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The ultramafic massif of Feragen, which belongs to the eastern ophiolitic belt of Norway, has abundant
amounts of chromite ores. Recent studies have revealed a complex melt evolution in a supra-subduction
zone (SSZ) environment. This study presents new whole-rock major element, trace element, and platinum-
group element chemistry to evaluate their petrogenesis and tectonic evolution. Harzburgites have high
Ca0, Al,0;, TiO,, MgO, and REE contents corresponding to abyssal peridotites, whereas dunites have

Keywords: low CaO, Al,03, TiO,, MgO, and REE contents corresponding to SSZ peridotites. The Cr# and TiO, of
J?g“hemlmy chromian spinels in the harzburgites suggest as much as about 15%-20% melting and the dunites are more
2

depleted with > 40% melting. The harzburgites and the dunites and high-Cr chromitites represent,
respectively, the products of low-degree partial melting in a back-arc setting, and the products of melt-rock
interaction in a SSZ environment. The calculated fO, values for dunites and high-Cr chromitites (—0.17 —
+0.23 and +2.78 — +5.65, respectively and generally above the FMQ buffer) are also consistent with the
interaction between back-arc ophiolites with oxidized boninitic melts in a SSZ setting.

Platinum-group elements
High-Cr podiform chromitites
SSZ peridotite

Harzburgites

Feragen ophiolite

Norway

Dunite L ©2024 China Geology Editorial Office.
Abyssal peridotite

1. Introduction Uysal I et al., 2015). Chromitites, occurring usually in the
upper-mantle part of the ophiolite pseudo-section are
economically important as source of chromium, and
scientifically important because they encapsulate information
on the nature of ancient upper mantle, young oceanic mantle,

processes of melt formation and percolation in the mantle

Ophiolites are fragments of upper mantle and oceanic
crust which record the tectonic evolution of ocean basins from
their rift-drift and spreading stages to subduction initiation
and final closure (Moores EM, 1982; Dilek Y and Robinson

PT, 2003; Dilek Y and Furnes H, 2011, 2014; Uysal I et al.,
2015). Petrographic and geochemical studies of upper mantle
peridotites specifically, the critical mineral phases (such as
chromian spinel, olivine, clinopyroxene, and orthopyroxene)
in mantle peridotites are considered as clues of melt
generation and mantle-melt interaction, and ultimately the
tectonic settings of ophiolite formation (Pearce JA et al.,
2000; Niu Y, 2004; Zhou MF et al., 2005; Arai S et al., 2006;
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(Ahmed A and Arai S, 2002; Gervilla F et al., 2005; Rollinson
H, 2008; Page P and Barnes SJ, 2009; Borisova A et al.,
2012). A general agreement has emerged that chromitites
form in depleted mantle sections of ophiolites from supra-
subduction zone (SSZ) environments due to melt—rock
reaction (Arai S and Yurimoto H, 1994; Zhou MF et al., 1994,
1998, 2014; Ballhaus C, 1998; Melcher F et al., 1999; Uysal I
et al., 2005, 2007; Xiong FH et al., 2015). Peridotites and
podiform chromitites in ophiolites reflect multi-stage
processes involving subduction of lithospheric slabs into the
transition zone, crystallization of some massive chromitites at
depth, incorporation of UHP and highly reduced phases into
the chromitites and entrapment of oceanic lithospheric slabs
above subduction zones where they interact with subduction-
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related melts (Yamamoto S et al., 2009; Yang JS et al., 2013,
2014; Robinson PT et al., 2015; Xiong FH et al., 2015, 2022;
Li JQ et al., 2023). Moreover, many ophiolites, proposed to
have formed in SSZ settings, are considered to have been
underwent a sequence of events in response to changes in the
tectonic setting from mid-ocean ridges to subduction zones
(Beccaluva I et al., 1984, 1994; Pearce JA et al., 1984,
Shervais JW, 2001).

A large number of ultramafic bodies are found in the
southern part of the Trondheim basin, which crop out between
Feragen in the east and Otta in the west, Norway. Previous
studies considered that these ultramafic bodies were formed
by cumulate processes in a back-arc environment prior to
tectonic emplacement during the orogensis which produced
the Trondheim nappe (Moore AC and Hultin I, 1980).
However, our recent studies on the eastern ultramafic body,
known as the Feragen ophiolite, has revealed a complex melt
evolution in a supra-subduction zone environment. In this
study, we present detailed mineralogical and geochemical
data on the studied peridotites and chromitites of the Feragen
ophiolite, to constrain the tectonic settings of its formation

and provide a testable hypothesis for its tectono-magmatic
evolution.

2. Geology of the Feragen Ophiolite

The Feragen ophiolite crops out over an area of about 15
km? in Ser-Trondelag, east- central Norway (Fig. 1). It is one
of several ultramafic bodies occurring along the southern and
eastern margins of the Trondheim Nappe Complex and
regarded as typical of “alpine-type” peridotite situated within
gneissic Cambrian—Silurian sequences (Moore AC and Hultin
I, 1980; Nilsson LP et al., 1997, 2005). The ophiolite consists
chiefly of harzburgite, dunite, and minor chromitites with
various degrees of serpentinization. Limited occurrences of
Mg-carbonates (magnesite, nesquehonite) which formed
during weathering have been reported along fractures of the
Feragen peridotites close to the contact with the country rocks
(Moore AC and Hultin I, 1980; Beinlich A and Austrheim H,
2012; Ulven IO et al., 2017; Dunkel KG et al., 2019).

The northern contact between the serpentinized ultramafic
rocks and the country rocks is covered by Devonian
serpentine conglomerate similar to what has been described
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Fig. 1. Simplified tectonostratigraphic map of the Feragen ophiolite, Norway (modified from Moore AC and Hultin I, 1980).
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previously in other the Devonian sedimentary basins along the
western coast of southern Norway (Fig. 1; Roberts D, 1974;
Nilsson LP and Roberts D, 2014; Beinlich A et al., 2018).
Precambrian gneiss borders the Feragen ophiolite in the
southeast and gabbro in the west (Moore AC and Hultin I,
1980). The Feragen ophiolite has been mined extensively for
chromite and was the most important source of chrome in
Norway until mining ceased around 1927. Several hundred
small open pits and about 20 shafts were operated for open-pit
and underground mining, respectively.

3. Field occurrence and petrography
3.1. Harzburgites

Most harzburgites are massive and dark yellow in color
(Figs. 2a—b). Both serpentinite and tectonic breccias are
locally present in the harzburgites (Fig. 2b). Harzburgites,
most of which are coarse-grained with granular textures,
consist mainly of olivine (60—75 vol%) and orthopyroxene
(20-35 vol%) with minor clinopyroxene (<< 5 vol%) and
chromian spinel (Fig. 3a).

Olivine occurs generally as large granular crystals (0.1—
0.3 mm), showing notable deformation features, such as
deformation lamellae, kink banding and wavy extinction.
Some olivine grains occur as small inclusions in both
orthopyroxene and chromian spinel. Narrow shear bands,
marked by recrystallized, fine-grained olivine are commonly
observed in harzburgite samples. Orthopyroxenes mostly
form large, euhedral to subhedral grains (0.5—-1 mm) in
harzburgite (Fig. 3a), showing extensive crystal flexural

(@

bends, undulatory extinction and gliding twins.
Clinopyroxenes occur as irregular interstitial grains between
olivine and orthopyroxene in the harzburgites. Chromian
spinels are small and interstitial grains scattered in the
harzburgite (Fig. 3a). Some grains occur as euhedral
inclusions in olivine and orthopyroxene.

3.2. Dunites

Dunites occur commonly as lenses or veins in
harzburgites with brownish-black in color (Figs. 2b—c). Most
dunites are serpentinized and consist chiefly of olivine (90—95
vol%), serpentine (>5 vol%) and minor orthopyroxene (<I
vol%) with traces of chromian spinel and magnetite (Fig. 3b).
Olivine grains are mostly 0.1-0.5 mm in diameter, and some
of them are characterized by fine-grained and mosaic texture.
Olivine has been partly altered by serpentine along cracks and
grain boundaries, leading eventually to small “islands” of
relict olivine (Fig. 3b). Orthopyroxene occurring as
pseudomorphism has been mostly altered by serpentine and
chlorite. Chromian spinels are commonly scattered in the
dunites but locally they are sufficiently concentrated to form
disseminated chromitites (Figs. 3b-c). The chromian spinel
grains are euhedral to subhedral and some of which was
altered by magnetite along rims.

3.3. Chromitites

Podiform chromitites are predominantly disseminated type
and scattered through the harzburgites of the Feragen
ophiolite (Fig. 2d). Chromian spinels in the chromite ore
bodies are generally euhedral to subhedral in habit (Fig. 3c).

(b)

Harzburgite

Dunite -

Serpentinite

Fig. 2. Field photographs showing the various lithologies in the Feragen ophiolite. a-The Feragen ultramafic rocks; b and c—Dunite veins in

harzburgite; d—Disseminated chromite ore.
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Fig. 3. Photomicrographs of peridotites and chromitites in the Feragen ophiolite. a—Harzburgite; coarse-grained olivine coexisting with or-
thopyroxene, granular texture (cross-polarized light); b—Dunite; olivine altered by serpentine along cracks and boundaries (cross-polarized
light); c—Disseminated chromitites; olivine has been mostly altered by serpentine (plane-polarized light); d—Chromian spinels altered to ferrit-
chromite or magnetite along boundaries and fractures in the disseminated chromitites (reflected light). Ol-olivine; Opx—orthopyroxene;
Spl—chromian spinel; Cpx—clinopyroxene; Srp—serpentine; Ferrit-chr—Ferrit-chromite; Mgt—magnetite.

However, vermicular grains are also commonly observed in
the chromitites. Chromian spinel grains are usually altered to
ferrit-chromite or magnetite along boundaries and fractures,
whereas olivines in the ores are mostly replaced by serpentine
(Fig. 3d). Olivines are also observed as inclusions in the
chromian spinel.

4. Sample preparation and analytical methods

Fresh harzburgite, dunite and chromitite samples were
selected for petrographic examination and mineralogical
analysis. The analyses were performed in the Key Laboratory
of Nuclear Resources and Environment (East China Institute
of Technology), Ministry of Education using a JEOL JXA-
8100 electron microprobe with an Inca energy-dispersive
spectrometer. The microprobe was set to operate at a voltage
of 15 kV, a beam current of 20 amps and a spot diameter of
5 um. Representative analyses of olivine, pyroxene and
chromian spinel are presented in Tables 1-3, respectively.

Samples selected for whole-rock geochemical analysis
were ground in an agate mill, after washing in distilled water
and drying. Major elements were determined on fused glass
beads by X-ray fluorescence (XRF) spectrometry. The
analytical accuracy is estimated to be 1% relative for SiO, and
2% relative for the other oxides. Trace elements, including
rare earth elements (REE), were determined by inductively

coupled plasma-mass spectrometry (ICP-MS). GB/T14506.28-
2010 standard (GSR3), GB/T14506.14-2010 standard (GSRS5)
and three internal standards were measured simultaneously to
ensure consistency of the analytical results. Analytical
uncertainties are estimated to be 10% for trace elements with
abundances less than 10x107°, and around 5% for those
higher than 10x107°. Platinum group elements (PGEs) of the
peridotites and chromitites were analyzed using the nickel
sulfide fire assay and Te-coprecipitation method of Jackson
SE et al. (1990) and Sun SS et al. (1993) followed by ICP-MS
measurements. Detailed procedures were described by Sun Y
and Sun M (2005) and Dai JG et al. (2011). All of the analysis
were determined in the National Research Center of
Geoanalysis, Chinese Academy of Geological Sciences,
Beijing. Representative analyses are shown in Tables 4 and 5.

5. Results
5.1. Mineral compositions

5.1.1. Olivines

All of the analyzed olivines are highly magnesian
(Foggg-99.7). Olivine in the harzburgite has Fo values of
89.8—90.2 with NiO contents of 0.33—0.39%, whereas olivine
in the dunite has slightly higher Fo (89.9—90.7) with constant
NiO contents (0.27-0.40%) (Fig. 4a). MnO contents of
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Table 3. Representative microprobe analyses of chromian spinel in the peridotites and chromitites.

Chromitite
S27-4-1
0.06

0.05

Dunite

Lithology harzburgite

S27-4-2 S27-4-3 S27-4-4 S27-4-5 S27-4-6

0.00
0.02

S27-3-2 S27-3-3 S27-3-4 S27-3-5

S27-2-2 S27-2-3 S27-2-4 S27-2-5 S27-3-1

0.03
0.02

S27-2-1
0.06
0.02

S27-1-2 S27-1-3 S27-3-18

0.06
0.03

S27-1-1
0.04

Sample
SiO,
Na,O

0.10
0.03

0.13 0.18
0.00

0.06

0.01
0.03

0.03
0.03

0.06 0.01 0.07 0.02 0.03 0.05
0.00 0.03 0.00 0.01 0.00

0.02

0.02
0.0

0.06
0.03

0.04
0.04

0.04

50.78

49.36

50.92
0.00
7.14
6.67
1.00

51.21
0.00
6.82
9.48
0.97

53.99
0.00
7.98
8.18
0.96

51.46
0.01
6.38
6.13
0.71

54.42 53.92
0.01

0.00

53.82
0.01

54.10

53.92 53.41

0.02

53.97
0.00

54.98
0.00

54.82

54.64
0.00

28.00 25.57

27.86 25.68
0.00 0.01

Cr,04
K0

0.00
7.56
6.46
0.92

0.00

0.00

0.00

0.00

0.00

0.01

12.51

13.33
13.77
0.29

14.02
13.61
0.30

14.31

14.16

11.95
13.34
0.35

13.71
13.75
0.35

14.57
14.01
0.30

15.89
14.51

16.02
14.38
0.27

16.07
14.47
0.26

17.00
41.99
0.21

17.20
40.11

16.85
41.99
0.21

17.03

40.11

MgO

10.98
0.81

13.63
0.29

13.70
0.24

AlLO;
MnO
FeO

0.25

0.20

0.20

32.24
0.20
0.16

25.69
0.16
0.13

32.94
0.18
0.04

30.88

28.49
0.22
0.14

34.27
0.08

0.11

18.44
0.16
0.05

17.10
0.16
0.07

17.16

17.07
0.20
0.07

19.97
0.25
0.10

17.88
0.16
0.10

16.99
0.21
0.05

14.14
0.22
0.04

14.09
0.12
0.16

14.30
0.19
0.13

14.18

14.49
0.03
0.16

14.11

14.43
0.03

0.22
0.09

0.20
0.07

0.00
0.14

0.00

0.14

TiO,
NiO

0.16

99.83 98.45

99.07

99.72
28.45
78.37
0.50

99.25 99.98

100.03
56.79

99.52 99.72
72.43

99.54

99.47
52.40

72.87

99.90
58.05

72.45

100.17
61.20

99.90 100.05
67.13
72.10

67.39

100.11
67.45

99.18

100.27
68.40
31.89

0.40
100Fe*/Cr+Al+Fe**

99.06
68.59

99.89

Total
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29.95

47.46
75.10

28.44
83.67
1.57

33.49
81.58
0.39

25.18

60.27 59.88

60.01

68.65

68.29
31.78

0.40
100Mg/Mg+Fe?", Fe*'#

Mg#

Cr#

84.06
1.26

84.91

72.84
0.51

72.60

0.49

72.60
0.36

71.77
0.38

71.89

0.38

71.70
0.66

29.00

0.41

29.09
0.41

1.60

0.82

0.51

0.31 0.90

0.73

Fe*'#
Mgt

olivine in the harzburgite are 0.10-0.16%, which are
essentially the same with that in the dunite (MnO content
ranging from 0.09-0.15%) (Fig. 4b). Olivines in the
chromitites have Fo values ranging from 95.1-97.8, which are
much higher than olivines in the harzburgite and dunite.

5.1.2. Pyroxenes

Only orthopyroxene and clinopyroxene in the harzburgite
are analyzed as those in the dunite and chromitite have been
completely altered. The enstatite (En) contents of
orthopyroxene in harzburgite range from 87.7 to 89.0 (Table 2).
The Al,O; and Cr,O; contents are 3.50%—3.54% and 0.72%—
0.88%, respectively (Figs. 5a—b). The Mg# values of
orthopyroxene range from 90.2—91.4.

Clinopyroxene in harzburgite is diopside with En values
of 45.9-49.3 (Table 2). It has Mg# values varying from 92.5
to 93.8. The Al,O; contents of clinopyroxene vary from
2.38%—3.84%, which show a negative correlation with the
Mgf# values (Fig. 5¢). The Cr,O5 contents are variable ranging
from 0.75% to 1.36%, showing positive correlations with
Al,O5 of clinopyroxene (Fig. 5d).

5.1.3. Chromian spinels

Chromian spinels in the harzburgite have low Cr# values
of 29.0-31.9 and high Mg# values of 68.3—68.7, whereas
those in the dunites have much higher Cr#s (71.7-72.9) but
lower Mg#s (52.4—67.5) (Table 3). TiO, contents of chromian
spinels in the harzburgites are << 0.03%, and those in the
dunite samples are up to 0.25%. The chromitites in the
Feragen ophiolite belong to the high-Cr type with Cr# values
ranging from 75.1-84.9 and Mg# values ranging from
25.2—-47.5. TiO, contents of chromian spinels in the
chromitite are from 0.08% to 0.22%.

5.2. Whole-rock geochemistry

5.2.1. Major geochemistry

All the samples are Mg-rich (MgO contents ranging from
41.35%—44.99%), Al-poor (0.20-1.13% Al,0O3) and alkali-
poor (<0.1% Na,O)(Table 4). The harzburgites have MgO
contents ranging from 41.35%—41.82%, which are lower than
those of dunites (43.62%—-44.99% MgO). However, the
contents of CaO (1.06—1.37%), ALL,O; (1.07%—1.13%) and
TiO, (0.02%—0.05%) of the harzburgites are much higher
than those of dunites (0.18%—0.82% CaO, 0.20%—0.60%
Al,O5 and <0.01% TiO,). It shows a relatively linear decrease
in CaO, Al,O3;, and TiO, with increasing MgO content,
respectively, from harzburgite to dunite (Figs. 6a—c). Total
iron as FeO* in the harzburgites are also higher than those in
the dunites, representing a negative correlation with MgO
contents (Fig. 6d). The Feragen harzburgites are comparable
with SSZ-type peridotite, whereas the dunites are comparable
with abyssal (or MOR-type) varieties as shown by whole-rock
geochemistry (Figs. 6 and 7).

5.2.2. Trace element geochemistry
The analyzed harzburgite and dunite samples have Y REE
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Table 4. Major and trace element compositions of whole-rock samples of peridotite in the Feragen ophiolite.

Lithology Harzburgite Dunite

Sample YLS13-27-4 YLS13-27-6 YLS13-27-7 YLS13-27-8 YLS13-27-1 YLS13-27-2 YLS13-27-3
Major oxides/wt%

SiO, 39.91 40.69 40.39 34.72 36.52 34.88 38.68
Al,O; 1.07 1.13 1.08 0.52 0.48 0.20 0.60
CaO 1.06 1.37 1.16 0.22 0.22 0.18 0.82
Fe,0; 2.94 2.87 3.24 1.94 3.55 2.11 2.80
FeO 4.97 4.90 4.49 223 3.35 3.40 3.54
K,O b.d. b.d. b.d. b.d. b.d. b.d. b.d.
MgO 41.82 41.35 41.59 44.99 44.00 44.56 43.62
MnO 0.12 0.12 0.12 0.09 0.10 0.09 0.08
Na,O b.d. b.d. b.d. b.d. b.d. b.d. b.d.
P,05 b.d. b.d. b.d. b.d. b.d. b.d. b.d.
TiO, 0.05 0.02 b.d. 0.01 b.d. 0.01 b.d.
H,0" 8.18 8.22 8.76 15.16 12.32 15.24 10.22
LOI 8.36 8.44 8.77 15.27 12.56 15.40 10.66
Trace elements/x107°

Ta 0.041 0.032 0.029 0.036 0.030 0.034 0.036
Th 0.021 0.019 0.011 0.010 0.038 0.015 0.023
U 0.010 0.010 0.007 0.007 0.009 0.005 0.011
Pb 0.12 0.18 0.16 0.12 2.93 0.21 0.24
Ga 1.05 1.08 1.08 0.97 0.81 0.21 0.79
Sr 0.46 0.40 0.35 0.39 1.41 0.98 1.01
A 424 46.3 422 15.0 13.3 5.16 30.5
Rb 0.77 0.77 0.72 0.31 0.45 0.19 0.53
Nb 0.26 0.22 0.21 0.24 0.22 0.23 0.21
Ba 1.37 0.86 0.65 0.33 2.35 1.37 1.07
Zr 0.23 0.36 0.18 0.15 0.53 0.22 0.27
Hf 0.008 0.011 0.005 0.004 0.014 0.005 0.009
Cr 1993 2139 1985 2284 1871 914 2435
Ni 1600 1521 1563 1909 1717 2077 1648
Co 120 116 117 116 118 112 118
Cu 7.18 9.21 14.7 8.85 5.47 5.69 5.97
Zn 41.9 42.6 45.7 254 22.7 259 323
Cs 0.19 0.20 0.16 0.16 0.29 0.07 0.25
Sc 10.4 11.1 10.2 4.63 5.33 3.05 7.89
La 0.041 0.022 0.020 0.021 0.093 0.030 0.048
Ce 0.069 0.039 0.030 0.039 0.170 0.058 0.075
Pr 0.010 0.006 0.005 0.004 0.020 0.008 0.009
Nd 0.040 0.025 0.019 0.017 0.050 0.017 0.033
Sm 0.017 0.009 0.003 0.005 0.012 0.001 0.011
Eu 0.003 0.003 0.002 0.000 0.004 0.002 0.003
Gd 0.032 0.019 0.016 0.005 0.025 0.011 0.017
Tb 0.004 0.005 0.003 0.001 0.002 0.001 0.004
Dy 0.031 0.032 0.040 0.014 0.012 0.010 0.021
Ho 0.007 0.014 0.009 0.003 0.002 0.001 0.006
Er 0.044 0.046 0.042 0.014 0.011 0.007 0.019
Tm 0.006 0.006 0.007 0.003 0.001 0.001 0.003
Yb 0.066 0.063 0.051 0.016 0.017 0.007 0.028
Lu 0.011 0.010 0.012 0.004 0.003 0.003 0.005
Y 0.28 0.31 0.28 0.090 0.080 0.040 0.16

of 026x10°-0.38x10° and  0.15x10 %-0.42x10°°,
respectively (Table 4), both of which are well below primitive
mantle values indicating significant depletion presumably by
high degrees of partial melting (Miller C et al., 2003). In the
chondrite-normalized REE diagram, all harzburgites have

weakly spoon-shaped patterns with relative enrichment in
both LREE and HREE and depletion in MREE (Fig. 8a),
which is consistent with the patterns displayed by abyssal
peridotites with low REE contents and enrichment of HREE
(Niu Y, 2004). The dunites are characterized by lower HREE
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Table 5. Platinum-group element compositions of whole-rock samples of peridotite and chromitite in the Feragen ophiolite (107%).
Lithology Harzburgite Dunite Chromitite
Sample YLS13-27-4  YLS13-27-6  YLS13-27-7 YLS13-27-8  YLS13-27-1 YLS13-27-2  YLS13-27-3 YLS13-27-5
Os 3.51 5.69 4.32 2.97 3.16 4.51 3.29 19.6
Ir 1.50 2.52 1.45 1.58 1.48 2.38 1.74 8.54
Ru 4.94 6.64 4.99 3.97 3.98 3.30 4.29 37.5
Rh 0.94 1.24 1.22 0.65 0.78 0.39 0.71 3.17
Pt 5.09 6.48 6.86 2.27 3.25 0.94 3.65 0.62
Pd 4.09 5.93 5.92 1.94 0.27 0.20 1.44 0.12
Total PGE ~ 20.1 28.5 24.8 13.4 12.9 11.7 15.1 69.6
Pd/Ir 2.73 2.35 4.08 1.23 0.18 0.08 0.83 0.01
Pt/Pd 1.24 1.09 1.16 1.17 12.04 4.70 2.53 5.17
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Fig. 4. NiO (a) and MnO (b) vs. Fo contents of olivine in the different lithologies of the Feragen ophiolite. ABP—abyssal peridotite and
FAP—fore-arc peridotite from Pagé P et al. (2008), partial melting trends from Ozawa K (1994), and fractionation trends from Ozawa K (1994)
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ing degree (Ghiorso MS et al., 2002) are also shown in the diagram.

concentrations than harzburgites, representing stronger
depletion and resembling forearc peridotites (Parkinson 1J and
Pearce JA, 1998) (Fig. 8a).

All of the harzburgites and dunites also have similar
primitive mantle-normalized trace element patterns with
concentrations well below those of primitive mantle (Fig. 8b).
They display strongly depletion in REE and weakly depletion
in highly incompatible elements (Rb, Ba, Th, U, V, Sc, Nb
and Ta). The dunites are characterized by stronger depletion
in V, Sc, Y and HREE than the harzburgites (Fig. 8b), which
also show negative correlations with the MgO contents in
dunites and harzburgites (Fig. 7).

5.2.3. Platinum group element (PGE)

The analyzed harzburgite and dunite samples have total
PGE concentrations of 20.1x107°-28.5x10™ and 11.7x107°~
15.1x1077, respectively, both of which are lower than those of
analyzed chromitites (3’PGE = 69.6x107%) (Table 5). The
chromitites are significantly enriched in the Iridium-group
PGE (IPGE: Os, Ir and Ru; 65.6x107°) relative to the
Palladium-group PGE (PPGE: Rh, Pt and Pd; 3.9x107°).

The analyzed harzburgites display similar patterns with
primitive mantle in the primitive mantle-normalized PGE
patterns (Fig. 9a). However, the dunites are characterized by a
common depletion in Pt and Pd (Figs. 9a—b). The chromitites
show generally greater Os, Ir, Ru, and Rh concentrations than

harzburgites and dunites, but are extremely depleted in both
Pt and Pd. The analyzed chromitites have lowest Pd and Pd/Ir
ratios than harzburgites, dunites and also the primitive mantle
(Fig. 9¢).

6. Discussion

6.1. Oxygen fugacity
chromitites

of the Feragen peridotites and

Peridotites in mantle wedges of the supra-subduction zone
are generally more oxidized than upper mantle peridotites in
other tectonic settings (Parkinson 1J and Arculus RJ, 1999).
Dehydration of subducted oceanic lithosphere plays an
important role on the formation of subduction-related melts
and the transformation of ferrous iron to ferric iron in melts
(Acrulus RJ, 1994).

The Oxygen fugacity (fO,) values of parental magmas of
peridotites and podiform chromitites can be calculated based
on the thermometers of coexisting olivine, orthopyroxene, and
chromian spinel (O’Neill H and Wall V, 1987; Ballhaus C et
al., 1991; Sack RO and Ghiorso MS, 1991; Qiao GB et al.,
2023). Due to the rarity of orthopyroxene in the Feragen
chromitites and dunites, coexisting olivine-chromian spinel
pairs in harzburgites, dunites and chromitites were used to
estimate fO, values of their sourced magma. Using the
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method of Wan Z et al. (2008), AlogfO2—reported as log
units relative to the fayalite-magnetite-quartz (FMQ) buffer at
1 GPa —is calculated from olivine-spinel equilibrium
geothermal data (Ballhaus C et al., 1991)(Table 6).The fO,
are reported as log units relative to the fayalite-magnetite-
quartz (FMQ) buffer at 1.0GPa (Table 6). The more oxidized
values of —0.17—+0.23 and +2.78—+5.65 are reported for
dunites and chromitites, respectively, whereas fO, values of
harzburgites (—2.19—1.58) are below the FMQ buffer (Fig.
10a). The highly oxidized dunites and chromitites are
consistent with the formation as mantle wedge above a
subduction zone (Pearce JA et al.,, 2000). The pronounced
increase in both fO, and Cr# values of chromian spinel from
harzburgites to dunites and chromitites might be a result of
melt-rock interaction. The interaction between harzburgites,
which have back-arc basin geochemical features, with highly
oxidized, supra-subduction zone melts, produced the analyzed
dunites and chromitites.

6.2. Evolution of the Feragen peridotites and chromitites

As produced by crystallization from parental magmas, the

compositions of chromian spinel are generally used by many
researchers as a sensitive petrogenetic indicator to constrain
the parental melt evolution (Dick HJ and Bullen T, 1984; Arai
S, 1994; Zhou MF et al., 1996; Barnes SJ and Roeder PL,
2001; Kamenetsky VS et al., 2001; Rollinson H, 2008).
Experimental studies have shown that Al,0; and FeO/MgO
contents in chromian spinels are directly related to the
compositions of parental melt (Maurel C and Maurel P, 1982;
Kamenetsky VS et al., 2001). The Al,O; and FeO/MgO
contents of parental melt can be calculated as a function of
Al,O3 and FeO/MgO in chromian spinels using the equation
introduced by Maurel C and Maurel P (1982) and Augé T
(1987), respectively. Results are presented in Table 6. The
calculated Al,O; contents and FeO/MgO ratios of the parental
melts for the Feragen dunites are 11.80—12.07% and
0.74-1.09, respectively, both of which scatter in the field of
boninitic rocks (Wilson M, 1989; Fig. 10b). Compared with
primitive magmas that are ascribed for different tectonic
settings, the Al,O; contents of the parental melts for the
Feragen chromitites (8.41—11.45%) also scatter in the field of
boninite (Fig.10b). However, the parental melts have much
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a—Primitive mantle-normalized PGE patterns of the Feragen peridotite and chromitites (normalized after Barnes SJ et al. (1988);

b-Iridium vs. palladium of the peridotites and chromitites in the Feragen ophiolite. Chondritic ratio and mantle values from Chou CL et al.
(1983). MORB and low-Ti lava fields from Hamlyn PR et al. (1985); c—Platinum/iridium vs. palladium/platinum for peridotites and chromitites
in the Feragen ophiolite. Primitive mantle values from Barnes SJ et al. (1988).

higher FeO/MgO ratios (1.65—3.92) than dunites and boninitic
rocks. As similar with the highly oxidized values of
chromitites (Fig. 10a), this study suggest that the high
FeO/MgO ratios for chromitites might have resulted from

subsolidus re-equilibration and the ferrit-chromite alteration
of chromian spinels (Fig. 3d).

It is known that Al contents of pyroxene and spinel are
sensitive to the partial melting of mantle rocks and that they
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Table 6. fO, and calculated melt in the Feragen peridotites and chromitites.

697

Lithology Sample ALO4 FeO/MgO Al,O5(melt) Y Al/spinel YFe*'/spinel (FeO/MgO)melt AlogfO, (FMQ) Cr#
Harzburgite S27-1-1 40.11 0.68 0.004 -1.58 31.78

S27-1-2 41.99 0.71 0.004 -2.13 29.09

S27-1-3 40.11 0.68 0.004 —-1.65 31.89

S27-1-4 41.99 0.71 0.004 -2.19 29.00
Dunite S27-2-6 14.47 0.89 12.05 0.28 0.007 0.75 —-0.03 71.70

S27-2-7 14.38 0.88 12.02 0.28 0.004 0.74 0.01 71.89

S27-2-8 14.51 0.89 12.07 0.28 0.004 0.75 -0.17 71.77

S27-2-9 14.01 1.17 11.89 0.28 0.007 0.98 0.23 72.10

S27-2-10 13.75 1.30 11.80 0.27 0.003 1.09 0.18 72.45
Chromitite S27-4-1 8.73 10.33 8.41 0.24 0.009 3.92 5.65 84.91

S27-4-2 1.18 7.23 9.92 0.04 0.010 2.71 2.78 81.58

S27-4-3 1.29 16.32 10.69 0.05 0.014 3.34 4.04 78.37

S27-4-4 2.76 7.36 8.85 0.09 0.013 3.39 5.00 83.67

S27-4-5 8.15 9.04 11.45 0.21 0.004 1.65 4.24 75.10

S27-4-6 6.98 7.75 8.69 0.19 0.005 3.13 4.63 84.06
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Fig. 10. a-Plot of AlogfO, (FMQ) vs. Cr# of spinels from the Feragen chromitite, harzburgites and dunites. We have calculated AlogfO,

(Ballhaus C et al., 1991) from geothermometric data derived from olivine - spinel equilibria following the approach of Wan Z et al. (2008); the
data are provided in Table 6. MOR-SSZ discrimination boundaries for dunites (solid line) and harzburgites (dashed line) are shown.
MOR-mid-ocean ridge, SSZ—supra-subduction zone, BAB-back arc basin, BON—boninite, IAT—island arc tholeiite (Parkinson 1J and Pearce
JA, 1998; Dare SAS et al., 2009); b—(FeO/MgO) melt vs (Al,O3) melt (%) calculated on the basis of the chemical composition of the Feragen
dunites and chromitites. Tectonic discrimination fields from Barnes SJ and Roeder PL (2001).

decrease systematically as the peridotites become more
depleted (Dick HJ and Natland JH, 1996; Zhou MF et al.,
2005). Due to the common alteration observed in the Feragan
ophiolite (Moore AC and Hultin I, 1980; Dunkel KG et al.,
2019), fresh pyroxene grains are only analyzed in the Feragen
harzburgites. The clinopyroxene and orthopyroxene in the
Feragen harzburgites plot in the fields of abyssal peridotites
(Fig. 5; Pagé P et al., 2008). The chromian spinels in the
Feragen harzburgites plot within the MORB field of the Cr#
versus Mg# discrimination diagram, and appear to be depleted
about 15—20% with respect to the primitive upper mantle by
low-degree partial melting (Figs. 1la—b). However, the
chromian spinels in dunites plot within the forearc field in the
Cr# versus Mg# discrimination diagram, and are more
depleted >40% (Figs. 1la—b). Dunites occur as lenses in
harzburgites of the Feragen ophiolite with high content of
TiO, in chromian spinels (Figs. 2b—c; Table 3), suggesting a
melt-rock origin. This interpretation is also supported by the

depletion of PPGE concentrations in dunites with respect to
harzburgites (Fig. 9), as PPGEs are more easily accessed
during the melt-rock interaction.

Harzburgites and dunites in the Feragen ophiolite have
well-developed, spoon-shaped REE patterns, which indicating
weak LREE enrichment and reflecting the low-temperature
secondary processes such as serpentinization, oceanic
alteration or contamination by subduction-derived fluids
(Miller C et al., 2003). It also consistent with the patterns for
MORB-type mantle that has been refertilized in a SSZ setting.
As the Feragen ophiolite was formed in a back-arc
environment prior to tectonic emplacement during the
orogenesis which produced the Trondheim Nappe (Moore AC
and Hultin 1, 1980), this study suggest that the Feragen
harzburgite represent residues of low-degree partial melting in
a back-arc setting, and then were modified by boninitic melts
and fluids in a SSZ setting during intra-oceanic subduction,
thus, producing the high-Cr chromitites.
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6.3. Prospecting potential of chromitites

The Feragen ophiolite has been mined extensively for
chromite and was the most important source of chrome in
Norway until mining ceased around 1927. Several hundred
small open pits and about 20 shafts were operated for open-pit
and underground mining, respectively. Ore horizons are
variable in size and have been recorded as bands up to 280 m
long, 60—80 m deep, and with a maximum width of 1.5 m
(Moore AC and Hultin I, 1980). It is believed to contain
enough unmined chromite at practical minable depths to equal
or exceed that mined to date, but the individual deposits are
likely to be small. The fact that dunites and chromitites in the
Feragen ophiolite are the product of melt-rock interaction and
chromite ores are commonly associated with dunite veins
scattering through the harzburgites, which provides dunite
vein as a favorable prospecting criterion to chromite
exploration in this area. Several large ultramafic bodies occur
along the southern and eastern margins of the Trondheim
Nappe Complex (Moore AC and Hultin I, 1980; Nilsson LP et
al., 1997, 2005), all of which experienced the same tectonic
evolution and ore mineralization as the Feragen ophiolite, thus
having potential for further prospecting.

7. Conclusion

The Feragen peridotites display textural and geochemical
evidence for multi-stage of partial melting, depletion, and
refertilization at various scales. The less depleted harzburgites
represent residues of low-degree partial melting in a back-arc
setting. The formation of high-Cr chromitites and dunites
together with the mineral and whole-rock geochemical
features clearly refer to a supra-subduction setting. The
calculated oxygen fugacity values for the Feragen dunites and
chromitites are generally above the FMQ buffer, consistent
with oceanic-arc mantle wedge above a subduction zone. The
variable oxygen fugacity values in the same ophiolite can be

explained by the interaction between boninitic melts or fluids
with refractory harzburgite processing a back-arc setting. All
of the available evidences suggest that the Feragen ophiolite
has a complex tectonic history passing through back-arc to
supa-subduction zone environment prior to being emplaced on
land.
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