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We present new mineral chemistry, whole-rock major and trace element data for the mantle rocks of 
the Feragen ultramafic body (FUB), one of the largest ultramafic fragments within the Scandinavian  
Caledonides. Solitary peridotite bodies are important components of the orogenic belts world- 
wide as they represent tectonically sampled fragments of the mantle. Compositions of these peridotites  
provide information that contributes to comprehension of regional geology and evolution of orogens. 
The FUB comprises three different types of mantle lithologies: (1) peridotites with moderately depleted 
mineral compositions (Mg-number of clinopyroxene 92–94, Al2O3 of clinopyroxene >3 wt.% and spinel  
Cr-numbers in the range between 0.1 and 0.6); (2) dunites with highly depleted compositions (Mg- 
number of rare clinopyroxene grains 94–96, Al2O3 of clinopyroxene <2 wt.%, Cr-number of spinel >0.6);  
(3) lithologies transitional between the two that mark contacts between dunites and host peridotite 
and show clinopyroxene compositions similar to those in dunites and a wide range of spinel Cr-number  
between 0.4 and 0.8. The dunites of the FUB are interpreted as end-products of the reaction  
between high-Mg high-Si melts and the ambient mantle peridotite. Mineral chemistry data, coupled with  
extremely low REE content of the rocks, suggest that the FUB represents a fragment of highly depleted,  
possibly fore-arc, mantle that has experienced high degrees of partial melting. Two alternative scenarios 
for the formation of the FUB are proposed, where: (1) the FUB represents a mantle root of an arc that 
existed within the Iapetus Ocean and was later thrusted onto the Baltican continent during the Scandian  
phase of the Caledonian orogeny; (2) the FUB was exhumed along the hyperextended Baltican continental  
margin during the incipient stage of the Iapetus opening and could represent a remnant of a “fossil” ocean- 
continent transition zone, now incorporated into the Caledonide Orogen, with the refractory nature of the 
FUB being inherited from an older, pre-Caledonian, tectonothermal event. FUB being inherited from an 
older, pre-Caledonian, tectonothermal event. 
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Introduction
Various types of mantle peridotites such as ophiolitic, abyssal, supra-subduction zone peridotites and 
sub-continental lithospheric mantle peridotites are considered to represent residues after various  
degrees of melt extraction from the mantle. The present-day compositions of peridotites and  
associated ultramafic rocks result from a variety of processes including primary compositional  
differences of mantle domains, melting and melt extraction, melt-peridotite reactions and the tectonic  
setting in which peridotites were formed and/or modified. Mantle-derived orogenic peridotites are 
commonly lithologically heterogeneous bodies, comprising two or more ultramafic lithologies with no 
apparent boundaries or contacts between them. 

Peridotites, pyroxenites and dunites are standard components of solitary mantle fragments  
described from orogenic belts worldwide. While mantle pyroxenites are commonly regarded as melt-rock  
reaction products, dunites and peridotites are classified and further interpreted as cognate and  
comparable rock types. It has, however, been demonstrated that most of the orogenic dunites  
within alpine type peridotites and ophiolite complexes, with the exception of dunitic cumulates, are the  
products of melt-rock reaction processes (Kelemen et al., 1995; Su et al., 2016). The process of melt-rock 
reaction makes the origin of dunites distinct from their host mantle peridotites. Thus, the interpretation 
of dunitic components in orogenic mantle massifs should be performed considering their specific mode 
of origin.

The aim of this work was to study the geochemistry of the Feragen ultramafic body (FUB) and the  
internal relationships between its different ultramafic constituents. Based on the results of our  
geochemical study, we further address the origin of the FUB dunites and the position the FUB within the 
regional geological framework. Our data show that mineral chemistry can be used as a powerful tool to 
unravel subtle differences between otherwise compositionally similar ultramafic mantle lithologies, and 
to interpret the origin of different lithologies within a single mantle peridotite body.

 
Geological setting
The circa 16 km2 Feragen ultramafic body (FUB) and spatially associated, smaller ultramafic lenses 
are situated close to the Norwegian–Swedish border, in the county of Trøndelag, 30 km east of the  
historical mining town of Røros. Geologically, the region comprises a collage of lithological units of  
different tectonic affinities that were thrusted as a sequence of nappes over the Baltoscandian margin 
of Baltica during the Scandian phase of the Caledonian orogeny (Gee, 1975; Stephens & Gee, 1989). The 
present-day tectonostratigraphic architecture of the Scandinavian Caledonides is still being debated and 
has recently been partially revised (Andersen et al., 2012; Corfu et al., 2014; Slagstad & Kirkland, 2018; 
Saalmann et al., 2021). In the Røros area the Feragen body and associated ultramafic lenses lie at or  
directly above the contact between the Neoproterozoic Hummelfjell Group and the overlying  
Aursunden Group of Cambro–Ordovician age (Nilsen & Wolff, 1989). The metasedimentary rocks of the 
Aursunden Group in the study area comprise muscovite-biotite-chlorite schists and phyllites, commonly 
described as “Røros schists” in the literature, with minor metagreywackes (Rui, 1981; Nilsen, 1988). 
Metamorphic grade within the Aursunden Group increases farther to the north of the study area where 
garnet-bearing garben schists are common (Bakke, 1978). The Aursunden Group rocks are correlated 
to the rocks of the lower Köli Nappe Complex (Gee, 1978). The rocks of the well-studied Köli Nappe  
comprise exotic terranes derived from outboard Baltica, including fragments of ocean floor and arc  
terranes of intra-oceanic origin, possibly derived from the western part of the Iapetus ocean (Stephens 
& Gee, 1989; Grenne et al., 1999). Recent interpretations suggest that the Aursunden Group hosting 
the FUB and similar ultramafic bodies, represents a distal domain of an ocean-continent transition 
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(OCT) that existed along the rifted pre-Caledonian margin of Baltica and is now incorporated into the  
Scandinavian Caledonides (Andersen et al., 2012; Jakob et al., 2019). The Hummelfjell Group is  
dominated by metasedimentary rocks composed of medium- to high-grade quartz-feldspathic schists, 
amphibolites, gneisses and subordinate marbles, and host numerous mafic intrusive and volcanic 
rocks with unconstrained ages. The group has been broadly correlated with the Seve Nappe Complex  
containing rift-associated mafic dykes and gabbroic bodies formed during the opening of the Iapetus 
Ocean (Nilsen, 1988; Jakob et al., 2019; Tegner et al., 2019).  

The Feragen ultramafic body
In the Feragen–Raudhammeren area, duplication along the thrust plane from the NNW resulted in 
two segments of ultramafic lenses stretching E–W (Nilsson & Roberts, 2014). The southern segment 
of smaller ultramafic lenses is thrusted upon the schists and amphibolites of the Hummelfjell Group 
and is separated from the northern segment by an elongated mafic body of Brannfjellet and by schists 
and phyllites of the Aursunden Group. The northern segment, enveloped by metasedimentary rocks of 
the Aursunden Group, contains two larger ultramafic bodies, Raudhammeren and Feragen, as well as a 
number of smaller lenses (Fig. 1A). 
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Figure 1. (A) Simplified geological map of the Feragen–Raudhammeren area showing the position of the ultramafic and mafic bodies relative to the host meta- 
sedimentary units. Modified after Nilsson and Roberts (2014); (B) Geological map of the Feragen ultramafic body showing the internal relationship between different 
lithologies within the body, superimposed over an aerial image; (C, D) field photographs showing typical textures observed at the contacts between harzburgites and 
dunites.
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The Feragen ultramafic body (Fig. 1B) was suggested to represent the mantle part of a dismembered 
ophiolite complex by Moore and Hultin (1980). As the genetic link between the Feragen body and the 
mafic rocks present in the area has hitherto not been properly established, we consider the FUB to  
represent a solitary mantle peridotite fragment. A Mid-Cambrian to Early Tremadocian age was  
suggested for the Feragen body by Nilsson and Roberts (2014).

The outer contacts of the FUB are poorly exposed. The western tectonic contact is marked by a few 
exposures of steeply dipping, chromite-bearing, amphibole-penninite black wall up to 30 cm thick 
that is developed against the Storhøgda gabbro (Nilsson, 1980). In the northwest the FUB rocks are  
locally overlain by the Røros schists in the Kvernberget hill area (Nilsson & Roberts, 2014). In the  
north-northeast another contact is marked by local occurrences of the poorly sorted Svartberget  
serpentinite conglomerate of the Devonian Røragen basin, overlying the FUB (Rui, 1980). In the  
southeast, in the Klumpen area, the FUB borders a small, wedge-shaped mafic plinth (a mafic tectonite, 
probably of a gabbroic precursor origin) in the thrust zone of the FUB. A wedge-shaped serpentinite 
plinth, thinning towards the NW, and representing the lowermost part of the thrust zone of the FUB,  
is overlain by the mafic plinth, also thinning towards the NW, which in turn is overlain by the main mass 
of the FUB. Here, the main mass of the FUB has been overriding itself along the thrust zone to the 
south-southeast. Otherwise, the 6 km-long eastern and the 4 km-long southern borders of the FUB are 
not exposed. 

Mantle rocks of the FUB are represented by various types of peridotites with subordinate dunites 
and lithologies transitional between the two (Fig. 1C, D). In the northwestern part of the body, the  
amount of dunite exceeds that of peridotite (Fig. 1B). The peridotites are mostly harzburgites that in 
places change composition towards clinopyroxene-poor lherzolites. Dunites, observed within the FUB,  
are tens to several hundred metres long and centimetres to tens of metres wide columnar bodies  
(Fig. 2A) often discordant to the fabric of the host peridotite (Fig. 2B). The transitional lithologies, at the  
contacts between dunites and host peridotites are characterised as gradual, with pyroxene  
tapering out over distances of several centimetres to one metre, resulting in a distinct “patchy” texture  
(Fig. 1C, D; Fig. 2C). These transitional lithologies are characterised by variable compositions, spanning  
from harzburgites to dunites. Most of the dunite channels are enveloped by this transitional type of  
lithology. In this study we categorised the studied samples based on the textures observed in the field. 
The samples are further described as 3 groups: (1) peridotites (of variable compositions); (2) dunites; (3) 
transitional lithologies/transitions. 

Sharp boundaries between dunites and host peridotites are also observed (Fig. 2D). The latter are  
characteristic for narrow dunite channels with a maximum width of 50 cm. Smaller dunite bodies  
often merge into larger dunitic units. Some of the dunite channels intersect the host peridotite without  
disturbing the peridotite fabric (Fig. 2E). Peridotite relics of various shape and size are often present 
as “rafts” within the dunite channels (Fig. 2F) The relics preserve the original orientation of the mantle 
fabric. In some cases, dunites and transitional lithologies follow and replace pyroxene-rich bands in 
the host peridotite. There is no change in the grain size at the contacts between the dunites and the 
peridotites. 

All ultramafic rocks in the area are moderately serpentinised with the degree of serpentinisation ranging 
between 30 and 70 vol%. Pervasive serpentinisation (>60 vol%) is localised only within the rare 1 to 2 
metres wide shear zones intersecting the FUB, as well as along the outer borders of the FUB, e.g., the 
thrust zone in the south (Fig. 1B.  serpentinites at the southern contact of the FUB). For all the samples 
collected during this study primary textural features of the rocks are preserved to a large extent.
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Petrographic characteristics
Peridotite is the major rock type constituting the Feragen ultramafic body. Peridotites show spinel  
facies mineral assemblages and all but a few samples are depleted in clinopyroxene. Peridotites  
contain 65 to 90% normative olivine, 7 to 31% orthopyroxene and up to 7% clinopyroxene. Dunites are  
characterised by up to 94% normative olivine, 6 to 13% modal orthopyroxene and less than 1% modal  
clinopyroxene. The transitional lithologies, at the contacts between peridotites and dunites, are  
characterized by variable proportions of rock-forming minerals. 

Olivine is the dominant rock-forming mineral for all the rock types within the FUB. Olivine grains  
are variably serpentinised and commonly exhibit mesh textures. Kink bands resulting from high- 
temperature deformation are common in all the studied samples of peridotite (Fig. 3A). 
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Figure 2. Field photographs showing the relationship between different types of ultramafic rocks within the Feragen 
ultramafic body (A) Dunite – peridotite contact, outcrop scale (B) Dunite lens in peridotite (C) Transitional lithology  
marking the gradual contact between peridotite and dunite; pyroxene grains gradually disperse resulting in a metre- 
scale pyroxene-poor zone at the dunite-peridotite contact (D) Dunite channel discordant to peridotite fabric with sharp 
boundaries to surrounding peridotite (E) Dunite channels replacing pyroxenite veins in peridotite (F) Peridotite raft in a 
large dunite channel. Abbreviations: DUN – dunite, PRD – peridotite.
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Both ortho- and clinopyroxene are present in the studied samples of peridotite. Clinopyroxene occurs 
as anhedral grains, that commonly show resorbed shapes, interstitial to olivine and orthopyroxene  
(Fig. 3B). Only one sample of dunite shows the presence of few clinopyroxene grains. Orthopyroxene 
occurs as large grains, partly altered, with well-developed cleavage and lattice-controlled exsolution  
lamellae of clinopyroxene (Fig. 3C, D). Orthopyroxene substitution by olivine is observed in some  
samples of transitional lithologies (Fig. 3E). 

Chromian spinel (spinel in the following text) is present in all the rock types in variable amounts.  
Samples of peridotites and transitional lithologies contain <1 vol% of disseminated spinel.  
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Figure 3. Representative thin-section photomicrographs of the Feragen ultramafic rocks. (A) Olivine (Ol) grains in 
a sample of dunite display mesh textures and kink bands. (B) Harzburgite mineral assemblage showing olivine,  
partially replaced by serpentine (Srp); orthopyroxene (Opx), clinopyroxene (Cpx) and chromian spinel (Spl). (C) Unaltered 
grain of orthopyroxene with well-developed cleavage planes. (D) Orthopyroxene grain partially replaced by serpentine in  
olivine-serpentine matrix. (E) Orthopyroxene grain with resorbed boundaries, partially replaced by olivine in a sample 
of transitional lithology taken from a dunite-peridotite contact. (F) Subhedral spinel grains in olivine-serpentine matrix.  
All images except (F) are taken with crossed polarizers.
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Dunites often host semi-continuous seams and podiform autoliths of chromian spinel up to 1 metre  
thick, in addition to disseminated spinel. Dunite samples are characterised by the presence of mostly  
euhedral spinel grains, whereas subhedral to anhedral spinel (Fig. 3F) is typical for peridotites and 
transitional lithologies. 

Methods
Bulk rock major and trace elements were analysed using inductively coupled plasma mass  
spectrometry (ICP-AES and ICP-MS) at ALS-Chemex Laboratory in Malå, Sweden. Major rock-forming 
elements (oxides) were analysed on fused beads using ICP-AES technique following acid digestion.  
LOI values were determined by furnace or thermogravimetric analysis (TGA). Trace elements analyses 
were performed on glass beads using lithium borate fusion followed by acid dissolution and ICP-MS 
analysis. Bulk rock chemistry data is summarised in Table 1 (Electronic supplement 1). 

Mineral chemistry data were obtained using a Cameca SX100 electron microprobe at the  
Department of Geosciences, University of Oslo. The analyses were performed on polished carbon- 
coated thin-sections, at 15 kV operating voltage with a beam current of 15 nA. Counting peak times 
were 10 s for major and 20 s or 30 s for minor elements. Synthetic oxides and metals as well as silicate  
minerals were used as standards. PAP matrix corrections were applied. Compositional data for olivine, 
clinopyroxene and spinel are provided in Tables 2, 3 & 4 (Electronic supplement 2).

Clinopyroxene trace element abundances (Table 5 in Electronic supplement 2) were analysed in situ on 
polished thin-sections by laser-ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) at 
the Department of Geosciences, Texas Tech University. The samples were analysed with Agilent 7500CS 
quadrupole mass spectrometer. The analyses were performed at nominal operating conditions of laser 
pulse rate of 15 Hz and spot diameter of 60 μm. The same clinopyroxene grains were analysed for major 
elements by electron microprobe analysis prior to LA-ICP-MS study. National Institute of Standards and 
Technology (NIST) 612 glass (Gao et al., 2002) was used as an analytical standard. BHVO-2G basaltic 
glass (Jochum et al., 2005) was analysed as an unknown for precision estimates. Both the NIST 612 
glass as a standard and the BHVO-2G glass as an unknown were run after every 5 to 10 clinopyroxene 
mineral grain analyses. 

Whole-rock chemistry
Whole-rock chemistry data were obtained for 36 representative samples. Analytical results for  
major oxides are presented on a volatile-free basis to diminish compositional variations caused by  
differences in the degree of serpentinisation and local incipient carbonation. Loss-of-ignition (LOI)  
values for different samples range between 4.4 and 14.4 wt.%. There is no correlation between the 
degree of serpentinisation and rock types. 

Variations in major element compositions for different types of peridotites and dunites within the  
Feragen ultramafic body reflect the differences in modal abundances of major rock-forming  
minerals. MgO content of the studied samples systematically increases from peridotites to dunites, 
whereas the samples of transitional lithologies show MgO contents intermediate between the two.  
The average MgO content is 45 wt.% and 49 wt.% for peridotites and dunites, respectively. For comparison,  
the primitive mantle (PM) MgO value of McDonough and Sun (1995) is 37.8 wt.%. The MgO content 
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of the rocks shows a negative correlation with SiO2, Al2O3 and CaO for all the rock types and positive  
correlation with Cr2O3 for the samples of dunites. Pyroxene-free dunites show more depleted  
compositions with lower Al2O3 (0.03–0.5 wt.%) and CaO (0.03–0.3 wt.%), and slightly higher Cr2O3 (up to 
0.6 wt.%), compared with the host mantle peridotite. Peridotites show higher CaO (0.2–2.6 wt.%) and 
Al2O3 (0.2–2 wt.%), as well as higher SiO2 (44.5 wt.% average) compared with the average of 41.5 wt.% 
SiO2 for dunites. Na2O and TiO2 contents are close to zero for all rock types. 

In terms of major element contents, peridotites of the FUB resemble compositions of highly depleted 
abyssal harzburgites of Niu (2004), with Mg/SiO2 ~ 1.1 and Al2O3/SiO2 close to 0. In a MgO/SiO2 vs.  
Al2O3/SiO2 plot, compositional data for all the samples are aligned along the trend of decreasing Al2O3 
with increasing MgO from peridotites to transition zones to dunites (Fig. 4A). Compositional data for the  
samples of peridotites show affinity to both abyssal and supra-subduction zone peridotites,  
while the data for dunites and transitional peridotites plot entirely within the supra-subduction zone field  
(Fig. 4A, B). 

Cr content of the studied samples is highly variable (850–3950 ppm Cr) and demonstrates the uneven 
distribution of spinel minerals within the studied samples. The average value of 2592 ppm Cr for the FUB 
rocks is close to the PM value (2625 ppm Cr) of McDonough and Sun (1995). The average Ni content of 
the studied rocks is 2355 ppm compared with a PM value of 1960 ppm. A few samples of dunites are 
characterised by low Cr contents (<1000 ppm) and high Ni values (>2500 ppm) compared with the rest 
of the studied samples. For the rest of the samples there is no apparent correlation between Cr and  
Ni contents. The Ni content shows inverse correlation with Al2O3, CaO, Sc, Rb and Ba.

All the analysed samples are extremely depleted in REE with the content of LREE being below detection 
limit (LOD) for most of the samples. Dunites are more depleted in HREE than the host peridotite with 
only one sample of dunites showing detectable amounts of HREE. 
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Mineral chemistry
Olivine

Olivine is the most abundant rock-forming mineral in the Feragen Ultramafic Body. Olivine is  
characterised by similar compositions within a given sample and a rock type. Forsterite content  
[Fo = Mg/(Mg + Fe2+)] of olivine gradually increases from peridotites to transitional lithologies to  
dunites. All the dunites and the transitional rock types show Fo >91, while samples of peridotite show 
Fo <91. NiO content of olivine is similar for all rock types and varies between 0.2 and 0.5 wt.% with 
a few samples of transitional lithologies showing an olivine NiO content <0.2 wt.% (Fig. 5). Most of 
the compositional data for olivine plot within the mantle olivine array defined by Takahashi (1985).  
The MnO content of olivine varies from 0.1 to 0.3 wt.% and does not show any correlation with  
lithology. Olivine in most of the samples does not show any detectable amounts of Cr2O3 and CaO.
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Figure 5. NiO vs. Fo content of olivine minerals from the rocks of the Feragen ultramafic body. The compositional field of 
olivine from fore-arc peridotites is from Ishii et al. (1992); data for abyssal peridotites are from Warren (2016). Mantle 
olivine array is after Takahashi (1985).

Clinopyroxene
Clinopyroxene minerals from the rocks of the FUB are among the most depleted clino- 
pyroxenes from mantle peridotites described in the literature. All samples show a limited range of 
clinopyroxene Mg-number (Mg# = [Mg/(Mg + Fe2+)]) between 92 and 96. Peridotite samples show  
substantial variation in Al2O3 content of clinopyroxene from 1.3 to 5.5 wt.%. For the samples of 
the transition zones, the Al2O3 content varies from 1.3 to 1.8 wt.%. One sample of dunite, where  
clinopyroxene was observed, shows a variation of Al2O3 content from 0.9 to 1.4 wt.% within a  
single thin-section. The Na2O content for all samples is in the limited range between 0.1 and 0.4 wt.%. 
Cr2O3 content varies from 0.4 to 0.9 wt.% in clinopyroxene from the samples of dunites and transitional  
lithologies and is up to 1.2 wt.% for clinopyroxene grains in the samples of peridotite.

Clinopyroxenes from the transitional lithologies, dunites and some samples of peridotites show 
low Al2O3 and low Cr2O3 contents at high Mg-numbers similar to supra-subduction zone peridotites. 
The remaining samples of the host peridotite show higher Al2O3 contents (2 wt.%) at slightly lower  
Mg-numbers but higher Cr2O3 contents and plot within the field of abyssal peridotites (Fig. 6A, B). 
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For all the analysed clinopyroxene grains there is little variation in TiO2 content (from below LOD in 
dunites to 0.15 wt.% in peridotites). Clinopyroxene from dunites and transition zones shows lower 
TiO2 contents at higher Mg-numbers, similar to the fore-arc peridotites of Ishii et al. (1992). Several  
samples of peridotites also show TiO2 contents of clinopyroxene to be close to zero. Most of the peridotite  
samples show slightly elevated contents of TiO2 in clinopyroxenes and plot within the fields of both  
sub-arc and abyssal peridotites (Fig. 6C). 

Fig. 6D shows the REE-content of clinopyroxene in the FUB rocks. The dunites and transitional  
lithologies show HREE contents slightly above that of the fore-arc peridotites, while the contents of 
LREE are below detection limit for all the samples. The samples of the host mantle peridotite show REE 
contents comparable to those of ultra-depleted modern abyssal peridotites.
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(1990). The fore-arc peridotites field is from Parkinson and Pearce (1998) and Bizimis et al. (2000). Depleted MORB 
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Spinel
 
Spinel group minerals occur as both euhedral, anhedral and partially resorbed grains. Euhedral spinels 
are common for dunites and transitional lithologies, while anhedral and resorbed grains are typically 
observed in the samples of peridotites.

The composition of spinel minerals is highly variable for different rock types, while compositional  
ranges are narrow within a given sample. Spinel Cr-number (Cr# = [Cr/(Cr + Al)]) for the samples of 
peridotites is in the range from 0.2 to 0.6. Dunites show higher Cr-number values between 0.6 and 
0.9. Samples classified as transitional show Cr-numbers between 0.4 and 0.8. The Cr-number of spinel 
increases with decreasing modal pyroxene and displays a negative correlation with spinel Mg-number 
(Mg# = [Mg/(Mg  + Fe2+)]) and Al2O3 content. 

The Al2O3 content of spinel is consistent within each sample except for two samples from a  
peridotite-dunite transition zone (APR-24, 9–17 wt.% and APR-30, 24–37 wt.% Al2O3) and one sample 
of dunite (APR-22, 6–12 wt.% Al2O3). For dunites the Al2O3 content of spinel varies from 4.5 up to 22.5 
wt.%, whereas for peridotites it is between 24 and 51 wt.%. Peridotite samples with low Al2O3 contents 
of spinel (24 wt.%) were taken from a peridotite pod found within a dunite channel. For the remaining 
peridotite samples, the Al2O3 content of spinel is in the narrow range between 44 and 51 wt.%. Spinel 
minerals in most of the peridotite samples do not contain detectable amounts of TiO2. For dunites 
and transition zone samples, the TiO2 content is slightly above the detection limit (0.05 wt.%) but this  
elevated content of TiO2 is consistent for all the analysed samples of dunites and transitional  
lithologies. Most of the spinel grains contain traces of ZnO and V2O3 peaking at 0.4 wt.% for both  
elements and showing a weak positive correlation between the two. 

The Cr-number of spinel positively correlates with Fo of olivine for coexisting olivine-spinel pairs  
(Fig. 7A). Few compositional data for peridotites on the Cr# of spinel versus Fo of olivine plot are 
due to the few occurrences of spinel associated with olivine in the samples of peridotites, where 
spinel mostly associates with pyroxene. The distribution of the compositional data in Fig. 7A & B is  
comparable to that of olivine and pyroxene. The data for peridotites plot within the field of abyssal 
peridotites, whereas the data for dunites lie entirely within the supra-subduction zone field.  
Compositional data for the transitional rock types plot within both fields. 
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Discussion 
For the Feragen ultramafic body, compositions of its major rock-forming minerals change as a function 
of lithology. The mineral chemistry data indicate contrasting geochemical signatures of the FUB rocks, 
with an affinity to both abyssal (subduction unrelated) and fore-arc (supra-subduction zone) peridotites. 
Such dual geochemical signatures of mantle peridotites have been previously reported from several  
localities. Among others are the South Sandwich arc-basin system in the South Atlantic (Pearce et al.,  
2000); the Coastal Range ophiolite of California (Choi et al., 2008); the Lycian and Antalya ophiolite  
complexes of SW Turkey (Aldanmaz et al., 2009) and the Santa Elena ophiolite of NW Costa Rica  
(Escuder-Viruete et al., 2015). Most of these ophiolite complexes/peridotite bodies are interpreted as  
multiphase, with a modification in a mid-ocean ridge environment at the first stage of their evolution,  
and later modification by higher degrees of melting in a supra-subduction zone environment. 

Degrees of melting are commonly estimated from mineral and whole-rock chemistry. With such  
estimations of melting degrees comes an inherently ill-posed problem of dunite formation and  
classification. Dunites within ophiolite complexes and solitary mantle peridotite bodies commonly show 
a higher Cr-number of spinel compared with that of the host peridotite and predictably more refractory 
whole-rock chemistry due to the absence of pyroxene. Subsequently, dunites are often interpreted as 
products of extreme degrees of mantle melting (e.g., restites after melt extraction). To explain such 
extreme degrees of melting, the presence of a fluid phase is required. As a result, peridotite bodies that 
contain significant amounts of dunites are commonly interpreted as products of mantle melting in a 
supra-subduction zone (SSZ) environment, where fluids are liberated due to dehydration of subducted 
hydrous minerals. SSZ-settings are also indicated by the mineral chemistry data for the dunites and 
transitional type lithologies of the FUB. To understand these geochemical signatures, we will further 
address the origin of dunite bodies within the FUB. 

Origin of dunites
Dunites within the FUB show most “refractory” mineral compositions compared with the other rock  
types. The dunites are characterised by high spinel Cr-numbers, low Al2O3 contents and a presence of 
trace amount of TiO2 in spinel. Mineral compositions of chromian spinel and rare clinopyroxene are 
similar to those described from the SSZ harzburgites.

Three mechanisms of dunite formation are commonly distinguished: (1) cumulative dunites formed via 
fractional crystallisation processes; (2) residual dunites formed as restites from high degrees of mantle 
melting, usually in a subduction zone environment, and (3) replacive dunites formed by reaction of 
mantle peridotite with silica-undersaturated melts.

A cumulative origin for the FUB dunites is dismissed based on the field evidence of dunites cross- 
cutting primary mantle layering in peridotites and smaller dunite channels merging to form larger  
bodies. Such features are atypical for cumulate layers that follow and themselves form a part of the main 
fabric or layering in mantle peridotites. Furthermore, cumulative dunites are expected to demonstrate 
LREE enrichment with concave-upward REE patterns and elevated CaO content of olivine (Su et al., 
2016), features not displayed by the FUB dunite samples. 

The highly refractory bulk rock chemistry and mineral compositions of the FUB dunites suggest a  
residual origin, caused by high degrees of melting of the mantle, possibly in the presence of a fluid 
phase. According to Arai (1994) melting of a “fertile MORB-mantle” (FMM) would produce dunitic  
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(olivine + high-Cr spinel) residues at high degrees of melting, where spinel Cr-number ~ 60 would 
roughly correspond to 30% melting. Asimow and Stolper (1999) also suggested that partial melting 
of mantle lithologies could produce a residue assemblage olivine + Cr-spinel only if the degree of  
melting is higher than 40%. A residual origin for the FUB dunites, senso strictu, is unlikely as it would  
produce Mg-rich magmas such as komatiites or picrites. While most of the ophiolite complexes and alpine 
type peridotites contain dunites, only few show evidence of high-Mg lavas genetically linked to them.  
The supra-subduction zone signature for the FUB is further challenged by the absence of hydrous  
minerals common for SSZ peridotites and by no evidence of subduction in terms of regional  
geology. Another controversial aspect to consider is the unusually low REE content of the FUB rocks.  
Ultramafic rocks from supra-subduction environments typically show LREE enrichment, coupled 
with elevated contents of fluid-mobile elements such as Rb, Ba and Sr, if derived from a hydrated  
mantle wedge. However, the fore-arc mantle directly overlying the trench may or may not show such  
enrichment, depending on numerous factors such as the subduction zone temperature (hot vs. cold), 
the angle of subduction, the thickness of the subducting slab and the sedimentary cover. The position 
of the Feragen mantle fragment within the outermost part of an arc/fore-arc could explain the LREE 
depletion of the FUB rocks, as this region within the arc would be less affected by the ascending fluids 
released during slab dehydration compared to the inner arc mantle. 

It is possible that the FUB represents a far-travelled fragment of an ancient, possibly pre-Caledoian, 
highly depleted fore-arc mantle, sliced between the Caledonian nappe sheets and obducted as a part 
of a mélange component within the Aursunden Group sediments. The pre-Caledonian tectono-thermal 
evolution of the FUB could possibly explain obliteration of some SSZ features such as the absence of 
hydrous minerals within the FUB rocks, as well as the presence of a fore-arc mantle fragment in the area 
with no evidence for a Caledonian arc system. 

Numerous studies have shown that dunites within orogenic peridotites and ophiolite complexes,  
with the exception of cumulative dunites, represent replacive products of melt-rock interaction  
(Kelemen et al., 1995; Suhr et al., 2003; Batanova & Savelieva, 2009; Su et al., 2016). A common  
consensus exists that mantle melts are transported by intergranular flow in the lower parts of the upper 
mantle and as focused chemically isolated flow within dunite channels in the uppermost part of the 
lithospheric mantle (Kelemen et al., 1995; Suhr et al., 2003). A replacive origin for the FUB dunites is 
at first advocated by textural evidence — the presence of transitional lithologies that envelop most of 
the dunite bodies, and olivine replacement of orthopyroxene grains in the samples of these transition 
zones. The composition of minerals making up dunite conduits and their transitional envelopes would 
be expected to re-equilibrate with the ascending melts. The degree of re-equilibration is difficult to 
quantify as it depends on an unknown melt/rock ratio. However, it is reasonable to suggest that dunite 
mineral compositions will be modified to a greater extent, compared to host peridotite that does not 
interact with the ascending melts at a sufficiently high melt/rock ratio. Within the lithologies of the 
FUB the most prominent change in mineral chemistry from peridotites to dunites is recorded by the 
composition of chromian spinel. 

Chromian spinel 
Chromian spinel is a common accessory mineral in mantle peridotites. It has been regularly used as a 
petrogenetic and geotectonic indicator ever since the work of Irvine (1967). In recent years, a number 
of studies have disputed the use of the spinel chemistry as a tracer of geotectonic processes (Kimball, 
1990; Barnes, 2000; Colás et al., 2014; El Dien et al., 2019), suggesting that metamorphism and/or 
hydrothermal alteration considerably modify spinel mineral chemistry. In order to use spinel group 
minerals as a petrogenetic indicator, it is therefore important to discriminate between primary mantle 
compositions and the effects of metamorphic processes on spinel chemistry.
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Low-grade metamorphic alteration of chromian spinel in peridotites commonly results in the formation 
of Fe and Cr-rich rims, propagating inwards along cracks and crystal edges (Kimball, 1990; Barnes, 2000; 
González-Jiménez et al., 2009). Pristine cores are commonly preserved so that the reaction results in 
chemical zoning on a grain scale. This reaction is the result of sub-solidus elemental exchange with 
co-existing silicates and the formation of chlorite (Kimball, 1990). The most important implication of 
this reaction is significant Al2O3 loss and increase of spinel Cr-number. For the FUB mineral chemistry  
analyses unaltered spinel grains were selected. In samples where unaltered grains were lacking, 
only spinel cores were analysed. The cores were shown to be chemically homogenous by grain  
transect EPMA analysis. Transect analysis demonstrated that variations in the major element chemistry  
occur only within a few µm of the grain boundaries. Within the Feragen ultramafic body we observe a 
large contrast in Cr-numbers for spatially associated samples taken a few metres apart, with high-Al,  
low-Cr spinel always confined to peridotites and low-Al, high-Cr spinel in dunites. Such spatial  
variation in Cr-numbers cannot be explained by metamorphism or serpentinisation. Barnes (2000)  
demonstrated that relative proportions of the trivalent ions Cr3+, Al3+ and Fe3+ are not significantly modified by  
metamorphism up to lower amphibolite facies and that significant loss of Al from spinel cores takes 
place at temperatures above 550°C. The FUB rocks do not show evidence of metamorphic degree higher 
than lower greenschist facies. The Cr-number of spinel from the rocks of the FUB positively correlates 
with the Cr-number of co-existing clinopyroxene, indicating that the rocks of the FUB last equilibrated at 
spinel peridotite facies conditions. We consider spinel mineral chemistry of the FUB rocks to have been 
unaffected or only weakly affected by metamorphic and hydrothermal processes. We can therefore use 
spinel mineral chemistry data as a proxy for the origin of different ultramafic lithologies within the FUB.

The spinel mineral lattice hosts a number of minor constituents, such as Ti and V, important for  
considerations on the origin of spinel minerals and their host lithologies. The TiO2 content of spinel 
is a function of parental melt composition (Kamenetsky et al., 2001). In mafic-ultramafic rocks, TiO2 
of spinel is only affected by post-solidus modifications to a very limited extent and is not affected by  
metamorphism, due to the lack of minerals that can accommodate tetravalent titanium cations.  
The same is true for V4+. Although chromian spinel can accommodate multivalent vanadium,  
in terrestrial spinels V4+ prevails over V3+, where it substitutes for Ti4+ (Papike et al., 2015). For the FUB 
rocks the TiO2 content of spinel is higher for dunites compared with other mantle lithologies and both Ti 
and V in dunitic spinel show trends different from those of peridotites (Fig. 8A, B). 
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Tetravalent Ti is the most incompatible element in the spinel lattice. In the case of a depleted mantle  
peridotite, the content of titanium in spinel would be expected to decrease from peridotites to dunites 
at upper mantle conditions, if the dunites were to represent refractory melting residues. In the FUB 
rocks the trend is just the opposite, suggesting magmatic contribution to spinel and supporting the 
idea of the replacive origin of the studied dunites. The absolute amounts of TiO2 in the analysed dunitic  
spinel are rather low (<0.2 wt.%), but the trend is persistent for all the samples of dunites. 

The overall low TiO2 content of dunitic spinel suggests that parental melts were Ti-depleted  
(Fig. 9). Melts high in both MgO and SiO2 are depleted in TiO2 compared with MORB parental melts that  
produce spinel with TiO2 contents of ~ 1 wt.% (Kamenetsky et al., 2001), at such low contents of Al2O3 as  
measured for the FUB spinels. High spinel Cr-numbers in dunites can also be explained by elevated SiO2 
contents of the parental melts, because Si saturation is required for the crystallisation of chromites 
(Irvine, 1965, 1967). Melt Si saturation was likely achieved by pyroxene consumption from the host  
peridotite (e.g., pyroxene-depleted transitional lithologies at the dunite-peridotite contacts).  
Si-saturation of melts parental to Cr-spinel in dunites can also explain the difference in spinel  
Cr-numbers between different lithologies of the FUB. Cr-numbers of volcanic spinels are shown to be 
universally higher than spinel Cr-numbers of their mantle source rocks (Dick & Bullen, 1984; Barnes & 
Roeder, 2001; Kamenetsky et al., 2001). 
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Figure 9. TiO2 content of spinel minerals for the Feragen ultramafic body plotted against spinel Cr-number.

We suggest that the difference in spinel mineral compositions between the lithologies of the FUB, can 
be explained by precipitation of dunitic spinel from the infiltrating high-Mg high-Si melts, formed by 
partial melting of the mantle at greater depths. The dunites of the FUB in turn were formed due to  
melt-rock reaction between these melts and the ambient mantle, as suggested by the elevated TiO2 
content of the dunitic spinel compared to that of the host peridotite. 

Regional geology 
According to recent interpretations, the metasedimentary Aursunden Group hosting the Feragen  
ultramafic body and a number of similar mantle fragments, could represent an ancient ocean- 
continent transition zone (OCTZ), formed by extension of the continental crust along the Baltican  
margin during the opening of the Iapetus Ocean (Jakob et al., 2019). Modern ocean-continent transition 
zones are complex geological features that were recognised during the Ocean Drilling Program and their  
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recognition facilitated numerous studies of ancient OCTZs that are found within orogenic belts.  
For both modern (e.g., the conjugate Iberian and Newfoundland margins, Lena Trough) and ancient  
ocean-continent transition zones, incorporated now into orogenic belts (e.g., Totalp, Malenco, Upper 
Platta massifs in the Eastern Central Alps, Ronda massif in the Betic Cordilleras, Lherz massif in the  
Central Pyrenees), exposures of sub-continental lithospheric mantle (SCLM) are common (Van der Wal & 
Vissers, 1993; Hébert et al., 2001; Le Roux et al., 2007; Müntener et al., 2010; Snow et al., 2011). 

A common feature of subcontinental lithospheric mantle peridotites exposed along the continental  
margins in OCTZs is their relatively fertile whole-rock and mineral chemistry and the presence of locally 
abundant garnet and pyroxenite layers (Müntener et al., 2010) that represent stagnant remnants of  
rising melts and fluids, absorbed by the SCLM over time (Griffin et al., 1999). Within the 6 km2 large, 
highly refractory Feragen body, minor pyroxenite layers were observed at only one locality.

Fig. 10 represents a compilation of clinopyroxene compositions for peridotites from sub- 
continental and sub-oceanic lithospheric mantle. The FUB clinopyroxenes show significantly more  
depleted compositions relative to clinopyroxenes from the SCLM peridotites of the Lherz and  
Ronda massifs, Iberian Abyssal Plain and peridotite xenoliths from continental rifts and intraplate  
volcanic rocks. The extremely low Na2O content of the FUB clinopyroxenes, coupled with the absence of  
abundant pyroxenites, suggests that the body has experienced significantly higher degrees of melting 
and more efficient melt extraction compared with sub-continental lithospheric mantle peridotites. 

N
a2

O
 (w

t 
%

 C
px

)

Cr2O3 (wt % Cpx)

0

3

2

1

0 0.5 1 1.5 2 2.5

Peridotite 
xenoliths 

Lherz

Abyssal
peridotites

New Ireland basin XenolithsFeragen PRD
Feragen TRZ
Feragen DUN
Iberia Abyssal Plain
Ronda Peridotite

Marum Ophiolite
Massif du Sud 

Tonga fore-arc peridotites

Figure 10. Compositions of clinopyroxene from the Feragen ultramafic body rocks compared with peridotites from  
different tectonic environments. Data sources: Sub-continental lithospheric mantle (SCLM) peridotites - Lherz  
Massif (Riches & Rogers, 2011), Iberia Abyssal Plain peridotites (Cornen et al., 1996), Ronda peridotite (Masaaki, 1980); 
Supra-subduction zone (SSZ) peridotites - Tonga fore-arc peridotites (Birner et al., 2017), Marum ophiolite complex, 
Papua New Guinea (Kaczmarek et al., 2015), Massif du Sud peridotites (Pirard et al., 2013), peridotite xenoliths from the 
New Ireland basin of Papua New Guinea (McInnes et al., 2001). Abyssal peridotite field (dunites excluded) is after the 
data of (Warren, 2016). Black field -unshaded - cratonic (Archaean) and off-cratonic (post-Archaean) mantle peridotites 
xenoliths, combined data (Ionov et al., 1992; Witt-Eickschen & Kramm, 1998; Ionov et al., 1999; Kopylova et al., 1999; 
Kil & Wendlandt, 2004; Rudnick et al., 2004; Litasov et al., 2006)



16 of 23 17 of 23

A. Pryadunenko et. al                              Geochemical characteristics of the Feragen ultramafic body

Our data suggest a strong affinity of the Feragen ultramafic body to depleted peridotites derived 
from an arc or fore-arc environment. Based on our data we advocate two possibilities for the origin 
of the FUB. In the first scenario we suggest that the FUB could represent a mantle fragment that was  
modified in a fore-arc environment within the Iapetan realm and later thrusted onto the Baltican  
continent during the Caledonian orogeny as a part of the Aursunden Group. Alternatively, the FUB 
could represent a fragment of a much older highly depleted lithospheric mantle, possibly of an arc/
fore-arc origin, that was exhumed during the extension and thinning of the Baltican continental crust in 
Ediacaran time or during the formation of ocean-continent transition assemblages in the Late Cambrian 
– Middle Ordovician and later thrusted onto Baltica as a constituent of a mélange unit as suggested by 
Jakob et al. (2019). 

Exposures of older mantle that has inherited its composition from ancient tectonothermal events have 
been documented from several geotectonic environments, where exhumation of the Earth’s mantle  
currently takes place. Examples are the Miocene Macquarie Island in the Southern Ocean,  
with exposures of peridotites recording Proterozoic re-depletion ages (Dijkstra et al., 2010); the modern 
OCT zone of the Newfoundland margin, where a fore-arc Caledonian or older mantle is exhumed along 
the western passive margin of the Atlantic (Müntener & Manatschal, 2006) and the Civrari ophiolite in 
the northern Italian Alps, where a highly refractory mantle recording Permian melting events was expo-
sed at the Jurassic OCT zone of the Ligurian Tethys (McCarthy & Müntener, 2015). 

Conclusions
The Feragen ultramafic body comprises three different mantle lithologies that show distinct  
chemical and textural traits. The peridotites of the FUB (harzburgites and minor lherzolites) are moderately  
depleted. In contrast to peridotites, the dunites and the transition lithologies on the dunite- 
peridotite boundaries show more depleted whole-rock and mineral compositions and an affinity to  
supra-subduction zone (SSZ) peridotites. Dunites within the FUB show extremely high spinel  
Cr-numbers and the presence of TiO2 in spinel. Geochemical and textural evidence suggests that the 
dunites of the FUB represent the final product of melt-rock interaction between mantle peridotite and 
melts rich in both SiO2 and MgO. Melt Si saturation was likely reached by consumption of pyroxene 
minerals from the ambient peridotite by percolating MgO-rich melts. Transitional lithologies within 
the FUB were also affected by migrating melts to variable degrees and preserve signatures of both 
host peridotites and the percolating melts, reflected in the wide range of spinel Cr-number and overall 
variable mineral compositions. Peridotites of the FUB were mostly unaffected by melt-rock interaction 
compared with other lithologies and preserve high-Al mantle spinel.

We suggest that the Feragen mantle fragment was modified in a fore-arc environment and could  
represent a remnant of a pre-Caledonian (possibly Sweconorwegian) mantle that was exhumed  
within a “fossil” ocean-continent transition zone along the hyperextended Baltican margin in the  
timespan between Ediacaran and Middle Ordovician and later incorporated into the Caledonide Orogen.  
Alternatively, the Feragen body could represent a far-travelled fragment of an arc system that existed 
within the Iapetus Ocean and was obducted onto the Baltican continent during the Caledonian Orogeny. 
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