian Shield, formed in a convergent-margin
tectonic setting. The Ertelien deposit occurs within a gabbronorite intrusion of approximately 600 x 500 m,
with the main sulfide mineralization being located at the contact with the surrounding gneiss. In contrast, the
Langedalen deposit consists of 1-2m massive sulfide lenses hosted in 1050 m gabbronorite lenses that are
extensively deformed within shear zones. Sulfide mineralization in Ertelien ranges from disseminated to net-
textured and massive ores, whereas Langedalen ranges primarily comprise massive sulfide lenses. A distinctive
feature of Langedalen ranges is the local presence of an Au-rich quartz vein adjacent to the sulfide lenses.
In both deposits, pyrrhotite is the dominant sulfide mineral, followed by pentlandite and minor chalcopyrite.
Secondary pyrite is present, particularly in altered zones. This study provides a comprehensive characterization
of the Ertelien and Langedalen deposits and constrains their genesis within a convergent-margin context. We
analysed S, platinum group elements (PGEs), TABS+ (Te, As, Bi, Sb, Se), and other chalcophile elements in
whole rocks and sulfide minerals across different ore textures, as well as U-Pb and Hf isotopes in zircon. Whole-
rock geochemistry reveals a positive correlation between S and Ni, Cu, and Co, with sulfide tenors of ca. 2.2 wt %
Ni, 1.5wt % Cu, and 1200 ppm Co. Sulfides from both deposits are notably depleted in PGEs, consistently with
derivation from a PGE-depleted parental magma compositionally similar to cogenetic dykes. This depletion
may result from an event of prior sulfide segregation. However, we suggest that an alternative explanation is
that the parental magmas were derived from a hydrous metasomatised pyroxenitic mantle source. In addition,
a zircon U-Pb crystallization age of 1559 &7 Ma and e¢Hf(i) values of +3 to +5 for the Ertelien intrusion
support formation during a prolonged subduction-related magmatic episode involving oceanic crust recycling.
Despite post-magmatic alteration and secondary pyrite formation, sulfide minerals largely preserve their primary
magmatic signatures, comparably to other Ni-Cu magmatic systems globally. However, parts of the Langedalen
sulfides exhibit hydrothermal overprint, reflected in elevated concentrations of mobile elements (Te, As, Bi, Sb),
likely linked to the formation of the Au-rich quartz vein.

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.



842 E. Mansur et al.: Formation of the Ertelien and Langedalen magmatic Ni—Cu sulfide deposits in Norway

1 Introduction

Magmatic sulfide deposits have been extensively studied
over the last few decades (Barnes and Lightfoot, 2005; Nal-
drett, 2011), and the combination of the knowledge derived
from these studies allows for a holistic view of the magmatic
systems in which they form (Barnes et al., 2016). A com-
mon feature of most conceptual models for the formation of
magmatic sulfide deposits is the generation of parental mag-
mas through plume-driven melting of dry peridotite sources
(Begg et al., 2010; Maier and Groves, 2011; Naldrett, 2011).
Still, some deposits are likely not to be explainable by large
degrees of partial melting, supporting the fact that some im-
portant variations in conceptual models may exist. For in-
stance, recent studies favour the involvement of pyroxenitic
mantle sources in the generation of parental magmas for
some non-komatiitic Ni—Cu sulfide deposits (Lu et al., 2019).
Indeed, magmas produced from a pyroxenite mantle source
are argued to be enriched in Ni (Sobolev et al., 2005) and
could be regarded as fertile for the formation of Ni—Cu sul-
fide deposits (Blanks et al., 2025; Ezad et al., 2024).

An interesting consequence of changes in conceptual mod-
els for the formation of magmatic sulfide deposits is the im-
plications of their formation within geodynamic settings that
were not previously regarded as fertile. For instance, con-
vergent and collisional settings were not traditionally con-
sidered to be prospective for magmatic sulfide deposits com-
pared to other settings such as craton margins where litho-
spheric thinning and adiabatic mantle melting would lead to
high degrees of partial melting (Begg et al., 2010; Maier and
Groves, 2011; Griffin et al., 2013). However, convergent set-
tings may allow for oceanic crust recycling and the devel-
opment of pyroxenitic mantle domains (Sobolev et al., 2005;
Ezad et al., 2024). The implications of a metasomatised man-
tle source are highlighted by assessing the mineralogical dis-
tribution of Ni in metasomatised mantle xenoliths, in which
Ni is partially hosted within hydrous phases such as phlogo-
pite and amphibole (Blanks et al., 2025). Therefore, melting
of such metasomatised mantle domains would lead to the for-
mation Ni-rich magmas at relatively low-temperature ranges
(ca. 300-350 °C lower than dry peridotites, around 1090 °C)
(Ezad et al., 2024; Foley et al., 2022), opening a window of
opportunity for reviewing the prospectivity of magmatic sul-
fide deposits in convergent settings.

An important step for reviewing the potential for the for-
mation of magmatic Ni—Cu deposits in convergent and colli-
sional settings is systematically studying and understanding
the formation of known occurrences. For instance, previous
investigations have highlighted that several magmatic sulfide
occurrences in arc-related settings are depleted in platinum
group elements (PGEs) (Mansur et al., 2023b, c; Jesus et al.,
2020; Lu et al., 2019). Although such a geochemical feature
may be explained by an S saturation event prior to magma
emplacement at shallower crustal levels (Lightfoot et al.,
2012), this can also be reconciled with magmas derived from
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a metasomatised mantle source (Blanks et al., 2025; Ezad et
al., 2024). The reasoning is that, although, in metasomatised
mantle domains, Ni could still be sourced from hydrous sili-
cates, PGE-bearing sulfides may have already been extracted
upon oceanic crust recycling. This would provide an expla-
nation for the systematic occurrence of PGE-depleted mag-
matic sulfide deposits in arc-related geodynamic settings (Lu
et al., 2019).

Several PGE-depleted magmatic Ni—Cu sulfide occur-
rences have been described in the southern parts of Norway
(Barnes et al., 1988). These systems form as part of rela-
tively geographically extensive mafic magmatism, and re-
cent contributions support their development within an arc-
related tectonic setting (Orvik et al., 2025). However, most
of these occurrences still lack a systematic characterization
and understanding of the processes involved in their petro-
genesis. In this context, two of these occurrences, Ertelien
and Langedalen Ni—Cu deposits, were previously identified
(Barnes et al., 1988; Niarezka, 2023), but their formation
was not assessed in detail. In this contribution, we com-
bine field and petrographic observations, whole-rock and sul-
fide mineral compositions, and U-Pb and Hf isotopic anal-
yses in zircon to investigate the formation of the Ertelien
and Langedalen deposits. The results are discussed in light
of the development of PGE-depleted systems within a con-
vergent tectonic setting as supported by previous contribu-
tions, and we explore the possibility that parental magmas
for these deposits formed from a hydrous metasomatic py-
roxenite source.

2 Regional setting

The SW portion of Fennoscandia during the period between
ca. 1.9 and 1.4 Ga can be regarded to be characterized by
oceanward growth along an overall retreating continental
margin (Ahéill and Connelly, 2008; Andersen et al., 2004;
Bingen et al., 2005; Roberts and Slagstad, 2015; Roberts et
al., 2013). During this period, different accretionary oroge-
nies are identified, namely the Svecofennian (1.91-1.75 Ga),
Transscandinavian Igneous Belt (TIB; 1.86—1.66 Ga), Goth-
ian (1.66—1.52 Ga), Telemarkian (1.52—1.48 Ga), and Hallan-
dian (1.47-1.38 Ga) (Roberts and Slagstad, 2015; Bingen et
al., 2021; Stephens and Wahlgren, 2020; Ulmius et al., 2015).
Overall, these orogenies mark the evolution of geological
provinces that are divided into five main lithotectonic units
(LTUs), from east to west: the Eastern Segment, Idefjorden,
Kongsberg, Bamble, and Telemark (Fig. 1a) (Bingen et al.,
2021; Slagstad et al., 2020; Slagstad et al., 2024; Scheiber et
al., 2015; Scheiber et al., 2023).

The Kongsberg LTU, which hosts the mineral occurrences
investigated in this contribution, encompasses the Kongsberg
Complex, divided into the Eastern Segment and the Western
Segment by the Modum Complex (Fig. 1b). The Eastern and
Western Kongsberg complexes comprise intercalations of

https://doi.org/10.5194/ejm-37-841-2025



E. Mansur et al.: Formation of the Ertelien and Langedalen magmatic Ni—Cu sulfide deposits in Norway 843

metavolcanic and metasedimentary sequences, whereas or-
thogneisses yield magmatic crystallization ages ranging from
1.57 to 1.48 Ga (Scheiber et al., 2023; Andersen et al., 2004;
Bingen and Viola, 2018). The Modum Complex is domi-
nated by a quartz-rich metasedimentary succession deposited
after the crystallization of the Kongsberg Complex (Bingen
et al., 2001; Bingen and Viola, 2018; Scheiber et al., 2023).
The Kongsberg LTU was affected by early-Sveconorwegian
metamorphism, which progressed from amphibolite facies in
the West Kongsberg Complex to upper amphibolite facies
within the Modum Complex and to granulite-facies meta-
morphism in the East Kongsberg Complex (Scheiber et al.,
2023). The timing of metamorphism has been constrained to
ca. 1145-1080 Ma, which encompasses the development of
high-grade and further retrograde assemblages (Munz et al.,
1994; Bingen and Viola, 2018; Bingen et al., 2021; Scheiber
et al., 2023).

Several mafic (and, rarely, ultramafic) intrusions occur
within the Kongsberg LTU (Bingen and Viola, 2018; Vi-
ola et al., 2016), which are commonly metamorphosed and
transformed into garnet amphibolite. In a recent contribu-
tion, Orvik et al. (2025) integrated U-Pb and Lu-Hf iso-
topic data in zircon from a wide range of mafic and felsic
intrusive bodies from the different portions of the Kongs-
berg LTU. The authors offer support for those intrusions from
the East Kongsberg Complex aligning with Gothian magma-
tism (ca. 1610 to 1524 Ma), whereas those from the West
Kongsberg Complex record younger, more juvenile magma-
tism (1529 to 1153 Ma), consistently with their formation
within an arc-related tectonic setting. In contrast, the Modum
Complex represents an extensional basin development and
juvenile mafic magmatism between ca. 1305 and 1185 Ma.

Magmatic sulfide occurrences in the Kongsberg
lithotectonic unit

Several magmatic Ni—Cu sulfide occurrences were identi-
fied within the Kongsberg LTU and grouped as part of
the Ringerike Ni—Cu metallogenic province (Sandstad et
al., 2012). This province encompasses the Veme Complex
(metasedimentary successions correlated with the Stora Le-
Marstrand Complex east of the Oslo rift; Ahill and Con-
nelly, 2008), the East Kongsberg Complex, and parts of the
West Kongsberg Complex (Fig. 2). The province includes the
Ertelien deposit, which was a significant historic producer
in the area (Boyd and Nixon, 1985), and the Langedalen
deposit, which was a smaller producer, and both are the
subject of this contribution. Additionally, 11 smaller mines
and numerous other nickel occurrences, with a total of 23
registered occurrences in the NGU national database, were
identified (Sandstad et al., 2012). Orvik et al. (2025) re-
ported zircon U-Pb magmatic crystallization ages from the
Langedalen deposit ranging from 1546 +2 to 1524 £ 11 Ma,
along with a mafic dyke interpreted as being correlated with
the Ertelien deposit at 1584 4= 19 Ma. The authors argue that
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the main Ni—Cu deposits from the Ringerike Ni—Cu metallo-
genic province predominantly correlate with Gothian mag-
matism. In contrast, smaller deposits found within West
Kongsberg (Fig. 1b), such as Gragalten (1164 £ 13 Ma), are
linked to later magmatic events.

Previous work on the Ertelien deposit indicates that it
is located at the margins of a small gabbronorite intrusion
(Niarezka, 2023). The mineralization ranges from low-grade
disseminations to high-grade massive sulfides from the cen-
tre towards the base of the intrusion, respectively. The ore
mineral assemblage is dominated by pyrrhotite, followed
by pentlandite, pyrite, and chalcopyrite, with both Ni-rich
and Cu-rich ores present. Historical production estimates
for Ertelien vary from a minimum of 280kt at 1 % Ni and
0.8 % Cu to 400kt at 1.04 % Ni, 0.69 % Cu, and 0.17 % Co
(Sandstad et al., 2012). Based on the metal ratios and PGE-
depleted nature of the sulfides, Barnes et al. (1988) proposed
that the deposit originated from a primitive magma, from
which sulfides were extracted prior to the intrusion emplace-
ment. An investigation by Niarezka (2023), focusing on pet-
rographic description and whole-rock and mineral chemistry,
suggested that S saturation was triggered by the assimila-
tion of S-bearing country rocks. Still, the author notes that
the evolution of the deposit likely involved different stages,
which were not investigated in detail, and points to the need
for future work to comprehensively understand its petroge-
nesis. Current exploration work and drilling at the Ertelien
deposit have resulted in a mineral resource estimate of ap-
proximately 23 Mt at 0.21 % Ni, 0.16 % Cu, and 0.014 %
Co (Kuniko, 2024). Although these grades are significantly
lower than historical production, the resource estimate in-
cludes higher-grade zones, totalling ca. 4.6 Mt at 0.44 % Ni,
0.34 % Cu, and 0.030 % Co.

The Langedalen mine was active in the late 1800s and pro-
duced approximately 10 kt of ore, with nickel grades ranging
from 2.5 % to 3.5 % (Mathiesen, 1977). Although it is much
smaller relative to the Ertelien deposit, Langedalen represent
a different style of mineralization, where the sulfide ore is
hosted within very deformed mafic lenses trending towards
approximately 320°, with a near-vertical plunge (Reddick
and Armstrong, 2009). Therefore, the rationale for studying
and comparing Ertelien and Langedalen deposits is to inves-
tigate Ni-Cu occurrences with variable degrees of deforma-
tion and alteration within the same province. No systematic
study of the mineralization has been carried out before. A
peculiar feature of the Langedalen deposit is the local occur-
rence of an Au-rich quartz vein yielding ca. 150 ppm Au over
0.4 m (Bjerkgard et al., 2020).

3 Materials and methods
We have systematically sampled two drill cores from the

Ertelien deposit (ER-2006-05 and ER2006-06B) and one
drill core from the Langedalen deposit (LNO7-09). The sam-
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Figure 1. (a) Sketched map of southwestern Fennoscandia, showing the major geological domains. (b) Bedrock map of the Kongsberg
lithotectonic unit and adjacent units. Modified from Scheiber et al. (2015). (¢) Sketch map of the Ertelien intrusion and the associated Ni—-Cu
sulfide mineralization. (d) Schematic vertical profile across the northwestern part of the Ertelien intrusion, displaying the projection of the
two investigated drill cores in this study.
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ples were selected with the support of lithogeochemical data
for whole-rock S, Ni, and Cu and cover the main ore textures
found within the deposits. Samples comprising massive, net-
textured, and disseminated sulfides were included. In addi-
tion, one gabbronorite surface sample from the Ertelien de-
posit (sample no. 140388) was collected for zircon U-Pb and
Hf isotope analyses, and one sample from a mafic dyke (sam-
ple no. 124723) in the vicinity of the Ertelien intrusion was
collected as a potential analogue for parental-melt composi-
tion (further discussed in the text). The locations of each drill
core and each of the surface samples are given in Table S1 in
the Supplement.

The exploration geochemical datasets from the studied
cores of both the Ertelien and Langedalen deposits were
compiled and are reported in Table S2. The sampling inter-
val of the cores for these analyses varies from 0.2 to 2.6 m,
with samples covering smaller intervals in mineralized por-
tions and larger intervals within the host rock parts. Sample
preparation and lithogeochemical analyses were performed
at ALS Chemex. Analytical procedures include whole-rock
four-acid digestion with an inductively coupled plasma mass
spectrometry (ICP-MS) finish (ALS code: ME-MS61) and
Pt, Pd, and Au following the method of PGM-ICP23. Be-
cause of the potential limitations of the dataset due to the
eventual mixture of different lithologies and different sample
sizes, we have mainly limited the use of these results to visu-
alize the main lithogeochemical variations through the cores.

Platinum group elements (PGEs: Os, Ir, Ru, Rh, Pd, and
Pt) and Au from 18 samples from the Ertelien deposit, 6 sam-
ples from the Langedalen deposit, and 1 sample from a mafic
dyke close to the Ertelien deposit (sample no. 124723) were
analysed at LabMaTer (Université du Québec a Chicoutimi
—UQAC). The PGEs were preconcentrated by Ni sulfide fire
assay and co-precipitated with Te and analysed using the so-
lution of ICP-MS following the method described by Savard
et al. (2010). International reference materials (OKUM and
GeoPT-18/KPT-1 from IAGEO; LK-NIP-1 from Geo Labs —
OGS) were analysed with the samples to monitor data qual-
ity. The results obtained for the reference materials are con-
sistent with the working values (Table S3). The results for
PGEs and Au for the analysed samples are reported in Ta-
ble S4.

The concentrations and distributions of minor and trace
elements in the sulfides were determined by laser ablation
(LA)-ICP-MS at the Norwegian Laboratory for Mineral and
Materials Characterization (MiMaC) at the Geological Sur-
vey of Norway (NGU) using a Teledyne-Cetac Analyte Ex-
cite Excimer 193 nm laser equipped with a HelEx II two-
volume cell coupled with an Agilent 8900 triple quadrupole
(QqQ)-ICP-MS. The LA-ICP-MS tuning parameters were a
laser frequency of 10Hz, a dwell time of 10ms, a raster-
ing speed of 5 to 10ums~!, and a fluence of 2.5Jcm™2.
Line scans across the surface of grains were made with beam
sizes of 40 to 50 um, depending on the grain size. The gas
blank was measured for 30 s before switching on the laser for
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around 60s. The ablated material was carried into the ICP-
MS by an Ar-He gas mix at a rate of 0.8 to 1 Lmin~! for
Ar and 500 mLmin~" for He (an additional 2 mLmin~! of
nitrogen was also added to the mixture).

Data reduction was carried out using the “Trace Elements”
data reduction scheme (DRS) in Iolite 4 (Patton et al., 2011).
On-peak gas-blank baselines were fit with an “automatic
spline” and subtracted from each channel. To account for
variations in ablation yield between samples, stoichiometric
Fe values were used for internal standardization of each sul-
fide.

Three reference materials were used for sulfide external
calibration: UQAC-FeS5, a synthetic sulfide developed at
UQAC, was used to calibrate for PGEs, Au, and S; MASS-
1, which is a ZnCuFeS pressed-powder pellet doped with
50 to 70 ppm of most chalcophile elements, supplied by the
United States Geological Survey (USGS), was used to cal-
ibrate for Co, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Te, TI,
Pb, and Bi; and GSE-1g, which is a synthetic glass doped
with most elements at 300 to 500 ppm and is supplied by
the USGS, was used to calibrate for Ni, In, and Re us-
ing preferred values from the GeoReM database (Jochum et
al., 2005). MASS-1, UQAC-FeS-4, UQAC-FeS-6, GSE-1g,
GSD-1g, PTC-1b, and CCu-1le were used to monitor the re-
sults. The results obtained for these reference materials were
in agreement with the accepted values and are provided in
Table S5. Polyatomic interference of >Cu*®Ar on '®3Rh was
corrected using 103Rh measured in MASS-1, which contains
13.4 % %3Cu but no 'Rh; 1% Cu produced ~ 0.1 ppm in-
terference. Thus, the 1°>Rh values in chalcopyrite are not re-
ported as the interference is too large to be corrected. Di-
rect interferences of °8Cd on '%8Pd and '"Sn on '5In were
corrected by monitoring ''Cd and !'8Sn, respectively. Inter-
ference of %8Zn*°Ar on '8Pd is negligible. Polyatomic in-
terference of 9'Ni**Ar on '9'Ru was corrected using '°'Ru
measured in an NiS blank, which does not contain Ru. On
the other hand, 1 % Ni produced ~ 0.007 ppm interference
and was not a significant part of the Ru signal. The complete
datasets for LA-ICP-MS analyses of pyrrhotite, pentlandite,
chalcopyrite, and pyrite, as well as their mass balance results,
are provided in Tables S6, S7, S8, and S9, respectively.

Zircons were separated from a gabbronorite sample using
traditional techniques, including water table, heavy liquids,
magnetic separation, and final handpicking, before mount-
ing in 2.54 cm diameter epoxy rounds. After polishing the
mounts, cathodoluminescence (CL) images were obtained
to document internal structures, such as growth zoning and
core—rim relationships. The CL images for each analysed zir-
con grain and the positions of each spot analysis are shown
in the Table S11.

The U-Pb isotope measurements of zircons were deter-
mined by LA-multi collector (MC)-ICP-MS at MiMaC/NGU
using a Photon Machines Analyte excite 193 nm excimer
laser coupled to an Nu Plasma 3 MC-ICP-MS. The tun-
ing parameters were a laser frequency of 6 Hz, a fluence of
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2Jem™2, and a spot size 15 um. The gas blank was measured
for 20 s before switching on the laser for 20 s, followed by
a 5s wash-out period. Ablations were carried out in an He
atmosphere, and sample aerosol was transported to the ICP-
MS by an He carrier gas, with additional Ar added to the
He sample mixture bulb before the plasma torch. The masses
202, 204, 206208, 232, and 238 were measured. Consis-
tent laser parameters were used for all standards and sam-
ple measurements in each sequence. The GJ-1 zircon stan-
dard (608.5 & 1.5 Ma; Jackson et al., 2004), used as a cali-
bration standard, was analysed at the beginning and end of
each run and between every 10 analyses. The reference ma-
terials 91500 (1065.4 0.3 Ma; Wiedenbeck et al., 1995), Z-
6412 (1160 £ 2 Ma; unpublished, GSC Ottawa), and Pleso-
vice (337.134+0.37; Slama et al., 2008) and the in-house
standards Temora (416.75 +0.24; Black et al., 2003) and
Karasjok (2620 % 11 Ma; unpublished, NGU) were used to
check precision and accuracy. The results for the reference
materials are reported in Table S10, whereas the results for
the analysed samples are reported in Table S11.

Data reduction was carried out using the “U-Pb
Geochronology” data reduction scheme (“DRS”) in Iolite
v. 4, with ages calculated and plotted using IsoplotR (Ver-
meesch, 2018). On-peak gas-blank baselines were fit with an
“automatic spline” and subtracted from each channel. Ap-
proximately 1s was trimmed from the beginning and end of
the selection of data from each analysis. The GJ-1 zircon was
used as the primary standard to correct for drift and downhole
fractionation and to normalize 233U /2%°Pb and 2°7Pb/?%°Pb.
Exponential fits to the downhole fractionation trends were
used.

Hafnium isotope compositions of zircons were determined
by the same LA-MC-ICP-MS system as the U-Pb analyses,
and this was also done at the MiMaC/NGU. A laser beam
diameter of 40 um was used to ablate the previously dated
zircon domains, overlapping with the spots ablated for U-Pb
determinations. A laser fluence of 4 Jem™2 and a repetition
rate of 9 Hz were used to ablate the grains for 45 s. The abla-
tions were preceded by 35 s gas-blank baselines and followed
by 10 s washouts. The ablated aerosol was transported to the
MC-ICP-MS in a mixture of He and Ar. Isotopes correspond-
ing to mass / charge ratios of 171-180 were measured in ad-
jacent faraday cups with 10'! W resistors with a 0.1 s integra-
tion period. Detailed data reduction procedures are given in
Table S12. Results for the primary and secondary standards
and for the analysed sample are also given in Tables S13,
S14, and S15, respectively.

4 Geology and sulfide mineralization

4.1 Ertelien deposit

The Ertelien deposit is part of an intrusion of approximately
600 m x 500 m, with a rounded shape displaying a slightly
E-W elongation (Fig. 1c). The intrusion comprises mainly
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a medium-grained gabbronorite with some pegmatite lenses
towards the west. The host rock to the intrusion is a granitic
gneiss, but the direct relationship between the intrusion and
host rock is not well exposed in the field. The main sulfide
mineralization is concentrated within the eastern portion of
the intrusion (Fig. 1c), with a wider area of disseminated
sulfides and massive sulfides along the NE contact between
the intrusion and the host gneiss. In the NE portion, a se-
ries of old mine excavation pits are found (Fig. 2a). The de-
gree of preservation of magmatic mineralogy and texture in
the gabbronorite is variable, and, in some cases, plagioclase,
orthopyroxene, and clinopyroxene are well preserved, with
pyroxenes displaying a green-brownish colour, whereas pla-
gioclase has a white and clear aspect (Fig. 2b). However, in
some cases, both pyroxenes are variably transformed into an
amphibole with a darkened colour, and plagioclase becomes
greenish and is commonly associated with garnet (Fig. 2c).
A similar variation is also observed in the degree of deforma-
tion, where undeformed gabbronorite with no clear fabric de-
velopment is, in some cases, closely associated with strongly
deformed equivalents with prominent foliation and no mag-
matic textures (Fig. 2d). A series of fine-grained mafic dykes
are found in the surroundings of the intrusion, displaying a
sharp contact with the host gneiss (Fig. 2e). The dykes also
display a variable degree of alteration from an assemblage of
pyroxene and plagioclase to amphibole and plagioclase (i.e.
amphibolite).

In cases where the magmatic assemblage is well pre-
served, the gabbronorite displays a dominantly adcumu-
lus texture with subhedral orthopyroxene and clinopy-
roxene crystals in sharp contact with tabular plagioclase
(Fig. 2i). Discrete sulfide grains occur interstitially to sili-
cates (Fig. 2j). The degree of alteration is variable but can be
observed as a progression from the edges towards the cores
of silicates. In the most-preserved cases, discrete amphibole
crystals are restricted to the edges and cleavages of pyrox-
enes (Fig. 2i), and only fine-grained epidote and white mica
develop at the contact between pyroxene and plagioclase
(Fig. 2k). In more extensively recrystallized cases, pyroxene
crystals are rimmed by medium-grained amphibole, and pla-
gioclase displays strong saussuritization (Fig. 21), whereas
garnet rims are also observed at the contact between py-
roxene and plagioclase (Fig. 2m). In cases of the complete
recrystallization of the magmatic assemblage, the rock is a
medium-grained amphibolite with granular amphibole and
plagioclase. The amphibolite may display no clear preferen-
tial deformation (Fig. 2n) or may exhibit a penetrative folia-
tion, typically associated with biotite (Fig. 20). In some sam-
ples, olivine is also observed and commonly occurs as inclu-
sions in larger clinopyroxene crystals (Fig. 2p). In such cases,
the rock has a darker aspect and could be referred to as a
(olivine-) melanogabbronorite. However, based on our sam-
ples and observations, it is not possible to precisely delineate
the zones where these olivine-bearing domains occur within
the intrusion; still, these do not seem to form continuous lay-
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ers across the entire intrusion. Although we did not carry out
a systematic and detailed petrographic investigation of the
host gneiss, in the investigated samples, granular quartz and
plagioclase are associated with medium-grained pyrrhotite,
commonly elongated parallel to the foliation (Fig. 2q).

The sulfide mineralization is mostly hosted by the
medium-grained gabbronorite and varies from disseminated,
net-textured, and massive ores, but local brecciated and peg-
matoidal ores also occur. Disseminated sulfide is the most
widespread texture found within the deposit (Fig. 1c) and
comprises interstitial 1-3 mm sulfide blebs around silicates
(Fig. 3a), whereas net-textured ores display an intercon-
nection of sulfides forming a framework around silicates
(Fig. 3b). In some cases, the net-textured sulfides occur in as-
sociation with coarse to very coarse-grained silicates, yield-
ing a pegmatoidal aspect (Fig. 3c), but such textures are lim-
ited to a few tens of centimetres. In massive ores, the sul-
fide minerals comprise more than 80 % of the modal pro-
portion, and silicates are present as inclusions within sul-
fides (Fig. 3d). The massive sulfides locally display a brec-
ciated texture, with angular gabbronorite autholiths occur-
ring within massive sulfide minerals. In these cases, the size
and abundance of autholiths are variable, ranging from zones
with larger and abundant clasts (Fig. 3e) to zones with fewer
clasts of smaller size (Fig. 3f).

In terms of sulfide mineralogy, the assemblage is marked
by abundant pyrrhotite, followed by pentlandite and mi-
nor chalcopyrite, commonly associated with ilmenite and Ti
magnetite (i.e. magnetite with ilmenite exsolution lamellae).
In disseminated sulfides, even with the progressive replace-
ment of primary silicates during metamorphism (e.g. pyrox-
ene by amphibole), the interstitial texture of sulfides is pre-
served (Fig. 3j). In net-textured and massive ores, pentlandite
occurs as loops (Fig. 3k) (Barnes et al., 2020; Mansur et
al., 2019), commonly around pyrrhotite grains; as exsolution
flames within larger pyrrhotite crystals (Fig. 31); or as indi-
vidual granular crystals (Fig. 3m). Chalcopyrite mainly oc-
curs around the edges of larger pyrrhotite grains (Fig. 3j) or
as local accumulations, which can vary from a few millime-
tres (Fig. 3m) to a few tens of centimetres (Fig. 3e). Pyrite is
also an important mineral comprising the sulfide assemblage
in all of the ore types. The proportion of pyrite is greater
in rocks with a higher degree of alteration. Pyrite is typi-
cally medium- to coarse-grained and occurs mainly as eu-
hedral crystals associated with secondary silicates (Fig. 3n).
Although the proportion of pyrite is mostly below 15 %, in
some cases, it can reach up to 40 % (Fig. 3f). Despite the sul-
fide texture, pyrite tends to develop as an overgrowth over
larger pyrrhotite and pentlandite crystals, commonly sur-
rounded by chalcopyrite (Fig. 3n).

4.2 Langedalen deposit

The Langedalen deposit is much smaller than the Ertelien
deposit, and the general geology of the deposit is not as
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well constrained due to lesser exposure and more struc-
tural complexity. The deposit occurs ca. 10 km north of the
Ertelien deposit and consists of 1-2 m sulfide lenses that oc-
cur within 10-50 m extensively deformed gabbronorite (i.e.
in most cases, recrystallized to amphibolite) lenses in con-
tact with a granitic gneiss. The gabbronorite and amphibolite
hosting the mineralization display a strong foliation and are
constrained to shear zones, with extensive recrystallization
of primary mineralogy (Fig. 2f). The gneiss is also marked
by a strong plane-parallel foliation, with the local interca-
lation of centimetre-scale bands richer in plagioclase and
quartz with bands richer in amphibole and biotite (Fig. 2g).
Several old mine excavation pits are preserved in the area
and were developed following the sulfide-rich lenses. In such
exposures, it is possible to observe the extensive deforma-
tion and confinement of the sulfide lenses within shear zones
(Fig. 2h). Although primary textures are not preserved in
the Langedalen deposit, it represents an example of an ex-
tensively deformed Ni—Cu mineralization and allows for the
comparison with the more preserved Ertelien deposit.

In terms of the sulfide mineralization, the sulfide miner-
als occur either as 5-10cm veins (Fig. 3g) or as 0.3-1m
lenses of massive sulfides (Fig. 2h). The sulfide mineral-
ogy is marked by the occurrence of pyrrhotite, pentlandite,
and chalcopyrite in decreasing proportions, associated with
magnetite (Fig. 2h). Some pentlandite textures such as loops
and flame exsolutions are preserved (Fig. 30), as observed in
the Ertelien deposit. However, the degree of alteration and
the consequent modal proportion of pyrite are much greater
in the Langedalen deposit relative to Ertelien. In the de-
formed sulfide lenses of the Langedalen deposit, pyrite crys-
tals are elongated and crosscut pyrrhotite-rich domains, with
a smaller proportion of pentlandite (Fig. 3p). In some cases
where pyrite occurs as euhedral crystals, it displays a tex-
ture like that observed at Ertelien, and pyrite is in contact
with chalcopyrite (Fig. 3q). In the investigated drill core (de-
tailed in the following section), there is the occurrence of
a 0.4m quartz vein displaying a sharp contact with the de-
formed gabbronorite. This quartz vein contains pyrite, chal-
copyrite, and pyrrhotite associated with Au grains. The Au
grains vary from 5 to 40 ym in size and occur in contact with
pyrite and chalcopyrite or as individual grains within a ma-
trix of quartz & biotite and chlorite (Fig. 3r). This quartz vein
was only intercepted once in the entire area, and it is thus not
possible to discuss its extension. Here, we only explore its
occurrence within the deposit from a genetic perspective to
provide some constrains regarding mineralization processes.

4.3 Tectonic structures

Subsequent to the formation of the Espedalen and
Langedalen Ni deposits, several phases of deformation have
affected both the geometry and the extent of the deposits.
These tectonic modifications have also affected the two de-
posits to different extents. The main phase of deformation
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Figure 2. Field and petrographic features of the Ertelien and Langedalen deposits. (a) Old excavation pit at the Ertelien deposit. The opening
of the excavation is around 5 m wide. (b) Typical medium-grained gabbronorite from the Ertelien intrusion. (¢) Undeformed amphibolite from
the Ertelien intrusion with amphibole (replaced pyroxene), plagioclase, and garnet. (d) Sharp contact between undeformed and deformed
gabbronorite domains within the Ertelien intrusion. (e) Very fine-grained mafic dyke crosscutting granitic gneiss in the surroundings of the
Ertelien intrusion. (f) Deformed gabbronorite with prominent plan parallel foliation from the Langedalen deposit. (g) Banded gneiss with
centimetre-scale alternation of zones richer in plagioclase and quartz with zones richer in biotite and amphibole. (h) Sulfide mineralization
occurring within a shear zone at the Langedalen deposit. (i) Photomicrograph of adcumulus gabbronorite with subheudral orthopyroxene and
clinopyronexe crystals in sharp contact with tabular plagioclase and discrete amphibole in edges and cleavages of pyroxenes. (j) Photomi-
crograph of gabbronorite with minor interstitial sulfides. (k) Photomicrograph of detail of clinopyroxene exsolutions in orthopyroxene and
fine-grained epidote and white-mica developments around plagioclase. (1) Photomicrograph of medium-grained amphibolite with orthopy-
roxene relict. (m) Photomicrograph of garnet rims that developed at the contact between pyroxene and plagioclase. (n) Photomicrograph of
medium-grained amphibolite with no clear mineral fabric. (0) Photomicrograph of medium-grained amphibolite with marked foliation and
biotite crystals. (p) Photomicrograph of olivine-bearing gabbronorite, with the development of garnet and amphibole rims at the contact be-
tween pyroxene and plagioclase. (q) Photomicrograph of quartz-feldspathic gneiss with elongated pyrrhotite crystals. Abbreviations: Amph
— amphibole; Ap — apatite; Bt — biotite; Cpx — clinopyroxene; Grt — garnet; Mag — magnetite; Opx — orthopyroxene; Plg — plagioclase; Qtz —
quartz; Sulf — sulfide.
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Figure 3. General aspects of sulfide mineralization from Ertelien and Langedalen deposits. Disseminated (a), net-textured (b), pegma-
toidal (c¢), and massive (d) sulfide ores from the Ertelien deposit. The main sulfide minerals are pyrrhotite, pentlandite, and minor chalcopy-
rite. (e) Semi-massive sulfide with brecciated texture and gabbronorite autolith. Note the chalcopyrite accumulation close to the autolith.
(f) Massive sulfide with abundant euhedral pyrite and a few gabbronorite autoliths. (g) Sulfide vein within deformed gabbronorite of the
Langedalen deposit. Note the accumulation of chalcopyrite along the margins of the sulfide vein. (h) Massive sulfide from the Langedalen
deposit with abundant pyrrhotite, minor chalcopyrite, and rounded magnetite crystals. (i) Au-bearing quartz vein from the Langedalen de-
posit with associated pyrite and pyrrhotite. The quartz vein crosscuts a deformed gabbronorite. (j) Photomicrograph of disseminated sulfides
interstitial to clinopyroxene. Photomicrographs of massive sulfides from Ertelien with pentlandite textures varying from “loop” (k) to exso-
lution flames (). (m) Photomicrograph of massive sulfide from Ertelien with pyrrhotite, pentlandite, and chalcopyrite together with rounded
Ti magnetite with ilmenite exsolutions. (n) Photomicrograph of massive sulfide from Ertelien with euhedral pyrite crystals surrounded by
chalcopyrite. (0) Photomicrograph of massive sulfide from Langedalen with pentlandite “loops” and exsolution flames. (p) Photomicrograph
of massive sulfide from Langedalen with anhedral pyrite grains within pyrrhotite. (q) Photomicrograph of massive sulfide from Langedalen
with euhedral pyrite together with pyrrhotite, chalcopyrite, and minor pentlandite. (r) Photomicrograph of Au-bearing quartz vein with dis-
crete Au grains occurring either in association with pyrite and chalcopyrite or as minor grains within a silicate matrix. Abbreviations: Amph
— amphibole; Ccp — chalcopyrite; Cpx — clinopyroxene; Ilm — ilmenite; Po — pyrrhotite; Pn — pentlandite; Py — pyrite; Ti-mag: Ti magnetite;
Qtz — quartz; Sil — silicate; Sulf — sulfide.
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affecting the Kongsberg—Modum area was the Sveconorwe-
gian orogen (Bingen et al., 2021; Gorbatschev, 1980; Park et
al., 1991; Slagstad et al., 2020; Stephens et al., 1996; Torg-
ersen et al., 2022; Viola et al., 2011; Wahlgren et al., 1994),
producing several N-S-oriented tectonic units separated by
N-S-trending crustal-scale ductile shear zones (Scheiber et
al., 2023; Torgersen et al., 2022; Slagstad et al., 2022; Viola
etal., 2011). In the Kongsberg—Modum area, this has resulted
in the juxtaposition of tectonic blocks along steeply dipping
strike—slip ductile shear zones, the largest of which have
been mapped out in detail along the Telmark—Kongsberg
and Kongsberg—Modum tectonic contacts (Scheiber et al.,
2023). However, smaller, internal shear zones within the
Kongsberg—Modum area have not been mapped in detail and,
so far, have not been assessed in terms of their effect on the
Ni deposits and associated mafic intrusions.

In the Kongsberg—Modum region, we identify internal
shear zones from both regional geophysical magnetic data
and field observations of major shear zones in the vicinity
of both Ertelien and Langedalen. These shear zones are N-S
striking and form duplex geometries, suggesting an overall
regional dextral displacement (Fig. 4). It is clear from the re-
gional shear zone architecture that the Ertelien deposit does
not coincide with an N-S ductile shear zone. This is observed
in the field where there is a weak to moderate steeply N-S-
dipping foliation but no mineral stretching lineation (Fig. 4a).
Therefore, the ductile overprint on the mineralization is neg-
ligible. However, the deposit is affected by two sets of brittle
structures (Fig. 4a). The first set is parallel to and reactivates
the steep N-S foliation, and the second set is perpendicular
to the N-S-trending orebody. These cut the mineralization
(Fig. 4b) and have an E-W strike—slip displacement (Fig. 4c)
of unknown magnitude. The lack of obvious E-W lineations
on the regional geophysics may suggest that these are rel-
atively small structures. The Langedalen deposit, however,
appears to coincide with a regional-scale N-S ductile shear
zone (Fig. 4d). On the margin of the deposit, we observe my-
lonitic textures in the host rock and intense stretching lin-
eations (Fig. 4e). Indeed, the margin of the deposit appears
to be controlled by a N-S-trending, steeply dipping ductile
structure. In addition, two sets of brittle structures are also
observed (Fig. 4d). An N-S-trending set has strike—slip kine-
matics, whereas an E-W set has remobilized brecciated ore
(Fig. 4g); cutting the N-S deposit geometry shows dip—slip
top-to-north kinematics (Fig. 4h) which appear to abruptly
delineate the northern margin of the deposit, suggesting a
significant displacement. These structures appear to be more
significant than those at Ertelien as several regional examples
are seen in the geophysics (Fig. 4), suggesting that they are
major brittle structures.
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5 Results

5.1 Whole-rock geochemistry

Two representative drill cores from the Ertelien deposit
(Fig. 5a and b) and one from the Langedalen deposit (Fig. 5¢)
are investigated here to visualize the main geochemical fea-
tures of the sulfide mineralization. The drill core ER-2006-
05 is 215m long and intersects with the NE portion of
the Ertelien deposit, reaching the host gneiss at ca. 190m
(Fig. 1d). The core comprises an upper interval containing
disseminated sulfides for ca. 20m and a lower interval con-
taining massive sulfides for ca. 10 m. The lower massive sul-
fide interval is followed downwards by a ca. 30 m interval of
melanogabbronorite (Fig. 5a). Some metre-thick sulfide-rich
intervals also occur within the host gneiss close to the contact
with the intrusion. The drill core ER-2006-06B is 345 m long
and also intersects with the NE portion of the Ertelien deposit
at a greater depth relative to core ER-2006-05 (Fig. 1d), but
it does not reach the host gneiss. The core comprises a rela-
tively homogeneous gabbronorite interval down to ca. 215 m,
with a thin pegmatite horizon upwards. The gabbronorite is
followed by a sequence of ca. 50 m that contains portions of
melanogabbronorite, which hosts a ca. 30 m mineralization
interval (Fig. 5b). The mineralized interval comprises dis-
seminated sulfides that shift downwards to massive sulfides,
whereas the lower contact of the massive sulfides is with a
gneiss xenolith. The drill core LN-07-09 from Langedalen is
173 m long and intersects with a ca. 65 m thick gabbronorite
lens within a granitic gneiss. The gabbronorite lens con-
tains disseminated sulfides in the upper portion and a ca. I m
thick massive sulfide horizon around in its central portion.
Above the massive sulfide horizon, there is a ca. 0.4 m Au-
rich quartz vein (Fig. 5¢).

The plot of lithogeochemical results across the drill cores
from the Ertelien deposit highlights the intervals with sul-
fide occurrences, which are marked by a sharp decrease in
Mg contents (Fig. 5a and b). The Mg contents vary mainly
from 4 wt % to 7wt % in the gabbronorite and are slightly
higher, from 8wt% to 11wt%, in the portions contain-
ing melanogabbronorite intervals, whereas these drop be-
low 5wt % in intervals with disseminated sulfides and be-
low 2wt % in massive sulfides. In contrast, intervals with
higher S contents display a positive correlation with Ni, Cu,
and Co. Disseminated sulfides yield more than 1wt% S
and Ni, Cu, and Co contents mainly ranging from 0.1 wt %
to 0.5wt%, 0.1wt % to 0.4 wt%, and 100 to 250 ppm, re-
spectively. Although we delineated the main intervals with
disseminated sulfide occurrence, some analyses within the
gabbronorite also yield S concentrations close to 1 wt% S,
which reflects a fine sulfide dissemination as well. Intervals
with massive and net-textured sulfides mostly yield 8 wt % to
30wt % S and Ni, Cu, and Co contents ranging from 0.5 wt %
to 2wt %, 0.4 wt % to 1.5 wt %, and 400 wt % to 1000 ppm,
respectively. The sulfide tenors (i.e. concentrations of met-
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Figure 4. Grey-scale of regional aeromagnetic data with interpreted N—S ductile shear zones (black lines) showing a dextral duplex geometry.
Note that the Ertelien deposit is located between shear zones, whereas the Langedalen deposit is located on a shear zone. (a) Stereonet data
for the Ertelien deposit. Foliation planes are black. N-S brittle fractures reactivating the foliation are blue, and E-W strike—slip brittle
structures are green. (b) E-W brittle structures cutting perpendicularly through the Ertelien deposit. (¢) Strike—slip slickensides on the E-W
brittle structures. (d) Stereonet data for the Langedalen deposit. Foliation planes are black. N-S brittle fractures reactivating the foliation
are blue, and E-W strike—slip brittle structures are green. The E-W brittle structures have two movement episodes: dip—slip and strike—slip.
(e) Dip-slip mylonitic mineral stretching lineation on the western margin of the Langedalen deposit. (f) Ductily sheared western margin of
the deposit. (g) E-W dip-slip brittle structure with cataclastic fill with sulfides. (h) Dip—slip slickensides showing down-dip displacement of
the orebody to the north.
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als in cumulus sulfide fraction) obtained from extrapolated
metal concentrations up to 35 wt % S (following Barnes et al.,
2011) yield Ni, Cu, and Co tenors of ca. 2.2 wt %, 1.5 wt %,
and 1200 ppm, respectively. As expected, PGE contents also
display a positive correlation with S values; however, con-
centrations remain very low throughout the Ertelien deposit.
Platinum and Pd concentrations are mostly ca. 0.1 ppm in
disseminated and massive sulfides. The results across the
drill core from the Langedalen deposit are similar to those
from Ertelien; however, the sulfide-rich intervals are thinner.
Because of the smaller size of sulfide lenses, these are diluted
in long core samples, thus yielding lower S concentrations
for individual results (Fig. 5c). Nevertheless, the Ni, Cu, and
Co tenors are similar to those from the Ertelien deposit.

Because of the low concentrations, the full suite of PGEs
was further explored within a subset of samples using better
analytical procedures (Table S4). Most of the samples from
the Ertelien and Langedalen deposits display similar mantle-
normalized Ni, PGE, Au, and Cu patterns, with relatively flat
patterns from Ni to Pt, negative Ir anomalies, and a positive
slope from Pd to Cu (Fig. 6a). The shapes of the patterns are
similar for samples with different sulfide textures; however,
there is an increase in magnitude from disseminated sulfides
to net-textured and massive sulfides. Values for disseminated
sulfides range from 0.01 to 1 times the mantle for iridium-
group platinum-group elements (IPGE; i.e. Ir, Os, Ru) and up
to 20 times the mantle for Cu, whereas values for net-textured
and massive sulfide overlap and vary from 0.1 to 10 times the
mantle for IPGE and up to 2000 times the mantle for Cu. It
is noteworthy that IPGE results are close to or below detec-
tion limits of ca. 0.1 ppb in some samples from disseminated
sulfides, explaining the negative anomalies. The PGE con-
centrations in sulfide ores from the Langedalen deposit are
similar to those from Ertelien; however, a sample from the
Au-rich quartz vein from Langedalen yielded ca. 16 ppm Au,
which, although anomalously high, is lower than previously
reported (i.e. ca. 150 ppm; Bjerkgérd et al., 2020). However,
the difference can likely be attributed to a nugget effect in
Au concentrations in a small sample where Au is visible;
thus, small sampling differences likely yield significant result
variations. This sample also has similar PGE concentrations
compared to Langedalen sulfides (i.e. from 0.1 to 5 times the
mantle), whereas Ni and Cu contents are lower at ca. 0.1 and
10 times the mantle, respectively. A massive sulfide sample
from the Langedalen deposit (sample no. 124048, Table S4),
which occurs 3 m below the Au-rich quartz vein, also dis-
plays a positive Au anomaly with contents of 1000 times
the mantle. Lastly, the sample from the mafic dyke near the
Ertelien deposit yielded IPGE concentrations below detec-
tion limits and Ni and palladium-group platinum-group ele-
ments (PPGE; i.e. Pd, Pt and Rh) contents varying from 0.01
to 0.1 times the mantle, whereas Au and Cu concentrations
are close to mantle values (Fig. 6a).

Because PGEs and Te, As, Bi, Sb, Sn, and Se (TABS+)
are important chalcophile elements for constraining the evo-
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lution of magmatic sulfide deposits, we also present them
together using the mantle-normalized diagram proposed by
Barnes and Mansur (2022) (Fig. 6b). The elements are ar-
ranged in order of partitioning coefficient into a sulfide lig-
uid. Samples from Ertelien have similar Sn contents at 2 to 20
times the mantle, followed by a relatively flat pattern from As
to Te, with values ranging from 10 to 50 times the mantle for
disseminated sulfides and from 30 to 1000 times the mantle
for net-textured and massive sulfides. The pattern is followed
by a negative slope to Pt and Pd, with values as described
above. Samples of massive sulfides from the Langedalen de-
posit partially overlap with those from Ertelien. However, the
samples from the Au-rich quartz vein and the massive sulfide
layer below it (also yielding anomalous Au contents) display
positive Sb, Bi, Se, and Te anomalies ranging from 1000 to
10000 times the mantle (Fig. 6b).

5.2 Trace element composition of base metal sulfides

Individual results for concentrations of trace elements in
pyrrhotite, pentlandite, chalcopyrite, and pyrite from the
Ertelien and Langedalen deposits are reported in Tables S6 to
S9, respectively. Typical time-resolved spectra show mostly
flat patterns for all of the elements, illustrating their homoge-
neous distribution within the different sulfide minerals. The
time-resolved spectra were also monitored to ensure that in-
clusions were not included in the integrations when calculat-
ing the sulfide compositions.

The concentrations of trace elements in pyrrhotite, pent-
landite, chalcopyrite, and pyrite are plotted against Co for
better visualization (Fig. 7). This is because Co concentra-
tions in pentlandite and pyrite are the highest, mainly be-
tween 1 % and 4 %, followed by pyrrhotite and chalcopyrite,
which mainly range from 20 to 1500 and 0.1 to 6 ppm, re-
spectively. The concentrations of different elements in sul-
fides from disseminated, net-textured, and massive sulfides
broadly overlap, along with the composition of sulfides from
the Ertelien and Langedalen deposits, with a few exceptions
that are explored in the text. Pyrrhotite and chalcopyrite con-
tain from 0.2 % to 3 % and from 2 to 100 ppm Ni, respec-
tively (Fig. 7a), whereas pyrite from Ertelien contains 20
to 300ppm Ni, and part of those from Langedalen yield
higher contents ranging from 0.01 % to 3.5 % Ni. Palladium
(Fig. 7b) concentrations are below 0.1 ppm for chalcopy-
rite and vary from 0.01 to 0.5 ppm in pyrrhotite and pyrite,
with the highest values ranging from 0.01 to 2 ppm in pent-
landite. Ruthenium contents are mostly below 0.1 ppm in
pyrrhotite, chalcopyrite, and pyrite and range between 0.3
to 2 ppm in pentlandite (Fig. 7c). Rhodium concentrations
are mostly below detection limits in all sulfides but locally
reach ca. 0.2 ppm in pyrite from Ertelien (Fig. 7d). Gold con-
centrations are below 0.1 ppm in chalcopyrite and pyrrhotite
but reach up to ca. 2ppm in pentlandite and pyrite, except
for pyrite from the Au-rich samples of Langedalen, where
Au contents in pyrite reach up to 180 ppm (Fig. 7e). Ar-
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senic, Te, Bi, and Pb (Fig. 7f to h, respectively) display a
comparable distribution, with the lowest values mainly over-
lapping in pyrrhotite and chalcopyrite below 1 ppm for As,
below 10 ppm for Te and Bi, and below 50 ppm for Pb. Pent-
landite and pyrite have very variable and partially overlap-
ping As, Te, Bi, and Pb concentrations (mostly from 0.1
to 1000 ppm), but the highest values are found in pyrite
from the Au-rich quartz vein from Langedalen and are
mostly above 1000 ppm. Antimony (Fig. 7j) contents are
very scattered and overlap among different sulfides, ranging
mostly between 0.05 and 10 ppm, but higher contents, above
100 ppm, are found in pyrite from the Au-rich quartz vein
from Langedalen.

Eur. J. Mineral., 37, 841-869, 2025

Copper concentrations are, as expected, highest in chal-
copyrite but range from 1 to 100 ppm in pyrrhotite and pent-
landite and are more variable, from 1 to 3300 ppm, in pyrite
(Fig. 7k). Zinc, Cd, In, and Sn (Fig. 71 to o, respectively) fol-
low a similar distribution as Cu, with higher concentrations
in chalcopyrite, followed by partially overlapping concentra-
tions between pyrrhotite, pentlandite, and pyrite but slightly
higher concentrations in pentlandite. These elements broadly
overlap between sulfides from Ertelien and Langedalen de-
posits, except for In concentrations in chalcopyrite, which
are the highest in Au-rich quartz vein samples and the under-
lying massive sulfide lens from Langedalen (Fig. 7n). Sil-
ver (Fig. 7p) contents are also very variable and overlap
between chalcopyrite, pentlandite, and pyrite, mainly vary-
ing from 0.5 to 100 ppm, and are slightly lower between
0.05 and 5ppm in pyrrhotite. Similarly, as observed from
other elements, Ag concentrations in one massive sulfide
and the Au-rich quartz vein samples from Langedalen are
the highest, reaching up to 1000 ppm. Gallium, T1, and Mo
(Fig. 7q to s, respectively) concentrations vary between 0.01
and 10 ppm and mostly overlap between different sulfides.
Although Se (Fig. 7t) contents between different sulfide min-
erals are similar, these are variable in samples from Ertelien
and Langedalen deposits, varying mainly from 30 to 100 ppm
in the former and from 200 to 500 ppm in the latter.

The combination of whole-rock and mineral chemistry
compositions is commonly used to assess the mass balance of
different chalcophile elements in sulfide deposits, thus con-
straining the mineralogical distribution of the different el-
ements (Barnes et al., 2006; Dare et al., 2010; Godel and
Barnes, 2008; Godel et al., 2007; Mansur and Barnes, 2020a;
Mansur et al., 2020). However, in the case of our samples for
Ertelien and Langedalen deposits, some factors do not allow
for a reliable calculation. The concentrations of important el-
ements such as PGE in both whole-rock and mineral analyses
are below or close to detection limits. This leads to a scat-
tering of the concentrations, and average concentrations are
inaccurate. In addition, the sulfide textures are variable, and
our dataset only includes a few samples from each sulfide
texture; therefore, grouping samples with different textural
relationships in this case would not be appropriate. Also, be-
cause of different degrees of alteration in different samples,
the pyrite proportion is very variable. Consequently, it is not
straightforward to consider such different samples together
to arrive at a final mass balance calculation. For these rea-
sons, we opted to not carry out a mass balance calculation to
avoid introducing results derived from uncertain calculations
into our discussions.

5.3 U-Pb and Hf isotopes

The U-Pb zircon geochronological data for a medium-
grained gabbro-norite of the Ertelien intrusion (sample
no. 140388) are shown in Fig. 8a. The obtained age is quoted
with 20 propagated uncertainties. The zircon grains range in
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size between 80 and 300 um and have subrounded, subhedral
to euhedral crystal shapes with aspect ratios of between 1 : 1
and 3 : 1. Some grains have cores with moderate oscillatory
zoning, supporting a magmatic origin. A few grains display
darker cores relative to the rim, but no age difference was
found in analyses from different crystal zones. We calculated
a weighted average 2°7Pb/?%°Pb age of 1559 4 7 Ma, with 1
rejected outlier out of the total 30 analyses (Fig. 8a), which
we interpret here as the crystallization age of the Ertelien in-
trusion. There is a scattering in some of the analyses, which
yield a slightly elevated mean squared weighted deviation
(MSWD) of 6.4; however, the analyses were obtained in
grains with similar CL textures. Thus, we have no clear ex-
planation for some of the observed scattering, but the ob-
tained age is supported by other geological constraints, as
explored further in the text.

Figure 8b shows the in situ Hf isotope analyses from
the same zircon crystals where U-Pb analyses were carried
out. The initial epsilon Hf (¢Hfi) is calculated relative to
crystallization age (Fig. 8a). The results yield ¢Hfi varying
from 2.9 to 5.2. Two-stage depleted mantle (TDM) model
ages calculated relative to a depleted mantle model reservoir
with present-day !7°Hf/!77Hf = 0.28325 and "%Lu/!7"Hf =
0.0384 and a crustal average !7°Lu/!7’Hf = 0.015 give a
TDM of approximately 1.99 Ga (Table S15).

6 Discussion

6.1 Ertelien and Langedalen deposits: magmatic
architecture versus tectonic displacement

There is a general consensus that magmatic Ni-Cu(-PGE)
sulfide deposits mainly develop as part of long-lived magma
pathways where several favourable mechanisms were present
(Naldrett, 2004; Barnes et al., 2006; Barnes et al., 2016). For
instance, high degrees of mantle partial melting producing
primitive magmas, early-stage development within the evo-
lution of a geological province, prolonged magma through-
put (in many cases aided by crustal structures), availability
of crustal S, favourable reworking, and erosional preserva-
tion are some important parameters. Consequently, identi-
fying some of these features is a key step for assessing the
mineral potential of a given province and/or a particular in-
trusion. We explore our findings regarding the Ertelien and
Langedalen deposits within a general model for the forma-
tion of magmatic sulfide deposits, aiming to constrain both
favourable and unfavourable aspects for the prospectivity of
magmatic sulfides in the region.

The Ertelien deposit displays some features that are com-
monly observed in magmatic sulfide deposits worldwide.
The intrusion was emplaced within S-bearing gneiss country
rocks (Fig. 9a), which represent an external S source to trig-
ger sulfide saturation in a mantle-derived melt rising through
the crust (Ripley and Li, 2003, 2013; Lesher, 2017; Keays
and Lightfoot, 2010; Lightfoot et al., 2012). Indeed, the main
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massive sulfide accumulations are observed at the contact be-
tween the intrusion and the host rocks (Fig. 1c), whereas, in
some cases, massive sulfides from the Ertelien deposit are
found as lenses within the host rocks close to the intrusion.
This suggests that S was assimilated upon emplacement of
the intrusion, and this external S addition was likely to be
the main mechanism triggering S saturation. Moreover, some
of the sulfide textures attest to their formation within a dy-
namic magmatic system (Barnes et al., 2018b). The massive
and net-textured sulfides found at the base of the Ertelien
deposit (Fig. 9b) are marked by the occurrence of silicate
mineral inclusions within a relatively continuous matrix of
sulfides (e.g. Fig. 3b and c). Similar textures were also de-
scribed in the dynamic conduit and funnel-shaped stock of
Voisey’s Bay and Aguablanca deposits, respectively (Barnes
etal., 2017, 2018a). These are proposed to form through sul-
fide percolation through the pore space of a partially molten
silicate rock occurring simultaneously with crystallization,
which can be a gravity-driven process (Saumur and Cruden,
2017; Barnes et al., 2018b). Although our dataset does not
allow for precise constrainment of the timing of S saturation,
the sulfide bodies occur, in some cases, associated with more
primitive parts of the intrusion such as melanogabbronorites.
This spatial association supports the fact that sulfide satu-
ration occurred relatively early during the formation of the
intrusion while the more primitive silicate rocks were crys-
tallizing.

Because our findings support that S saturation at the
Ertelien deposit was triggered by external S addition from
country rocks, we suggest that the northeastern portion of
the intrusion likely represents the base of a tubular intru-
sion (Fig. 9). In such a scenario, massive sulfides accumu-
lated at the base of the developing intrusive body and were,
in some cases, injected into country rocks. Deformation is
not pervasive within the deposit, allowing for the identifica-
tion of preserved magmatic characteristics; however, some
features indicate some post-magmatic alteration of the mag-
matic assemblages. For instance, parts of the silicate rocks
were metamorphosed at amphibolite facies, leading to a com-
plete recrystallization in some cases (Fig. 2n and o). Within
more altered domains, the sulfide assemblage was also mod-
ified, leading to pyrite formation (Fig. 3f, 8c), likely due to
Fe loss to surrounding silicates (Holwell et al., 2017; Djon
and Barnes, 2012). The formation of secondary pyrite is also
a common feature in magmatic sulfide deposits worldwide
(Pifia et al., 2016; Duran et al., 2015; Pifa et al., 2013; Dare
et al., 2011) and supports the overprint of post-magmatic
fluids. Although constraining the timing of alteration is not
straightforward, it is reasonable to assume that it was related
to the metamorphic overprint as the degree of metamorphism
and sulfide alteration broadly correlate across the deposit.
The relative preservation of magmatic textures in the Ertelien
deposit is the result of a spatial distribution that is rather dis-
tal from the main Sveconorwegian shear zones (Scheiber et
al., 2023).
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Although several features from magmatic sulfide deposits
can be identified at Ertelien, this is not the case for the
Langedalen deposit. There is a clear difference in the overall
architecture and sulfide distribution between both deposits.
This is consistent with a proximal location of the Langedalen
deposit with respect to a regional-scale shear zone (Scheiber
et al., 2023) and with the fact that we observe that a my-
lonitic shear zone forms the western margin of the deposit,
most likely resulting in a ductile tectonic attenuation of the
deposit. In addition, the deposit appears to be geometrically
constrained to the north by significant E-W brittle faults
with downthrow towards the north and significant remobi-
lization of the mineralization into cataclastic zones. At the
Langedalen deposit, it is not therefore possible to recognize
typical features from a previously existing mafic intrusion,
and the sulfides are found in lenses constrained to shear
zones (Fig. 2h). This could open up the possibility that the
Langedalen deposit did not originally represent a magmatic
sulfide deposit. Still, the sulfide lenses are mostly hosted by
mafic rocks, which may represent fragments of an intrusion.
Also, the sulfide mineralogy is typical of magmatic sulfide
deposits, comprising pyrrhotite, pentlandite, and chalcopy-
rite (Fig. 3g and 3h), but displays a more extensive develop-
ment of secondary pyrite (Fig. 3p). The more extensive de-
gree of alteration and pyrite formation at Langedalen relative
to Ertelien is compatible with more extensive deformation
and, thus, fluid percolation (Holwell et al., 2017; Mansur et
al., 2023c). Another similarity between both the Langedalen
and Ertelien deposits is the distribution of trace elements
in sulfides, which is comparable, supporting the fact that
they originated through similar mechanisms (Fig. 7). This
distribution is also similar to those observed in other mag-
matic sulfide deposits worldwide (Mansur et al., 2021). Fi-

https://doi.org/10.5194/ejm-37-841-2025

nally, the formation of hydrothermal Ni deposits is mostly
accompanied by the development of significant alteration ha-
los within host rocks (Ferreira Filho et al., 2021; Mansur
et al., 2023a; Gonzdlez-Alvarez et al., 2013; Le Vaillant et
al., 2016, 2015; Keays and Jowitt, 2013), which is not the
case at the Langedalen deposit. Thus, we propose that the
Langedalen deposit represents a series of tectonically dis-
placed lenses of mafic rocks with associated magmatic sul-
fides (Fig. 9d).

Based on the main features summarized for the Ertelien
and Langedalen deposits, it is possible to argue for the exis-
tence of intrusions with different potentials for the forma-
tion and preservation of magmatic sulfide deposits within
the study area. Intrusions with less deformation and tectonic
displacement, such as Ertelien, allow for the partial recon-
struction of the magmatic system, display favourable condi-
tions for the development of magmatic sulfides, and can be
regarded as fertile. Although the Ertelien deposit is hosted
within a relatively small-sized intrusion, this does not neces-
sarily imply a non-fertile system as a high-magma through-
put may still take place in such intrusions (Barnes et al.,
2016). In contrast, displaced bodies such as the Langedalen
deposit are structurally much more complex, and although
the mineralization displays similar composition to magmatic
sulfides, assessing its extent can be hindered by the struc-
tural complexities of the system. The deformation does not
rule out the existence of larger occurrences but may create
several additional challenges in terms of finding larger ore-
bodies. Still, an interesting similarity between the Ertelien
and Langedalen deposits is the PGE-depleted nature of the
sulfide mineralization (Fig. 6), which may suggest some ge-
netic link between both systems or a common, PGE-depleted
mantle source.
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6.2 Nature of parent magma and implications for the
Ni—Cu mineralization

Constraining the composition of parental magmas in
ultramafic—mafic intrusions is an important step to under-
stand the nature of the mantle source, the degree of crustal
assimilation, the petrogenesis of the intrusion, and the for-
mation of associated mineral deposits (Latypov et al., 2023;
Barnes et al., 2016; Barnes and Lightfoot, 2005). However,
assessing the composition of parental magmas is not straight-
forward as intrusions commonly comprise several cumulate
rocks, which do not yield a liquid composition. Therefore,
common approaches used to define parental magma compo-
sitions include the analogy with chilled margins, bulk whole-
rock compositions, extrusive equivalents, calculations from
cumulus mineral compositions, and investigation of related
dykes (Godel et al., 2011; Spandler et al., 2000; Barnes et
al., 2010; Wilson, 2012; Mansur and Barnes, 2020b). In the
case of the Ertelien intrusion, a series of very fine-grained
mafic dykes occur in the vicinity of the intrusion. A recent
geochronological study by Orvik et al. (2025) obtained a zir-
con U-Pb crystallization age of 1584 £ 19 Ma for a mafic
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dyke near the Ertelien intrusion (sample no. 124723 from
this study). This age overlaps with the crystallization age
of 1559 +7 Ma we obtained for the Ertelien intrusion, and,
therefore, it is possible that the composition of this dyke can
then be used as an analogue for the composition of parental
melts of the Ertelien intrusion. We investigate whether this
hypothesis is valid by trying to reproduce the composition of
sulfide ores from the Ertelien deposit from the concentration
of chalcophile elements in this marginal dyke. Because there
are no feasible proxies for parental-melt composition for the
Langedalen deposit, we use the same parental-melt candidate
to assess the composition of sulfides at Langedalen.

A distinct compositional feature of magmatic sulfides
from both the Ertelien and Langedalen deposits is the con-
sistently low PGE contents despite the ore texture (Fig. 6).
The occurrence of PGE-depleted magmatic sulfides itself is
not unusual and has been observed in several deposits world-
wide (Sappin et al., 2011; Sappin et al., 2009; Jesus et al.,
2020; Lightfoot et al., 2012; Lu et al., 2019; Mansur et al.,
2023b). The most common explanations for their occurrence
rely on the highly chalcophile behaviour of PGEs (Liu and
Brenan 2015; Mungall and Brenan 2014; Barnes and Rip-
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ley 2016), either because of the low degree of partial melting
of the mantle leaving sulfide minerals in the source or due
to sulfide segregation en route, depleting the magmas (Arndt
et al., 2005; Bézos et al., 2005; Song et al., 2011; Lorand
et al., 2013). In both cases, the effects of sulfide removal
can be assessed by Cu and Pd concentrations because the
partition coefficients between a silicate and a coexisting sul-
fide liquid are in the 10?~103 range for Cu and the 10%-10°
range for Pd (Liu and Brenan, 2015; Mungall and Brenan,
2014; Barnes and Ripley, 2016). Consequently, the removal
of small amounts of sulfide liquid significantly decreases Pd
contents relative to Cu (Barnes and Maier, 1999). For in-
stance, the marginal mafic dyke from the Ertelien intrusion,
also PGE-depleted, has very high Cu/Pd ratios (ca. 80 000)
due to low Pd contents (ca. 0.5 ppb; Table S4).

A parental melt produced from approximately 15 % par-
tial melting, or even 10 % (Barnes and Mansur, 2022), would
yield PGE contents that are sufficiently high to yield greater
tenors than those observed at Ertelien and Langedalen de-
posits. Therefore, it is not possible to support the hypoth-
esis of low-PGE contents due to a low degree of partial
melting of the mantle. In contrast, following a similar ap-
proach to that proposed by Lightfoot et al. (2012) for the
Voisey Bay deposit, it is possible to broadly reproduce the
PGE contents of sulfide from these deposits using a two-
stage sulfide saturation model (Fig. 10). In such scenario,
a parental magma first becomes S-saturated prior to final
emplacement, which leads to a depletion in PGEs. The sul-
fides from both the Ertelien and Langedalen deposits would
then form from the second-stage segregation and interac-
tion of this PGE-depleted magma. A similar mechanism has
also been proposed for explaining the origin of the PGE-
depleted parental from the Romsas deposit (Mansur et al.,
2023b), which is located in the Idefjorden LTU and has a
similar crystallization age (i.e. 1551 & 10Ma) compared to
the Ertelien and Langedalen deposits. The authors argue that
a parental magma that underwent approximately 5 % crys-
tallization with sulfide removal under cotectic proportions is
feasible to reproduce the composition of Romsas mineraliza-
tion. Such magma would have a very similar PGE content to
the Ertelien dyke (Fig. 10).

We modelled the PGE and TABS+ concentrations from
the Ertelien and Langedalen sulfides using the Ertelien dyke
as an analogue for parental-melt composition. The composi-
tion of the sulfide liquid was modelled using the equation of
Campbell and Naldrett (1979):

Csul = Csi DS"SI(R 4 1)/(R + DSY/ST, (1

where Cgy is the concentration of an element in the sulfide
liquid, Cg; is the concentration of an element in the silicate
liquid, DS"/S1 is the partition coefficient for the element be-
tween sulfide and silicate liquid, and R is the ratio of silicate
to sulfide liquid (i.e. R factor). The utilized partition coeffi-
cients were 2, 2, 3, 200, 1000, 1000, 5000, and 100 000 for
Sn, As, Sb, Bi, Se, Au, Te, and PGE, respectively (Liu and
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shown for reference: Romsas — Mansur et al. (2023b); Espedalen
— Mansur et al. (2023c).

Brenan, 2015; Mungall and Brenan, 2014; Barnes and Rip-
ley, 2016), and the R factor was set to 500 based on Cu and
Pd estimations (Fig. 10).

The modelled mantle-normalized PGE patterns assum-
ing 25 % to 75 % sulfides closely resemble those from net-
textured and massive sulfides from Ertelien and Langedalen
deposits, whereas those with 5 % to 10 % sulfides broadly re-
semble disseminated sulfides (Fig. 11a). However, there are
a few slight discrepancies between modelled and observed
patterns for IPGE and Pt, especially at low concentrations.
One of the possible reasons for this mismatch would be the
very low PGE contents and the assumed contents for IPGE in
the Ertelien dyke as those were below detection limits. Vari-
ables assumed in the model lead to minor absolute differ-
ences in obtained values; however, these yield proportionally
greater relative differences due to low concentrations. For Pt,
a possibility is that a nugget effect may influence Pt con-
tents, leading to positive anomalies in some samples, espe-
cially at low concentrations. Another discrepancy is that Cu
values are higher in some samples from Ertelien relative to
modelled contents, suggesting that either sulfides have frac-
tionated to slightly Cu-rich equivalents in some samples or
Cu concentrations from the Ertelien dyke are slightly below
realistic values. At this stage, we favour the sulfide fraction-
ation hypothesis as we do observe some Cu-rich portions in
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a few of our samples (e.g. Fig. 3e), which could support the
fact that such a process took place, at least at a local scale. A
broad similarity is also observed between modelled and mea-
sured mantle-normalized TABS+ patterns (Fig. 11b). In this
case, the main discrepancies are observed in Sn and Bi val-
ues, which are higher in modelled patterns relative to what is
measured, suggesting that the parental magma had lower Sn
and Bi concentrations than the Ertelien dyke. It is noteworthy
that similar mismatches in Bi contents were also observed for
the Romsas intrusion (Mansur et al., 2023b), but the reasons
for this remain not fully understood at this stage.

The content of chalcophile elements in ores from the
Langedalen deposit broadly match those from the Ertelien
deposit and may thus be modelled assuming a similar
parental magma. However, this is not entirely the case for the
Au-rich quartz vein and the massive sulfide sample occurring
just below it (Figs. 6 and 11b). These samples have a similar
content of PGE relative to other sulfide ores; however, they
contain much greater concentrations of Bi, Se, Te, and Au,
which cannot be accounted for by modelling the segregation
of an immiscible sulfide liquid (Fig. 11b). This supports the
fact that an additional step must have taken place upon their
formation, as will be further explored.

Overall, the composition of sulfide ores from the Ertelien
and Langedalen deposits can be reproduced from a parental
magma with similar contents of chalcophile elements, espe-
cially regarding PGEs, compared to the Ertelien dyke. Al-
though a PGE-depleted composition can be achieved through
a two-stage sulfide saturation model, which we cannot rule
out as a valid mechanism at this stage, we must also not disre-
gard the possibility that the parental magmas were originally
depleted in PGEs and thus did not require sulfide removal
prior to emplacement.

6.3 Regional significance of the PGE-depleted signature
of magmatic sulfide deposits in southern Norway

The PGE depletion in magmatic Ni—Cu sulfide deposits
seems to be a common feature of several occurrences in the
southern parts of Norway. The involvement of sulfide re-
moval to produce Ni-fertile parental magmas with low PGE
contents partially relies on the mineralogy of the mantle
source region. Commonly, Ni-fertile magmas are assumed
to be produced upon high-degree partial melting of anhy-
drous mantle peridotites (Maier and Groves, 2011; Begg et
al., 2010), in which olivine is the main host of Ni (Fo-
ley et al., 2013), whereas discrete sulfides and alloys host
Cu and PGE (Lorand and Luguet, 2016). Consequently, the
high-degree partial melting that would be required to suf-
ficiently consume olivine and produce an Ni-rich magma
would also melt all of the sulfide components, yielding a
PGE-bearing parental magma (Naldrett, 2011; Barnes et al.,
2016; Barnes and Lightfoot, 2005). However, the assump-
tion that Ni-fertile parental magmas must be derived from
anhydrous mantle peridotites, where olivine is the main host
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of Ni, has recently been challenged by a close investigation
of mantle xenoliths containing a metasomatised assemblage
(Blanks et al., 2025). In these xenoliths, Ni is hosted by a
range of hydrous minerals such as phlogopite and amphibole,
together with olivine and pyroxene. One implication of hav-
ing a metasomatised mantle source is that Ni-rich magmas
could be produced from mantle portions devoid of sulfides or
alloys, producing an originally PGE-depleted magma. More-
over, the existence of hydrous metasomatised mantle regions
could then control the endowment of Ni deposits within a
geological province (Blanks et al., 2025; Ezad et al., 2024).

Another aspect that arises from the discussion regarding
hydrous mantle sources leading to the formation of Ni-rich
magmas is the wide range of geodynamic settings that may
be considered to be fertile for the formation of magmatic
Ni—Cu(-PGE) sulfide deposits (Blanks et al., 2025). For in-
stance, magmatic sulfide deposits formed within arc-related
or collisional settings are typically PGE-depleted (Jesus et
al., 2020; Lu et al., 2019). Some contributions point out that
such a geochemical signature may be explained by a pyrox-
enitic mantle source, produced upon the interaction of re-
cycled oceanic crust with depleted mantle peridotite (Ezad
et al., 2024; Blanks et al., 2025). A recent study by Ezad
et al. (2024) points out that the contribution of hydrous py-
roxenites to the metal endowment of mantle melts may have
been previously underestimated. This process is even more
critical in subduction and collision zones as the metasoma-
tised mantle regions would be able to re-melt at lower tem-
peratures (Ezad et al., 2024; Foley et al., 2022), still produc-
ing Ni-fertile magmas through time.

A scenario of partial melting of metasomatised pyroxen-
ite mantle zones producing parental magmas for mafic in-
trusions and associated sulfide deposits in the LTUs from
southern Norway (i.e. Kongsberg, Idefjorden, Bamble, and
Telemark; Fig. 1a) would also be plausible. The widespread
mafic magmatism found within these pre-Sveconorwegian
LTUs was produced within an arc-related tectonic setting, as
highlighted by previous studies (Slagstad et al., 2020; Bingen
etal., 2021; Orvik et al., 2025), and a series of PGE-depleted
magmatic sulfide occurrences are observed (Sandstad et al.,
2012; Barnes et al., 1988). For instance, eHfi values from the
Ertelien intrusion overlap with those from other intrusions
from East Kongsberg and the Idefjorden LTU (Fig. 8b), in-
terpreted to develop as part of a retreating arc system to the
west (Orvik et al., 2025). We suggest that the PGE-depleted
nature of the magmatic sulfide deposits in the area does not
need to be linked to events of sulfide removal prior to the
emplacement of the intrusions, although such process cannot
be ruled out entirely. Alternatively, the parental magmas that
formed these deposits may have been produced upon melt-
ing of pyroxenitic mantle domains (Blanks et al., 2025; Ezad
et al., 2024). This would be compatible with their formation
within a geodynamic setting marked by protracted subduc-
tion and recycling of oceanic crust, as supported by previous
investigations. Such a hypothesis provides an explanation for
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the PGE-depleted nature of parental magmas from not only
the Ertelien and Langedalen deposits but also other occur-
rences in southern Norway (Barnes et al., 1988; Mansur et
al., 2023b). Moreover, it is possible to envisage that the pro-
posed Ni—Cu metallogenetic provinces in southern Norway
(Sandstad et al., 2012) are derived from mantle domains con-
taining a higher proportion of metasomatised hydrous pyrox-
enite components.

6.4 Hydrothermal overprint following the formation of
magmatic sulfide deposits

The composition of sulfide ores from both Ertelien and
Langedalen deposits can be broadly reproduced by the seg-
regation of an immiscible sulfide liquid from an evolving
silicate magma (Fig. 11). However, sulfide minerals display
some degree of alteration, suggesting a post-magmatic per-
colation of fluids (e.g. Fig. 3p). Moreover, the formation of
some of the investigated rocks, such as the Au-rich quartz
veins and surrounding massive sulfides from the Langedalen
deposit, cannot be attributed solely to magmatic processes.
In this section, we explore which compositional features of
magmatic sulfides remain preserved and briefly explore hy-
drothermal processes that formed some of the ores at the
Langedalen deposit. The rationale for such an approach is
that the concentration of trace elements in magmatic sulfides
records a wide range of geological processes (Mansur et al.,
2021).

A series of studies propose the use of discriminant dia-
grams based on sulfide composition to provide petrogenetic
constraints for a given mineral deposit (Mansur et al., 2021;
Duran et al., 2019, 2016; Caraballo et al., 2022); however,
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several limitations were also previously highlighted (Mansur
et al., 2023a). For instance, discriminant diagrams rely on
the concentration of a few elements, which may lead to mis-
leading classifications. A growing alternative is the use of
multivariate statistical methods, which allow us to simultane-
ously combine a larger number of variables (Caraballo et al.,
2022; Sciuba et al., 2020; Miranda et al., 2024, 2022; Mak-
vandi et al., 2016; Bédard et al., 2022). We use our data in
some of the available discriminant diagrams for the compo-
sition of sulfide minerals to assess whether sulfides from both
Ertelien and Langedalen deposits have retained pristine mag-
matic compositions or if secondary processes such as fluid
percolation may have modified their composition.

The sulfides from Ni—Cu deposits have a distinct composi-
tion relative to those from PGE-dominated deposits, mainly
with regard to the concentration of highly chalcophile ele-
ments. Therefore, Duran et al. (2016) proposed the use of
Pd and Rh concentrations in pentlandite to discriminate both
deposit types (Fig. 12a). As anticipated, pentlandite from the
Ertelien deposit plots within the Ni—Cu deposit field over-
lap with other Ni—Cu deposits in Norway and worldwide.
Following a similar approach but using Se, Te, and Bi con-
centrations, Caraballo et al. (2022) proposed a discriminant
diagram for chalcopyrite from Ni—Cu and PGE-dominated
deposits (Fig. 12b). Chalcopyrite from the Ertelien deposit
plot within the Ni—Cu deposit field is, however, part of the
analyses from the Langedalen deposit plot within the field
of PGE-dominated deposits, which is a clear misclassifica-
tion. However, the analyses plotting outside of the Ni—Cu
deposit field are from the Au-rich quartz vein and the mas-
sive sulfide layer just below, which also display contrasting
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whole-rock compositions relative to the remaining sulfide
ores (Fig. 6). The same issue also arises using another dis-
criminant plot for Ni—Cu deposits, which aims to distinguish
chalcopyrite compositions from Fe-rich (monosulfide solid
solution; MSS-dominated) and Cu-rich (intermediate solid
solution; ISS-dominated) portions of deposits using Zn, Se,
and Sn contents (Caraballo et al., 2022). Analyses from the
Ertelien plot within the Fe-rich compositional field, which is
appropriate, whereas the same previously misclassified anal-
yses from the Langedalen deposit plot within the Cu-rich
compositional field, which is equivocal (Fig. 12c). The rea-
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son for the misclassification arises simply from trying to uti-
lize discriminant diagrams to classify sulfides either with a
non-magmatic origin or that had the composition modified
by post-magmatic processes (Djon and Barnes, 2012; Hol-
well et al., 2017; Mansur et al., 2021). This does not invali-
date the use of such diagrams but highlights the need to use
them with the support of other geological constraints. For in-
stance, it is likely that sulfides from the massive sulfide layer
below the Au-rich quartz vein from Langedalen were also
affected by the same hydrothermal process leading to its for-
mation, affecting the use of these discriminant diagrams.
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Another mineral for which the distribution of trace ele-
ments is commonly used to assess different petrogenetic fac-
tors is pyrite (Gregory et al., 2015; Genna and Gaboury,
2015; Keith et al., 2016; Steadman et al., 2021; Duran et
al., 2015; Pina et al., 2016, 2013). At both the Ertelien and
Langedalen deposits, most of the pyrite displays textures typ-
ical of alteration of magmatic sulfides, mainly pyrrhotite and
pentlandite (Djon and Barnes, 2012; Holwell et al., 2017).
In fact, pyrite originating from the alteration of magmatic
sulfide commonly displays a distinct composition relative to
hydrothermal pyrite, with the former yielding higher IPGE
concentrations (i.e. inherited from magmatic sulfides; Duran
et al. (2015) and lower concentrations of mobile chalcophile
elements (e.g. Se, As, Bi, Sb) (Genna and Gaboury, 2019).
Exploring such differences, Duran et al. (2015) proposed a
discriminant diagram showing that pyrite from magmatic sul-
fide deposits (both PGE and Ni—Cu types) is richer in Co and
Se and poorer in Sb and As relative to pyrite from hydrother-
mal deposits. Our data for pyrite from both the Ertelien and
Langedalen deposits mainly overlap with the compositional
fields for magmatic deposits (Fig. 12d). Pyrite from dissem-
inated sulfides from the Ertelien plot overlap with composi-
tional fields of magmatic and hydrothermal deposits. In the
case of the Au-rich quartz vein from the Langedalen deposit,
pyrite grains that occur in contact with the pyrrhotite plot
within the magmatic deposits field, whereas pyrite grains
in contact with Au grains plot within the hydrothermal de-
posit field (Fig. 12d). This supports the late formation of the
Au-rich quartz vein during a hydrothermal overprint event.
Still, it is interesting that pyrite grains which are associated
with pyrrhotite have a distinct composition closer to that of
magmatic grains. This suggests that, although Au was intro-
duced into the system later, together with mobile elements
that are high in hydrothermal fluids such as Te, As, Bi, and Sb
(Genna and Gaboury, 2019), a part of the magmatic sulfides
was also remobilized. This is also confirmed by the modi-
fied composition of massive Ni—Cu sulfides near the Au-rich
quartz vein in both whole-rock (Fig. 6) and sulfide analy-
ses. However, it is most likely that Te, As, Bi, and Sb were
externally added from the hydrothermal fluids and were not
simply derived from sulfide mobilization as concentrations
are significantly greater in hydrothermal sulfides relative to
magmatic sulfides. Although our results allow for an argu-
ment for a hydrothermal origin of this local Au-rich quartz
vein, partially remobilizing magmatic sulfides, its restricted
occurrence, and the number of analyses from our contribu-
tion do not allow for a full constrainment of the timing and
extent of this Au-mineralizing episode. Still, we strongly en-
courage further investigations in the area, looking for similar
features.
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7 Concluding remarks

We have combined field and petrographic observations,
whole-rock and sulfide mineral compositions, and U-Pb and
Hf isotopic analyses in zircon to investigate the formation of
the Ertelien and Langedalen PGE-depleted magmatic sulfide
deposits in southern Norway. Our main findings are as fol-
lows:

— Zircon U-Pb geochronology yielded a crystallization
age of 1559 &7 Ma for the Ertelien intrusion, with eHfi
values varying from 2.9 to 5.2. This age and ¢Hfi over-
lap with those from other intrusions from East Kongs-
berg and the Idefjorden LTU, which are collectively in-
terpreted as part of a retreating arc system.

— The sulfide mineralization varies from disseminated to
net-textured and massive ores in the Ertelien deposit,
whereas it comprises mostly massive sulfide lenses
in the Langedalen deposit. The mineralogy comprises
mainly pyrrhotite followed by pentlandite and minor
chalcopyrite, but secondary pyrite is also present and
more abundant in extensively altered portions of the
mineralization.

— Sulfides from both Ertelien and Langedalen deposits
have very low PGE contents, and their composition can
be modelled from a PGE-depleted parental magma a
with similar composition to that of cogenetic dykes sur-
rounding the intrusion. It is possible that the parental
magmas were originally depleted in PGE, thus not re-
quiring sulfide removal prior to emplacement, as com-
monly argued.

— We suggest that the PGE-depleted nature of the parental
magmas that formed the Ertelien and Langedalen de-
posits may be explained by a metasomatised hydrous
pyroxenitic mantle source. This is compatible with the
history of protracted subduction and, consequently, the
recycling of oceanic crust in the region.

— Sulfide minerals mainly retain their magmatic composi-
tional signature, like those from other magmatic Ni-Cu
deposits worldwide. However, part of the sulfides from
Langedalen record the effect of hydrothermal overprint,
yielding greater contents of mobile elements such as Te,
As, Bi, and Sb. This post-magmatic hydrothermal event
was also likely to be responsible for the development of
an Au-rich quartz vein occurrence at Langedalen.
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