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ABSTRACT

Arc-continent collision, followed by sub-
duction polarity flip, occurs during closure 
of oceanic basins and contributes to the 
growth of continental crust. Such a setting 
may lead to a highly unusual association of 
ultrapotassic and mid-ocean ridge basalt 
(MORB)-type volcanic rocks as documented 
here from an Ordovician succession of the 
Scandinavian Caledonides. Interbedded with 
deep-marine turbidites, pillow basalts evolve 
from depleted-MORB (εNdt 9.4) to enriched-
MORB (εNdt 4.8) stratigraphically upward, 
reflecting increasingly deeper melting of 
asthenospheric mantle. Intercalated inter-
mediate to felsic lava and pyroclastic units, 
dated at ca. 474–469 Ma, are extremely en-
riched in incompatible trace elements (e.g., 
Th) and have low εNdt (−8.0 to −6.6) and 
high Sri (0.7089–0.7175). These are inter-
preted as ultrapotassic magmas derived from 
lithospheric mantle domains metasomatized 
by late Paleoproterozoic to Neoproterozoic 
crust-derived material (isotopic model ages 
1.7–1.3 Ga). Detrital zircon spectra reveal a 
composite source for the interbedded turbi-
dites, including Archean, Paleo-, to Neopro-
terozoic, and Cambro-Ordovician elements; 
clasts of Hølonda Porphyrite provide a link 
to the Hølonda terrane of Laurentian affinity. 
The entire volcano-sedimentary succession 
is interpreted to have formed in a rift basin 
that opened along the Laurentian margin as 
a result of slab rollback subsequent to arc-
continent collision, ophiolite obduction and 
subduction polarity flip. The association of 
MORBs and ultrapotassic rocks is appar-

ently a unique feature along the Caledonian-
Appalachian orogen. Near-analogous mod-
ern settings include northern Taiwan and the 
Tyrrhenian region of the Mediterranean, but 
other examples of strictly concurrent MORB 
and ultrapotassic volcanism remain to be 
documented.

INTRODUCTION

Ophiolites, island arcs and associated sedi-
mentary basins are preserved in many ancient 
orogens, playing a crucial role in identifying oce-
anic sutures and reconstructing the opening and 
closure history of ancient oceanic basins (e.g., 
Burke et  al., 1977). Arc-continent collisions, 
often associated with a subsequent subduction 
polarity flip, play a major role in the closure his-
tory of such oceanic basins and contribute to the 
growth of the continental crust (Clift et al., 2003, 
2004; Dewey, 2005; Brown et al., 2011).

One of the major orogenic belts in which con-
tinental collision was preceded by arc-continent 
collision(s) is the Caledonian-Appalachian oro-
gen of the North Atlantic region (Fig. 1). Based 
on the presence of widely different faunas of 
similar age juxtaposed against each other, Wil-
son (1966) proposed the existence of a Paleo-
zoic “proto-Atlantic” ocean, later termed Iape-
tus (Harland and Gayer, 1972). A variety of 
ophiolites, island-arcs and related sedimentary 
basins has been described all along the orogen, 
recounting a complex story of Cambrian to 
Silurian intra-oceanic subduction, arc-continent 
collision, opening of marginal basins and sub-
duction polarity flips prior to the ultimate colli-
sion between Laurentia, Baltica, and Gondwana-
derived terranes (Fig. 1; Pedersen et al., 1992; 
van Staal et al., 2009; Zagorevski and van Staal, 
2011; Cooper et  al., 2011; Ryan and Dewey, 
2011; Furnes et  al., 2012; Hollis et  al., 2012; 
Slagstad et al., 2014).

The Trondheim Nappe Complex (Fig.  2A) 
of the Central Scandinavian Caledonides, with 
its well-preserved ophiolite fragments (Grenne 
et al., 1999; Slagstad et al., 2014) and rich fossil 
faunas of both Laurentian, intra-Iapetus (Celtic) 
and Baltic affiliation (Bruton and Bockelie, 
1980; Gee, 1981; Harper et al., 1996) has long 
been a crucial area for reconstructing the history 
of Iapetus. Specifically, the unequivocal Lau-
rentian faunal affinity of shales and limestones 
in the Hølonda terrane is widely accepted as a 
paleogeographic marker for the Løkken-Vass-
fjellet-Bymarka (LVB) ophiolite and its overly-
ing Early- to Mid-Ordovician strata (Fig. 2A; 
Bruton and Bockelie, 1980; Neuman and Bru-
ton, 1989; Harper et al., 1996).

The LVB ophiolite is generally interpreted 
as having been obducted onto the Laurentian 
margin or an associated microcontinent shortly 
after its formation in the Late Cambrian to Early 
Ordovician, followed by a shift in subduction 
polarity from southeast- to northwest-vergent 
and onset of continental-arc magmatism in 
Mid-Ordovician times, the latter represented by 
the Hølonda Porphyrites (Fig. 2B; Grenne and 
Roberts, 1998; Slagstad et al., 2014). This pro-
posed scenario is similar to the Grampian and 
Taconian arc-continent collision and associated 
subduction polarity flip known from the Irish 
and Newfoundland sectors of the Caledonian-
Appalachian orogen (Cooper et al., 2011; Ryan 
and Dewey, 2011; Zagorevski and van Staal, 
2011). In the Norwegian sector, however, the 
details of this process are not well understood, 
and the genesis and tectonic significance of sev-
eral volcano-sedimentary units adjacent to the 
LVB ophiolite are unknown.

In this contribution, we present stratigraphic, 
geochemical, isotopic, and geochronological 
data from a volcano-sedimentary succession 
adjacent to the LVB ophiolite. This succession, 
here referred to as the Ilfjellet Group (Figs. 2A †deta.gasser@hvl.no.
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and 2B), contains a peculiar association of 
mid-ocean ridge basalts (MORB) and highly 
enriched, predominantly intermediate volcanic 
rocks that is apparently unique in the Caledo-
nian-Appalachian orogen. We discuss the for-
mation of this basin within the framework of 
 arc-continent collision and subsequent subduc-
tion polarity reversal and compare it with pos-
sible modern tectonic analogues.

GEOLOGICAL BACKGROUND

The Trondheim Nappe Complex is preserved 
within a large-scale NNE-SSW–trending syn-
form in central Norway (Fig. 2A; Roberts and 
Wolff, 1981; Gee et al., 1985). Three major, pre-
dominantly basaltic, greenschist facies metavol-
canic belts occur here: the LVB ophiolite to the 
northwest, a central belt stretching from Oppdal 
to Mostadmarka that includes the Ilfjellet Group, 
and the eastern Fundsjø Group running through 
Meråker (Fig. 2A). Low-grade metasedimentary 
rocks of the Hovin and Horg groups are exposed 
between the western and central belts, whereas 
generally higher-grade metasedimentary, vol-
canic, and intrusive rocks of the Gula Complex 
separate the central and eastern belts (Fig. 2A; 
Wolff, 1979; Gee et al., 1985).

Both the LVB ophiolite and the central 
metavolcanic belt have traditionally been 
referred to as the Støren Group (e.g., Kjerulf, 
1883; Wolff, 1979; Gee et al., 1985; Slagstad 
et al., 2014). Of these, the LVB ophiolite is so far 
best studied, particularly at Løkken and Vassfjel-
let (Fig. 2B) where a thick succession of pillow 
lava is underlain by sheeted dikes and gabbros 
with comagmatic plagiogranite (Grenne et al., 
1980; Heim et al., 1987; Grenne, 1980, 1989). 
Geochemically, the ophiolite shows supra-sub-

duction zone signatures and is interpreted to 
have formed in an oceanic back-arc marginal 
basin (Grenne et  al., 1999; Slagstad, 2003; 
Furnes et al., 2014; Slagstad et al., 2014), asso-
ciated with an island arc represented by the Gjer-
svik Group farther north (Grenne et al., 1999). 
U-Pb dates of plagiogranites indicate that the 
LVB ophiolite formed between 487 and 480 Ma 
(Roberts et al., 2002; Slagstad et al., 2014).

Several authors have noted a lithological 
difference between the LVB ophiolite and the 
central metavolcanic belt extending through the 
town of Støren (Fig. 2B), the latter lacking gab-
bro and sheeted dike complexes but containing 
distinct ribbon chert (Grenne et al., 1999). This 
metavolcanic belt has therefore been referred to 
by some authors as Støren Group sensu stricto 
(s.s.) (Grenne et al., 1999; Stokke et al., 2018). It 
has been speculated that the Støren Group s.s. is 
older than the LVB ophiolite (Furnes et al., 1980, 
1985; Roberts et  al., 1984, 1985; Sturt et  al., 
1984), but modern geochemical data and U-Pb 
dates of magmatic rocks have been lacking.

Southeast of Trondheim, the minor Jonsvat-
net Greenstone Formation (Grenne and Roberts, 
1983), lithologically comparable to the Støren 
Group s.s., is separated from the LVB ophiol-
ite by a metasedimentary succession referred to 
here as the Klæbu Formation (Fig. 2B). These 
metasediments were assigned to the Hovin 
Group in a regional map compilation by Wolff 
(1976), but it is unclear from Wolff’s map 
whether the Jonsvatnet basalts were interpreted 
as an integral part of the younger Hovin Group, 
or if the basalts represent tectonic slivers of 
either the LVB ophiolite or the Støren Group s.s.

Metabasaltic rocks in the Oppdal area 
(Fig. 2A) were interpreted by Nilsen and Wolff 
(1989) as a southward continuation of the 

Støren Group s.s. This Trollhøtta unit comprises 
MORBs geochemically distinct from the LVB 
ophiolites (Stokke et al., 2018; Dalslåen et al., 
2020a) and is coeval with highly enriched vol-
canic rocks of the Kinna volcanic succession and 
the Storgruvpiken rhyolite (Fig. 2A) dated at ca. 
475–470 Ma (Dalslåen et al., 2020b).

Figure 1. The Caledonian oro-
gen reconstructed at 400 Ma 
after Domeier (2016). Ophiol-
ites, island arcs, and sedimen-
tary basins from the Iapetus 
Ocean are preserved along a 
narrow belt from the Scandi-
navian Caledonides through 
the British Isles to Newfound-
land, Canada. Abbreviations 
for 475–470 Ma volcanosedi-
mentary units discussed in 
the text: BMC—Bathurst 
Mining Camp; IFB—Ilfjel-
let basin; LRB—Lloyds River 
basin; TVG—Tyrone Volcanic 
Group; SMT—South Mayo 
Trough.

Figure 2. (A) Simplified geological map of 
the Trondheim Nappe Complex, central 
Scandinavian Caledonides. Geographic 
abbreviations: H—Hølonda; M—Mostad-
marka; Me—Meråker; O—Oppdal; T—
Trondheim. *The lower part of the Ilfjellet 
Group (Mostadmarka Formation, Fig.  2B) 
has traditionally been referred to as the 
Støren Group s.s. (B) Geological map show-
ing our new stratigraphic interpretation 
of the western Trondheim Nappe Complex 
and the location of samples analyzed for 
geochemistry and geochronology. Note that 
the Klæbu, Fjellvollen, and Føssjøen forma-
tions were previously interpreted as part of 
the Hovin Group. (C) Geological map of the 
Ilfjellet area, showing our new stratigraphic 
interpretation and the location of samples 
analyzed for geochemistry and geochronol-
ogy. Note that brownish colors represent me-
tabasaltic units, whereas greenish and bluish 
colors represent metasedimentary units, in 
accordance with color schemes for Norwe-
gian bedrock maps (Gjelle and Sigmond, 
1995). LVB—Løkken-Vassfjellet-Bymarka 
ophiolite; undiff.—undifferentiated; Fm—
Formation; E-MORB—enriched-mid-ocean 
ridge basalt; T-MORB—transitional-mid-
ocean ridge basalt; D-MORB—depleted-
mid-ocean ridge basalt; s.s.—sensu stricto.
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LITHOSTRATIGRAPHY

We investigated the basaltic rocks that have 
been referred to as the Støren Group s.s., and 
associated sedimentary successions, from the 
well-exposed mountainous area of Ilfjellet in the 
south to Mostadmarka in the north (Fig. 2B). In 
addition, we studied the Jonsvatnet Greenstone 
Formation and the under- and overlying sedi-
mentary successions in the area east of Vassfjel-
let (Fig. 2B).

Based on our field observations, together 
with geochemical and geochronological data 
presented below, we suggest the following new 
stratigraphic terminology for the area (Figs. 2 
and 3): The sedimentary Klæbu Formation 
unconformably overlies the LVB ophiolite and 
is in turn overlain by the basalt-dominated Jons-
vatnet Formation. The Jonsvatnet Formation is 
correlated with the Mostadmarka Formation 
(former Støren Group s.s.), which is overlain by 
the sediment-dominated Fjellvollen and Føss-
jøen formations. All these units together consti-
tute the Ilfjellet Group.

Klæbu Formation

At its base, the Klæbu Formation comprises 
the coarse conglomeratic Skjøla olistostrome 
(Grenne et al., 1980), which overlies the Vassfjel-
let ophiolite with a marked angular unconformity 
(Figs. 2B and 3A). It rests partly on pillow lavas 
and partly on the ophiolitic gabbro and sheeted 
dike complex. The true thickness of the olisto-
strome is estimated at up to l.2 km. Clast size 
is highly variable and locally up to 2–3 m. The 
matrix-supported lithology comprises angular to 
subrounded fragments of intermediate to felsic 
plutonic rocks, gabbro, pillow lava, jasper, dia-
base, and marble (Fig. 4A). Parts of the unit are 
dominated by quartz dioritic clasts that are com-
positionally similar to the Fagervika granitoid 
(Supplemental information, Fig. S1; Table S11), 
which intruded the LVB ophiolites at 481 ± 3 Ma 
(Fig. 2B; Slagstad et al., 2014). One quartz dioritic 
clast has yielded a U-Pb thermal ionization mass 
spectrometry (TIMS) zircon age of 478 ± 1 Ma 
(Fig. S2; Table S2; see footnote 1), which is 
slightly younger but within error of the Fagervika 
pluton. Units 20–50 m thick of non-vesicular pil-
low basalt occur sporadically (Fig. 3A).

A siliciclastic succession, ∼3 km thick, over-
lies the Skjøla olistostrome (Figs. 2B and 3A). 
Lower parts are dominated by thin-bedded (typi-
cally cm-scale) siltstone and shale with minor 
sandy beds generally <10 cm thick (Fig. 4B). 
Grading, planar lamination and cross lamination 
are common and together with laterally persis-
tent bedding point to a turbiditic origin. Silt- and 
sandstone beds are dominated by detrital quartz 
in a carbonate-rich matrix. Middle and upper 
parts of the Klæbu Formation show a gradual 
transition to thicker-bedded turbidites with up to 
meter-thick beds of variably quartz- or feldspar-
rich sandstone (graywacke) and siltstone. Local 
granule and pebbly conglomerates contain clasts 
of quartz, feldspathic rocks, greenstone, and 
carbonate.

Jonsvatnet Formation

The Klæbu Formation is conformably over-
lain to the southeast by a ∼2-km-thick succes-
sion of basaltic and sedimentary rocks (Figs. 2B 
and 3A). The basaltic parts form laterally dis-
continuous units of non-vesicular or slightly 
vesicular (<1%) pillow lavas (Fig. 4C) and sheet 
flows with interbedded ribbon chert (Fig. 4D), 
siltstone, and cherty siltstone. Beds of oxide-
facies iron formation and jasper (hematitic chert) 
occur locally. Clastic sedimentary parts of the 
Jonsvatnet Formation are similar to the underly-
ing Klæbu Formation.

Mostadmarka Formation

The Mostadmarka Formation is in tectonic 
contact with the Gula Complex to the southeast 
(Figs. 2B and 3B). In the Ilfjellet-Støren area, 
where folding is limited, the true thickness of the 
Mostadmarka Formation is at least 2.1–5.2 km. 
Basaltic pillow lavas predominate (Figs. 3B and 
5A) and locally alternate with sheet flows. Basalt 
vesicularity is <1% in the lower to middle parts 
of the formation; slightly vesicular (up to ∼5%) 
varieties occur only in the upper parts. Aphyric 
basalts predominate, but highly plagioclase-
phyric lavas occur in the upper parts of the 
 volcanic succession. Basaltic dikes appear spo-
radically at all stratigraphic levels.

Sulfide-, oxide-, and silicate-facies iron for-
mation (Grenne and Slack, 2019) forms discrete 
units up to a few meters thick at various strati-
graphic levels (Fig. 3B). Sulfidic varieties pre-
dominate at lower levels, comprising thin beds 
(mostly <1 cm) of pyrite or pyrrhotite, which 
are locally highly graphitic. At middle and upper 
levels, oxide-facies (magnetite and/or hematite) 
iron formation predominates. Beds of jasper, 
typically 1–5 m thick, also occur at middle and 
upper levels.

Units of ribbon chert, up to a few tens of 
meters in thickness, occur sparsely throughout 
the Mostadmarka Formation (Fig. 3B). In the 
middle and upper parts of the formation, the 
cherts show transitions into cherty siltstone 
and purely clastic, thin-bedded siltstone and 
fine-grained sandstone (Fig.  5B). The clastic 
 sedimentary rocks are characterized by laterally 
persistent beds interpreted as distal turbidites, 
partly including complete Bouma sequences.

Sedimentary breccias with a thickness of sev-
eral tens of meters and locally up to 300 m, in 
places with internal thin pillow lavas, are inter-
bedded with lavas in middle and upper parts of 
the succession (Fig. 3B). In contrast to common 
flow-related pillow breccias, which are compo-
sitionally homogeneous and contain only pillow 
fragments in a hyaloclastite matrix, these thick 
sedimentary breccias contain basaltic clasts 
with different compositions and textures, locally 
including slightly vesicular (up to ∼5%) vari-
eties, together with rare clasts of jasper, white 
chert, calcareous sandstone, and limestone, set 
in a calcareous matrix of mostly fine-grained 
basaltic debris (Fig. 5C). The clasts are typically 
5–20 cm across and locally up to 1 m, generally 
with angular shapes or partly curved surfaces 
from the rims of broken pillows. The breccias 
are mostly unsorted; gritty to sandy interbeds 
occur locally (Fig. 5D).

Felsic or intermediate volcanic rocks are 
rare and were previously not reported from the 
Mostadmarka Formation. The most significant 
occurrence is the up to 200-m-thick and later-
ally restricted Gragjelfjellet unit (Figs. 2C and 
3B). The unit overlies a ∼50-m-thick sedimen-
tary unit comprising—from bottom to top—
jasper, ribbon chert, and a thin-bedded, fine-
grained greenish sandstone (Fig. 3B). The lower 
25–30 m of the Gragjelfjellet unit is a felsic 
pyroclastic breccia comprising welded lapilli tuff 
in the lower half (Fig. 5E) and unwelded lapilli 
and bombs or blocks up to 70 × 30 cm in the 
upper parts. The pyroclastic breccia is overlain 
by an up to 50-m-thick felsic lava with ∼30% 
vesicularity at the top. The remaining upper 
100–120 m of the Gragjelfjellet unit comprise 
felsic pyroclastic deposits and intermediate to 
mafic, massive or pillowed flows that are locally 
highly vesicular (Fig. 5F). Primary mineralogy 
in the Gragjelfjellet unit is largely obliterated by 
greenschist-facies regional metamorphism, but 
K-feldspar phenocrysts are abundant in felsic 
units and variably chloritized phlogopite or bio-
tite is common in intermediate to mafic varieties.

In the uppermost part of the Mostadmarka 
Formation, the 50-m-thick Slættesberget unit 
(Figs.  2C and 3B) consists of highly vesicu-
lar (up to ∼50%; Fig. 5G) pillow lavas resting 
directly on ∼20 m of ribbon chert (Fig.  5H). 

1Supplemental Material. Supplemental 
Material containing a detailed description of 
analytical methods, additional geochemical and 
geochronological plots, as well as complete 
geochemical and geochronological data sets. Please 
visit https://doi .org/10.1130/GSAB.S.16415943  to 
access the supplemental material, and contact 
editing@geosociety.org with any questions.
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Figure 3. Schematic stratigraphic columns for (A) the Vassfjellet-Jonsvatnet area and (B) the Ilfjellet-Føssjøen area. For sample locations, 
see Figures 2B and 2C. The stratigraphic position of geochemistry and geochronology samples is indicated schematically. LVB—Løkken-
Vassfjellet-Bymarka ophiolite; Fm—Formation.
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Along strike and ∼8 km to the northeast, the 
Vertjønna unit (Figs.  2C and 3B) comprises 
rhyolitic pyroclastic deposits, with fine-grained, 
non-vesicular clasts scattered in a composition-
ally similar matrix.

The top of the Mostadmarka Formation and 
the transition into the overlying Fjellvollen For-
mation is dominated by chaotic sedimentary 
breccias that include thin beds and large rafts (up 
to 7 × 1 m) of ribbon chert with widespread soft-
sediment deformation as well as rafts and blocks 
of limestone, basalt, jasper, and chert.

Fjellvollen Formation

The predominantly siliciclastic Fjellvollen 
Formation has a maximum preserved thick-
ness of ∼2.3 km (Figs. 2B and 2C). Its lower 
200–500 m comprises mainly distal turbidites, 
including thin-bedded (typically cm-scale) gray-
ish or greenish-gray, quartz-rich siltstone and 
shale with minor sandstone beds. Northwest of 
Ilfjellet, however, the chaotic sedimentary brec-
cias of the Mostadmarka Formation are overlain 
by the volcanic, 100-m-thick Jorlisætra unit 
(Figs. 2C and 3B). Here, units of lapilli tuff, at 
least 5 m thick, contain <5 cm (locally up to 
10 cm) angular to subangular, variably  vesicular 
clasts of a very fine-grained, light-gray felsic 
volcanic rock and minor epiclastic material in 

a fine-grained felsic volcanic matrix (Fig. 5I). 
These units alternate with massive, fine-grained 
(<1 mm) tuff beds more than 8 m thick, locally 
interbedded with ribbon chert.

Stratigraphically above, within thin- to 
medium-bedded silt- and sandstones, the volca-
nic Bolhøgdin unit rests on local limestone and 
ribbon chert (Figs. 2C and 3B). The unit has a 

Figure 4. Field photographs from 
the Klæbu (A–B) and Jonsvatnet 
formations (C–D) (Fig. 2B). (A) 
Conglomeratic part of the Skjøla 
olistostrome with clasts of felsic 
magmatic rocks, metabasalt and 
limestone (weathered out) in a 
greenish matrix; width of photo 
∼70 cm (location coordinates: 
E571262/N7021356; coordinate 
system WGS84 UTM Zone 
32N, here and for the following 
locations). (B) Relatively thin-
bedded silt- and sandstone in 
the Klæbu Formation (E567882/
N7011609). (C) Pillow lavas from 
the Jonsvatnet Formation at 
Hyttfossen, width of photo in the 
foreground is ∼10 m (E573430/
N7015330). Drained pillows are 
common, typically with internal 
lava shelves formed by the suc-
cessive tapping of magma from 
pillow tubes on an inclined sea-
floor surface or along steep flow-
fronts. (D) Light-gray ribbon 
chert from the lower part of the 
Jonsvatnet Formation (E573279/
N7016414).

A B

C D

Figure 5. Field photographs of the Mostadmarka (A–H) and Fjellvollen (I–O) formations 
(Fig. 2B). (A) Thin-rimmed pillow lava in upper part of the Mostadmarka Formation (E588814/
N7025463). (B) Thin bed of light-purplish sandstone grading (up in photo) into grayish-green 
siltstone and shale with thin planar lamination (E551265/N6983994). (C) Sedimentary breccia 
dominated by basaltic angular clasts with subordinate limestone clasts in a calcareous matrix 
(E549324/N6983125). (D) Sedimentary breccia similar to that in C, with greenish sandstone layer 
dominated by basaltic detritus (E549355/N6983029). (E) Welded lapilli tuff at the base of the 
Gragjelfjellet volcanic unit; width of picture ∼20 cm (E545519/N6976948). (F) Highly vesicular 
lava in the Gragjelfjellet unit; width of picture ∼6 cm (E545010/N6977101). (G) Vesicular pillow 
lava of the Slættesberget unit, near the top of Mostadmarka Formation (E546230/N6981237). 
(H) Ribbon chert with highly distorted bedding related to soft-sediment deformation, near the 
top of Mostadmarka Formation (E545182/N6980383). (I) Lapilli tuff of the Jorlisætra unit. (J) 
Bolhøgdin volcanic unit; limestone (brown surfaces) densely veined by lava (gray) from overly-
ing flow. Note peperitic mixing in intermediate gray-brown areas (e.g., lower left and upper parts 
of photo, above hand lens). Hand lens is ∼3 cm (E549849/N6984132). (K) Contact between highly 
vesicular lava top (left) and welded lapilli tuff (right), Bolhøgdin unit; width of picture ∼30 cm 
(E549748/N6984149). (L) Detail of welded lapilli tuff, Bolhøgdin. (M) Sandstone beds with cal-
careous, pebbly conglomerate typical of the upper part of the Fjellvollen Formation (E544473/
N6982817). (N) Trace fossils in thin-bedded silt- and sandstones of the Fjellvollen Formation. 
Curvolithus isp. (left), Chondrites isp. (middle upper), Protovirgularia isp. (stretching diagonally 
from upper right toward lower left). Pen tip for scale (E552060/N6985338). (O) Raudhatten con-
glomerate. Large angular block of Hølonda Porphyrite (HP), with its characteristic plagioclase-
phyric texture, in a light greenish tuffaceous matrix. Other clast types include limestone (L), 
sandstone (S), and a light-greenish volcanic rock (V) (E547350/N6985200).
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total thickness of up to 30 m and a lateral extent 
of at least 670 m (Fig. 2C). Lower and middle 
parts comprise mafic to intermediate, pillowed or 
massive lava; the underlying limestone is heavily 
veined by magma and partly exhibits peperitic 
mingling (Fig. 5J). Vesicularity is mostly low, 
but highly vesicular (∼70%) varieties are seen 
at the top of flows (Fig. 5K). The upper part of 
the Bolhøgdin unit includes a mafic welded tuff 
with lapilli-size clasts (Fig. 5L).

Overlying the Bolhøgdin unit is a ∼1.6-km-
thick succession of variably calcareous and 
quartz-rich, gray to greenish-gray turbiditic 
graywackes, ranging from thick-bedded sand-
stone with conglomerates (graded beds <6 m 
thick, channels <2 m deep) to thin (<10 cm) 
silt-dominated beds (Figs.  3B and 5M) with 
trace fossils from seafloor-dwelling organisms 
(Fig.  5N). Complete Bouma sequences are 
present. Clasts include quartzite, igneous rocks, 
limestone, jasper, and calcareous sandstone. A 
general upward coarsening is accompanied by 
increasing contents of carbonate, and conglom-
erates in the upper 400–500 m containing up to 
∼30% limestone clasts.

The turbidites are overlain by the ∼200-m-thick 
Raudhatten unit (Figs. 2C and 3B), which partly 
fills channels up to 3 m deep in the turbidites. Its 
lower part is dominated by very coarse, mostly 
matrix-supported conglomerate with angular to 
rounded clasts up to 1 m across set in a mafic 
tuffaceous matrix, separated by thinner (mostly 
<1 m) mafic tuffaceous beds. The upper part 
comprises bedded volcaniclastic deposits of sim-
ilar mafic tuffaceous composition, with internal 
grading, planar and cross lamination, and trough 
crossbedding. The Raudhatten conglomerates are 
characterized by a predominance of mafic volca-
nic clasts (Fig. 5O), mostly highly plagioclase-
phyric and texturally identical to the Hølonda 
Porphyrites farther northwest (Grenne and Rob-
erts, 1998). Their geochemical composition also 
conforms to that of the shoshonitic Hølonda Por-
phyrites (Fig. S3; Table S1). Limestone clasts are 
abundant, whereas jasper, quartzite, and sand-
stone are subordinate (Fig. 5O; Walsh, 1986).

Conformably overlying the Raudhatten unit, 
∼100 m of turbiditic, thin-bedded siltstone and 
shale are overlain by an up to 150-m-thick unit 
of pillowed and massive, variably vesicular 
basaltic lavas, referred to here as the Svartvatna 
basalts (Figs. 2C and 3B). Intercalated sedimen-
tary breccias are similar to those of the Mostad-
marka Formation, comprising clasts and blocks 
of volcanic material and subordinate jasper.

Føssjøen Formation

The Svartvatna basalts are overlain by a 
∼1.6-km-thick turbiditic succession dominated 

by thin-bedded (normally <10 cm but locally up 
to 1 m) sandstone, siltstone, and shale; intervals 
of abundant intra-formational conglomerates 
occur in lower to middle parts. Sedimentary 
structures include normal grading, loaded bases, 
rip-up clasts, planar lamination, and current 
ripples, partly with complete Bouma sequences 
(Walsh, 1986). Clast composition is similar to 
that of the Fjellvollen Formation, but sandstones 
and shales are generally more greenish and feld-
spathic and contain less carbonate.

GEOCHEMISTRY

Samples for geochemical analysis of volcanic 
rocks include one from a pillow lava in the Skjøla 
olistostrome, 16 from the Jonsvatnet Forma-
tion, 74 from the Mostadmarka Formation, and 
10 from the Fjellvollen Formation (Table S1). 
Neodymium and Sr isotopes are reported for 14 
samples from the Mostadmarka Formation and 
five from the Fjellvollen Formation (Table S3; 
see footnote 1). The geochemical composition 
of the samples was measured by X-ray fluores-
cence and laser ablation–inductively coupled 
plasma–mass spectrometry (LA–ICP–MS) at the 
Geological Survey of Norway, whereas Nd and 
Sr isotopes were analyzed by TIMS at the British 
Geological Survey; detailed analytical methods 
are described in the Supplemental information.

General Outline

The volcanic rocks of the Ilfjellet Group show 
a conspicuously bimodal chemical composition 
(Fig. 6). The first group, referred to as MORB-
type lavas (80 samples, Table S1), includes more 
than 99% of the volcanic parts of the Jonsvatnet 
and Mostadmarka formations and also incorpo-
rates the Svartvatna basalts of the Fjellvollen 
Formation. The second group, referred to as the 
Th-rich units (31 samples), includes the volu-
metrically subordinate Gragjelfjellet, Vertjønna, 
and Slættesberget units of the Mostadmarka For-
mation and the Jorlisætra and Bolhøgdin units of 
the Fjellvollen Formation.

The MORB-type lavas are almost exclusively 
mafic, with only a few intermediate composi-
tions, and have Th contents mostly between 0.1 
and 3 ppm (Fig. 6A). By contrast, the Th-rich 
units are predominantly intermediate to felsic and 
contain 30–150 ppm Th. The Vertjønna rhyolite 
is the only sample with more than 69 wt% SiO2. 
The contrast between the two main groups of 
volcanic rocks is confirmed by the discrimina-
tion diagram of Pearce (1996) based on immobile 
high field strength elements (HFSE), where the 
MORB-type lavas plot mostly as normal basalts 
and the Th-rich units show similarities to trachy-
andesite and trachyte to alkali rhyolite (Fig. 6B).

A clear distinction between the two main 
groups of Ilfjellet volcanic rocks is evident also 
in a Nb/Yb versus Th/Yb plot (Fig. 6C). Despite 
a large spread in the trace element ratios, nearly 
all basalts fall within the MORB-ocean island 
basalt (OIB) Array of Pearce and Peate (1995), 
clearly different from arc-related magmas. Five 
samples from the Mostadmarka Formation have 
slightly elevated Th/Yb ratios and plot just out-
side of the MORB-OIB Array. By contrast, the 
Th-rich units plot far above the MORB-OIB 
Array and also far outside the fields for normal 
arc magmas (Fig. 6C).

A Note on Nomenclature

The terminology of MORB-type magma 
compositions is inconsistent in modern litera-
ture. A common reference is that of Sun and 
McDonough (1989), who distinguished between 
normal (N)-MORB and enriched (E)-MORB. 
But also depleted (D)-MORB and transitional 
(T)-MORB have been used in the literature 
based on varying definitions. Gale et al. (2013) 
suggest a revised nomenclature for MORB 
based on a comprehensive study of all avail-
able data on modern MORB, excluding back-
arc settings. In their definition, N-MORB is 
the most likely basalt composition encountered 
along ridges >500 km from hot spots, while 
D-MORB and E-MORB are defined by primi-
tive-mantle-normalized La/Sm ratios <0.8 and 
>1.5, respectively. In this contribution we fol-
low the definitions of D- and E-MORB of Gale 
et al. (2013). The term N-MORB, however, is 
avoided here since the previous definition of 
Sun and McDonough (1989) overlaps with the 
recent definition of D-MORB (Fig. 6C). Instead 
we use the term T-MORB for our samples falling 
between D- and E-MORB compositions.

Thorium may serve as a proxy for mobile 
potassium (Hastie et al., 2007), and the Th-rich 
rocks of the Ilfjellet Group share many geo-
chemical similarities with ultrapotassic rocks 
(Foley et  al., 1987; Mitchell and Bergman, 
1991). However, the correct nomenclature for 
the primary, igneous protoliths of our Th-rich 
rocks is difficult to determine due to the prob-
ability of severe modifications of the alkali ele-
ments during alteration and metamorphism. This 
is particularly problematic with originally ultra-
potassic rocks where leucite may be the major 
phase, since leucite rapidly degrades to analcime 
through an exchange of K by Na, leading poten-
tially to extensive loss of K (Giampaolo et al., 
1997; Prelević et al., 2004). Moreover, the many 
different classification schemes for highly potas-
sic rocks (e.g., Conticelli et al., 2010) are based 
largely on primary mineralogy and hence cannot 
be directly applied to our rocks.
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The MORB-type Lavas

Of our 80 MORB-type samples, 19 (24%) are 
classified as D-MORB, 35 (44%) as T-MORB, 
and 26 (32%) as E-MORB. Their spatial distribu-
tion (Figs. 2 and 3) demonstrates that D-MORB 
occurs mainly at low stratigraphic levels of the 
Mostadmarka Formation, while E-MORB pre-
dominates in the upper parts of the Mostadmarka 
Formation and the Svartvatna basalts of the Fjell-
vollen Formation. The Jonsvatnet Formation and 
middle parts of the Mostadmarka Formation are 
dominated by T-MORB.

The Mg# (mostly ∼69–36; Fig. S4A; Table 
S1) are significantly lower than in primary man-
tle melts (Mg# 72; Niu and O’Hara, 2008) and 
also mostly lower (more evolved) than average 
MORB (Mg# ∼60; White and Klein, 2014). 
There are large variations within each MORB 
group, particularly in T-MORBs of the Jons-
vatnet Formation that have Mg# of 66–37 and 
in E-MORBs of the Mostadmarka Formation 
that have Mg# generally at 60–38 and as low as 
∼30–15 in two samples of basaltic andesite and 
andesite (Fig. S4A). The contents of Fe2O3

(total) 
and TiO2 generally increase with decreasing 
Mg# (Table S1), and many T- and E-MORB 

samples have high Fe (up to 14.0 wt%) and 
TiO2 (up to 3.21 wt%) contents comparable to 
ferrobasalt (Natland, 1980; Perfit, 2001). Rare 
picritic basalt associated with D-MORB lavas 
has 22.1 wt% MgO, 2000 ppm Cr, and 739 ppm 
Ni at 46.8 wt% SiO2 (Table S1).

The MORB-type basalts have trace element 
patterns that are consistent with the large spread 
along the MORB-OIB Array field (Fig.  6C). 
Chondrite-normalized rare earth element (REE) 
patterns (Fig. 7A) grade from a few samples with 
strong depletion in light (L)-REE and convex-
upward curves, to many samples with mark-
edly LREE-enriched patterns; La/LuN ratios 
(chondrite-normalized; Sun and McDonough, 
1989) vary from 0.33 to 2.54 (Table S1). Euro-
pium anomalies are insignificant or moderately 
positive; the positive anomalies are attribut-
able to accumulation of abundant plagioclase 
phenocrysts.

Mantle-normalized multielement patterns 
(Fig. 7B) are also broadly comparable to modern 
MORB. All groups have generally smooth pat-
terns that range from strongly depleted to consis-
tently enriched in the most incompatible HFSE. 
None of our samples show geochemical pat-
terns characteristic of arc-related magmas, such 

as large negative Nb-Ta anomalies (e.g., Pearce, 
2014). The five D- and T-MORB samples that 
plot just outside of the MORB-OIB Array field 
in Figure 6C have very small negative Nb-Ta 
anomalies and deviate only little from modern 
MORBs (Fig. 7B).

Compared to typical modern MORBs, 
our MORB-type samples have higher ratios 
of middle (M)-REE to heavy (H)-REE, e.g., 
Sm/YbN ratios of 1.25–1.76 for the D-MORBs 
and 1.38–2.64 for the T-MORBs (Table S1). 
This is reflected also in the strikingly upward-
convex REE patterns (Fig. 7A). Similarly, our 
E-MORBs have elevated MREE/HREE ratios 
(Sm/YbN = 1.98–3.05; Table S1) and rela-
tive enrichments of Zr, Hf, and Ti compared to 
typical modern E-MORB (Figs.  7A and 7B). 
The discordance is seen also in the TiO2/Yb 
versus Nb/Yb diagram (Fig. S4B), where the 
E-MORBs have geochemical signatures more 
akin to tholeiitic OIB (Pearce, 2014).

Chromium varies mostly from ∼40 to 
500 ppm and Ni from ∼30 to 230 ppm, exclud-
ing the picritic basalt and the two intermedi-
ate samples. The moderately incompatible 
HFSE generally correlate well with TiO2 and 
P2O5 over large ranges (e.g., 42–241 ppm 

A B C

Figure 6. General geochemical characteristics of the Ilfjellet Group volcanic rocks. For sample locations, see Figure 2. (A) SiO2 versus 
Th showing the highly enriched nature of the predominantly intermediate and felsic rocks of the Gragjelfjellet, Slættesberget, Vertjønna, 
Jorlisætra, and Bolhøgdin units, in contrast to the basalt-dominated mid-ocean ridge basalt (MORB)-type rocks. See text for subdivision 
of MORB into depleted (D)-, transitional (T)-, and enriched (E)-MORB. Data are normalized to volatile-free compositions for SiO2 values 
to conform with standard TAS classification. (B) Geochemical classification of the Ilfjellet volcanic rocks based on the stable elements Zr, 
Ti, Nb, and Y (Pearce, 1996), showing the separation into one group of essentially basaltic rocks and another group of trachytic affinity. (C) 
Th/Yb versus Nb/Yb plot (Pearce, 2014) with fields for typical volcanic arc and MORB-ocean island basalt (OIB) rocks. Data for average 
normal (N)-MORB, E-MORB, and OIB from Sun and McDonough (1989) (S&M). Also shown are average D-MORB and E-MORB, and 
“all normal MORB” (global average of all MORB far from mantle plumes and excluding back-arc basin basalts) as defined by Gale et al. 
(2013). Note that average D-MORB of Gale et al. (2013) is close to average N-MORB of Sun and McDonough (1989). Average continental 
crust from Rudnick and Gao (2003). Fm—Formation; bas.—basaltic.
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Zr).  Concentrations of the most incompatible 
HFSE vary by up to two orders of magnitude, 
as reflected in the mantle-normalized diagram 
(Fig. 7B); for example, Th ranges from 0.04 to 
2.69 ppm.

The Th-rich Units

The Gragjelfjellet, Slættesberget, Jorlisætra, 
and Bolhøgdin units are generally significantly 
enriched in highly incompatible large-ion litho-
phile elements (LILE), such as K2O and Ba, com-
pared to the MORB-type lavas (Fig. S5; Table 
S1). The interior of a thick, massive lava flow of 
intermediate SiO2 in the Gragjelfjellet unit has 
nearly 10 wt% K2O (sample TGR19_30) and the 
two samples of pillow lava at Slættesberget have 
consistently high K2O (5.61–6.60 wt%) and Ba 
(1100–1130 ppm). Moreover, the large spread of 

K2O (and Ba, Rb, Cs) and K2O/La ratios, which 
is particularly evident in the Bolhøgdin unit 
(Table S1; Fig. S5), indicates extensive loss of 
the mobile LILE and that the higher K2O values 
are closer to primary compositions. This is in 
accordance with their likely ultrapotassic char-
acter as estimated from high Th contents.

MgO shows an erratic negative correlation 
with SiO2, with more than 9 wt% MgO in one 
mafic sample (Fig. 8A). The Al2O3 contents of 
∼14–18 wt% (Fig. 8B) are significantly higher 
than in lamproitic rocks (Foley et  al., 1987), 
which otherwise share many trace element char-
acteristics of the Ilfjellet Th-rich units. TiO2 
(0.14–1.57 wt%) and P2O5 (0.07–1.40 wt%) are 
inversely correlated with SiO2 (Figs. 8C and 8D); 
P2O5 values in more mafic varieties are far above 
those of the MORB-type rocks (Fig. 8D). Con-
centrations of moderately incompatible HFSE 

are generally high (e.g., 451–1760 ppm Zr; 
Fig. 8E). The highly incompatible trace elements 
are extremely enriched, with 28.4–147.0 ppm Th 
(Fig. 6A) and 9.0–36.3 ppm U. Concentrations 
of Be (1.8–18.9 ppm) and Sn (6–20 ppm) are 
also much higher than those of the MORB-type 
lavas (Fig. 8F; Table S1). Noticeably, the highly 
incompatible trace elements show little or no 
correlation with SiO2 (Fig. 8).

Ni and Cr contents are highly variable at simi-
lar SiO2 levels, particularly in the Bolhøgdin unit 
(Figs. 8G and 8H). Some of these intermediate 
rocks have Ni and Cr concentrations far above 
those of other comparable rocks from the Th-
rich units, and also far higher than the values of 
the basaltic MORB-type volcanic rocks.

REE and trace element patterns (Fig. 9) con-
trast strongly with those of the Ilfjellet MORB-
type lavas. Chondrite-normalized LREE/HREE 

A B

Figure 7. Trace element patterns for the mid-ocean ridge basalt (MORB)-type lavas of the Ilfjellet Group. For sample locations, see Figure 2. 
(A) Chondrite-normalized rare earth element patterns. (B) Primitive-mantle-normalized patterns. Chondrite and primitive mantle values 
from Sun and McDonough (1989). Note that there is a gradual variation from depleted-mid-ocean ridge basalt (D-MORB), through 
transitional (T)-MORB, to enriched (E)-MORB compositions, and that the separation is only for descriptive purposes. The apparent 
positive Pb anomaly in six samples is thought to be an artifact of analytical uncertainty at concentrations at or near the quantification 
limit (the quantification limit of 5 ppm Pb is nearly two orders of magnitude above the normalizing value of 0.071 ppm). Average D-, N-, 
E-MORB and ocean island basalt (OIB) compositions of Gale et al. (2013) and Sun and McDonough (1989) are shown for comparison. 
Symbols as in Figure 6.
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ratios are very high, while the HREE patterns are 
relatively flat. Europium anomalies are ∼0.7 in 
the least evolved rocks and are consistently more 
negative toward more evolved compositions 
(Figs.  8I and 9A). The rocks display marked 
negative anomalies for Nb-Ta and large posi-
tive Pb anomalies (Fig. 9B). Within the different 
Th-rich units, trace element patterns are nearly 
parallel over relatively large SiO2 ranges.

The Bolhøgdin and Slættesberget units show 
a peculiar, flat or upward-convex, pattern for the 
LREE, different from the steep LREE pattern of 
the Gragjelfjellet and Jorlisætra units (Fig. 9A), 
and they differ also by relative enrichments in 
W (3.12–12.6 ppm). The Vertjønna rhyolite is 
unique, having higher SiO2 (∼75 wt%), a shal-
lower REE pattern and a smaller negative Eu 

anomaly despite its more evolved character in 
terms of SiO2 (Figs.  8B and 9A). The rhyo-
lite also displays a stronger enrichment of Th 
and U relative to the less incompatible HFSE 
(Fig.  9B), a very large positive Pb anomaly 
and elevated concentrations of Be and Sn 
(Table S1).

Similarly enriched volcanic rocks have 
recently been documented by Dalslåen et  al. 
(2020a, 2020b) in units of overlapping age (ca. 
475–470 Ma) farther south (the Kinna volca-
nic succession, the Storgruvpiken rhyolite, and 
rhyolites within the Trollhøtta unit; Fig.  2A). 
Notably, the Storgruvpiken rhyolite shows strik-
ing similarities to the Vertjønna rhyolite, includ-
ing very high Be (up to 66.5 ppm) and Sn (up to 
31.6 ppm).

Rb-Sr and Sm-Nd Isotopes

The Rb-Sr and Sm-Nd isotope data of the vol-
canic rocks fall in two main groups, consistent 
with the geochemical subdivision above. The 
MORB-type lavas yield initial 87Sr/86Sr (Sri) 
between 0.7040 and 0.7088, and εNdt between 
4.8 and 9.4, whereas the Th-rich units have Sri 
between 0.7089 and 0.7175 and εNdt between 
−8.0 and −6.6 (Fig. 10A; Table S3). Depleted-
mantle model ages for the Th-rich units range 
from 1.7 to 1.3 Ga (Fig. 10B), indicative of sig-
nificant input of Proterozoic crustal material.

The Nd isotopic compositions of the MORB-
type lavas are strongly correlated with elemental 
ratios, such as La/Sm, that reflect mantle-source 
depletion and distinguish D- and E-type MORB 

A B C

D E F

G H I

Figure 8. Binary geochemical plots for the Th-rich volcanic units of the Ilfjellet Group. For sample locations, see Figure 2. Symbols as in 
Figure 6; the mid-ocean ridge basalt-type lavas are shown in light tones for comparison. All data are normalized to volatile-free composi-
tions for SiO2 values to conform with standard TAS classification.
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(Fig. 10C). The isotopically most depleted sam-
ples classify as D-MORB and the more evolved 
samples as E-MORB. The negative correlation 
of εNdt with La/Sm (Fig. 10D) and the lack of 
correlation with Th/Nb (Fig.  10D), the latter 
serving as an indicator of crustal contamina-
tion, indicate that the compositional variations 
observed in the MORB-type lavas are mainly 

related to heterogeneous mantle sources rather 
than variable assimilation of crust. This observa-
tion is consistent with the general lack of nega-
tive Nb-Ta anomalies in the mantle-normalized 
plots (Fig. 7B). The Th-rich lavas have tightly 
clustered εNdt values, but a relatively large 
spread in Sri that is largely uncorrelated with 
chemical composition.

GEOCHRONOLOGY

The Gragjelfjellet, Jorlisætra, and Bolhøgdin 
Th-rich units were sampled for U-Pb TIMS dat-
ing of zircon and four sandstone samples from 
the Klæbu and Fjellvollen formations were 
selected for detrital zircon U-Pb LA–ICP–MS 
dating. U-Pb TIMS analyses were performed at 

A B

Figure 9. Trace element patterns for the Th-rich volcanic units of the Ilfjellet Group (Gp). For sample locations, see Figure 2. (A) Chondrite-
normalized rare earth element patterns. (B) Primitive-mantle-normalized patterns. Chondrite and primitive-mantle values from Sun and 
McDonough (1989). The composition of the Ilfjellet basalts, as well as the average composition of continental crust (Rudnick and Gao, 2003) 
are shown in the lowermost graph for comparison. Symbols as in Figure 6. MORB—mid-ocean ridge basalt.
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the Department of Geosciences at the Univer-
sity of Oslo, Norway, following the procedures 
described in Augland et  al. (2010) and Ballo 
et  al. (2019), whereas the U-Pb LA–ICP–MS 
analyses were performed at the Geological Sur-
vey of Norway. A detailed description of the 
analytical methods can be found in the Supple-
mental information.

U-Pb TIMS Dating of Volcanic Rocks

Sample V1 (TGR16_305) is from a trachytic 
lava flow in the Gragjelfjellet unit south of 
Ilfjellet (Figs. 2C and 3B). The zircon popula-

tion from this sample consists of euhedral and 
equant to short-prismatic crystals (Fig. S6). Of 
five analyses, four overlap on concordia and one 
is younger than the main cluster. The four over-
lapping fractions give a mean 206Pb/238U age of 
473 ± 1 Ma (Fig. 11A; Table S2).

Sample V2 (TGR14_223) is a tuff of trachytic 
affinity from the Jorlisætra unit at the base of the 
Fjellvollen Formation (Figs.  2C and 3B). The 
extracted zircon grains are rather heterogeneous 
in shape and color (Fig. S6). There are equant, 
euhedral, mostly brown and translucent crystals. 
Others occur mainly as clear transparent frag-
ments, locally with euhedral faces. Clear zircon 

is seen overgrowing brown zircon and vice-versa. 
Four fractions were analyzed: clear zircons were 
chemically abraded and two brownish zircons 
were air abraded. The two brown grains were 
very rich in U, up to >1%. One analysis is very 
imprecise and the other discordant. The two clear 
grains have much lower U contents and yield 
concordant data, but also show some dispersion. 
The overall pattern combined with the appearance 
and U contents of the grains indicate that younger 
apparent ages are due to partial Pb loss. The oldest 
206Pb/238U age of 473 ± 1 Ma of a large clear tip 
is considered the most reliable  estimate of the age 
of crystallization (Fig. 11B; Table S2).

A B

C D

Figure 10. Rb-Sr and Sm-Nd isotope data for the Ilfjellet volcanic rocks. For sample locations, see Figure 2. (A) Initial Sr (Sri) versus εNd 
for mid-ocean ridge basalt (MORB)-type lavas and Th-rich units, calculated for the time of crystallization determined by U-Pb zircon 
geochronology. The black square shows the 87Sr/86Sr composition of seawater at 470 Ma (after Veizer et al., 1999). Concentrations of Nd in 
seawater are very low (on the order of 10−11 mol/kg) compared to Sr (10−4 mol/kg) and therefore unlikely to affect the composition of rocks 
during hydrothermal alteration. Alteration by seawater is therefore expected to produce horizontal trends in Sri vs εNd plots, as observed 
for the data presented here. (B) Age versus εNd indicating depleted-mantle model ages for the Th-rich units. (C) εNd versus La/SmN (chon-
drite-normalized) showing that—unlike the Th-rich units—εNd in the MORB-type lavas is correlated with these ratios, consistent with a 
transition from depleted (D)-MORB to enriched (E)-MORB. (D) Plot showing that εNd in neither unit is correlated with Th/Nb, the latter 
a sensitive indicator of crustal contamination. Symbols as in Figure 6.
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Sample V3 (TGR15_408) is a lava of trachytic 
affinity from the Bolhøgdin unit of the Fjellvol-
len Formation (Figs. 2C and 3B). Zircon occurs 
as short-prismatic, euhedral crystals, commonly 
fragmented (Fig. S6). The grains range from 
colorless to brown-red, the latter reflecting high 
U contents (880–2700 ppm U in the measured 
grains). Five zircon analyses are clustered around 
the concordia curve. Four of them have overlap-
ping 206Pb/238U ages with a mean of 470 ± 1 Ma. 
The fifth analysis is slightly younger, likely due 
to some Pb loss from U-rich domains (Fig. 11C; 
Table S2).

LA–ICP–MS Dating of Detrital Zircon

Sample S1 (TGR_33) is a sandstone from the 
Klæbu Formation (Figs. 2B and 3A; Table S4). 
Of 99 analyses performed on 99 grains, 46 are 
<10% discordant and fall into three age groups: 
(1) Archean (ca. 3200–2700 Ma, 6 grains, 13%), 
(2) Paleo- to Mesoproterozoic (2000–1000 Ma, 
13 grains, 28%), and (3) Cambro-Ordovician (ca. 
500–440 Ma, 27 grains, 59%) (Fig. 12A). Of 27 
Cambro-Ordovician analyses, 12 are <5% discor-
dant. The different methods to estimate the maxi-
mum depositional age (MDA) give 448 ± 5 Ma 
(YSG—youngest single grain, 1% discordant), 
463 ± 6 Ma (YGC—youngest grain cluster 
with n33 and 2σ overlap), and ca. 475–480 Ma 
(YPP—youngest graphical peak in the Kernel 
density estimate curve). See Coutts et al. (2019) 
for details on methods for estimating MDA.

Sample S2 (TGR14_020) is a sandstone from 
the Jonsvatnet Formation at Hyttfossen (Figs. 2B 
and 3A; Table S4). Of 111 analyses performed 
on 111 grains, 81 are <10% discordant and fall 
into three age groups: (1) Archean (ca. 3000–
2600 Ma, 9 grains, 11%), (2) Paleo- to Meso-
proterozoic (1900–1000 Ma, 16 grains, 20%), 
and (3) Cambro-Ordovician (ca. 600–450 Ma, 

56 grains, 69%) (Fig.  12B). Of 56 Cambro-
Ordovician analyses, 38 are <5% discordant. 
The different methods to estimate the MDA 
give 450 ± 5 Ma (YSG, +3% discordant), 
457 ± 6 Ma (YGC 2σ) and ca. 485 Ma (YPP).

Sample S3 (TGR15_583) is a sandstone 
from the lower part of the Fjellvollen Forma-
tion (Figs. 2C and 3B; Table S4). Of 100 analy-
ses performed on 100 grains, 92 are <10% 
discordant and fall into three age groups: (1) 
Archean (ca. 3100–2600 Ma, 6 grains, 6%), (2) 
Paleo- to Mesoproterozoic (2100–900 Ma, 55 
grains, 60%), and (3) Cambro-Ordovician (ca. 
500–450 Ma, 31 grains, 34%) (Fig.  12C). Of 
31 Cambro-Ordovician analyses, 29 are <5% 
discordant. The different methods to estimate 
the MDA give 434 ± 4 Ma (YSG, 4.7% dis-
cordant), 465 ± 5 Ma (YGC 2σ), and ca. 480–
485 Ma (YPP).

Sample S4 (TGR15_10) is a sandstone from 
the upper part of the Fjellvollen Formation 
(Figs. 2C and 3B; Table S4). Of 100 analyses 
performed on 100 grains, 80 are <10% discor-
dant and fall in three age groups: (1) Archean (ca. 
2900–2400 Ma, 17 grains, 21%), (2) Paleo- to 
Mesoproterozoic (ca. 1900–1000 Ma, 28 grains, 
35%), and (3) Cambro-Ordovician (ca. 500–
450 Ma, 35 grains, 44%) (Fig. 12D). Of 35 Cam-
bro-Ordovician analyses, 18 are <5% discordant. 
The different methods to estimate the MDA give 
456 ± 4 Ma (YSG, 3% discordant), 465 ± 5 Ma 
(YGC 2σ), and ca. 475–480 Ma (YPP).

DISCUSSION

The Age of the Mostadmarka Formation 
and its Implications for Stratigraphic 
Terminology

The U-Pb TIMS zircon age of 473 ± 1 Ma 
of the Gragjelfjellet volcanic unit in the 

 Mostadmarka Formation is ∼10 m.y. younger 
than the LVB ophiolite. These units therefore 
belong to two fundamentally different volcanic 
successions. In order to avoid future terminolog-
ical confusion, we propose that the term Støren 
Group, which has been used both for the LVB 
ophiolite and the Mostadmarka Formation, be 
abandoned.

Deposition within a Marginal  
Volcano-Sedimentary Basin

At Vassfjellet, early sedimentation on top of 
the tilted and deeply eroded ophiolite is reflected 
by the Skjøla olistostrome of the Klæbu Forma-
tion. This thick olistostrome indicates an unsta-
ble rift setting with intermittent, local D-MORB 
volcanism and active tectonism leading to large-
scale mass flows on steep slopes, dissected by 
canyons. The overlying turbidites of the Klæbu 
Formation are interpreted to reflect increasing 
water depths or a larger distance to the adjacent 
landmass. In the lower part of the formation, 
thick and coarse-grained turbidites deposited 
on proximal submarine fans alternate with finer 
grained turbidites deposited in levee settings, 
possibly reflecting along-strike variations in 
deposition.

The subsequent submarine basalts of the Jons-
vatnet Formation, characterized by T-MORBs, 
oxidic iron formation and minor jasper, compare 
geochemically and lithologically well with the 
middle parts of the much thicker Mostadmarka 
Formation (Fig. 3). This suggests that the Jons-
vatnet and Mostadmarka basalts formed in 
different parts of the basin, the latter inferably 
closer to a central rift where volcanism started 
earlier and continued longer.

The basalts in the lowermost parts of the 
Mostadmarka Formation are associated with 
 sulfide iron formation that is locally rich in 

A B C

Figure 11. Concordia plots for the zircon U-Pb thermal ionization mass spectrometry data. For sample locations, see Figure 2. Data-point 
ellipses are 2σ; plots are made with Isoplot (Ludwig, 2003). MSWD—mean square weighted deviation.
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graphite, implying a restricted, anoxic and partly 
euxinic setting (Grenne and Slack, 2019). A lim-
ited terrigenous input is demonstrated by the vir-
tual absence of siliciclastic sediments, and the 
low vesicularity (<1%) of the MORB-type lavas 
points to great water depths, probably >2 km 
based on comparison with tholeiitic basalts with 
inferably similar volatile contents in modern set-
tings (de Wit et al., 2020).

The Gragjelfjellet Th-rich unit in the middle 
part of the Mostadmarka Formation represents 
a striking anomaly in the volcanic develop-
ment of the otherwise MORB-dominated suc-
cession. The absence of MORB-type lavas or 
sedimentary deposits between separate internal 
eruptions implies that the entire Gragjelfjellet 
sequence formed within a short time interval, 
and it was immediately succeeded by more 

MORB lavas. The much higher vesicularity in 
parts of the Gragjelfjellet unit as compared to 
the MORB-type lavas below and above, likely 
reflects the elevated volatile contents characteris-
tic of evolved magmas with subduction signature 
versus tholeiitic MORB-type magmas (Wallace, 
2005; de Wit et al., 2020).

Submarine volatile-driven explosivity, as evi-
denced in the Gragjelfjellet unit, is in general 
greatly limited by the confining water pressure 
(e.g., Allen et al., 2010). Pyroclastic eruptions 
have been recorded in modern settings, such 
as the Kermadec arc (south Pacific Ocean), at 
depths of 900–1200 m (Carey et al., 2018), but 
these are pumiceous and not directly compa-
rable to the Gragjelfjellet deposits. Significantly 
reduced exsolution of volatiles from magmas 
with increasing water depth leads not only to 

lower vesicularity, but also to greatly reduced 
viscosity; hence very deep water (>1.45 km) 
eruptions are likely characterized by less vesicu-
lar pyroclasts and effusive, rather than explosive, 
deposits (Busby, 2005; Kessel and Busby, 2003). 
The volcanic deposits at Gragjelfjellet are con-
sistent with such a deep water setting, in which 
pressure-related retention of magmatic volatiles 
facilitated formation of highly fluid and later-
ally extensive felsic lava together with welded 
lapilli. The latter were inferably deposited 
from fire-fountains where an insulating steam 
cupola protected pyroclasts from rapid cooling 
(Busby, 2005).

The appearance of thick, basalt-dominated 
sedimentary breccias in the upper part of the 
Mostadmarka Formation points to a steep sea-
floor relief. The angular shape and large size 

Figure 12. Histograms, kernel 
density estimates, and cake 
plots for four detrital zir-
con samples from the Ilfjellet 
Group. For sample locations, 
see Figure 2. For the left-hand 
plots, bin- and bandwidths are 
5; for the right-hand plots, bin-
width is 100 and bandwidth 
is 25. TIMS—thermal ioniza-
tion mass spectrometry; n—
number of included analyses; 
YPP—youngest graphical peak 
on the Kernel density estimates.
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of clasts, together with abrupt lateral thickness 
variations, indicate local derivation. The pres-
ence of MORB clasts with a vesicularity of up 
to 5% suggests that some of the basaltic detritus 
had erupted at shallower water depths (∼1 km 
or less; de Wit et al., 2020). This is tentatively 
interpreted as reflecting the emergence of steep-
sided volcanic seamounts; at the same time 
deeper parts of the basin received terrigeneous 
sediments as represented by the thin-bedded tur-
biditic sand- and siltstones between some lava 
flows at this stratigraphic level.

The transition into the turbidite-dominated 
Fjellvollen Formation marks a tectonically 
unstable depositional environment, witnessed by 
chaotic sedimentary breccias and soft-sediment 
deformation. The Th-rich units at Slættesberget 
(lava) and at Vertjønna and Jorlisætra (pyroclas-
tic) are closely associated with this phase. The 
Jorlisætra deposits, with their generally angular 
clasts and little epiclastic material, can be inter-
preted as subaqueous pyroclastic mass flows 
from a local source. The slightly younger Bol-
høgdin volcanism, represented both by lavas and 
welded lapilli, probably also formed in a rela-
tively deep-marine setting given the association 
with under- and overlying turbidites and a simi-
lar volcanic facies as the Gragjelfjellet unit. The 
coexistence of the Bolhøgdin unit with locally 
underlying ribbon chert and limestone denotes a 
period of limited or no detrital sedimentation in 
the volcanically active area, possibly related to 
magmatic inflation of the seafloor prior to erup-
tion (e.g., Di Vito et al., 2016; Acocella, 2019) 
that temporarily inhibited deposition from tur-
bidity currents.

The thin-bedded siltstones and shales of the 
Fjellvollen turbidites reflect far-traveled mass 
flows from an adjacent landmass, with trace fos-
sil assemblages suggesting bathyal to abyssal 
water depths (Seilacher, 1967; Smelror et  al., 
2020). The upper part of the Fjellvollen Forma-
tion, characterized by increasing proportions of 
proximal turbidites and channel deposits with 
abundant conglomerates, indicates a change in 
depositional setting to mid-fan and inner fan. 
This may have resulted from suprafan lobe 
switching and lobe progradation and shallowing 
due to filling of the basin (e.g., Covault, 2011).

Toward the Raudhatten unit, a highly calcare-
ous matrix and abundant limestone clasts indi-
cate derivation from a carbonate platform, and 
the appearance of Hølonda Porphyrite clasts 
in the Raudhatten conglomerates establishes 
a clear link to the Hølonda terrane as a source 
for the limestone and volcanic detritus (Grenne 
and Roberts, 1998). Bruton and Bockelie (1980) 
interpreted the setting of the Hølonda Porphy-
rites as limestone-surrounded islands character-
ized by lava flows as well as explosive volcanic 

deposits; the Raudhatten conglomerates possibly 
represent mass flows derived from these volca-
nic islands. The Svartvatna basalts reflect a new, 
brief phase of MORB-type volcanism, followed 
by the purely siliciclastic, turbiditic sediments 
of the Føssjøen Formation. Sedimentation in the 
basin was terminated by a tectonic phase that 
folded the Ilfjellet Group prior to deposition 
of the unconformably overlying Hovin Group 
(Fig. 3B).

Source Areas and Maximum Depositional 
Ages

Detrital zircon spectra are widely used to con-
strain the nature of source areas and maximum 
depositional ages of sedimentary successions 
(e.g., Fedo et al., 2003; Dickinson and Gehrels, 
2009; Coutts et al., 2019). Detrital zircon grains 
are either directly derived from erosion of igne-
ous and metamorphic source rocks, or they rep-
resent recycled grains from older sedimentary 
successions. The detrital zircon spectra from 
the four samples of the Ilfjellet Group are all 
characterized by zircons belonging to three age 
groups: Archean, Paleo-, to Neoproterozoic, and 
Cambro-Ordovician (Fig. 12).

The Archean zircons (ca. 3200–2400 Ma; 
up to 21% of the grains; Fig. 12) indicate deri-
vation either from an Archean protosource, or 
from older sedimentary successions containing a 
considerable Archean detrital zircon population. 
Archean detrital zircons are rare in late Meso-
proterozoic to late Neoproterozoic sedimentary 
successions of the Scandinavian Caledonides, 
Svalbard, Greenland, and the British Isles (e.g., 
Spencer and Kirkland, 2016), indicating that 
recycling from only these widely distributed 
successions cannot explain the presence of this 
population in our samples. Given the Laurentian 
affinity of the related Hølonda units, the cratonic 
parts of Laurentia, or younger cover successions 
containing abundant Archean detrital zircons 
such as the Huronian Supergroup (Craddock 
et al., 2013) or the Stoer Group (Rainbird et al., 
2001), are the most probable sources for this 
population.

The zircons with ages between 2100 and 
900 Ma (28%–60% of the grains; Fig. 12) indi-
cate that the Ilfjellet Group sediments were 
sourced from a composite continental landmass 
including a variety of Paleo- to Neoproterozoic 
sources. Such detrital zircons are common in 
many Proterozoic to Ordovician sedimentary 
successions of the North Atlantic region, and 
they are thus of limited use for a source identifi-
cation (Slagstad and Kirkland, 2017).

Given the geological context, the Cambro-
Ordovician zircon grains (500–440 Ma; 34–59% 
of the grains) were likely sourced from oceanic 

island arcs and ophiolites within the Iapetus 
Ocean. Indeed, the peaks in zircon ages between 
475 and 490 Ma correspond well with the known 
ages from the LVB and other supra-subduction 
ophiolites in the Scandinavian Caledonides (e.g., 
Dunning and Pedersen, 1988; Slagstad et  al., 
2014). The quartz dioritic clast of the Skjøla 
olistostrome dated by TIMS (Fig. S2) over-
laps in age and composition with the Fagervika 
granitoid in the LVB, supporting a derivation 
of some of the detritus from adjacent ophiolitic 
fragments.

The depositional age of the Ilfjellet Group is 
constrained by U-Pb TIMS ages of its volcanic 
units to ca. 474–469 Ma (Fig. 11). Both YSG 
and YGC 2σ MDA estimates from all detrital 
zircon samples are younger than these volcanic 
ages, indicating that they represent erroneously 
young maximum depositional age estimates. 
Indeed, each of the four detrital zircon samples 
contains 5–6 detrital grains <5% discordant 
with apparent ages younger than the U-Pb TIMS 
ages of the coeval volcanic rocks (Fig. 12). A 
feasible explanation for the discrepancy is that 
these grains experienced lead loss at some later 
point in the Paleozoic (i.e., during the Scandian 
orogeny at ca. 420–400 Ma). Due to analytical 
uncertainties and the limited curvature of the 
concordia during the Paleozoic, such lead loss 
does not lead to visibly discordant analyses, as 
discussed also by Andersen et  al. (2019) and 
Dalslåen et al. (2021). The YPP estimates of ca. 
475–485 Ma are in accordance with the volcanic 
ages as well as with the 478 ± 1 Ma TIMS age 
of the quartz dioritic clast in the Skjøla olistos-
trome and are interpreted to represent the most 
reliable MDA estimates.

Petrogenesis of the Volcanic Rocks of the 
Ilfjellet Group

The MORB-type Lavas
The composition of basaltic lavas can be 

used to infer the tectonic setting in which they 
formed (e.g., Pearce, 2014). A negative Nb-Ta 
anomaly is generally interpreted as represent-
ing a subduction signature and allows a first-
order division between subduction-related and 
subduction-unrelated basalts (Dilek and Furnes, 
2014). The Ilfjellet basalts are nearly exclusively 
MORBs with no significant Nb-Ta anomaly 
(Figs. 6 and 7).

Five samples have slightly elevated Th/Nb 
ratios and fall just outside the MORB-OIB 
Array but still well outside of the fields for 
typical arc-related magmas. As noted by Pearce 
and Stern (2006), such transitional geochemi-
cal signatures are a distinctive feature of most 
back-arc basins. However, in such settings this 
signature is  generally predominant, in contrast 
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to the MORB-dominated signature of the Ilfjel-
let basalts. E-MORB compositions like those of 
the Ilfjellet Group are also atypical of back-arc 
basins (Fig. S4C; Saccani, 2015), but are known 
from some back-arc basins, e.g., in the Sea of 
Japan (Pouclet et  al., 1995). However, to our 
knowledge none of these share the peculiar asso-
ciation with enriched rocks comparable to those 
of the Ilfjellet Th-rich units. Local rhyodacite 
in the Sea of Japan formed only after back-arc 
spreading (Pouclet et al., 1995) and is also far 
less enriched than our Th-rich volcanic rocks.

The five samples with slightly elevated Th/Nb 
ratios lie on trajectories between D-MORB 
magmas (lower part of the MORB-OIB Array 
in Fig.  6C) and the Th-enriched intermediate 
to felsic volcanic units, and hence could theo-
retically reflect mixing of these melts. Mixing 
calculations demonstrate that less than 0.1% 
addition of Th-rich magma to the MORB-type 
melts would create trace element patterns and 
elevated Th/Nb ratios comparable to those of our 
five samples. However, modeling shows that a 
small crustal influence from assimilation-frac-
tional crystallization (AFC) processes could also 
account for trace element patterns and slightly 
elevated Th/Nb ratios comparable to those of 
some of the Ilfjellet MORB samples. Notably, 
AFC processes occur at rifted continental mar-
gins, a type of volcanic setting that is commonly 
dominated by MORB with geochemical signa-
tures typical of deep melting as indicated, e.g., 
by TiO2/Yb versus Nb/Yb relationships (Fig. 
S4B; Pearce, 2014) comparable to the Ilfjellet 
basalts. AFC processes, with variable interaction 
of the ascending primary MORB-type melts and 
crustal or sedimentary material in magma cham-
bers, are therefore considered a more viable 
model for the erratic and limited occurrence of 
elevated Th/Nb ratios in our samples.

There has long been a consensus that MORB-
type magmas form by melting of a variably 
depleted or enriched sublithospheric mantle; 
melting typically being facilitated by adiabatic 
decompression in upwelling asthenosphere (e.g., 
Condie, 2016). While D-MORB is formed from 
relatively high degrees of melting of the depleted 
upper-mantle reservoir depleted MORB mantle 
(DMM), the origin of incompatible element-
enriched E-MORB and OIB is more contro-
versial (Waters et  al., 2011; Niu and O’Hara, 
2003). Various models for the formation of 
E-MORB invoke, e.g., mantle heterogeneities 
or deeper melting in the presence of residual 
garnet, in contrast to shallow melting of more 
homogeneous DMM in D-MORB formation 
(Pearce, 2014).

Large variations in incompatible trace element 
spectra, as reflected by LREE/HREE and Th/Yb 
ratios in the Ilfjellet Group MORB (Fig. 7; Table 

S1), cannot form by crystal fractionation but may 
be explained in terms of either large variations in 
degree of partial melting or melting from differ-
ent sources (e.g., Gale et al., 2013). Systematic 
covariation of Nd isotope values with MORB 
type (Fig. 10C) demonstrates that differences in 
mantle source were the main cause of variations 
in incompatible-element ratios. Isotopic values 
of the early, most depleted D-MORB are simi-
lar to those of DMM, whereas late E-MORB is 
comparable to OIB, the latter magma type infer-
ably formed by plume melting at greater mantle 
depth (Pearce, 2014). This is in accordance with 
the geochemistry of some enriched MORB sam-
ples (Fig. S4B) that implies deep melting. It is 
noteworthy that the relatively high Sm/Yb ratios 
(Table S1) of the Ilfjellet D- and T-MORB also 
suggest some influence of garnet in the mantle 
source (Niu et al., 2001; Saccani et al., 2008; 
Wood et al., 2013). This also points to a mantle 
source region deeper than that of normal mid-
ocean ridge settings for the D- and T-MORBs.

The progression of compositions from D- to 
E-MORB through the stratigraphic succession 
(Fig. 3) indicates a systematic change in source 
contribution, with generally increasing input 
from deeper melting of a less depleted mantle 
through the limited time interval represented by 
the Ilfjellet Group. This is consistent with emer-
gent rifting, in contrast to steady-state spreading 
where a homogeneous shallow melting regime 
will likely persist. The evolved nature of the 
majority of Ilfjellet MORBs (e.g., ferrobasaltic 
and low Mg#) indicates that fractional crystal-
lization played a major role, probably related 
to shallow magma chambers and high eruption 
frequency (Natland, 1980; Rubin et al., 2009).

The Th-rich Units
The Th-rich units of the Mostadmarka and 

Fjellvollen formations show remarkably differ-
ent trace element patterns and ratios compared 
to the MORBs, and a common parental magma 
with the basaltic rocks can be disregarded. 
While intermediate and felsic rocks are pre-
dominant, mafic members exist in at least the 
Gragjelfjellet, Slættesberget, and Bolhøgdin 
units (Fig. 6A). This excludes an origin by par-
tial melting of continental crust or terrigenous 
sediments, which would create only felsic and 
intermediate melts. The sporadic high contents 
of Cr, Ni, Co, and MgO (Fig. 8) also point to a 
mantle rather than a crustal source region, pos-
sibly reflecting an erratic occurrence of trapped 
mantle xenocrysts. The considerable differences 
between the individual Th-rich units indicate 
that they were derived from at least three differ-
ent magma sources.

Within the different Th-rich units, roughly 
parallel trace element and REE patterns, as 

well as gradually decreasing TiO2 and P2O5 
and increasingly negative Eu anomalies with 
increasing SiO2 (Figs.  8 and 9), indicate that 
fractional crystallization from mafic parental 
magma(s) might have occurred, with removal of 
Fe-Ti oxides, apatite, and feldspar. The general 
enrichment of some highly incompatible ele-
ments, such as Th, with increasing SiO2 in the 
Gragjelfjellet unit (Fig. 6A) is consistent with 
fractional crystallization for that unit. By con-
trast, the Bolhøgdin unit shows no enrichment 
of Th with increasing SiO2 (Fig. 6A). Scatter 
of other incompatible trace elements with SiO2 
(Fig. 8) also argues against simple fractionation. 
Moreover, the general predominance of interme-
diate and felsic over mafic rocks in the Th-rich 
units is seemingly at odds with a model of frac-
tional crystallization from parental mafic mag-
mas, where SiO2-rich differentiates would likely 
be volumetrically subordinate.

A more conceivable model is that of com-
bined fractional crystallization of a mafic paren-
tal magma and associated assimilation (AFC), 
especially in case of interaction with continental 
crust (average continental crust: 5.6 ppm Th and 
60.6 wt% SiO2; Rudnick and Gao, 2003), which 
may strongly affect SiO2 without increasing the 
concentrations of highly incompatible elements; 
Nd and Sr isotopic signatures would also not be 
significantly affected if the isotopic composi-
tions of the primary magmas and assimilated 
crust were broadly similar.

Volcanic rocks with similarly enriched trace 
element and REE characteristics are relatively 
rare, and have not previously been reported from 
the Caledonian orogenic belt except in correla-
tive units farther south in the Trondheim Nappe 
Complex (Dalslåen et al., 2020a, 2020b). Their 
overall geochemical characteristics, with Nb, 
Ta, and Ti depletion and Pb enrichment (Fig. 9), 
show some affinity to subduction-related rocks, 
but they are far more enriched in elements like 
Th, U, LREE, and Zr even when compared with 
continental arcs. Also, their high concentrations 
of elements like Be, Sn, and W are more sugges-
tive of late- to post-orogenic and intracratonic 
settings (Ryan, 2002; Dailey et al., 2018; Huls-
bosch, 2019; Lehmann, 2021).

A rigorous geochemical comparison with 
 volcanic rocks of known, relatively young 
(Cenozoic) geotectonic settings in the GEOROC 
database shows that comparable trace element 
and REE patterns are relatively rare also in 
modern settings, and are essentially restricted 
to orogens such as the Alpine-Himalayan belt 
and, in particular, the circum-Tyrrhenian region 
of the Mediterranean, where ultrapotassic rocks 
are strikingly similar to those of the Ilfjellet Th-
rich units (Fig. 13). In these settings, such rocks 
are generally interpreted in terms of a complex 
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polyphase genesis involving subduction of con-
tinental material, metasomatism of the overlying 
lithospheric mantle, and melting of metasoma-
tized mantle domains during postorogenic exten-
sion (Foley, 1992; Peccerillo, 1999; Conticelli 
et  al., 2009; Prelević et  al., 2008; Cheng and 
Guo, 2017). Volcanic rocks that have the pecu-
liar, upward-convex LREE patterns typical of 
the Bolhøgdin and Slættesberget units are quite 
common in such settings (Fig. 13A); the major-
ity of these are lamproitic, but transitional types 
with higher Al2O3, approaching the geochemi-
cal characteristics of Foley’s (1992) Group III 
ultrapotassic rocks (Roman Province Type), also 
exist (Gao et al., 2007; Conticelli et al., 2010; 
Guo et al., 2015).

Based on these similarities, we envisage a pet-
rogenetic model for the evolution of the  Th-rich 

units of the Ilfjellet, Kinna, and Trollhøtta rocks 
analogous to that in the younger orogenic or 
postorogenic settings. We interpret the paren-
tal, mafic magmas as being derived from highly 
enriched, lithospheric mantle domains that had 
been previously metasomatized by fluids and 
melts from subducted continental material. 
The coexistence of these Th-rich rocks with the 
MORB-type basalts demonstrates that the Ilfjel-
let volcanism was concurrently tapping  distinctly 
different mantle sources, namely asthenospheric, 
normal MORB mantle (including DMM) as 
well as strongly enriched lithospheric mantle 
domains. The relatively high Al2O3 of our rocks 
is interpreted in terms of a lherzolitic mantle 
source, in contrast to lamproitic magmas that are 
thought to be derived from harzburgitic mantle 
(Bergman, 1987). We also speculate that sig-

nificant negative Eu anomalies even in the least 
evolved, mafic varieties stem from a metasoma-
tized mantle that had acquired a Eu anomaly 
from crustal or sedimentary sources.

Tectonic Setting of the Ilfjellet Group

Arc-Continent Collision, Polarity Flip, and 
Slab Rollback

Plate tectonic reconstructions show that for-
mation of the Ilfjellet Group at 475–463 Ma 
occurred in an overall convergent tectonic set-
ting within the Iapetus realm. Convergence 
dominated between Gondwana and Laurentia 
since at least ca. 500 Ma and between Baltica 
and Laurentia since at least 480 Ma (Fig. 14A; 
Domeier, 2016). There was a particular increase 
in convergence rate of Baltica toward Laurentia 

A B

Figure 13. Geochemical comparison of volcanic rocks from the Ilfjellet Group (Gp) (Fig. 2) (gray shaded fields) and ultrapotassic volcanic 
rocks from the Alpine-Himalayan Belt (green lines) and the circum-Tyrrhenian igneous provinces of the Mediterranean (red lines). Two 
mid-ocean ridge basalts (MORB) from the Tyrrhenian Sea are included for comparison with the Ilfjellet Group transitional (T)-MORBs 
(hatched field). Selected samples; Conticelli et al. (2009): MVC100, VS29, and VS202 (all Tuscany, Italy), SIS4 (Corsica); Conticelli et al. 
(2010): VS232 (Tuscany), WAOSavb (Western Alps); Guo et al. (2015): BG203 and SQH-08 (both Tibet); Zhao et al. (2009): SL0625 (Tibet); 
Barberi et al. (1978): 2-1, 136-142, and 7-4, 130-135 (both Tyrrhenian basin).
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A B

Figure 14. Tectonic interpretation for the Ilfjellet basin (including the Klæbu, Jonsvatnet, Mostadmarka, Fjellvollen and Føssjøen 
formations, Fig. 2) from ca. 489–463 Ma along the Laurentian margin. For details, see text. AQ—Annieopsquotch ophiolite belt; 
BMC—Bathurst Mining Camp; BVOT—Baie Verte Oceanic Tract; CBC—Clew Bay Complex; DW—Dashwood microcontinent; 
HP—Hølonda Porphyrites; IFB—Ilfjellet basin; LNA—Lough Nafooey Arc; LRB—Lloyds River basin; LVB—Løkken-
Vassfjellet-Bymarka ophiolite; ND—Notre Dame Arc; RA—Roberts Arm Arc; SCLM—subcontinental lithospheric mantle; 
SMT—South Mayo Trough; TPG—Tyrone Plutonic Group.
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at 480–470 Ma, implying that intra-oceanic and 
continental-margin tectonics were dominated by 
subduction-zone dynamics (Domeier, 2016).

Formation of the Ilfjellet basin was pre-
ceded by the formation of the LVB ophiolites 
that are generally considered to be remnants of 
a 487–480 Ma oceanic back-arc basin above a 
southeast-vergent subduction zone (Fig.  14B-
1; Grenne et  al., 1999; Slagstad et  al., 2014). 
Intrusion of the Fagervika granitoid at 481 Ma 
has been interpreted to reflect partial melting of 
terrigenous sediments as the continental margin 
was approaching the trench (Fig. 14B-2; Slags-
tad et al., 2014). Shortly after, the arc–back-arc 
complex collided with the continental margin 
and the ophiolite was obducted, uplifted and 
exposed to erosion; the 478 ± 1 Ma age of a 
quartz dioritic clast in the Skjøla olistostrome 
limits the time for ophiolite obduction to after 
479 Ma (Fig. 14B-3).

Arc-continent collision and ophiolite obduc-
tion must have been followed by slab break-off 
(Fig. 14B-3), and a subsequent shift to northwest-
vergent subduction as evidenced by late Ordovi-
cian to Silurian batholiths that were emplaced in 
Laurentian margin terranes elsewhere in Norway 
(Barnes et al., 2007; Augland et al., 2012). This 
could occur either by compression-induced sub-
duction initiation (Stern and Gerya, 2018) due 
to the arrival of buoyant lithosphere at the for-
mer trench outboard of the arc-continent colli-
sion zone, or by along-strike propagation (Zhou 
et al., 2020) of a pre-existing continent-dipping 
subduction zone from farther south (Fig. 14A).

The newly-formed trench obviously received 
considerable detritus from the exhumed arc-con-
tinent collision zone, leading to excessive sedi-
ment input to the down-going slab (Fig. 14B-3). 
Partial melting of this continental detritus and 
crustal material from subduction erosion pro-
duced metasomatic enrichment in the overlying, 
thick subcontinental lithosphere below the arc-
continent collision zone (Fig. 14B-4). Postoro-
genic collapse, facilitated by slab rollback, led to 
extensional thinning of the overlying lithosphere 
and to associated subsidence and sedimentation 
in the Ilfjellet basin (Fig. 14B-5).

The evolution from D-MORB to E-MORB 
basalts in the Ilfjellet basin indicates that mag-
matism initially tapped asthenospheric DMM 
mantle and gradually involved deeper, less 
depleted mantle as a result of asthenospheric 
upwelling associated with rollback. Further, this 
upwelling led to heating and partial melting of 
metasomatized lithospheric mantle domains and 
triggered eruption of the Th-rich, at least partly 
ultrapotassic, magmas (Fig. 14B-5). In such a 
setting, the shoshonitic Hølonda Porphyrites 
could represent partial melting of lithospheric 
mantle domains less enriched by metasomatic 

processes (Dalslåen et al., 2020b), implying that 
they were not necessarily related to Andean-type 
oceanic subduction as proposed earlier (Grenne 
and Roberts, 1998; Hollocher at al., 2016).

Mesoproterozoic to early Neoproterozoic 
Nd model ages (Fig.  10B) constrain possible 
sources for the enrichment in the Th-rich units. 
The apparently most viable model includes 
subducted sediments and continental margin 
crust, which metasomatized the overlying litho-
spheric mantle wedge during early stages of the 
northwest-vergent subduction (Fig. 14B-4). It is 
also possible that mantle enrichment had been 
acquired already during Proterozoic accretionary 
orogenies (Fig. 14B-1; Condie, 2013); seismic 
tomographic evidence suggests that such refer-
tilized mantle still exists under the eastern North 
American craton edge (Boyce et al., 2016).

Along-Strike Variations at the Laurentian 
Margin

Broadly comparable tectonic processes, with 
obduction and/or accretion of various oceanic 
complexes followed by subduction polarity flip, 
have been identified along the entire Laurentian 
margin during the ca. 490–460 Ma time inter-
val (Fig. 14A-C; Ryan and Dewey 1991, 2011; 
Dewey, 2005; Draut et al., 2009; van Staal et al., 
2009; Cooper et al., 2011; Zagorevski and van 
Staal, 2011; Hollis et  al., 2012). The polar-
ity reversal, possibly facilitated by northward 
propagation of a pre-existing northwest-dipping 
 subduction zone, was accompanied by the for-
mation of a series of different volcano-sedimen-
tary basins all along the margin.

Several of these basins overlap in age with the 
Ilfjellet Group, such as the ca. 475 Ma Tyrone 
Volcanic Group in central Ireland (Cooper et al., 
2011; Hollis et  al., 2012), the 475–470 Ma 
Tourmakeady Volcanic Group of the South 
Mayo Trough in western Ireland (Fig.  14C; 
Ryan and Dewey, 2011), and the ca. 473 Ma 
Lloyds River back-arc basin of Newfoundland 
(Fig. 14D; Zagorevski et al., 2006, 2009). Parts 
of the Tetagouche, Fournier, and California Lake 
groups of the Bathurst Mining Camp area are of 
similar age (ca. 475–470 Ma) but belong to the 
Gander terrane located considerably outboard of 
the Laurentian margin at the time of formation 
(Figs. 1 and 14A; van Staal et al., 1991; Rogers 
and van Staal, 2003). Associations of MORB-
type basalts and felsic volcanic rocks are known 
from these basins; however, a detailed analysis 
of documented geochemistry and stratigraphic 
relationships shows that none of these basins 
exhibit intimate associations of MORB and 
extremely enriched, originally ultrapotassic vol-
canic rocks comparable to those of the Ilfjellet 
basin. This indicates that along-strike variations 
in the geometry of the continental margin and 

the nature of the colliding oceanic terranes, as 
well as processes associated with subduction 
initiation and/or propagation (e.g., rollback and 
formation of curved subduction zones; Brown 
et al., 2011) have contributed to unique basins 
with individual volcano-sedimentary histories 
along the entire margin.

Possible Modern Analogues
To our knowledge, an intimate association of 

MORB and extremely enriched, originally ultra-
potassic volcanic rocks as observed in the Ilfjel-
let basin has not been documented within the 
same stratigraphic succession neither in ancient 
nor in modern settings. Nevertheless, broad 
similarities in petrological and plate tectonic 
development with the Taiwan-Ryukyu region 
and the Tyrrhenian region in the Mediterranean 
may shed some light on the origin of the Ilfjellet 
basin (Fig. 15).

The Taiwan region is generally described as 
a modern example of arc-continent collision. 
A pre-existing subduction zone (the Ryukyu 
subduction zone) is propagating laterally south-
wards and underthrusts the collision zone, possi-
bly leading to future polarity reversal (Fig. 15A; 
Teng, 1990, 1996; Clift et  al., 2003). In the 
transitional region between arc-continent colli-
sion and the underthrusting Philippine Sea Plate, 
extensional collapse and subsidence are associ-
ated with subordinate ultrapotassic volcanism 
in the Northern Taiwan volcanic zone (NTVZ) 
and basaltic volcanism in the Southern Okinawa 
Trough (SOT) (Fig.  15A; Teng, 1996; Wang 
et al., 1999, 2004; Shinjo et al., 1999). Although 
the NTVZ magmas are far less enriched than our 
Th-rich units, and the SOT basalts have distinct 
arc or back-arc basin signatures in contrast to the 
Ilfjellet MORBs, the southward propagation of 
subduction of the Philippine Sea Plate might be a 
possible tectonic analogue for the inferred north-
ward along-strike propagation of a continent-
directed subduction zone along the Laurentian 
margin from ca. 480 Ma onwards (Fig. 14A).

The Tyrrhenian region comprises coeval 
MORB and highly enriched rocks similar to 
those of the Ilfjellet basin, although the con-
trasting magma types have not yet been docu-
mented within the same stratigraphic succession 
(Figs. 13 and 15B). Situated within an overall 
convergent setting between Africa and Europe, 
the Tyrrhenian Sea opened from ca. 10 Ma 
onwards, as represented by 7.3–4.3 Ma MORB-
type basalts of the Vavilov basin (Fig. 15B; Pec-
cerillo, 2005). The Tyrrhenian Sea is flanked on 
both sides by volcanic provinces with potassic 
to ultrapotassic rocks (Figs. 13 and 15B; Conti-
celli et al., 2010). Initial southward subduction 
of the European continent below the Adriatic 
microcontinent, including the obduction of 
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ophiolites, was followed by northward subduc-
tion along the Ionian subduction system, which 
subsequently retreated, rotated, and opened the 
Tyrrhenian Sea (Fig. 15B; Royden, 1993; Vign-
aroli et al., 2008; Rosenbaum, 2014; Mantovani 
et al., 2020).

The Tyrrhenian Sea represents an anomaly 
with its upwelling asthenospheric mantle in a 
region of relatively thick orogenic lithosphere 
(e.g., Finetti et al., 2001; Cella et al., 2006; Di 
Stefano et  al., 2009). The geochemical char-
acter of its MORB-type basalts demonstrates 
that asthenospheric melts can reach the seafloor 
in localized basins without significant crustal 
 contamination even in regions dominated by 
previously thickened lithosphere, similar to our 
observations from the Ilfjellet basin.

We envisage a tectonic scenario for the devel-
opment of the Ilfjellet basin along the Early- to 
Mid-Ordovician Laurentian margin (Fig. 14B) 

broadly similar to the Taiwan-Ryukyu or Tyr-
rhenian settings (Fig. 15). Whether the Ilfjellet 
setting was relatively linear such as the Taiwan-
Ryukyu system, or included a significant rota-
tional component such as the Tyrrhenian sys-
tem, is difficult to constrain since the original 
along-strike extent is unknown and the original 
geometry was highly distorted during the later 
continent-continent collision.

CONCLUSIONS

Our results show that what has previously 
been referred to as the Støren Group in the 
central Scandinavian Caledonides consists of 
two distinctly different geological units: (1) 
the northwestern, ca. 489–480 Ma, Løkken-
Vassfjellet-Bymarka (LVB) ophiolite, and (2) 
the unconformably overlying, ca. 475–463 Ma, 
Ilfjellet Group. In order to avoid future  confusion 

between the two, we suggest abandoning the 
term Støren Group entirely.

The Ilfjellet Group consists of turbidite-
dominated formations (Klæbu, Fjellvollen, and 
Føssjøen formations), intercalated with mainly 
basalt-dominated successions (Jonsvatnet and 
Mostadmarka formations). The basalts show a 
transition from D- to E-MORB compositions 
stratigraphically upward, indicating melt deriva-
tion from an increasingly deeper asthenospheric 
mantle source. We identified five volcanic units 
with extreme enrichments in Th and other highly 
incompatible trace elements: the Gragjelfjel-
let (473 ± 1 Ma), Slættesberget, Vertjønna, 
 Jorlisætra (473 ± 1 Ma), and Bolhøgdin units 
(470 ± 1 Ma). These units are interpreted to 
represent partly ultrapotassic melts derived from 
metasomatically enriched lithospheric mantle. 
To our knowledge, the intimate association of 
MORB with such extremely enriched rocks has 

A

B

Figure 15. Possible modern analogues for the tectonic setting of the Ifjellet basin (Fig. 2). (A) the Taiwan-Ryukyu system along the western 
margin of the Pacific. (B) The Tyrrhenian region of the Mediterranean. For details, see text. AO—Alpine ophiolites; CMP—Corsican Mag-
matic Province; M—Marsili Basin; Mg—Magnaghi Basin; NTVZ—Northern Taiwan volcanic zone; RMP—Roman Magmatic Province; 
SOT—Southern Okinawa Trough; TMP—Tuscan Magmatic Province; V—Vasilov Basin; WEP—Western Plate Boundary.
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not been documented elsewhere, neither within 
the Iapetus realm of the Caledonian-Appala-
chian orogen nor in modern settings.

We interpret the Ilfjellet Group to have 
formed in an extensional basin that developed 
along the Laurentian margin from ca. 475 Ma 
to ca. 463 Ma, subsequent to arc-continent col-
lision and ophiolite obduction. Rifting and sub-
sidence was related to postorogenic collapse 
facilitated by slab rollback of an outboard, newly 
initiated or laterally northwards-propagating, 
continent-dipping subduction zone. The Taiwan-
Ruyku system or the Tyrrhenian region of the 
Mediterranean, both characterized by the close 
geographic proximity of MORB-type and ultra-
potassic volcanic rocks, may represent modern 
examples of tectonic settings broadly similar to 
that of the Ilfjellet basin.
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