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Part 1
1.0 Logistics
Dates and location
Timing:

From Sunday 20th till Tuesday 22nd of Aug 2017. Departure of pre-conference excursion
from Åre to the Seve Nappe Complex in northern Jämtland.

Start location: At 08.30 sharp. Sunday 20th of Aug 2017. Travel with the mini busses from Åre-Duved
to the Seve Nappe Complex in northern Jämtland, central Swedish Caledonides (around 30km).
End location: Åre. Early afternoon, Tuesday 22nd of Aug 2017. The mini busses will dropp you at the
conference hall in Åre.

Travel arrangements
Travel throughout the excursion will be by mini busses. Departure will be at 08.30 sharp on Sunday 20/8,
Fjällporten Hotel. Please meet there in good time.

Accomodation
Accommodation on 19th August
Address: Fjällportens pensionat
Karolinervägen 37
83015 Duved
Overnight accommodation on Aug 20-21st will be in the Pilgrimms hotel at Gäddede (2x nights). All meals
are included in the pre-conference excursion fee. Simple packed lunch will be provided for the field days.
The address and telephone number of the accommodation is:
PilgrimsHotellet
Hotellplan 2
830 92 Gäddede

Field logistics
No parts of the trip will be of the simple “stop and look” type. Most of the time we have to walk large
distances by foot through (possibly wet) terrain requiring good foorgear (leather walking boots or rubber
boots). Also, the weather is unpredictable and the worst has to be expected (rain, wind, temperatures
down to 10⁰C) so good wind and rain protection is required (wind-proof/water-tight anorak, rain
trousers). A usefull piece of geological equipment, apart from field-book, compass/clinometer, small
backpack etc, will be a pair of binoculars.
5

The area of the field trip is covered by the 1:50.000 geological maps made by the Swedish Geological
Survey (SGU); Map sheets SGU serie Ai 22E Frostviken NV, NE and SE and 22F Risbäck NV and SV (see Fig
14). Note that on this map the name Frostviken is the old Samish name for Gäddede.

2.0 General Introduction to the Scandinavian Caledonides
Editor’s Foreword: This guide was put together from a range of previously produced research papers; in
some cases I have extracted material wholesale, but added notes where necessary to bring the material up
to date or point out where there have been advances. In others the text has been seriously edited for brevity
and clarity. I have tried however to give credit where due, and will hope that nobody is offended. (HvR
march 2017).
2.1 The architecture and tectonostratigraphy of the Scandinavian Caledonides
There are few places in the world where it is possible to trace a hot allochthon for 200 km across a
continental margin, demonstrate its lateral displacement to have been more than twice this distance, infer
that it was generated and exhumed in an outer-margin subduction system during the final stages of ocean
closure, and show that further emplacement onto the platform occurred during subsequent continent
collision. As a result of good exposure in the Scandian mountain belt and erosion to middle-crustal levels,
the Caledonides in Scandinavia provide one of the best opportunities on the planet to study these aspects
of orogeny.
The eastern flank of the North Atlantic Caledonides is particularly well exposed in the mountains of
western Scandinavia, the Scandes (Fig. 1). This mid-Paleozoic orogen was formed by closure of the
Ediacaran-Cambrian Iapetus Ocean during the Ordovician and collision between the continents Laurentia
and Baltica in the Silurian. Underthrusting of the former by the latter continued into the Devonian, with
hinterland uplift, collapse of the mountain belt, and continued emplacement of the allochthons far onto
the continental platforms (Andersen, 1998; Roberts, 2002; Brueckner and Van Roermund, 2004; Gee et
al., 2008; Fossen, 2010). Along the western side of the orogen, presently exposed in eastern Greenland,
the Caledonian nappes were derived from the Laurentian continental margin, with the highest units
emplaced westward on the order of 200 km onto the Laurentian platform (Higgins and Leslie, 2000; Higgins
et al., 2008). In the Scandinavian Caledonides, the nappes were thrust eastward and comprise a
comprehensive tectonostratigraphy (Fig 1; Gee et al., 1985; 2014), described below and includes both
Baltica margin and outboard terranes, some of Laurentian affinities (Stephens and Gee, 1985).
The Caledonian collision resulted in a nappe complex that was thrust to the east over the Baltoscandian
basement and its autochthonous sedimentary cover. The nappes are sub-divided, from bottom to top, into
the Lower, Middle, Upper and Uppermost Allochthons (Fig. 1; Roberts & Gee, 1985; Gee et al., 2013). The
Lower and Middle Allochthons are derived from the overridden continent, Baltica, whereas the Uppermost
Allochthon contains exotic continental segments and arc complexes interpreted to represent either
fragments of Laurentia or nearby arc terranes (Fig 1). The Allochthon between the Uppermost and Middle
6

Allochthons, somewhat confusingly called the Upper Allochthon, is actually a variety of thrust-bounded
terranes derived either from the thinned outermost edge of Baltica or from more outboard, oceanic
terranes (Stephens, 1988; Roberts & Stephens, 2000; Engvik et al., 2013; Slagstad et al., 2013).
The Baltoscandian platform cover (B in Fig 1C) of the autochthonous Baltic Shield (A in Fig 1C) is separated
by a regional décollement from Ediacaran to Cambrian passive-margin and subsequent foreland basin
successions of the Lower Allochthon (C in Fig 1C), which are in turn overthrust by the Middle Allochthon
of Cryogenian to Ediacaran rift related successions (F in Fig 1C)) derived from the outer parts of the margin
and continent-ocean transition zone (Seve Nappe Complex). The overlying Köli Nappes of the Upper
Allochthon comprise Iapetus Ocean terranes, with extensive tracts of Cambrian to Ordovician rocks,
including ophiolites, island-arc and forearc and backarc assemblages, some derived from locations
proximal to Baltica, others to Laurentia. These are overthrust by fragments of the Laurentian continental
margin (Uppermost Allochthon). A factor of particular importance for the interpretation of the HP/UHP
Allochthons in the Scandinavian mountain belt has been an understanding of the stratigraphic
relationships between the Baltoscandian platform to foreland basin assemblages of the Lower Allochthon
(C in Fig 1C), and the more metamorphosed and ductilely deformed overlying Neoproterozoic units of the
Middle Allochthon (D to F in Fig 1C). The different tectonic units of the Lower Allochthon (C in Fig 1C),
called the Jämtlandian Nappes in the central Scandes, are closely related and unambiguously coupled to
the autochthonous platform black shales and carbonates of the Baltoscandian platform (B in Fig 1C). The
successions in the overlying nappes (D to F in Fig 1C), which include Cambrian-Ediacaran sandstones
(quartzites) and Middle and Late Cambrian black (alum) shales, are remarkable for their Ordovician and
Silurian facies changes into deeper-water siliciclastic formations of the foreland basin. Hinterland-derived
turbidites (Karis in Karis and Strömberg, 1998) occur in the Early to mid-Ordovician (ca. 475–460 Ma) and
Early to mid-Silurian (ca. 433–423 Ma), apparently in response to early and late Caledonian nappe
emplacements along the Baltoscandian margin. The shallow-marine deposition separating these turbidites
may reflect an interval of tectonic quiescence along this margin. Late Neoproterozoic successions,
including tillites, are preserved in the higher thrust sheets of the Jämtlandian Nappes (Lower Allochthon;
C in Fig 1C), allowing direct correlation with the stratigraphy of the overlying Middle Allochthon (D to F in
Fig 1C). The successions in the latter are several kilometers thick (Kumpulainen and Nystuen, 1985), and
they are dominated by fluvial to shallow-marine sandstones that pass stratigraphically upward into
carbonates and tillites and then late Ediacaran sandstones. Rift-related, ca. 600 Ma dolerite dike swarms
(F in Fig 1C; Solyom et al., 1979; Greiling et al.,2007; Hollocher et al., 2007) intrude these formations of
the Särv Nappes, central part of the Middle Allochthon. The underlying mylonitic augengneisses (F in Fig
1C) are called here the Granite mylonite and/or the Offerdal Nappes. The Särv Nappes are overthrust in
turn by the Seve Nappe Complex (SNC in Fig 1C). In many places, this contact is a major thrust zone, marked
by a sharp jump in metamorphic grade. Locally, however, transitions from dike-intruded Särv sandstones,
via amphibolitized, ductilely deformed, mafic dikes in quartzites to eclogitized dikes in sheath-folded
quartzites/meta-arkosic rocks have been described (Van Roermund and Bakker, 1984; Andréasson et al.,
1985; Andréasson and Albrecht, 1995). There can be little doubt that the Särv and the Seve nappes are
related, and the latter represent the outermost part of the rifted and highly extended Baltoscandian
margin, including the continent-ocean transition zone (Andréasson and Gee, 2008).
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C: Simplified
Tectonostratigraphy.
Black vertical bars:
first early Caledonian
dolerite dikes.
Local terminology: F= Särv
Nappe; E=Offerdal Nappe
and/or Granite mylonite;
D= Neoproterozoic
sandstones; C =Lower
Allochthon
Fig 1. Tectonostratigraphic map (A), section (B) and simplified colomn (C) of the Scandinavian Caledonides
(after Gee et al., 2013). Black line with NW-SE notation shows the location of the section (illustrated in B;
vertical exaggeration 5x). Note, on the latter, that attenuation of the major allochthons in the western
hinterland separating the Köli Nappes from the basement, prevents their display at this scale. Note 1: Some
of the places referred to are abbreviated on this figure: D=Dombas, G=Grong, N=Nasafjäll, O=Olden, Tr=
Trollheimen, To= Tommerås, A=Alesund. Note 2: The tectonostratigraphy illustrated in C is not to scale,
but will be used in this shape throughout this excursion guide. The colours used in C are similar to the ones
used for the map (A) and section (B). The black square with N Jämtland (460-445 Ma) refers the the
Gäddede-Kittelfjäll area (Fig 4) described in this guide.
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2.2 High and ultrahigh pressure metamorphic rocks in the Scandinavian Caledonides
Ninety years ago, Eskola (1921) described the remarkable occurrence of eclogites in the deep hinterland
of the Caledonides in southwestern Norway, the so-called Western Gneiss Region (WGR; Fig 1).
Subsequently, compelling evidence was provided of their widespread formation by recrystallization of
dolerites and gabbros in the Baltoscandian basement (Gjelsvik, 1952; Bryhni et al., 1970; Krogh, 1977;
Griffin and Carswell, 1985; Griffin et al., 1985), their Caledonian age (Krogh et al., 1974; Griffin and
Brueckner, 1980; Gebauer et al., 1985), and local evidence of ultrahigh-pressure (UHP) metamorphism
(Smith, 1984; Dobrzhinetskaya et al., 1995; Wain, 1997; Van Roermund and Drury, 1998; Wain et al., 2000;
Terry et al., 2000; Van Roermund et al., 2002; Carswell et al., 2006; Vrijmoed et al., 2006; 2008; Spengler
et al., 2006; 2009; Scambelluri et al., 2008; 2010; Hacker et al., 2010).
Roughly forty years ago, Zwart (1974) reported eclogites in the long transported Seve Nappe Complex in
the Swedish Caledonides, thrust far onto the Baltoscandian foreland basin and platform. Emplacement of
this continental outer-margin assemblage of amphibolite-, granulite-, and eclogite-facies gneisses, with
abundant amphibolites, metagabbros, metadolerites, meta-arkoses, garnet mica schists and ultramafites,
was inferred to have occurred during Scandian (Early Silurian to Early Devonian) collision of Baltica with
Laurentia, thought to be responsible for the imposed Barrovian greenschist- to amphibolite facies
metamorphism (Strömberg 1978). The higher grade granulites, eclogites and upper amphibolite facies
rocks however were interpreted to represent relics of Proterozoic basement slices that were ripped off
from the underlying Baltic basement during regional Caledonian thrusting (Strömberg 1978; Zwart, 1978).
Van Roermund was the first who proposed that the Seve eclogites in northern Jämtland were of early
Caledonian age (Van Roermund (1982; 1985).
Eclogites were later found to be relatively widespread in the Seve Nappe Complex in the Swedish
Caledonides (for summaries see Stephens and Van Roermund, 1984; Andréasson et al., 1985; Van
Roermund, 1985). Many of these Seve eclogites were later inferred to have formed along the
Baltoscandian outer margin during Ordovician subduction prior to collision of the continents. However
good geochronological evidence was lacking until the work of Mørk et al., (1988) in the Norrbotten
Caledonides, Brueckner and van Roermund (2004; 2007) and Brueckner et al., (2004) in northern Jämtland
and Smith et al., (2010) in the southernmost Caledonides. Other workers have tried to date the high
pressure metamorphism in the Seve Nappe Complex but their age results were not conclusive (a.o.
Dallmeyer and Gee, 1986).
Other (U)HP areas: Eclogites and diamond-bearing gneisses are known from the Tromsö area, northern
Norway, where they occur in the Tromsö Nappe (Krogh et al., 1990; Ravna et al., 2006; Ravna and Roux
2006; Janák et al., 2012). According to Brueckner and Van Roermund (2007), the Tromsö Nappe forms part
of the outermost continental margin of Laurentia and belongs to the Uppermost Allochthon but this
interpretation is currently contested. For eclogites in the basement rocks of the Lofoten area the reader is
referred to Froitzheim et al., 2016 (and references therein). For eclogites and HP gneisses in the Jaeren
Nappe, southern Norway, to Smith et al., 2010 and for glaucophane-bearing rocks in the Trondheim nappe
to Eide and Lardeaux, 2002.
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Fig 2. Distribution of orogenic peridotites (In A called Alpine-type ultramafic rocks, in B garnet and chlorite
peridotites, in C red stars) throughout the Scandinavian Caledonides. A: after Birtel (2002 and Qvale and
Stigh (1985). The square refers to the map area in C. B) Enlargement of the peridotite distribution in the
WGR (after Brueckner et al., 2010), C ) after Andersen (2012) southern Norway. Fig 2D: The distribution of
orogenic peridotites, illustrated by black arrows, in the Tectonostratigraphy of the Scandes. Note: the
colour scheme in Fig 2A is different from that in Fig 1 and Fig 2D. In addition the Seve Nappe Complex (SNC)
in Fig 2A still forms part of the old concept (=> Upper Allochthon=dark green colour). For this reason the
names of the major Allochthons in Fig 2D still refer in this case to the colour scheme of Fig 2A. The section
line CD is used for the construction of figure 16.
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2.3 Orogenic peridotites in the Scandinavian Caledonides
Orogenic peridotites refer to upper mantle fragments (mostly lithospheric) that were tectonically
introduced into the continental crust by plate collisional processes or orogeny (Den Tex 1969; Brueckner
and Medaris, 2000; Van Roermund, 2009). A map showing the distributuion of orogenic peridotites in the
Scandinavian Caledonides is illustrated in Fig 2, their tentative spatial distribution in the
Tectonostratigraphy in Fig 2D. From these figs it can be seen that north of the Grong-Olden culmination
(i.e. north-west of Östersund, Fig 2A), the orogenic peridotites are spatially limited to the structural levels
of the Köli- and Seve Nappe Complexes, (with a few exceptions along the west coast of Norway
underneath or in the Uppermost Allochthon and in the Tromsø area of N Norway). This spatial distribution
pattern of orogenic peridotites might hint towards a very simple distribution pattern that consists of
oceanic lithospheric mantle fragments (SOLM) in the KNC and (subcontinental?) lithospheric mantle
(SCLM) fragments in the underlying SNC. Given that the SNC is thought to represent a (hyper?)-extended
continental margin, also called an ocean transition zone (COT; Table 8) this is a very intriqueing question
that needs to be sorted out in greater detail in the near future. Alternatively south of the Grong-Olden
culmination orogenic peridotite bodies occur, in addition to their very limited spatial distribution along the
“Seve-Köli boundary” in the east, in the lower and middle parts of the Middle Allochthon (which includes
the famous WGR; Fig 2D; Brueckner et al., 2010; Andersen, 2012). In the latter areas the nature of the
lithospheric mantle fragments (SOLM vs SCLM) has not yet been systematically investigated, except for
the orogenic garnet peridotites in the WGR (Brueckner et al., 2010).

3.0 Historical background of Seve-Köli Nappe Complex
3.1 On the origin of the terms Seve, Köli and Seve-Köli Nappe Complex (SKNC).
The names Seve and Köli were introduced by Törnebohm (1872) as stratigraphic names in the Scandinavian
Caledonides. Seve is an old roman name for the mountain range between Sweden and Norway i.e. now
called the Scandes. The name “Seve mountain” was used on geographical maps of Scandinavia chiefly
during the nineteenth century. Köli is derived from Kölen or Kjölfjället which are old but still used names
for the mountains between Jämtland (central Sweden) and Nord Trondelag (central Norway).
Törnebohm (1872) divided also the rock sequence of southern Jämtland, i.e. the area around Åre, (central
Swedish Caledonides) into the following two stratigraphic units:
The Köli group: Garbenschiefer, phyllite etc corresponding to a part of the Trondheim region.
The Seve group: Quartzite, sparagmite, mica schist, amphibolite and gneiss.
In later years Törnebohm divided the Seve group into:
A “clastic facies”, the so-called sparagmite formation, which was an authochthonous to parautochthonous
unit and
a “crystalline facies”, called the Åre schists, which were allochthonous forming the backbone of
Törnebohm’s (1872) famous “Big Thrust Nappe” (Fig 3).
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Fig 3. Illustration of the Caledonian nappe controversy in Scandinavia. Image was taken from the book
The Making of a land; Geology of Norway (Eds: Ramberg et al., 2008). By this discovery “Nappe theory”
was introduced for the first time in the Scandinavian Caledonides.
By the recognition that (old) high grade gneisses were thrusted over (younger) low grade schists “Nappe
theory” was introduced for the first time in Scandinavia. This startling discovery also clearly pointed for
the first time to the fundamental basic questions: where do the crystalline nappes of the Seve group come
from?
In a description of the bedrock map of Jämtland Högbom (1920) divided the Caledonian mountain schists
in the following way (Table 1):

Table 1.Subdivision of the Caledonian mountain schists in Jämtland. Högbom (1920).
Table 1 implied that the terms Seve and Köli were accepted by the geological community as convenient
designations for two petrographically distinct groups of crystalline schists, characteristic for the
Caledonian nappe region. In contrast in later years the underlying clastic light mica schist and sparagmite
formation were no longer assigned to the Seve schists, but became classified among the lower
authochthonous or parauthochthonous mountain sandstones (Table 1). Furthermore the Augen gneiss
and porphyry schist units (Table 1) were distinguished later by Asklund (1938) as a separate tectonic unit,
called the granite-mylonite Nappe. Strömberg (1955) discovered that a large part of the light mica schists
and sparagmite schists (Table 1), which contain dolerite intrusions (called the Ottfjället dolerites), formed
a separate nappe unit, which he named the Särv Nappe.
In his tectonic subdivision of the southern part of the Swedish Caledonides, Asklund (1961) used the terms
Seve and Köli as names for two lithologically distinct groups that together defined the Real Seve Nappe,
which in turn together with the Särv and Granite-mylonite nappes formed the Great Seve Nappe (Table 2;
left side).
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The major part of the Upper thrust rocks were given the name Seve-Köli Complex by Kulling (in Strand and
Kulling, 1972; Table 2, colomn 2). In a broad sense Kulling defined here the Köli as low-to middle grade
metamorphic schists, often of a shaly composition, while the Seve was of higher metamorphic grade
(including gneissic rocks) and composed of generally more “competent” lithologies compared to the Köli.
At the same time however he used the term “Seve” also as a pure tectonic name, like in the Main Seve
Nappe, which comprised both the Middle and Upper thrusts rocks (Table 2; Kulling 1972).
Zachrisson (1963, 1973) introduced the name Seve-Köli Nappe Complex (SKNC) for a major tectonic unit
in the metamorphic allochthon (Table 2; middle part). In Zachrisson’s terminology, Seve is used to
designate the high grade, lower part of the complex, which is composed of gneisses and mica schists with
significant intercalations of amphibolite. The Seve is overlain, in some areas with a tectonic contact, by the
Köli, which refers to the low grade, Cambro-Silurian rocks of the so-called western facies i.e. marine
metasediments intercalated with acid and basic volcanic rocks and tuffites.

Table 2A. A summary of the usage of the terms Seve and Köli by various authors in the early days before
plate tectonics (after T. Sjöstrand, 1978).
With the onset of the plate tectonic era the terms Seve and Köli were used by Gee (1975 a, b) as names
for supergroups on a general lithostratigraphic basis, pending descriptions of local stratigraphic sequences
and their correlations (Table 2A; right side). More important in this classification system of Gee (1975;
Table 2A) was the recognition that the Trondheim Supergroup (Gale and Roberts (1974) could be treated
as a separate tectonic unit of the Köli Nappe Complex (called the Upper Nappe in Table 2A). This
interpretation was based on the recognition of lower Ordovician faunas (of North American affinity) in the
Trondheim Supergroup, emphasizing a different depositional environment than the Köli Supergroup in
northern Jämtland, thought to be deposited along the outermost Baltoscandian continental margin. The
Upper Nappe (Table 2A; or Trondheim Supergroup) thus belonged in a plate tectonic model (Gee 1975) to
the Greenlandian plate which had overriden during the Lower Silurian the Baltoscandian continental
margin represented by the other Seve-Köli Supergroups.
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This new faunal-based approach also implied that the vertical extension of the traditional Köli terminology
was much more limited than previously thought. In the classification scheme of Gee (1975; Table 2, right
side) the term Köli thus refers only to those “eugeosynclinal” rock units which were deposited along the
(outermost?) Baltoscandian continental margin. In recent plate tectonic models this distinction still holds
and underlies the modern subdivision between western- and eastern Iapetus related domains respectively
(Table 8).
In the central Scandinavian Caledonides the Seve is underlain, in turn, by the Särv and Offerdal (=Granitemylonite) Nappes (Table 2A and 2B). The names Real, Great or Main Seve Nappe in Fig 2A were replaced
in later years, first by the Supergroups terminology of Gee (1975) and than by the Lower, Middle and Upper
Allochthons (Table 2B; Stephens et al., 1985; see also the introductional part of this field guide).

Table 2B. Tectonostratigraphic scheme for the central-north Caledonides and related areas in the south
(=South-central Caledonides). Note here that the Seve-Koli Nappe Complex together define the Upper
Allochthon (after Stephens at al., 1985) and that there was no accepted internal subdivision of the SNC
The Seve and Köli units were probably deposited in two different geotectonic environments. It was
classically thought that the Seve rocks to a great extent are non-marine, Precambrian metasediments and
metavolcanites formed during a period of rifting and (early) break up of the Baltoscandian and
Greenlandian Shields (= Rodinia assemblage (Torsvik, 1998; Li et al., 2008). It can not be excluded however
that strongly deformed Proterozoic basement rocks occur also in the Seve. The Köli, on the other hand,
consists of marine, lower Paleozoic, metasediments and metavolcanics, which probably formed within or
marginal to the “proto-Atlantic” ocean during ocean-floor generation (Iapetus and/or Aegir oceans
14

(Torsvik, 1998 and Li et al 2008). Based on the latter interpretations the Seve rocks are thought now to
represent the transition zone between the Baltic continental crust (in the east) and the oceanic domain
(in the west). For this reason the latter is called now the continent-ocean transition zone = COT zone
(Andréasson and Gee, 2008; Gee et al., 2008; Greiling et al., 2013). Until 2008 the Seve-Köli Nappe Complex
formed part of the Upper Allochthon (Table 2B; Fig 2); In 2008 this terminology changed again with the
SNC now defining the top of the Middle Allochthon and the KNC the Upper Allochthon (Fig 1).
3.2 On the results of the Dutch working group of Structural Geology, University of Leiden (later Utrecht),
The Netherlands. Supervisor: Prof dr H. J. Zwart.
In a time period from 1968 - 1986 a regional mapping project was performed in the Swedish Caledonides
by Prof dr. H.J. Zwart (University of Leiden/Utrecht, The Netherlands). Main target area: Seve Nappe
Complex. This mapping project was done by MSc (doctoraal) and PhD (doctor) students in the Swedish
counties of northern Jämtland and southern Västerbotten, scale 1: 30.000. Each MSc student had to map
an area of roughly 5/10-10/15 km2 in a time period of 2 summers of 2-3 months each year.
The aim of the project was to establish an internal tectono-stratigraphy of the Seve-Köli Nappe Complex,
to describe the structural and metamorphic history of the rocks and to integrate all data into a tectonometamorphic model. Another characteristic of the Leiden Group was its microstructural approach which
culminated later in the book of Passchier and Trouw (Microtectonics; 1996 and 2005). Geological maps
produced by the group are illustrated in Fig. 4 (to be compared with the bedrock map (1:200.000) of N.
Jämtland made by SGU (SGU Ser Ca nr 53; Strömberg et al., 1984). Early papers by the Dutch group were
produced by Trouw 1973, Zwart, 1974, Williams and Zwart 1977 and Lisle 1984. In these papers the
internal tectono-stratigraphy of the Seve Nappe Complex (SNC) was established (for the northern part of
the area; see Table 3). From this table it can be seen that the SNC was divided into three NE-SW running
belts called from top to bottom western-, central- and eastern belts (Fig 4). In addition major tectonic
contacts separated the SNC from the overlying Köli Nappe Complex (KNC) and underlying lower
Allochthons (Table 3). Around that time the SNC and KNC, together called the Seve-Köli Nappe Complex
(Fig 2A), defined the upper Allochthon (Fig 2; Table 2B).
A new major tectonic contact (coloured red in Table 3) was recognized (in the north) at the structural base
of the central belt. Here high grade, migmatitic Ky-Kspar gneisses were thrusted, from NW to SE (Fig 4),
over lower grade kya-stau-msc schists (and epidote-amphibolites) of the eastern belt (Table 3).
Recognition of this main intra-Seve thrust was based not only on detailed field observations but also
inferred from a study of the metamorphic grade in the SNC (Table 3, right colomn). From this table it can
be seen that the metamorphic grade first increases from the structural top of the SNC downwards (garnet
-> staurolite-kyanite -> kya-kspar), but than at the bottom of the central belt it is followed again by a
decrease in metamorphic grade (kya-kspar ->stau-kyanite -> garnet) implying first an increase in
metamorphic grade followed by a similar downwards decrease in metamorphic grade (Table 3). In other
words, assuming that the age of the metamorphism is in all cases the same, it was established for the first
time in the SNC that an inverse metamorphic “gradient” characterizes the lower part of the SNC (Table 3).
Now we no longer interpret the major tectonic contacts as discrete mylonite zones which separate more
or less “undeformed” blocks of “country rocks”, like Zwart did in 1974, but we look at these tectonic
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contacts as major deformation zones in which strains are “much higher” than in the adjacent, but also
plastically deforming rock masses of the SNC. This is clearly demonstrated by the well developed
foliation(s), poly-phase fold generations with isoclinal to open fold geometries and good lineation(s). A
well developed stretching lineation runs approximately E-W or NW-SE in all belts of the SNC. This is in
strong contrast to the lineation in the overlying KNC, defined by the long axis of pebbles (Fig 5; Lisle 1984).
In addition on-going plastic deformation of the mylonite zones may lead to softening etc.

Table 3. Internal tectonostratigraphy of the SNC in the northern part of Fig 3A. After Zwart (1974) and
Williams and Zwart (1977). Red and black rows of shark teeths represent major tectonic contacts. Map on
the left is a “blown up” version of the northern part of Fig 4A, The NE-SW running line represents the
major tectonic contact located at the base of the central belt (marked with red arrow). The red line,
marked AB, is section line.
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Fig 4. A) Geological map of the Seve-Köli Nappe Complex in N. Jämtland, S. Västerbotten and N. Trфndelag.
Blue rectangle represents the Gäddede-Kittelfjäll area outlined in Fig 4A. B) Simplified metamorphic map
of the area outlined in Fig 4A. The black line called Tången-Inviken refers to the section line for the structural
profile given in Van Roermund and Bakker (1984). C) Represents stable mineral assemblages in various rock
types of the central belt within northern, central and southern parts of the Gäddede-Kitteljäll area. The
location of the Gäddede-Kittelfjäll area (both names are given in Fig 4B) is indicated in Fig 1A as northern
Jämtland.
17

Fig 5. Spatial distribution of major lineation directions in the SKNC. Black arrows in the Seve Nappe indicate
orientation of a dominant stretching lineation post-dating peak metamorphic minerals. Black arrows in the
(lower) Köli Nappe refer to the long axes of mean pebble orientations in conglomerates. GC =Grong-Olden
culmination (Lisle 1984).
3.2.1 “Problems” with the early dutch-made tectonic model for the Seve-Köli Nappe Complex
The research results of some later PhD students of Prof H.J. Zwart required some drastic modifications of
the early tectonic models made for the Seve-Köli Nappe Complex (SKNC) by the Leiden working group of
structural geology (Trouw 1973, Zwart 1974; Williams and Zwart 1977; Fig 8). This model is referred to in
the text as the Stockwork tectonic model of Williams and Zwart 1977 (Fig 8). Note that this model was
experimentally supported by the centrifuge work of Ramberg (1966).
3.2.1A The first PhD student was Arthur P.S. Reymer (1979).
Reymer has performed Rb-Sr analyses of whole-rock samples and minerals (biotite, muscovite, amphibole
and feldspar) and K-Ar analyses of minerals (biotite, muscovite, amphibole and feldspar) from the SeveKöli Nappe Complex in N. Jämtland and S Västerbotten. The crunch of Reymers age-dating work is
summarised in Fig 6.

Fig 6. Schematic EW cross-section through the Seve-Köli Nappe Complex of N.Jämtland and S Västerbotten.
Numbers summarize the age dating results of Reymer (1979).
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From Fig 6 it can be seen that Reymer (1979) apparently found clear evidence for the existence of two
metamorphic events in (parts of) the Seve Nappe Complex (as well as in the Rödingsfjäll nappe, the latter
is a nappe that lies structurally on top of the Köli Nappe, Fig 6). In other words Reymer interpreted Seve
metamorphism as being poly-phase/poly-orogenic in nature (i.e. a Caledonian- and a Pre-Caledonian
event). At that time however this contrasted strongly with the classic idea that regional metamorphism in
the Seve-Köli Nappe Complex was entirely of Caledonian age, more specifically of Barrovian type
(Strömberg 1978; Gustavson, 1978). Note that in this respect the observed Kya-Kspar mineral assemblage,
as observed in the central belt of SNC (Table 3), did not fit very well within this regional proposed
“Barrovian type” of metamorphism.
The solution of Reymer (1979) for this metamorphic “dilemma” is illustrated in Fig 7 (A and B), in which it
can be seen that an amphibolite-granulite facies metamorphism had affected the rocks of the SNC in
Precambrian times and that a lower grade Caledonian/Scandian metamorphism (of intermediate pressure
greenschist- to low amphibolite facies grade/Barrovian type) locally overprinted this GrenvillianSveconorwegian metamorphic event. In this model Scandian metamorphism was correlated with regional
Caledonian thrusting and nappe formation.
In short the Precambrian metamorphic rocks were simply interpreted to represent high grade basement
slices that were scraped off “in the west” during Caledonian nappe transport (from west to east, Fig 8)
from the underlying Caledonian basement rocks exposed underneath the Caledonian meta-sedimentary
formations (called nappes in Fig 8C), i.e. a simple basement-cover geometry. In this proposed “rootzone”
model of the SNC lateral equivalents of the high grade gneisses, eclogites and garnet peridotites of the
Western Gneiss Region (located NE of the WGR in Fig 8C; thought to be at that time of pre-Caledonian

Fig 7. Schematic EW cross-sections through the Seve-Köli Nappe Complex of N. Jämtland and S
Västerbotten. A) Distribution of Pre-Cambrian aged metamorphic elements in the SKNC. B) Distribution of
Scandian-aged metamorphic rocks in the SKNC. Note that the Caledonian metamorphism (in B) should
overprint, at least locally the Pre-Cambrian metamorphic elements (A). Note this interpretation was also
consistent with the regional work of Strömberg (1978).
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Fig 8. Simplified cartoons illustrating the Stockwork Tectonic- (or mobile core-) model of Williams and Zwart
(1977). The rootzone (=red arrow in Fig 8A) was interpreted to be located west of the red line in Fig 8c. A)
Model for the origin of the Caledonian nappes according to the Stockwork Tectonic model of Williams and
Zwart (1977) and inspired? by the centrifugal work of Ramberg (1966). B) A possible “alternative” tectonic
model in the light of the emerging plate tectonics theory (Williams and Zwart, 1977). C) Geological map of
SW Norway (after Bryhni, 2005). On this geological map the green arrow refers to the nappe transport
direction and the symbol SKNC to the location of the Seve-Köli Nappe Complex in N. Jämtland/S
Västerbotten. The red line (or west of it) refers to the rootzone area illustrated by the red arrow in Fig 8A.
age i.e. Grenvillian-Sveconorwegian (Zwart and Dornsiepen 1978; Gustavson, 1978). The latter were thus
interpreted to be “equivalent” to the granulite- and eclogite-bearing basement gneisses of the SNC (Fig 8).
The new metamorphic and geochronological age results of Reymer (1978, 1979, Reymer et al.,1980) were
thus in good agreement with the “Stockwork tectonic model” proposed by Williams and Zwart (1977; Fig
8A). The latter model thus “quantified strain” for the first time (?) for high grade rocks of the SNC in the
Swedish Caledonides.
3.2.1B. The second PhD student was Tom J. Calon.
In his PhD thesis Calon ( 1979) presented a detailed macro-, meso- and microstructural analysis of the
Kittelfjäll spinel peridotite, located at the structural bottom of the central belt of the SNC, southern
Västernbotten, Sweden (purple blob in Fig 4B; NE side). In addition Calon performed a pilot study of the
regional metamorphism of other orogenic peridotites of the Seve-Köli Nappe Complex in the GäddedeKittelfjäll area.
Mantle fragments (i.e. orogenic peridotite lenses) were known already to occur within the metamorphic
rocks of the SKNC, in both the KNC and the SNC (Du Rietz, 1935; Stigh, 1979; Fig 2). All these ultramafic
bodies in the SKNC were traditionally interpreted as basal/lithospheric parts of highly dismembered
ophiolite complexes (Du Rietz, 1935; Zachrisson, 1969; Zwart, 1974; Stigh, 1979; Qvale & Stigh, 1985;
Bucher-Nurminen, 1988, 1991; Andréasson, 1994). Now we say that the orogenic peridotites in the SKNC
have a sub-oceanic lithospheric mantle component (SOLM). According to these authors the majority of the
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orogenic peridotite bodies of the SKNC have a relatively uniform harzburgitic to dunitic bulk rock
composition and are strongly tectonized and/or serpentinised, consistent with their derivation from
strongly depleted sub-oceanic lithospheric mantle (SOLM) sources. However, Calon (1979) was the first
who demonstrated, using olivine-based microstructural overprintings-criteria, that a few of these
orogenic peridotite bodies, located within the high grade central belt of the SNC, contained mineral
assemblages, olivine microstructures and textures that were indicative for derivation from much “deeper”
lithosphere levels. Moreover Calon (1979) intuitively interpreted the Kittelfjäll spinel peridotite as a
fragment that originated from the sub-continental lithospheric mantle (SCLM).
However if Calon (1979) was right, the orogenic peridotite bodies in the central belt of the SNC would
belong to the Alpine-type (or rootzone) type as defined by Den Tex (1969), meaning that the Kittelfjäll
spinel peridotite body would have a completely different protolith and/or tectonometamorphic history
than the sub-oceanic lithospheric mantle fragments described by the other researchers. Since the early
work of Calon (1979) the importance of this duality of the orogenic peridotite types in the SKNC remained
for a long time ignored and/or misunderstood. It must be realized however that Calon’s (1979) original
work was based on his knowledge about HT olivine microstructures (a characteristic research-approach of
the dutch structural geology group in Leiden/Utrecht, the Netherlands (see also the book on
Microstructures by Passchier and Trouw, who were both also PhD students of Henk Zwart) backed up by
HT experimental studies on olivine (Nicolas and Poirier, 1976; Wenk, 1985). Detailed mineral-chemical,
major and trace element analyses and/or geochronological age dating work were still lacking and/or being
developped. In addition Calon had absolutely no knowledge about the meaning and interpretation of high
and ultrahigh pressure metamorphic rocks and/or the existence of mantle wedge (garnet)- versus
prograde subduction zone garnet peridotites (Brueckner and Medaris 2000; Van Roermund 2009); As a
result Calon (1979) interpreted his contrasting olivine microstructures in the light of the existing
“Stockwork Tectonics and/or Nappe theory”of Williams and Zwart (1977; Figs 6-8) i.e. the central belt
peridotites were interpreted as relics of the “ high grade” metamorphism, i.e Proterozoic (or older)
peridotite bodies that were already incorporated as tectonic lenses inside the Pre-Cambrian (SvecoNorwegian to Grenvillian) basement gneisses exposed along the west coast of Norway (or the north-west
wards extension of the WGR in Fig 8C)). In other words these SCLM bodies were already incorporated into
the continental crust during the Grenville-Scveconorwegian orogeny. In this way Calon was able to explain
the origin of SCLM fragments in the SNC in the Gäddede-Kittelfjäll area. The latter was of course in strong
contrast to the SOLM fragments, interpreted to be of early Caledonian age and related to the formation
of the Iapetus ocean. The central belt orogenic peridotites, examplified by the Kittelfjäll spinel peridotite,
were thus interpreted, just like the “Proterozoic” granulites and eclogites of Reymer (1979), as scraped off
fragments from the underlying Proterozoic basement gneisses (Fig 7; following also Strömberg 1978).
During this “second” crustal incorporation process the central belt peridotites had to (dynamically)
recrystallize, under HT (upper amphibolite-granulite facies) conditions. The latter produced the
characteristic (and penetrative) olivine foam microstructure (Fig. 9A and B). This HT deformation event
was followed by regional Caledonian thrusting under lower amphibolite facies metamorphic conditions
which produced the olivine mortar texture, olivine cataclasites and/or serpentinised mylonites (Fig 9C and
D). In other words the central Seve belt orogenic peridotites were
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Fig 9. PPL optical micrographs of characteristic olivine microstructures in the Kittelfjäll spinel peridotite.
Images taken from Clos et al., 2014. A) Olivine foam (or annealed) microstructure characterized by optically
strain free minerals. Individual grains have straight to gently curved grain boundaries meeting in 120⁰ triple
point junctions. Grains are generally equidimensional but subordinate tabular shaped olivine grains are
also present in most thin sections. B) Relict of large olivine porphyroclast surrounded by olivine foam
microstructure. The olivine porphyroclasts exhibits two sets of deformation bands indicated by the red
arrows and Miller indices. C) Transitional stage towards the (high stress) olivine “mortar” texture.
Deformed and strongly strained crystals of the olivine foam texture are surrounded by finer grained olivine
defining the “mortar” (or higher stress) olivine microstructure D) Serpentine-bearing olivine mylonites and
cataclasites. Also the small olivine grains are intergrown with serpentine (antigorite). Size of scale bar in
A=100 μm, B=200 μm, C=50 μm, D=200 μm.
were interpreted also as poly-phase/poly-orogenic metamorphic rocks. It was this HT penetrative olivine
microstructure, called olivine foam and induced by HT dynamic olivine recrystallization, that was
recognized for the first time in Seve peridotites by Calon (1979). Moreover similar HT olivine
microstructures were “absent” (or at least far less penetratively developed) in orogenic peridotites with
SOLM affinity. Caledonian thrusting under low amphibolite facies metamorphic conditions would produce
only the olivine mortar texture, olivine cataclasites and/or serpentinised mylonites. In other words,
following Reymer (1979), the central Seve belt orogenic peridotites were interpreted, as polyphaser/polyorogenic metamorphic rocks. It was this HT penetrative olivine (foam) microstructure, induced by HT
dynamic recrystallization, that was recognized for the first time in the Seve peridotites by Calon. Moreover
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similar HT olivine microstructures were “absent”, or at least far less penetratively developed in orogenic
peridotites with SOLM affinity.
3.2.1C The third PhD student was Herman L.M. van Roermund.
Van Roermund did his PhD on the eclogites of the Seve Nappe Complex in N Jämtland/S Västerbotten (Van
Roermund, 1982). In the central part of the geological map of the Gäddede- Kitelfjäll area (Fig. 4A) two
different major eclogite-bearing gneiss units occur. The first one is restricted to the central Seve belt and
located in the area east of lake Stora Blåsjön, near the village Ankarede. Here the central belt eclogites
were first reported by Zwart (1974) and later mapped in detail by van der Molen (1976), Winter (1976),
Van Roermund (1977) and Kardoes (1978). The eclogite-bearing, migmatitic Kya-Kspar gneisses are called
the Avardo- or Ertsekey gneiss (Fig 4B and 4C). The type locality of the HP rocks of the central belt is Sipmik
creek (see IEC excursion day 1). In later years eastern belt eclogites were discovered by Van Roermund
during his regional mapping survey of the area (Fig 4B; Van Roermund 1976, 1977; Van Roermund and
Bakker 1984). The type locality of these eclogites is Tjeliken mountain (Fig. 4b; central part of the HP
Tjeliken lens; see IEC excursion day 2). Note that at that time the HP metamorphic character of eclogites
was still largerly unknown within the scientific community (although the classic experimental work of
Green and Ringwood (1967) and Ringwood and Green (1966) were already published for a “long” time!).
According to the standard metamorphic facies diagram at that time Caledonian eclogites could only be
formed near the base of the continental Moho, i.e. when the Barrovian facies series was “extended” into
an eclogite facies field (Gustavson, 1978; Stromberg, 1978). According to the rootzone model of Williams
and Zwart (1977)) the eclogite facies mineralogy should thus be of Precambrian age (Fig 6 and 7).
According to Van Roermund (1985) Central and Eastern belt eclogites have a comparable tholeiitic bulk
rock composition similar to that of MORB and possibly co-magmatic with the tholeiitic dikes in the
underlying Särv nappe (Fig 1; Table 3) and meta-amphibolites of the SNC (Strömberg, 1969; Sjöstrand,
1978; Solyom et al., 1979; Andréasson et al 1998; Svenningsen, 2001).
In addition the chemical compositions of the eclogite forming minerals were determined by microprobe
(EMP). In Tables 5 and 6 only the mineral compositions of the eclogitic clinopyroxene and garnet are given.
At that time the latter EMP mineral analyses were used to determine the metamorphic conditions of
eclogite formation in the central- and eastern belts of SNC using the now classical method: i.e. the jadeite
composition of the clinopyroxene (cpx) was used as a barometer and the Fe-Mg distribution coefficient
between garnet and cpx (Kd) as a thermometer. Results are illustrated in Fig 10A. The intersection points
between the two lines in PT space, assuming chemical equilibrium between garnet and omphacite,
resulted in the physical conditions of eclogite formation. Results: 800⁰C/18 kb for central belt eclogites
and 575⁰C/15 kb for eastern belt eclogites (Fig. 10A).
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Table 4. Table illustrating major element chemistry of the Seve eclogites (Van Roermund, 1985). Major
element oxides in wt%, minor elements in ppm. In terms of geotectonic settings the majority of eclogites
plot in the field of ocean floor basalts (OFB’s) using Pearce (1975, 1976) or Miyashiro and Shido (1975). B)
CIPW norms of Seve eclogites plotted in the Ne-Ol-Di-Hy-Qtz diagram. Symbols: dots Central belt eclogites,
circles Eastern belt eclogites. Arrows show direction of chemical variation between eclogitic cores and
amphibolitised rims.
The results of Fig 10A were, at that time, extremely controversial as metamorphic pressures in excess of
14-19 kb were in strong contrast to the classical Barrovian type of metamorphism that traditionally
characterizes Caledonian metamorphism in the SNC of central Sweden (Fig 10B; Strömberg, 1978;
Sjöstrand 1978 and many others). As such the HP conditions could “easily” be interpreted as a preCaledonian metamorphic event, in line with the Stockwork tectonics/nappe tectonic model of Williams
and Zwart (1977; Fig 8 and 9) and the geochronological work of Reymer (1979). However Van Roermund
(1982) preferred a Caledonian age for the eclogite facies metamorphism in the SNC of the Swedish
Caledonides. This Caledonian interpretation was based on the following observations/facts: 1) Eclogite
facies minerals in the WGR, SW Norway turned out to be Caledonian (and not Proterozoic) in age (Krogh
et al, 1974; Griffin and Brueckner, 1980; Gebauer et al., 1985), 2) Eclogitic garnets were “prograde” zoned
(Fig 10A; following Krogh, 1982) and 3) the gradual upcoming idea of a clockwise PTt path, making the
(prograde) eclogite/granulite - and overprinted amphibolite facies metamorphism all part of the same
“pluri-facial” orogenic process.
However the calculated PT conditions of eclogite formation, illustrated in Fig 10A, also had a major draw
back. The calculated PT conditions could only be explained by a continental collision model (Van Roermund
and Bakker, 1984; Van Roermund 1985). It was this proposed continental collision model that was strongly
debated for a long time as no colliding continental block could be identified either in the field or recognized
using existing geological maps (see Figs 4 and 14). So the answer to the basic
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Table 5. EMP clinopyroxene compositions and calculated structural formulae, based on 6 oxygens, from
central and eastern belt eclogites (Van Roermund 1985).
underlying question: what collided with what during the (early?) Caledonian orogeny in the SNC of central
Sweden, remained unsolvable, detailed geochronological age dating work was urgently required. Secondly
the detailed metamorphic study of the Seve eclogites and adjacent HP gneisses (Van Roermund 1981;
1982; Van Roermund and Bakker 1984) pointed strongly towards a clockwise PTt path, implying a plurifacial (early-) Caledonian metamorphic evolution for the HP units of the SNC. The latter HP metamorphic
conditions were however not yet recognized in other Seve Nappe units in northern Jämtland - southern
Västerbotten. Its interpretation as HP units was basically in strong contrast to the “accepted” traditional
way of thinking at that time (grey arrow in Fig 10A).
3.2.2. Rise of the early Caledonian orogeny in N. Jämtland - S. Västerbotten.
To “date” the Seve eclogites Van Roermund used the following reasoning:
1) A closer look at the metamorphic map of Fig 4B shows that in the Tången-Inviken area (Fig 4B) the
Ertsekey (U)HP unit (or Avardo HP gneiss in Fig 4B) in the west is directly truncated by the overlying
Seve-Köli thrust. The metamorphic grade in the Köli is upper greenschist facies, c.q. the eclogites
must be older than regional thrusting. A structural profile through the section line Tången-Inviken
(indicated on Fig 4B) is given by Van Roermund and Bakker (1984).
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2) According to the age dating work of Reymer (1979) Rb-Sr and K-Ar ages of Seve-Köli micas are
early Scandian 425-430 Ma; i.e. even older than the mean Sm-Nd age of 425 Ma for WGR eclogites
(Grifin and Brueckner (1980).
3) Van Roermund was aware of the Finnmarkian Orogeny in northern Norway (Sturt et al, 1978).
So Van Roermunds line of reasoning was if the eclogites were not Proterozoic in age they had to be “early”
Caledonian in age. For this reason he later collected the HP Norbotten eclogite samples that were later
dated by Mørk et al., (1988).

Table 6. EMP garnet compositions and calculated structural formulae, based on 12 oxygens, of Central
and Eastern belt eclogites (Van Roermund, 1982; 1985)

3.2.3. Confirmation of the high PT metamorphic conditions in the HP tectonic lenses of the central and
eastern belts of the SNC.
Last but not least, in order to find more support for his HP tectono-metamorphic interpretation, Van
Roermund started to search for other HP metamorphic rocks in the SNC (see also Stephens and Van
Roermund, 1984). This resulted in his “early” work on the Seve garnet peridotites (Van Roermund, 1989).
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Orogenic garnet peridotites were known to occur in the central/middle Seve belt (HP Ertsekey/Avardo
gneiss (Fig 4; Du Rietz, 1935; Calon, 1979; Stigh, 1979; Bucher, 1991). However new occurences of garnet
peridotite were also found along the northern shore of lake Stor Jougdan (in HP Tjeliken lens; Fig 4B),
eastern/lower Seve belt. Most remarkable for these orogenic Seve garnet peridotites was however the
observation (in the field and under the optical microscope) that all these garnet peridotite bodies
contained two generations of garnet, both forming part of a characteristic HP garnet-olivine assemblage
(called M1 and M2; Fig 11A; Van Roermund 1989). Similar microstructural garnet observations were
however missing in all studied eclogites (also exposed in the two HP tectonic units of SNC).

Fig 10. A) First efforts to quantify the PT conditions of eclogite formation in the SNC (Van Roermund 1982;
1985). Method used: The intersection “points/areas” between the jadeite content of the eclogitic
clinopyroxene (= diagonal line; method Gasparik and Lindsley, 1980) and the subvertical lines defined by
the Fe-Mg distribution coefficient between garnet and clinopyroxene (Method: Ellis and Green 1979).
Symbols: E=eastern belt; C=central belt. Kya/Sill phase boundary line from Salje (1986); Vertical dottedstriped line: melting curve for wet granite. Maximal thickness of a normal continental crust indicated by
the dotted horizontal lines. Grey arrow represents the domain of the classical Barrovian type of
metamorphism, characteristic for the SNC (Strömberg, 1978; Bryhni and Andréasson, 1985). B) EMP line
scan profile across chemically zoned eclogitic garnet, Sipmikk Creek, central Seve belt eclogite. C) Idem as
A for central (=Ertsekey lens) and eastern belt (=Tjeliken lens) garnet peridotites (after Van Roermund
1989). For used calculation method, see text.
Optical microscopy and EMP mineral analyses demonstrated that M1 garnets were relatively Cr-rich and
M2 garnets Cr-poor but riddled with small spinel inclusions. Calculated PT conditions for M2 assemblages
are illustrated in Fig 10C. Clearly from these PT results, at least for the central belt garnet peridotite
occurences, it can be concluded that the M2 metamorphic conditions in the garnet peridotites “overlap”
with the PT conditions formed during M1 in the associated country-rock eclogites (Fig 10A and C). For
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eastern belt occurences however the M2 metamorphic conditions were apparently “similar” for P but T
was 200⁰C lower in the country rock eclogites. However the calculated HP metamorphic conditions in both
tectonic lenses were confirmed, though the discrepancies in observed garnet microstructures remained
enigmatic.
More important of Fig 10 is that in order to calculate the PT conditions of the M2 assemblage in the garnet
peridotites (grt – sp - opx - ol - amp +/- cpx) another set of geothermo-barometers was used for the
calculations than those used for the PT calculations of the adjacent country rock eclogites. The barometer
used for the garnet peridotites was the Al-content in Opx (Harley, 1984a) growing together with garnet (=
M2 assemblage). The used thermometer was the Fe-Mg partitioning between M2 garnets and M2
orthopyroxene (Harley, 1984b). About the PT conditions at which the high Cr M1 garnet – olivine
assemblage was formed in the garnet peridotites van Roermund (1989) reported only that they were
formed under even “higher” PT conditions. EMP line scans across M2 garnets (riddled with spinels)
revealed that some of these garnets were prograde zoned (Fig. 11b). The microstructural controversy of
two garnet generations (M1 and M2) in peridotite vs the single garnet generation (M1) in adjacent country
rock eclogites remained enigmatic. From this early detailed microstructural and mineral-chemical work on
the HP orogenic peridotites of the Seve Nappe Complex it became quite clear to van Roermund that
orogenic peridotites are far from being “easy” rocks to understand.

Fig 11. A) Synoptic table showing the metamorphic evolution of the Seve garnet peridotites. B) EMP line
scan profile across M2 garnet, Eastern Seve belt garnet peridotite (Stor Jougdan).
Finally the work of Van Roermund (1982, 1985, 1989), including his regional mapping work alone and
together with Bakker (Van Roermund 1976; 1977; Van Roermund and Bakker, 1984), had also some
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dramatic consequences for the larger scale internal structure and tectonostratigraphy of the SNC. This
becomes clear if one compares the local tectono-stratigraphy of the northern area (Table 3) with that of
the central area (Table 7, bottom right side) and the south (Table 7; Sjöstrand 1978). In Table 7 only the
dominant rock types are reported, in some cases combined with some local formation names. It becomes
clear from Table 7 that the prominent Svartsobäcken schists (and included amphibolites), which is of kyastau grade (Table 3) in the northern area (southern Västerbotten) are “replaced” towards the south by the
higher grade migmatitic rocks of the Lillfjället sill gneiss (Sjöstrand 1978), which is equivalent to the sillkya gneiss II (Van Roermund and Bakker 1984) and underlying Tjokkola amphibolite of Van Roermund and
Bakker (1984).

Table 7. A comparison between the local tectono-stratigraphies of the north(ern) and central parts of the
SKNC in northern Jämtland and southern Västerbotten. The inset map at the bottom right is a blown up
of the central part of the map illustrated in Fig 4A. See text for further info.
In the central and southern parts of the Gäddede-Kittelfjäll area (Fig 4B) the Svartsjobäcken schists are
thus “replaced” by a pegmatite-bearing unit called the Lillefjället sill gneiss (and/or Tjokkala amphibolite;
Table 7). The metamorphic grade of the latter schists (upper amphibolite facies, with P < 10 kb) is however
higher than that of the Svartsjobäcken schists and associated amphibolites (lower amphibolite facies, with
P <10 kb). For this reason Van Roermund (1982) and Van Roermund and Bakker (1984) classified these two
units as part of the central Seve belt (Table 7). In addition the two eclogite bearing gneiss units (called
Ertsekey/Avardo- and Tjeliken HP lenses in Table 7) must have “tectonic contacts” with adjacent overlying
and underlying units (see red shark-tooth symbols in Table 7), as the latter contains only mineral
assemblages formed at P<10 kb. However tracing these tectonic contacts (Table 7) at the regional scale
across the metamorphic map, illustrated in Fig 4A, becomes very hard in areas free of eclogites and/or
garnet peridotites. This makes it thus very hard to establish the regional significance of the major tectonic
contact that underlies the central belt gneisses in the north (Table 3, red coloured tectonic contact). The
same problem can be recognised using the metamorphic map of the area (Fig 4B). On this map it is even
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hard to trace, roughly along the strike of the orogen, the high grade metamorphic units of the SNC. This is
best illustrated by the high grade metamorphic units of the central belt (various shades of red in Fig 4B).
In the north “high grade”, intermediate P, mineral assemblages occur in the migmatitic Kya-Kspar gneisses,
adjacent meta-basic rocks contain the mineral assemblage plagioclase-garnet–clinopyroxene +/amphibole and orogenic peridotites, like the Kittelfjäll peridotite body (Fig 4B), contain the assemblage
olivine-Cr spinel (Fig 4C). Going to the south and in the central part of the map the latter mineral
assemblages remain the same in the metapelites (=high grade migmatitic Kya-Kspar gneisses of the
Ertsekey/Avardo gneisses) but within the adjacent metabasic rocks the peak metamorphic mineral
assemblage is free of plagioclase, and contain the garnet-omphacite-quartz assemblage (eclogite), some
(not all) of the associated ultramafic rocks contain the stable mineral assemblage of garnet-olivine (garnet
peridotite). It is for this particular reason that this important change in the characteristic peak
metamorphic mineral assemblages is summarized in detail for the different Seve lithologies in a table (Fig
4C). More to the south the migmatitic Kya-Kspar assemblage in the metapelitic lithologies is structurally
overlain by a pegmatite-bearing Sill-Bio-Kspar assemblage (called Lillefjället sill gneiss in Table 7) that
formed under metamorphic conditions characterized by P < 10 kb. Going even further to the south the
Kya-Kspar gneisses of the Ertsekey/Avardo HP unit are completely absent. Here the pegmatite-bearing
Lillfjället sill gneis is directly underlain by eastern/lower belt rock units (Table 7; Fig 4), in which another
HP tectonic lens occurs, located more to the east (Fig 4B). From these observations it can be concluded
that the internal substructure of the SNC is much more complicated than previously recognized and
outlined by the three NE-SW running belts illustrated in Table 3 and Fig 4. Most likely the internal structure
of the SNC consists, parallel to the strike of the orogen, of strongly elongated tectonic lenses that were
“mixed” together during regional Caledonian thrusting. Each tectonic lens however will/can have its own
tectono-metamorphic evolution.
3.3. Tracing the “root zone” of the Seve-Köli Nappe Complex in another way.
The displacement distances of the various Caledonian Allochthons in Scandinavia have been known to be
considerable ever since the early work of Törnebohm (1888, 1896) and Högbom (1910). Both these authors
demonstrated that the high-grade Seve nappes could be traced ~200 km across the central parts of the
orogen from type areas in Sweden to Trondheimsfjord in western Norway (see NW-SE structural profile of
Fig. 1). Asklund (1938) reaffirmed this evidence, requiring that the so-called Great Seve Nappe was derived
from west of the Norwegian coast, Holtedahl (1953) and Strand and Kulling (1972) provided further
support. Subsequently, various attempts were made to better quantify the displacement distances (Gee,
1975), taking more detailed account of the characteristics of the different thrust sheets of the Middle and
Lower Allochthons, and to make palinspastic reconstructions of the extended, rifted, and drifted
Baltoscandian passive margin (Hossack et al., 1985; Kumpulainen and Nystuen, 1985; Morley, 1986; Gayer
et al., 1987; Rice, 2005; Greiling and Garfunkel, 2007; Nystuen et al., 2008). The character and age of the
older basement upon which the Neoproterozoic to Early Paleozoic successions were deposited are highly
contested. Some favor Paleoproterozoic and older crystalline complexes (e.g., Li et al., 2008), while others
are persuaded that the collapsed, extended and deeply eroded Sveconorwegian orogen comprised this
basement, continuing northward from type areas in southern Scandinavia beneath the Baltoscandian
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Iapetus margin into what is now the Arctic (e.g., Zwart and Dornsiepen, 1978; Reymer, 1979; Lorenz et al.,
2012).
The latter interpretation, built on evidence of Mesoproterozoic, including Grenvillian- and
Sveconorwegian-aged, source rocks for the overlying Neoproterozoic and Paleozoic sedimentary
successions, eliminates the need for complex, exotic interpretations of the Scandian Middle Allochthon
as suggested by some authors mainly on the basis of geochronological and paleomagnetic data (e.g., Corfu
et al., 2007; Kirkland et al., 2007; Torsvik, 1998). Attenuation of the allochthons derived from the

Fig 12. A) Showing the location of basement windows underneath the Caledonian Nappes (white coloured)
in the central Scandes. All these basement windows do not contain Iapetus related dolerite dikes. B)
Proposed location for the “origin” of the SKNC at the onset of the Caledonian Orogeny (after Peace et al.,
2008 and references therein). The fig illustrates the location of the paleogeographic position of the SKNC
at the onset of the Caledonian orogeny.
Baltoscandian margin, when traced from the foreland type areas in Sweden westward toward the
hinterland (Zachrisson, 1969; Nicholson and Rutland, 1969; Trouw, 1973), and the general concordance of
the thinned lenticular tectonic units in the deep hinterland have hindered precise estimates of the
displacement distances (Gee, 1978). Nevertheless, simple lines of evidence, such as the absence of mafic
dike swarms in the hinterland basement comparable to those in the Särv and Seve nappes (Fig 12 and 13),
place clear constraints on the minimum possible displacements. In the profile D-D’ (Fig. 13B, the location
overlaps with the NW-SE section in Fig 12A) no attempt is made to show the complexity of the isoclinal
folding and refolding of the attenuated Lower and Middle Allochthons and their relationship to the
underlying basement in westernmost areas. Bryhni (1989) summarized the character and distribution of
the various supracrustal units in the Western Gneiss Region and drew attention to similarities with some
of the attenuated Scandian allochthons in areas farther north (Trøndelag).
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Fig 13. Figs A and B showing the technique used by Gee (and others) to locate the original geographical
position of the SKNC at the onset of the Caledonian orogeny. The Location of D-D’ trace is indicated in Fig
12A. After Gee 1975 and 1978. A) A reconstruction of the Baltoscandian margin at the onset of the
Caledonian orogeny. Note the resemblance of this Fig with the traditional geosynclinal concept, including
a geo-anticline. The age of the dolerite dikes ranges between 560-666 Ma (Claesson 1976 a and b; Mearns
and Van Roermund 1985?; Zwaan and Van Roermund, 1990). B) Reconstruction of the final Allochtonous
assembly after Caledonian nappe transplacement (and late Caledonian folding along the west coast of
Norway). Note: if one compares Fig 13B with Fig 2B one can see also the progress made in understanding
the Baltoscandian basement underneath the Allochthons in more recent years.
3.4. New geological maps of the Gäddede-Kittelfjäll area.
For the preparation of the various modern geological bedrock maps (scale 1:50.000) of the Swedish
counties of southern Västerbotten and northern Jämtland the geological maps made by the Dutch working
group of Structural Geology, Leiden/Utrecht University, the Netherlands, served as a solid “base”
(compare Fig 4 with Fig 14). This is also the reason why Dutch names, when relevant, appears in the
legends of relevant geological maps (SGU, 1 : 50.000 Bedrock maps, serie Ai): 23E Sipmeke nr 73-74
(Zachrisson 1991), 22E Frostviken nr 41-44 (Zachrisson and Sjöstrand 1990), nr 75-78 Fatmomakke
(Zachrisson and Greiling, 1993) and 22F Risback nr 102, 103 (Zachrisson, 1997). On these geological maps
the internal tectonostratigraphy of the SNC, as originally “established” by the Dutch working group, is
basically retained, though in more recent years the local terminology is “upgraded” in order to make it
more in line with the overall tectono-stratigraphy of the Allochthonous Complexes (Table 8). So in 2008
the three major NE-SW running belts that together define the tectonostratigraphy of SNC (Table 3, 7 and
8), from top to bottom called upper-, central- and lower belts (Zwart 1974; Table 3 and 7) were renamed
into upper = western-, middle = central- and eastern = lower Seve belts (Table 8; Gee et al., 2008; 2010).
In addition “in the early days” Seve and Köli nappes were defined together as the Seve-Köli Nappe Complex
(SKNC; Table 2; Zachrisson 1973; Gee, 1975) and both major units were allocated to the Upper Allochthon
(Gee et al., 1985; Stephens and Gee, 1985). Based on “regional” lithostratigraphic arguments (supported
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by recent age dating work) the latter subdivision has now been abandoned. In Jämtland-southern
Västerbotten the Seve Nappe Complex (SNC) defines now the uppermost part of the Middle Allochthon,
while the structurally overlying Köli Nappe Complex (KNC) remains allocated to the Upper Allochthon (see
also Fig 1; Andréasson and Gee, 2008; Gee et al., 2008; 2010). This major “reclassification” defines the
boundary between the Seve and the Köli thus as a major “terrane” boundary which separates the lower
Köli (=Eastern Iapetus) from the top of the Seve Nappe Complex (= Upper Seve belt, Table 8; see also
Greiling et al., 2013). This new usage of this major terrane boundary is however in strong contrast to the
usage of the term COT (Gee et al., 2010), i.e. the continent-ocean transition zone (see Table 8) is exclusively
restricted to the upper part of the SNC (Table 8). In addition from Table 8 it can be seen that this new
subdivision has important consequences for the type of orogenic peridotites in the area.

Fig 14. An overview of the various geological maps made by SGU. Note the town Gäddede (=Frostviken) is
located in the SW side of the map (SV on map), the village Kittelfjäll in the NE (=No on map). For this reason
the area covered by the maps is referred to as the Gäddede-Kittelfjäll area. The location in Scandinavia is
given in Fig 1A. The length of the (total) scale bar, bottom right side, is minimal 30 km.
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Table 8. “Upgraded” terminology used for major units (Seve and Köli) in the tectonostratigraphy of the
Swedish Caledonides in northern Jämtland and southern Västerbotten (Modified after Greiling et al., 2007).
See text for further discussions. Also note that since 2008 the Seve became part of the Middle Allochthon
(Andreasson and Gee, 2008).
More specifically it will be the spatial distribution of suboceanic lithospheric mantle (SOLM) vs
subcontinental lithospheric mantle (SCLM) fragments in the Gäddede - Kittelfjäll area that will be
important to map out (= lower part of the SKNC; see Table 8). That the Gäddede - Kittelfjäll area is relatively
packed with orogenic peridotites can easily be seen on the geological map (Fig 14; purple colours =
orogenic peridotite) or on the 1:200.000 bedrock map of the area (Strömberg et al., 1984). In addition the
spatial extent of the SCLM fragments will ultimately present evidence whether this part of the continental
margin of Baltica can be classified as an extended- or as a hyper-extended continental margin.
Finally a note on the Seve-Köli boundary. Detailed mapping has shown that the high-grade Seve rocks with
their internal metamorphic zonation were imbricated and stacked along thrusts, which do not cut the
Seve–Köli boundary (Zachrisson & Sjöstrand 1990; Zachrisson 1993, and references therein).
3.5. The state of the art around 1988-1990.
Around 1988 the mapping project of the Structural Geology Group of the university of Leiden/Utrecht, the
Netherlands, supervised by Prof Dr H.J. Zwart, was stopped. A summary of the used tectono-stratigraphies
in the SKNC of the Gäddede-Kittelfjäll area (Fig 4), is given in Table 7. In this way it was used by the
Leiden/Utrecht group in northern Jämtland and southern Västerbotten. It was also consistent with results
from other nearby areas (Sjöström, H., 1983; Bergmann, 1992; Andréasson, 1986), but very inconsistent
with the 1:200.00 N Jämtland bedrock map of Strömberg et al. (1984). An updated version of the
tectonostratigraphy, adapted to that time, is illustrated in Table 8.
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At the same time and predominantly supported by “the early geochronological age results” for HP
metamorphic rocks in the Scandinavian Caledonides (Griffin and Brueckner 1980; Mørk et al., 1988,
Claesson 1982; 1987 and many others……), an attempt was made by Andréasson and Gorbatschev (1980);
Bryhni, (1983) and Bryhni and Andréasson (1985) to review the Caledonian metamorphism in Scandinavia.
Their “predictive” view is presented here in the form of a metamorphic map of the Scandinavian
Caledonides (Fig. 15). This metamorphic map, if true, basically has put an end to the Stockwork tectonics
model of Williams and Zwart (1977; Fig 8), which relied on the early geochronological work of Reymer
(1979) and contemporaries in Norway (Gustavson, 1978; Krogh, 1977 and references in there). If the
metamorphic map, illustrated in Fig 15, was correct, it can savely be concluded that Caledonian
metamorphism in the Scandes consisted of two main metamorphic events. The first event was called
“early Caledonian” (550/500-490 Ma or “Finnmarkian”), the second (and main phase) Scandian (430-390
Ma).
So in a very simplistic way Fig 15 illustrates very clearly the state of the art at that time about the regional
distribution of these two main Caledonian metamorphic events throughout the Scandinavian Caledonides.
The earlier interpretation of this “high grade” metamorphism was that it was of Proterozoic

Fig 15. Proposed/predictive metamorphic map of the Scandinavian Caledonides showing the general
pattern of the two main phases of the Caledonian metamorphism (after Andréasson and Gorbatchev, 1980;
Bryhni 1983; Bryhni and Andréasson, 1985). Note that the Early Caledonian metamorphic event is in this
image restricted to the SNC in the Swedish Caledonides. However at that time “early Caledonian” elements
started to be discovered also within the upper and uppermost allochthons (= on this map the main
“Scandian” metamorphic belt). Note also that at that time the term early Caledonian overlapped with what
is called now the Finmarkian (>500-490Ma) phase of the Caledonian orogeny.
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age (Gustavson, 1978; Krogh et al, 1977; and references in there). The new interpretation was that it was
of Scandian age (Brueckner and Griffin, 1980; Griffin et al., 1985; Griffin, 1987) and located along the northwest coast of Norway (more specifically in the Western Gneiss Region (WGR; Fig 15). Predictively from
south to north, it appeared to be located parallel to the green line, called high grade core, in Fig 15.
Towards the east and south-east of this green line the high grade/HP Scandian metamorphism declines
rapidlly to greenschist facies conditions (Fig 15). Recently this idea is reinforced again by the Scandian UPb zircon ages of 399Ma for HP rocks located in the south-western part of the Lofoten (Fig 15; kyanite
eclogites, Froitzheim et al., 2016). The location of this high grade, now called (U)HPM, Scandian
metamorphism along the west coast of Norway, is however in strong contrast to the “apparent” location
of the “early Caledonian” metamorphic rocks, which in terms of their spatial distribution in Fig 15, are
restricted to the SNC in the Swedish Caledonides (and correlatives in N. Norway; Fig 15). Unclear from Fig
15 is that the latter are also overprinted by a low amphibolite- to greenschist facies metamorphism formed
during the (early?) Scandian (Reymer, 1979). In addition within this “early Caledonian” metamorphic belt
two HP tectonic terranes were recognised, called the Norrbotten and N.Jämtland HP terranes in Fig 1A and
Fig 15 (Andréasson et al., 1985; Stephens and Van Roermund, 1984; Van Roermund, 1981, 1982, 1985;
Kullerud et al., 1990). Also in Fig 15, the general W-E to NW-SE transport direction of the Caledonian
Nappes is indicated with green arrows (Lisle 1984). Knowing that the SNC is derived from areas far to the
west of the green line in Fig 15 (for more details see Fig 12; Gee, 1978; Peace et al., 2008), and in
combination with the fact that the lower Köli Nappe lies directly on top of the SNC (Table 8), it becomes
quite clear from Fig 15 that the HP metamorphic rocks of the SNC (i.e. eclogites, garnet peridotites,
associated HP gneisses and/or intermediate P schists and amphibolites) must have been derived from the
COT zone i.e. a zone transitional between the outermost continental margin of Baltica and the (eastern)
Iapetus ocean (Table 8). This interpretation is further supported by the characteristic meta-sedimentary
units of the Middle Allochthon (Gee et al, 2008) which are dominated by Neoproterozoic sandstones
intruded by mafic dykes (Claesson, 1976a and b; Claesson and Roddick, 1983. Andréasson, 1994;
Svenningsen 2001; Greiling et al., 2007; Hollocher et al., 2007) and along with the inverted metamorphism
(Zwart 1974), can be followed westwards from the type areas in central parts of the Caledonides (in
Sweden) to western Norway (Fig 1 and Fig 12), implying that they must have been derived from west of
the hinterland now exposed along the Norwegian coast, i.e., a distance of at least 300 km.
The precise age of this “early Caledonian” (HP) metamorphism was however not very well known. It should
be appreciated that at that time the term “early-Caledonian” was highly contested and based on the
hypothesis of an Early Cambrian-Early Ordovician (=Finnmarkian) tectono-metamorphic event in northern
Scandinavia (Sturt et al., 1978). This tectono-metamorphic event (called the Finnmarkian orogeny) was
interpreted to be coeval with the emplacement of basic and alkaline igneous bodies of the Seiland Igneous
Province (exposed within the top of the middle Allochthon) which intruded between 552+17Ma (syn-D1)
and 501+27Ma.
Early K-Ar and Rb-Sr studies in West Finnmark (Pringle and Sturt, 1969; Sturt et al., 1967) formed the basis
for the recognition of this early Caledonian (c. 490 Ma) orogenic event in the Kalak Nappe Complex (KNC)
in N. Norway (Sturt et al., 1978; The KNC is a lateral equivalent of the SNC; Andréasson, 1986). Subsequent
40
Ar/39Ar and Sm-Nd dating of minerals such as amphibole, mica and garnet, from different areas in
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northern Norway and correlative Seve nappes in northern Sweden replicated similar ages (Dallmeyer,
1988a,b; Dallmeyer and Gee., 1986; Gromet et al., 1996; Essex et al., 1997; Mørk et al., 1988; Zwaan and
Van Roermund, 1990). With these new age data, the model of a Finnmarkian event diversified into the
concept of an Early Cambrian – Early Ordovician (550-480 Ma) orogenic event thought to have affected
the entire “seaward” margin of Baltica. This model invoked subduction of the Baltoscandian continental
margin (Andréasson, 1994), formation of eclogites (Mørk et al., 1988), the development of an Early
Ordovician ophiolite suite obducted onto the continental margin (Gee, 1987), and final accretion of nappes
onto the Baltic shield (Andréasson, 1994). However recent studies from western Finnmark have indicated
that the Cambrian-Ordovician ages obtained from the Seiland Igneous Province (SIP; upper part of middle
Allochthon) reflected partial resetting of the K-Ar and Rb-Sr systems (Roberts et al., 2006, Corfu et al.,
2007) in earlier Neoproterozoic fabrics by Silurian tectonothermal events (Kirkland et al., 2006). Hence the
concept of the Finnmarkian sensu stricto as defined from western Finnmark was no longer applicable.
Nevertheless, the abundance of Early Cambrian - Early Ordovician ages, both from eastern Finnmark (e.g.,
Pringle, 1973; Sturt et al., 1978; Taylor and Pickering, 1981; Dallmeyer et al., 1988, 1989) and from more
southern locations in the Middle and lowermost Upper Allochthons (Mørk et al., 1988; Essex et al., 1997),
suggests a tectonothermal event at around this time, though its extent and cause were only very poorly
understood.
In summary the tectono-metamorphic evolution of the Finnmarkian orogeny was originally interpreted to
be broadly coeval with the emplacement of basic- and alkaline igneous bodies of the Seiland Igneous
Province (upper part of middle Allochthon), intruded between 552+17Ma and 501+27Ma (called the
Seiland igneous phase), which reflected a magmatic evolution from tholeiitic to alkaline types. However
the latter is now interpreted to have intruded during the final stages of the Caledonian rifting process. It
was this “automatic connection” between the Seiland igneous phase (552-501 Ma) and the ”real“
Finnmarkian orogeny that has caused so much confusion about the possible existence of an “early
Caledonian” orogenic event in N. Norway.
Not known at that time was also the answer to the question by what kind of collisional process were the
HP rocks of the SNC (in the Swedish Caledonides) formed? Was it a collision between an oceanic- and a
continental plate (as can easily be concluded from Table 8; Andréasson, 1994) or was it formed by a
collision between two continental blocks (or micro-continent x Baltic continent as suggested by Van
Roermund (1985) and more recently by Brueckner and van Roermund, 2004, 2007 and Brueckner et al.,
2004). Secondly did this “early” Caledonian collision involved subduction of continental crust into the
mantle (or not?) or were the HP conditions simply the result of a continental thickening processes (similar
to that in Eastern Greenland (Gilotti et al., 2008). All these questions were very hard to answer given the
maximal metamorphic conditions, illustrated in Fig.10, for the HP metamorphic rocks in N Jämtland (and
according to Van Roermund of “early” Caledonian age).
To solve all these questions in the Swedish Caledonides essentially a period of “rest” was required during
which the emerging concept of ultrahigh pressure metamorphism (UHPM) had time to mature (Chopin,
2002; Carswell and Cuthbert, 2003; Gilotti, 2013). The same thing can be said about the interpretation of
orogenic (garnet) peridotites (Krogh and Carswell, 1995; Brueckner, 1998; Brueckner and Medaris, 2000).
In addition basic concepts needed to be developed that orogenic garnet peridotites can be interpreted
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either as mantle wedge - or as (prograde) subduction zone garnet peridotites (Van Roermund 2009; Zhang
et al., 2010). In addition new geothermobarometric techniques (Terry et al., 2000; Ravna and Paquin, 2003;
Ravna and Terry, 2004) and thermodynamic modelling, using programs like Perple-X (Connolly and Petrini
2002; Connelly, 2005), Theriac-Domino (Decapitani and Brown, 1987, updated May, 2008) or Thermocalc
(Powell & Holland, 1988; Holland & Powell 1998; 2011) had to be developed (and updated!), before the
(U)HP metamorphic conditions for (U?)HP metamorphic rocks in the SNC of N. Jämtland could be
determined/calculated in much greater detail.

4.0 The onset of “modern” times
4.1 Dating the HP minerals in eclogite and garnet peridotite, establishment of UHP metamorphic
conditions in the SNC of N Jämtland.
The results of these latest discoveries are presented in the next sections dealing with the type localities of
(U)HP metamorphic rocks in N. Jämtland. Reference can be made to Brueckner et al., 2004; Bueckner and
Van Roermund, 2004, 2007; Root and Corfu, 2011; Janák et al., 2013; Clos et al., 2014; Gilio et al., 2015;
Andersen, 2015; Majka et al., 2015 and Klonowskaya et al.,2016.

5.0 A note on the current thicknesses of the Baltic crystalline crust and underlying lithospheric
mantle.
To fully appreciate the scientific value of the importance of the rock association: eclogite - garnet
peridotite - HP gneiss a short introduction of the basic geometry of the lithosphere in Scandinavia is
required and presented in this section. At the end of this section the important implications for the
presence of orogenic garnet peridotites in the Gäddede-Kittelfjäll area will be much easier to understand
(see also Table 8).
5.1 The depth of the Moho and lithosphere-asthenosphere boundary (LAB) in a hypothetical vertical EW
profile, located directly north of the Gäddede-Kittelfjäll area.
Recently the base of the Scandian orogenic wedge has been studied by drilling and seismic methods. For
more info see the COSC project (Gee et al., 2010 and references therein). In general in EW sections across
the Scandinavian Caledonides the base of the Scandian orogenic wedge reveals a westward inclination of
1.5⁰- 5⁰ (Greiling et al., 1998; Greiling et al., 2013; Gee et al., 2010; Fig 16). The base of the Baltic
continental crust in Fig 16 is taken from Greiling et al., (2013) who has also constructed a detailed profile
CD that starts from west of the Børkafjäll window to east of the front of the orogenic wedge in centralnorth Scandinavia (profile line CD indicated in Fig 2). This CD profile is located directly north of the
Gäddede-Kittelfjäll area (Fig 4). The approximate position of the Lithosphere-Asthenosphere boundary
underneath Baltica (called LAB in Fig 16) has been added to this profile using data of Plomerová and
Babuška (2010). Finally the petrological phase boundary line of Olivine + Spinel ± two pyroxenes  Olivine
+ Garnet ± two pyroxenes (a.o. O’Hara et al, 1963; 1971) was also added to Fig 16. This was done to stress
graphically the importance of the finding of orogenic garnet peridotites in the Gäddede-Kittelfjäll area.
From Fig 16 it can be seen that garnet peridotite forms in the continental lithospheric mantle at depths
(depending on local PT conditions) ≥ 60km.
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Fig 16. A vertical EW cross-section through the Baltic crust directly north of the Gäddede-Kittelfjäll area.
The location of the line CD is indicated in Fig 2 (modified after Greiling et al., 2013). Yellow line refers to
the post-orogenic extensional Nesna Shear Zone (NSZ) in the CD profile of Greiling et al., 2013. In blue the
approximate thickness of the orogenic wedge (= lower and middle Allochthon), in grey an estimate of the
thickness of the Baltic crystalline crust (taken from Greiling et al., 2013). The location of the black line
labelled LAB is “drawn” using data of Plomerová and Babuška (2010). The dotted horizontal red line,
marked spinel- and garnet peridotite refers to the approximate position of the phase boundary line
between the two stable mineral assemblages in the subcontinental lithospheric mantle.
Fig 16 illustrates the state of the art for the continental lithosphere at this moment in time. It is however
not so difficult to imagine what will be needed to introduce a garnet bearing orogenic peridotite from the
lithospheric mantle into the continental crust: i.e. Plate collisional processes related to plate
tectonics/orogeny (Den Tex 1969; Coleman 1970). In other words a continental plate (and underlying
lithospheric mantle) has to collide with another plate. During the collision one of the plates will subduct
underneath the other plate. However at the same time the subducting plate has to dive also into the
“mantle” of the subduction zone setting (or follows previously subducted oceanic crust). In this way the
subducting plate can reach, in the hanging wall side of the subduction system, depth levels in excess of 60
km. Under these “extreme” PT conditions the subducting- or exhuming continental plate may “collect”
garnet peridotites “samples” from the overlying hanging wall mantle (Brueckner, 1998). At the end of the
collision, together with its peridotite cargo the subducted continental crust can return back to the surface
by buoyancy (= eduction). For a summary of these processes the reader is referred to Brueckner,1998;
Brueckner and Medaris, 2000; Brueckner and Van Roermund, 2004; Spengler et al 2006; Van Roermund
2009; Zhang et al., 2010 and Brueckner et al., 2010.
5.2 Hypothetical vertical cross-section through Rodinia (from rifting to spreading and ocean formation)
Fig 16 has been used to “draw” the hypothetical vertical cross-section across Rodinia (Fig 17), i.e. at the
onset of the Caledonian rifting process (= symbolized by vertical red line). In addition the west wards
thinning of the Baltic continental crust (inferred to be due to the formation of the Iapetus or Atlantic ocean
in Fig 16 ) has been largely eliminated (Fig 17), the phase boundary line representing the change from
spinel- to garnet peridotite, was kept at 60 km depth. From this simplified cartoon ( Fig 17) it can be seen
that a thick continental crust (45-50 km) is underlain by a 10-15 km thick layer of spinel peridotite, which
is underlain by a thick (≥40 km) layer of garnet peridotite before the underlying asthenosphere is reached.
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This is simply done to demonstrate in a graphical way the importance of orogenic garnet peridotites,
provided they are of the mantle wedge type (van Roermund, 2009).

Fig 17. Simplified cartoon illustrating a hypothetical vertical cross-section through Rodinia (= Laurentia
and Baltica “welded” together) at the onset of Caledonian rifting and spreading. Note that the depth of
LAB is ≥ 100km.

Fig 18. Simplified cartoon illustrating the gradual break up of Rodinia by Caledonian rifting-, spreadingand Iapetus-ocean formation events. The starting geometry to construct this Fig was Fig 17, but the
position of the spinel-garnet phase boundary line has been lowered for clarity purposes. The vertical scale
is “modified” by erasing the scale numbers. In this simplified cartoon the extended continental margins of
Baltica and Laurentia are simply visualised as two “rotated” triangular blocks, topped off by the domain of
the newly formed oceanic crust (Iapetus). In this way the details of the extensional processes are left open,
but can still be “quantified” using the 2-D shape of the triangular continental blocks. The location of the
Seve-Köli boundary and the “expected” distribution of the type of lithospheric mantle underneath the SeveKöli Nappe Complex in N Jämtland and S Västerbotten is indicated as SOLM and SCLM (compare with Table
8). In this cartoon the Lithosphere-Asthenosphere boundary (LAB) is visualized as a temperature of T ≥
1200⁰C, when T drops below T = 1200⁰C, it is supposed to be lithosphere, above 1200⁰C asthenosphere
In Fig 19 other simplified cartoons given which illustrate the expected final geometry after Rodinia may
have rifted, extended and ultimately has broken up into Laurentia and Baltica and an intermediate ocean
floor in between (Fig 17). This divergent/extensional process must have involved continental rifting,
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extension, spreading, intrusion of basic dikes/magmas and formation of an intermediate ocean called
Iapetus. During this divergent process a variety of passive continental margin types can be formed (Fig 19),
their geometries will clearly depend on the amount (and rate?) of extension, the rate of asthenospheric
up rise and/or the amount of basic magma formed etc (Fig 19). Observed “passive” continental margin
geometries range between rifted, intruded but not yet extended/broken up geometries, to rifted, intruded
and extremely (hyper-) extended types. Examples of the latter are illustrated in Fig 19. All such continental
margins are traditionally called “passive” continental margins. Only in the case of extreme hyper-extended
continental margins SOLM can “fill the gaps” between the isolated and tilted continental blocks (or microcontinents?; Fig 19 A and C). In addition towards the oceanic side of the continent-ocean transition zone
(COT in Fig 19) the rifted and extremely extended continental crust becomes progressively more thinned
and may eventually wedge out completely, leaving the underlying SCLM exposed at the “surface” (Fig 98A
and C).

Fig 19. Examples of a hyper-extended continental margin. A) wide-Gallician type of hyper-extended nonvolcanic rifted margin; Note: light blue colour is upper mantle, but no discrimination is made between
lithosphere and asthenosphere. However serpentinized SCLM is marked sky-blue (can be in contact with
sediments!) and SOLM is coloured purple (Boillet and Froitzheim, 2001). B) Vøring type margin. “Same” as
A but now with a narrow COT zone and simultaneous magmatism (pink coloured; Boillet and Froitzheim,
2001). C) Gallician type: Seismic refraction line IAM9 (Dean et al., 2000) showing the architecture of the
continent-ocean transition zone in western Iberica from a seismic point of view. Note blue is SOLM, purple
is SCLM.
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5.3. Modified “denudation model” of the Alpine-Appennine Tethys

Fig. 20.The early mantle “denudation model” of the Alpine-Appennine Tethys (after Decandia and Elter,
1972.) applied to the initial “spreading” stages of Rodinia (after Elter, 1972). Note that this Tethys model
is in principle not applicable to the Caledonides as the initial thicknesses of the adjacent continental crustal
blocks and underlying continental lithosphere are mutually not comparable (in terms of thicknesses; see
section 5.0). The model emphasizes however the complexity of the Initial spreading processes at the onset
of orogeny (though symmetric/asymmetric shearing in the SCLM is ignored). Note that in terms of
lithologies we find in the Tången-Inviken area orogenic peridotites (including garnet-bearing), gabbros,
basic dikes, amphibolites, all intercalated with metamorphic sediments (and/or Proterozoic basement
slices?). Note also that the SNC in northern Jämtland/southern Västerbotten is interpreted as a continentocean transition zone (COT; Table 8). 1) Extended Baltic and Laurentian continental crust. 2) Subcontinental
lithospheric mantle. 3) gabbro intrusion(s) at the crust–mantle interface. 4) Intrusion/extrusion of diabase
(basalt). 5) Top of rising asthenosphere. Finally just imagine what will happen when this model evolves
further into hyper-extended continental margins on both sides of the intermediate Iapetus oceanic crust.
5.4. Implications of “Expected” types of orogenic peridotites in the Gäddede-Kittelfjäll area
Since the discovery of the “early Caledonian” orogeny in Scandinavia the passive (hyper-extended??)
continental margin around Baltica thus had to be transformed into an active continental margin (at least
since the early-late Ordovicium (Andréasson et al, 1995, 1998). This implies that “somewhere” in the
Iapetus ocean subduction of the intermediate oceanic crust must have started in order to compensate for
the imposed convergence. This process is called intra-oceanic subduction (and associated formation of
island arcs and/or accretionary wedges). When at the same time the intermediate ocean is littered with
continental fragments (or micro-continents?) sooner or later it will happen that one of these continental
fragments arrives at the intra-oceanic subduction zone. Subduction may now stop when this continental
fragment is too buoyant and/or the adjacent oceanic crust brakes off. This will result in a collision between
the island arc and the micro-continental fragment forming the island arc x micro-continental complex
(IMC). Ongoing closure of the Iapetus ocean will ultimately lead to a collision between the IMC block and
another continental fragment (or mainland Baltica). This is how Brueckner and Van Roermund (2004) have
visualized the progressive closure of eastern Iapetus with simultanous formation of the Seve-Käli Nappe
Complex in N. Jämtland. In Fig 18 the Seve-Köli boundary is marked by a red arrow and refers to the
transition zone between the oceanic- and the continental domains (Table 8). It will be clear from Fig 18
and 19 that the micro-continental fragment of Brueckner and Van Roermund (2004) can also be formed
by a hyper-extended continental margin mechanism. Progressive closure of this hyper-extended margin
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will ultimately produce at the oceanic side an accreted terrane in which orogenic peridotites with SOLM
affinity will reside (= Virisen terrane of Stephens and Gee, 1985?). In addition the orogenic peridotites in
the lower Köli Nappe has to cool down to lower T environments (including formation of (serpentinized)
conglomerates). The latter process is followed by progressive metamorphism, together with the adjacent
sediments, related to further eastwards nappe transport.
By comparing Fig 17 and 19 it will become clear that the Mantle wedge garnet peridotites (MWgp), also
exposed in the Gäddede-Kittelfjäll area (Verbaas and Van Roermund, 2012; Gilio et al, 2015), can not be
formed in same way, basically because the colliding and accreted oceanic crust (and SCLM) is too thin.
Subduction can be excluded as no HP minerals are recorded in the mineralogy of the lower Köli rocks. To
collect garnet peridotite the continental crust has to subduct to sufficient depths in the mantle (> 60 km;
Fig 17). Clear mineralogical evidence of a subduction zone is needed.
Traditionally Caledonian spreading, rifting and ocean formation is accentuated in the bedrocks of the
Scandinavian by the dolerite dikes intruding Neoproterozoic sediments (Fig 1C; Middle Allochthon; Fig 12
and 13). At the scale of Fig 18 this mafic dike intrusion process is however almost “invisible” and absolutely
does not match the scales that are required to thin down the underlying sub-continental lithospheric
mantle (SCLM) underneath Baltica (and Laurentia). We simply do not know much about how the huge and
thick continental blocks of Rodinia were broken up during these initial early Caledonian rifting, spreading
and ocean formation events. More important however is that the underlying subcontinental lithospheric
mantle, most probably thicker than the overlying continental crustal blocks (Fig 17), had to thin down also.
How do you thin down these lithospheric plates? What kind of continental margin is formed by these
processes? Can these processes be described as passive/active continental margins or continental-ocean
transition zones (COT, see Table 18). Here the important role of the orogenic peridotites in the GäddedeKittelfjäll area comes into the picture (see Table 8 and Fig 18). In addition we have to introduce alternative
terms like hyper-extended continental margins. An example of a hyperextended continental margin is
illustrated in Fig 19A and C. From this figure it becomes probably intuitively clear what the role of the
orogenic peridotites can be (in terms of SOLM vs SCLM) in the Gäddede-Kittelfjäll area, northern Jämtland,
central Swedish Caledonides. More important it simply implies that the trace of this boundary, here called
the SOLM-SCLM boundary, has to be mapped out in the field.
Finally how do we get orogenic garnet peridotites (of the mantle wedge type (Gilio et al., 2012) to higher
crustal levels during extensional processes of this magnitude? These are the major fundamental questions
at this moment related to the Seve-Köli interface in the Gäddede-Kittelfjäll area.
By comparing Fig 17 and 19 it will be clear that orogenic garnet peridotite can also be transported to lower
crustal levels by extreme (asymmetric) extensional shearing in the subcontinental lithospheric mantle
(SCLM) underneath Baltica. The latter is now often called a hyper extended continental margin (Sutra, E.
and Manatschal, G., 2012; Doré and Lundin, 2015). The shearing is than related to the continental
extension period that predates the Caledonian orogeny.
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Fig 20. “Modified” EW vertical cross section through the Scandinavian Caledonides (after Corfu, 2014).
Vertical scale exaggerated. Trace of profile approximately parallel to line CD in Fig 2. Colours are consistent
with Fig 2, except for the basement which is pink in Fig 2 and grey in Fig 20. In addition the Köli Nappe
Complex is interpreted and schematically divided into Upper, Middle and Lower Köli (see also Table 8);
Orogenic peridotite symbols (divided into mantle wedge type (=SCLM) versus prograde peridotites (=SOLM)
according to data taken from the literature (a.o. Zwart 1974; Stigh, 1979; Bucher 1991; Birtel, 2002; Clos
et al., 2014; Gilio et all., 2015). Fig 20 immediately illustrates the importance of the presence of SCLM
fragments in the Gäddede-Kittelfjäll area: i.e. if confirmed the presence of SCLM fragments simply tells
you that micro-continental fragments had to be involved also in the “closure process” and/or that the SeveKöli boundary is of the hyper-extended continental margin type.
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Part 2
6.0 Excursions

Fig.6.0.1 The lake Lille Blåsjon, north of Gäddede, at 23.30, mid July, 2015. Photo made by Sjoerd
van Bruchem

.
Fig 6.0.2 Geological map of Gee et al., 2013 and Majka et al., 2015. Note: main internal Seve thrusts are
not indicated on the map. Blue/grey rectangle refers to area indicated in Fig 6.0.3. Solid black quadrangle
to Fig 6.4A.1. For more detailed info concerned with the central belt see Fig 4B.
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Fig 6.0.3. Simplified metamorphic map of the excursion area (modified after Van Roermund, 1989 and
Brueckner et al., 2004). All names reported in the text are indicated. Day 1 and day 2 refer to the areas that
will be visited during the excursion. The solid grey lines refer to the local roads. The stippled grey lines show
schematically how we come from (and go back to) the main town Gäddede (also called Frostviken).
6.1. Routes and road log
From Åre to Gäddede (also called Frostviken). Total distance: 258 km, time ca 3 hours 52 min.
We will go from Åre to the east, to Krokom (E75). In Krokom we will turn to the left and go north along N
340. Near Nordli (in Norway) we will turn to the east to Gäddede (N 74 and in Sweden N 342).
During the excursion we will visit the western part of Fig 6.0.3 during day 1. Here we will visit the Sipmik
Creek eclogites first (stop 1; 620m) and after that we have to walk up to the Ruotats spinel peridotite body
(= stop 2; 820m). On the second day (day 2) we will drive into the same area again (Fig 6.0.3) but now from
the eastern side. We will drive first to Blomhöjden (566 m) and from there we will walk to the south over
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a “subhorizontal” track (direction Jugdabergstuga), half way this track we will turn to the left and walk up
against the gentle slope of Tjeliken mountain (911m = stop 1). From Tjeliken mountain we will fly by
helicopter to the Friningen garnet peridotite (FGP) body (= stop 2; 780m). From the FGP we will walk back
along a subhorizontal track (Silkentjakk stuga-Hårbergsdalen track, located at the southern side of the
main river called Frinenjukke) back to Härbergsdalen where the minibuses will be waiting for us to drive
us back to Gäddede.
6.2. Overnight accommodation
We will stay during the evenings for two nights in Gäddede. We will stay in the Pilgrimshottel, a small but
convenient hotel located in the north of Gäddede. The pilgrimmshotellet has a beautifull view over the
southern side of lake Kvarnbergsvattnet.

Pilgrimmshotellet: Tel +46(0)672-10420
Pilgrimshotellet offers a private beach, lakeside sauna and rooms with free Wi-Fi access, a TV and a private
bathroom with shower.
6.3 Day 1 (20/8): arrival time late morning-early afternoon
From Gäddede to Blåsjön (or Blåsjöfället). Total distance: 25 km, time ca o hour 25 min
We will go from Gäddede to the east (N 342), directly outside Gäddede we will turn to the north. This road
is called the Stekenjokkveien. Blåsjön is a small “village/farm along the Stekenjokkveien, it lies between
two larger villages called Rolandstorp and Jormvarttnet.
At Blåsjön/Blåsjöfället: turn right and than directly turn left, and continue this road to Hovden (13 km; 37
min), somewhere halfway you will come up at a triple point road junction (with no markings), turn left and
continue till Hovden, at Hovden you cross the bridge over the river and turn left. The lake at your left hand
is called Lille Blåsjön (Fig 6.0.1 and Fig 6.3.1b), continue this road till you reach a farm called Tången (3km,
13 min; name indicated on Fig 6.3.1B), continue the same road for another 3km northwards and than,
where the road practically stops turn right, drive up the hill for about 2 km untill you reach the kraftverk
station called Sipmikk. Here you can park the minibus. This is stop 1 called Sippmik creek river section (Fig
6,3.1A and 6.3.1B).
To go from stop 1 to stop 2 (for details see Fig 6.3.1A and 6.3.1B). Be carefull on this small road, it is not
of the best quality but the minibusses must be able to go to the small parking place at the end of this road
(called stop 2 in Fig 6.3.1A). This is Stop 2, park the minibuses here. From here we have to walk to the
Ruotats peridotite outcrop (location indicated on Fig 6.3.1A and 6.3.1B). However you have to follow the
walking track first a bit eastwards until you will reach a vast swamp area at your left side (see image 6.3B.1),
than turn north (compass direction 020N) and cross the swamps. Note that you can see the Ruotats
peridotite from here at the top of the hill in the north. It will be a hike of about 1 hour.
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Fig 6.3.1A. Google Earth image showing the details of Stop 1. Note locations A,B and C are indicated
along the upper part of Sipmikk creek.

Fig 6.3.1b. Google Earth image with details of the walking path to the Ruotats orogenic peridotite body.
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-6.3.1 Day 1: Sipmik Creek and Ruotats
Sipmik kraftverk station (= Stop 1). Sipmik river/creek runs from the kraftverk station down to the SW (till
Tången; see Fig 6.3.1A). We will visit the upper part of this river section (from kraftverk station till location
C in Fig 6.3.1A). Sippmikk Creek is the type locality of the central/middle Seve belt eclogites, the gneisses
and eclogites (and peridotites) form part of the Ertsekey HP lens (Fig 6.0.3 ; for more details see Table 7) .
On the bedrock map of SGU (1:50.000) the Ertsekey gneiss is called the Avardo gneiss unit (Fig 14). You
are free to look at the river section for yourself for about 1 hour. The best way to go is to cross the dam
(from north to south) i.e. go to the other side of Sipmikk river. Here you go to location A (Fig 6.0.3), which
is an outcrop along the southern “cliff-side” where you can see how strongly the Central Belt eclogites are
retrograded. However at A you can still see the two main eclogite types: Type 1 (Fig. 6.3A.2A) and type 2
(Fig 6.3A.2B).
After A you go to outcrop B (Fig 6.3.1A.). At location A you can walk a bit SW wards (50 m) where you can
easily go down the cliff (to the river), walk a bit backwards to the kraftverk to see the beautifull condom
fold in a leucocratic/migmatitic part of the kya-gneiss that surrounds the eclogite pods (Fig. 6.3A.1).
Locality B is along the northern side of Sipmikk creek. From B you follow the river until you reach the
waterfall at location C (Fig 6.3.1A). At locality C you will find very nice exposures of eclogite pods inside
migmatitic kyanite gneiss. Note that when you go back to the minibus you can also walk, from locality C
northwards untill you reach the road that leads to Sippmikk kraftverk station (Fig 6.3.1A). The latter is
probably the easiest way to walk.
-6.3A.1. Sipmik Creek
Eclogites of the Central Belt:
No modern petrological studies have been performed on these eclogites (and associated coutry rock
gneisses). What follows is a summary decribed in the early work by Van Roermund (1985) and Van
Roermund and Bakker (1984). Estimated PT conditions, using the jadeite content of the pyroxene as a
barometer!!, are given in Fig 10A.
The “primary” metamorphic mineral assemblage of the eclogites is garnet, omphacite, quartz, ±phengite,
±zoisite, ± apatite, rutile and zircon. The eclogites are generally strongly affected by post-eclogite mineral
transformations. These 'retrograde' reactions have taken place both with and without the presence of H20rich fluids. Anhydrous mineral reactions are represented by the transformation of omphacite into a
symplectitic intergrowth of plagioclase and pyroxene. Most of the time this transformation occurs in two
stages i.e. a coarser and a finer grained symplectite, the younger one being characterized by a finer grainsize, the younger clinopyroxene by a lowcr jadeite content. The reaction is inferred to reflect
decompression combined with a small decrease in temperature (Boland & Roermund, 1980; 1983). The
anhydrous breakdown of eclogitic garnet + omphacite to yield symplectitic intergrowths of clinopyroxene
(Di92Jd8) + orthopyroxene + plagioclase (25% An) ± spinel and eclogitic garnet + quartz  orthopyroxene
+plagioclase (40% An) represents the transition into the granulite (intermediate pressure) facies field.
Retrograde reactions where hydrous mineral assemblages are formed at the expense of anhydrous ones
involve the formation of coarse- to medium-grained, calcic, green to brown-green amphiboles essentially
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around eclogitic garnets (amphibole kelyphite). In the vicinity of amphibole- bearing pegmatite which
cross-cut the primary mineral layering of the eclogite bodies (Fig. 6.3A.1C), the eclogite is transformed into
a medium- to coarse-grained rock defined by the upper amphibolite-facies mineral assemblage of diopside
(6%Jd), green brown-green amphibole (edenitelpargasite); plagioclase (40% An), ±scapolite, ± sphene, ±
biotite (Fig. 6.3A.2B.b). The corresponding textures are called type 1 (Fig.6.3A.2A).

Fig.6.3A.1. A) Boulder of eclogite with foliated schist/gneiss anastomosing around it. Sipmik Creek, at the
background Sipmik craftverk station. B) Tubular fold in gneisses (outcrop B; stop 1; Sipmik creek (Fig.
6.3.1A). Fold axis parallel to regional lineation. Note we are looking downstream, away from Sipmikk
kraftverk station. C) Amphibole-bearing pegmatite cross-cutting omphacite-garnet-quartz mineral layering
(S0) in eclogite body, Sipmik creek. Note late amphibolitised shear zone that also deforms the pegmatite.
Plagioclase is chemically zoned with sub-sodic cores and more calcic rims. Continued or renewed
amphibolitization of the eclogites took place under medium- to lower amphibolite facies conditions,
resulting in the mineral paragenesis of (blue) green amphibole, oligoclase, epidote-group minerals biotite,
± sphene, ± garnet 2. Textures related to this event are called type 2 (Fig.6.3A.2B.c). Epidote-group
minerals reveal strong chemical zoning with increasing iron towards their rims. Sphene often mantles
primary rutile. A second generation of garnet (garnet 2) has been found as isolated, idioblastic fine-grained
crystals within lens-shaped amphibole-oligoclase ±magnetite aggregates, secondary after garnet I or, less
frequently, as secondary rims around eclogitic garnet I-fragments.
The middle to low amphibolite-facies mineralogy post-dates the amphibole kelyphites (around garnet 1)
and pegmatites. This can easily be demonstrated where pegmatites and kelyphites are deformed and the
amphibole and/or plagioclase have been transformed and/or recrystallized into the finer grained mineral
assemblage of oligoclase, (blue) green amphibole, epidote-group minerals, ±sphene, ± biotite, ± garnet 2.
Relicts of amphibole kelyphites often show exsolution of rutile and/or ilmenite. Textural transitions from
type 1 into type 2 are also common (Fig. 6.3A.2B.c). Chloritization of garnet and biotite, sericitization of
plagioclase and growth of actinolite from green or blue-green amphiboles are ascribed to retrograde
greenschist facies conditions. A paragenetic diagram of the eclogites of the Central Seve Belt is given in
Fig. 6.3A.3. The inferred decompression event is interpreted to mark the interval between M1 and M2,
which both represent major mineral-blastesis events. The mineral paragenesis which predates M1 is found
as inclusions in primary garnets and omphacites.
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Central belt country rock gneiss.
The primary mineral parageneses in country rock gneisses of Central Belt eclogites are either (a) kyanite I
+ K-feldspar + biotite I .+ garnet I + plagioclase or (b) sillimanite + K-feldspar + biotite +garnet I + plagioclase.
From microstructural observations alone it has not been possible to establish a time relationship between
these two mineral parageneses, i.e. between kyanite and sillimanite. However, eclogites that are enclosed
in these gneisses are considered to be the result of the prograde metamorphic evolution of crustal rocks
containing (dry) basaltic or gabbroic material (Roermund 1982,

Fig 6.3A.2A. A) Central Seve belt eclogite sample (Sipmik creek eclogite and attached country rock gneiss
at the bottom). This sample was used for zircon dating (Cong et al., in prep.). Some of the U-Pb age results
are given in Fig 6.3A.7. B) The most dominant (retro-) eclogite microstructure in the central Seve belt. C)
Erratic (retro) eclogite sample found in Haren, the Netherlands, interpreted to originate from N.Jämtland,
Sweden (Langendoen and Van Roermund, 2007). D) Loose block of central belt (retro-) eclogite in one of
the river streams near Sipmikk creek.
1984). Since sillimanite cannot be formed in pelitic gncisses at the same time as dry basaltic rocks were
being converted to eclogites it is, by analogy with the metamorphic evolution of the enclosed eclogites,
concluded that kyanite + K-feldspar pre-dates the sillimanite + K-feldspar paragenesis. The sillimanitebiotite foliation is overprinted by a second generation of kyanite (Fig. 6.3A.3.A). The mineral paragenesis
associated with the renewed kyanite growth is kyanite I1 staurolite + biotite I1 + garnet I1 + epidote group
minerals + plagioclase (25-35 % An) + muscovite. Sericitization of plagioclase, chloritization of garnet and
biotite, the formation of muscovite coronas around kyanite (and staurolite) and growth of prehnite and
laumontite are attributed to subsequent retrograde conditions on a minor scale. A paragenetic diagram of
the kyanite-sillimanite gneiss I is given in Fig. 6.3A.3.B. In this table, again by analogy with the enclosed
eclogites, growth of sillimanite is interpreted to represent late stages of the decompression event which
separates in time the major mineral-blastesis events MI and M2.
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Fig 6.3A.2B. Characteristic field textures in central Seve belt eclogites. A) Retro-eclogite type I. Primary
garnet relics are still visible in the amphibole cloths; light greenish part, omphacite is completely replaced
by plag-pyroxene symplectites, zoisite crystals can be present also. B) Coarse pargasitic amphibole crystals
within a cpx+plag+/-amph matrix C) The type 1 retro-eclogite texture (amphibole-cpx-plagoclase +/- grt) is
gradually replaced (top right side) by type 2 consisting of plag-amphibole +/- epidote group minerals. The
type 2 microstructure occurs also in the form of well foliated and lineated amphibolites.

Fig 6.3A.3. A) Optical micrograph of kyanite 2 overgrowing sillimanite B) Paragenetic diagram of central
belt eclogites and associated country rock gneisses (taken from Van Roermund and Bakker, 1984).
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Clinopyroxene-plagioclase symplectites.
Central Seve belt eclogites are strongly retrogressed, consequently type 1 eclogite microstructures (Fig
6.3A.2) can often be observed in the field. The latter is characterized by beautiful pyroxene-plag
symplectite microstructures (pp sympectites). In general the matrix omphacite grains in central belt
eclogite samples are completely transformed into pp symplectites and primary omphacite can only be
found as inclusions in garnet. This implies that the pp symplectite examples, illustrated in Fig 6.3A.4, were
collected at Tjeliken mountain (eastern belt eclogite). This can easily be seen from the primary matrix
omphacite grains visible in both images (Fig 6.3A.4). However the growth concept of the pp symplectites
is applicable to central belt eclogite occurences also. For that reason it is incorporated here.

Fig 6.3A.4. Optical micrographs of the development of A- and B-type symplectites in the boundary region
between two adjacent omphacite grains (Omp3 and Omp4 in Fig A and omphacite A and B in Fig B). A) The
pp symplectites A3 and B3 are crystallographically related to Omp3 while A4 and B4 are crystallographically
related to Omp4. The overall appearance is one of swap boundaries whereby the original grain boundary
to Omp3 has migrated into Omp4 until Sb3; similarly Sb4 is the migrated boundary of Omp4. B) Crossed
polarized light optical micrograph (with inserted gypsum plate garnet is red coloured) to illustrate the
continuous crystallographic relationship between the mother pyroxene grain (omphacite A) and the
pyroxene grain in the growing symplectite having a bulge-cell type morphology. The latter indicates that is
is growing into omphacite B. Blue is plagioclase. Note the lighter yellow coloured pyroxenes in the pp
symplectites at the top of the image are growing into omphacite A, and are crystallographically related to
another (but hidden) mother omphacite grain. (A after Boland and Van Roermund, 1983; B private
collection HvR).
The transformation mechanisms giving rise to symplectitic microstructures are well documented by
experimental processing on steels and alloys (Fournelle, 1969; Shewmon, 1969). The transition omphacite
 clinopyroxene + plagioclase presents all characteristics of discontinuous precipitation reactions (Boland
and Van Roermund, 1983).
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A model for the clinopyroxene/plagioclase symplectite initiation and growth is given in Fig 6.3A.5. The
following stages can be recognized:
a) Migration of the omphacite A mother grain boundary into omphacite B matrix grain. The product
symplectitic clinopyroxene is in optical continuity with omphacite A, but has a slightly different chemical
composition than that of the supersaturated solid solution (omphacites A and B). Elements which are not
involved in the new symplectitic clinopyroxene formation precipitate on both sides of the migrating
clinopyroxene lamellae, giving rise to the plagioclase nucleation/precipitation (Fig 6.3A.5A).
b) Symplectite 1 growth (S1). The lamellar width of the growing clinopyroxene lamellae is controlled by the
diffusion distance

ed1/2 (ed1/2:

clinopyroxene lamellar width at temperature T1) measured from the

center of the lamellae. The lamellar width of the plagioclase lamellae is controlled by the diffusion distance

epl1/2 (epl1/2: plagioclase lamellar width at temperature T1) measured from the center of the lamellae
(Fig 6.3A.5B)
c) Symplectite 2 growth (S2). Temperature decreases from T1 to T2 leading to a lower duiffusivity provided
other parameters do not change at the interphase boundary. The diffusion distances are ed2/2 and epl2/2
(with

e2

<

e1)

for the clinopyroxene and plagioclase lamellae, respectively. Development of a thin

symplectite S2 at temperature T2 as scetched in Fig 6.3A.5C.

Fig. 6.3A.5. Model for the clinopyroxene/plagioclase symplectite development. Stages a, b and c are
explained in the text (taken from Joanny et al., 1991).
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Age dating work on the central belt eclogites and gneisses of the Ertsekey/Avardo HP tectonic lens
Various Central and Eastern Belt gneisses were dated in the past by the whole-rock Rb–Sr method, yielding
scattered arrays suggestive mostly of Sveconorwegian ages, with one Ordovician date (Reymer et al. 1980).
These data, combined with K–Ar biotite ages, yielded an age of 425 ± 5 Ma, interpreted to date the “peak
of Caledonian” metamorphism, although hornblende K–Ar data and some muscovite and garnet Rb–Sr
data indicate an earlier Sveconorwegian metamorphism (Reymer 1979). Paragneiss and related leucosome
of Central Belt migmatites from Murusjön provided TIMS zircon U–Pb discordant data with intercept ages
of 1,512 ± 36 Ma and 423 ± 26 Ma (Claesson 1987). Zircon from eclogite-hosting paragneiss at Blåsjön,
analyzed by SIMS, yielded a mean 206Pb/238U age of 423 ± 5 Ma from seven spot analyses of rims and a
range of core ages from ca. 1,000 Ma to 1,730 Ma (Williams and Claesson 1987). Detrital zircon grains from
meta-arkoses of the Eastern and Western Belts yield Mesoproterozoic and Neoproterozoic ages, the
youngest grains suggesting deposition after about 730 Ma (Kirkland et al. 2011). In the area between
Blåsjön and Murusjöen, Dallmeyer and Gee (1988) obtained hornblende Ar–Ar ages of 433 and 436 Ma
from Western Belt amphibolites, while Central and Eastern Belt hornblende spectra were disturbed and
geologically meaningless. One Eastern Belt garnet–mica schist yielded a 418-Ma muscovite age and a 417Ma biotite age (Dallmeyer and Gee, 1988).
More recent age dating results are given below in Fig 6.3A.6 (Sm-Nd method applied to CB eclogite), Fig.
6.3A.7 (SHRIMP U-Pb zircon ages from CB eclogite), Fig 6.3A.8-9 and 10 (EMP monazite age dating results).
The recent age data can be summarized as: (U)HP = 450-455 Ma, but the metamorphic complex was
already metamorphosed around 490-500 Ma. Younger ages (430-435Ma) are related to further eastwards
nappe transport.

Fig 6.3A.6. Sm–Nd mineral isochron of central belt Seve eclogite. Sample was taken from Sippmikk creek in
the Jämtland area of the Swedish Caledonides. Errors are smaller than the plotted points unless noted with
an error bar. Ages were calculated using the Isoplot/Ex program of Ludwig (1998). After Brueckner and van
Roermund (2007)
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Fig 6.3A.7. A) Sensitive high-resolution ion microprobe (SHRIMP) U-Pb zircon ages of central belt eclogites;
sample from Sipmikk creek (Fig 6.3A.2A.A). B) Sensitive high-resolution ion microprobe (SHRIMP) U-Pb
zircon ages of adjacent country rock gneiss (Fig 6.3A.2A.A). Data taken from Zhang and Van Roermund (in
prep).

Fig 6.3A.8. EMP monasite age dating results from Ertsekey gneiss (samples collected south of
Härrbergsdalen, see fig. 6.0.3). For location of Avardo gneiss in tectonostratigraphy of the Tången-Inviken
area: see Table 7. A and B) Statistical representation of all data points (N=871). C and D) BSE images of
some of the “complex” monazite microstructures, both images were taken before the EMP age dating
work was performed. E and F) EMP line scan spots after EMP age analyses work was done, analyses
numbers indicated by yellow numbers, spot locations by adjacent minor beam damage spots. After
Bouma and Van Roermund (2004). Note: no monazite standard was used during this work.
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Fig 6.3A.9. EMP monasite age dating results from Avardo (or Ertsekey) gneiss (samples collected from other
locations than Fig 6.3A.8 above). For location of Avardo gneiss in tectonostratigraphy of the Tången-Inviken
area: see Table 7 (after Hogerwerf, 2010 and Gademan et al., 2011). Note: a monazite standard was used
during this work.

Fig 6.3A.10. EMP monasite age dating results for Lillfjället gneiss. For location of Lillfjället gneiss in
tectonostratigraphy of the Tången-Inviken area: see Table 7 (after Gademan, 2011 and Gademan et al.,
2011). Note: a monazite standard was used during this work.
-6.3B.1 Ruotats
Logistics
To go to the Ruotats spinel peridotie body we first have to go to stop 2 (Fig 6-3-1A). From there we have
to make a small walk. First we have to follow the walking track towards the east (direction Silkentjakk
stuga / Härbergsdalen). After 500-800 meters you will have on your left hand extensive swamp areas,
along the northern skyline you can just see a bit of the Ruotats peridotite body (Fig 6.3B.1A). Find your
way through the swamps and walk up the hill until you reach the Ruotats body. We will meet again
somewhere west of the arrow indicated in Fig 6-3B.1.
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Fig 6.3B.1 A) Standing at the beginning of the “swamp” area (location along walking track east of stop 2,
photograph was made lookimg north. The Ruotats peridotite body is just visible at the northern skyline
(indicated by arrow). After the hike up we shall meet again at a place located somewhere west of the arrow.
B) Typical Scandinavian flower that grows only on top of peridotite.

Fig 6.3B.2. A) Basic dike cutting through parts of the serpentinised Ruotats body. B) “Apparent” layering
in well foliated serpentinite.
Subtypes of orogenic peridotites in the Seve - (lower) Köli Nappe Complexes: group 1 versus group 2.
The Ruotats spinel peridotite body (RSP) is overall a very heavely serpentinised piece of the mantle (Fig 63B-2) with a dominant dunitic to harzburgitic bulk rock composition. So the dominant olivine +/ortopyroxene - spinel (M1) protolith assemblage is overprinted by a phase of serpentinisation. The
extreme serpentinisation makes it difficult to decide in the field whether this ultramafic body belongs to
the “retrograde”- or the “prograde“peridotite sub-type. The prograde peridotite subtype (group 1) occurs
a.o. in the lower Köli Nappe, where the peridotite protolith assemblage (M1) is also intensely overprinted
by a serpentinisation event (M2), i.e. the protolith M1 olivines are dominantly replaced by brucite,
lizardite, +/-chrysotile, while the fayalite component of the protolithic M1 olivines formed M2 magnetite
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(mineral assemblage is positively identified by Raman spectroscopy). The low T (< 300⁰C) M2 serpentinite
microstructure is however overprinted again by a prograde metamorphic assemblage involving M3 olivine
asemblages. This M3 olivine is characterized by an extremely high Mg* number (Mg* ≥ 96), the latter
provides an easy way to distinguish relict M1 olivine (Mg*=89-92) from M3 olivine. In addition the
metamorphic grade of M3 is isofacial with the (prograde) metamorphism of the surrounding country rocks
(upper greenschist/low amphibolite facies). Post dating M3 the ultramafic bodies can be serpentinised
again (M4). In addition our evidence so far about the nature of the M1 assemblage is consistent with a
sub-oceanic lithospheric mantle origin for this peridotite subtype (group 1). In contrast the second
peridotite subtype (group 2) occurs within the SNC, more particularly within (or near) the (U)HP domains
of the central/middle belt of the SNC (Clos et al., 2014; Gilio et al., 2015). It is primarily characterized by
the absence of the intense M2 serpentinisation event described above. If group 2 peridotite bodies are
serpentinised this serpentinisation event postdates an amphibolite to granulite facies metamorphic
overprint (for the sake of convenience this metamorphic event is called M3) that, in this case is directly
superimposed on the M1 protolith assemblage. M3 is also cofacial with the peak metamorphic conditions
in the surrounding country rocks. For this reason, also supported by microstructural observations, this
serpentinisation event is inferred to be M4.

Fig 6.3A.3. A) Olivine deformation mechanism map or a differential stress vs temperature diagram. Thick
black lines refer to the transition zone between the fields of HT ductile deformation of olivine (bottom) and
the brittle/crystal plastic deformation field in combination with dissolution and precipitation creep (top).
Numbers beside the thick black lines refer to strain rate conditions (after Bial and Tredman, 2013). B) and
C) Typical microstructures formed in the low T field. D) Typical microstructure formed in the high T field.
Secondly and also more important, group 2 peridotites are characterized by a penetrative olivine
microstructure (called by us the olivine foam micructure), formed by deformation-induced dynamic
recrystallization of coarser grained olivines, interpreted to be the protolith M1 olivine grains. Depending
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on operating flow stress levels and operating strain rate conditions this dynamically recrystallized olivine
texture forms at T ≥ 650⁰C (Fig 6.3A.3 and Fig 6.3B.4).
The main aim of the Ruotats excursion stop is to give you a change to decide for yourself in the field to
what kind of peridotite-subgroup (group 1 or 2) the RSP belongs.
An example of the olivine microstructures that can be found (at least locally) in RSP is given in Fig
6.3B.4A.B and C. The dominant mineral chemistries of RSP olivine and spinel are given in Fig 6.3B.5 and
Fig 6.3B.6. The mean olivine Mg* and mean spinel Cr* numbers, together with similar data from the
Kittelfjäll spinel- and Friningen garnet peridotite bodies, are plotted in Fig 6.3B.7. From the latter an
OSMA (olivine-spinel mantle array) like trend (Arai 1994) can clearly be recognized. However in this case
the trend is defined only by cratonic SCLM fragments (Fig 6.3B.7). In all cases the high Mg* numbers in
olivine (Fig 6.3B.5) are explained by the formation of high degrees of partial melts that were extracted
from the orogenic peridotites in Archean to mid Proterozoic times. The latter process is also interpreted
to be responsible for the dominant, but very consistent, high Cr* number in M1 spinel (Fig 6.3B.6).

Fig 6.3B.4. A) An overview of the characteristic olivine microstructure formed in sample Ru7-1Z. White
squares represent enlarged areas illustratd in figs. B and C. Note: The olivine foam microstructure is
truncated by a subhorizontal deformation zone visible in the central part of the image. Here the olivine
grain size dramatically drops (forming the “initiation” of a low T olivine mortar microstructure). B) Detail
of olivine foam microstructure. C) Detail of low T olivine mortar microstructure, where olivine is growing
together with serpentine (grey).
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Fig.6.3B.5. Mg* vs NiO (wt%) diagram of olivines coming from RSP samples. Red line: maximal olivine
Mg* number of abyssal peridotites

Fig 6.3B.6. M1 spinel composition from RSP. A) BSE image showing the primary M1 spinel grain surrounded
on the left and top side by a mortar type formed by secondary spinels. B) Cr* vs TiO2 in spinel ; Cr*=0.7 for M1
spinel and higer for the smaller secondairy grains.C) EMP linescan across M1 spinel. D) Details of the
reaction(s). Data taken from Niels Knotters (in prep).
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Fig 6.3B.7. Spinel Cr* (100xCr/(Cr+Al)) vs olivine Mg* (100xMg/Mg+Fe)) diagram for cratonic (purple),
abyssal (green) and cumulate (uncoloured) peridotites in relation to the OSMA (olivine-spinel mantle array)
trend of Arai (1994). The latter is indicated by the black “vertical” lines. The M1 chromite grains included in
large M1 olivines of the Kittelfjäll Spinel Peridotite body have similar compositions to the olivine-spinel
grains trapped in peridotitic diamonds. The compiled field for cratonic peridotites is composed of data
extracted from ultramafic xenoliths from Greenland, Tanzania, Slave craton and orogenic peridotite
massifs from the WGR (see Clos et al., 2014 for further references). The red star refers to the mean value
for RSP and the blue square to spinel-bearing dunites collected at FGP (Gilio et al., 2015). At FGP the Al*
number of the M1 chromite grains increased, while Cr*spinel dropped to 50, due to the refertilizing effects
induced by intruding mid Proterozoic dikes (examples illustrated in Fig 6.4B.5). Away from these metabasic
dikes however the Cr* in M1 spinels in orogenic massifs of the SNC appears to remain fairly high (100Cr*spinel
= 70-80) and apparently homogeneous in EMP line scans (Fig 6.3B.6.c). Modifications towards ferrochromite or chrome-magnetite occur only in M1 spinel-rim areas in case the massif is reworked at LT and/or
LP (<10 kb) conditions.
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-6.4.0 Day 2: Tjeliken and Friningen
Routes and road log
From Gäddede to Blomhöjden (=126 km). Follow the N 342 eastwards to Strömsund. After around 62 km
you will pass the village Lidsjöberg at your right hand side. 500-1000m in front of this village you can turn
to the left (indicated as Inviken, Svansele, Trångmon). From this point to Inviken it is 33.5 km, meanwhile
you will pass the “villages” Risede, Svansele (bridge over river, at T junction turn to the left), Hovde, Nyhem
and than Inviken (name indicated on Fig 6.4.1). Continue the same road driving west, till Sjoutnäset (with
small white church along the lake side). Soon after you have past Sjoutnäset you will hit another “Tjunction” where you turn to the left (= direction Blomhöjden) and continue to drive along this road till
Blomhöjden (Fig 6.4.1; 6.4.2). In Blomhöjden you turn immediately to the left until you will arrive at a
parking place (just a couple of 100 ms). At this parking place the walking track to Joughdaberg starts. This
track is indicated with red crosses. Follow this track until you see Tjeliken mountain at your left hand side
at around 90⁰ (this point is marked by two white arrows in Fig 6.4.1 and by blue arrows in Fig 6.4.3.A).
Here you start to walk up the gentle slope of Tjeliken mountain.

Fig 6.4.1 Google Earth image showing the local roads (white lines), walking track to Tjeliken mountain
(stippled white line) including local names of farms/villages and/or topographic names (in white).
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Fig. 6.4.2 One of the farms in Blomhöjden (600m altitude). At the background the lake Jemesjaure
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Fig 6.4.3. A) Copy of the original field work map by Van Roermund (1976), showing his discovery of the
Tjeliken eclogites (Note location of Tjeliken eclogites was inside the Stalon Nappe of Strömberg et al., 1984;
Fig 6.4.3.B)). The red line indicates the walking track from Blomhöjden to Joughdaberg, the two blue arrows
mark the easiest path to get to the top of Tjeliken mountain. B) Relevant part of the Geological bedrock
map of Stromberg et al., 1984. On this map Tjeliken mountain is interpreted as a garnet peridotite body
enclosed within quartzofeldspatic rocks that belonged to the Stalon nappe (= the so called Sparagmites of
Högbohm, 1920; see Table 1). The latter belonged at that time to the Middle Allochthon (see Table 2B), the
SNC to the Upper Allochthon. More important the lower tectonic boundary of the Seve Nappe Complex,
called Basal Seve thrust in Fig 6.4.3.B, was thus defined on this map as the boundary between the yellowand the green/orange colours. Nicely illustrated on this map are however the local occurrences of
metabasic dikes (dolerites). The latter were interpreted (using geochemical arguments; Strömberg et al.,
1969) to be similar to the Ottfjället dolerites exposed in southern Jämtland (Table 2B and 3). From this
interpretation it will be clear that the underlying HP metamorphic rocks (i.e. Tjeliken eclogites) did not fit
at all in the general low grade metamorphic nature of the middle allochthonous rocks in (northern)
Jämtland county (Strömberg et al., 1984). From this point of view it is “ interesting” to read about the major
“switch” made in more recent years about the division of the major Allochthons ( Gee et al., 2008 ; also
see Fig 1 and 2 of this guide).
-6.4A.1 Tjeliken (and Stor Jougdan)
The Tjeliken eclogite body is almost 2 km wide, occupying the entire top of Tjeliken Mountain, and overlies
a unit of schists and gneisses and extensive quartzites and psammites (Zachrisson and Sjöstrand 1990).
The body has also been sampled by Brueckner and van Roermund (2007) for their Sm–Nd work. Extensive
retrogression is evident in thin section (Fig. 6.4A.2 and 3). The remaining 0.5- to 2.5-mm porphyroblasts
consist mainly of garnet, with subordinate amphibole and rare omphacite. Quartz is interspersed with
these phases, as large (0.2–1.0 mm) uniform crystals with embayed margins. Rutile, ilmenite, and zircon
are also present, as well as symplectitic amphibole and plagioclase. Variably idioblastic garnet [Alm53,
Sps1, Prp22, Grs23] exhibits negligible zoning and is slightly affected by retrogression (Fig. 6.4A.3).
Omphacite [Jd50], also unzoned, is almost entirely replaced by abundant pyroxene-plagioclase or
amphibole-plag symplectites. Amphibole porphyroblasts, typically intergrown with garnet, are partially
replaced by symplectite; amphibole composition is sodic–calcic, classified as magnesiokataphorite using
the nomenclature of Leake et al. (1997). Subequal proportions of garnet, omphacite and quartz, with lesser
amphibole and rutile, are inferred for the eclogite-facies paragenesis. The extensive retrogression hinders
any textural assessment of the relative timing of zircon growth
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Fig 6.4A.1. A) “Lithological” map of the Tjeliken area after Majka et al, 2015 which essentially is an
“upgraded” version of the bedrock map of Zachrisson et al., 1990. On this geological map the Tjeliken
eclogites are interpreted as a “klippe” that “had to be” correlated with the central belt (U)HP tectonic lens
(=Ertsekey lens in Fig 6.4A.1.B). On this “lithological” map the traces of the major tectonic boundaries are
unfortunately not indicated by the authors. This makes it very hard to “correlate” this geological map with
the metamorphic map of Brueckner et al., 2004 / Fig 6.0.3). To overcome this “problem” the traces of the
two major tectonic boundaries are added in the form of the two stippled black lines in Fig 6.4A.1. Note
that many of the green stripes above this tectonic contact (i.e. on the left side of it in Fig 6.4A.1.A) refer to
the dolerite dikes that are metamorphosed in the low amphibolite facies (P ≤ 10 kb). However underneath
this stippled (inferred) tectonic contact metabasic rocks are metamorphosed in the eclogite facies (now
retro eclogites). This clearly demonstrates that the Tjeliken (U)HP tectonic lens forms part of the eastern
belt of the SNC. For more details see Fig 4 of this guide. B) An enlargement of parts of the metamorphic
map of Brueckner et al., 2004, “modified” after Van Roermund (1989; see Fig 6.0.3). In Fig 6.4A.1.B the
blue square shows the approximate overlap with Fig 6.4A.1.A.
Petrography/Mineralogy/Composition
The primary mineral assemblage of the Tjeliken eclogites is garnet, omphacite, quartz, phengite, ± brown
green amphibole and rutile. Representative EMP analyses are given by Van Roermund 1985 and Majka et
al 2015. (see also tables 5 and 6 and Fig 6.4A.4.A of this guide). Variations in the relative volume
percentages of the major rock-forming minerals garnet, omphacite and quartz define a compositional
layering which in general runs parallel to a shape preferred orientation of the clinopyroxenes (Fig.6.4A.5).
Most of the original grain and interphase boundaries are obliterated because of incomplete, post-eclogite
facies alterations (a.o. Fig.6.4A.5.B).
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Fig 6.4A.2. BSE images of different textural types of Tjeliken eclogitic garnet and chemical profiles through
them. a,b) garnet-I exhibiting homogeneous composition, with slight zoning in the rim. C,d) Atoll garnet-II
with slight zoning from peninsula towards rims. e,f). Euhedral garnet III inclusions in omphacite. G,h)
subhedral and ameboidal garnet VI. Inclusions in omphacite. Mineral abbreviations according to Whitney
& Evans (2010). Eclogite images taken from Majka et al, 2015.

Fig 6.4A.3. BSE images of different mineral assemblages in the Tjeliken eclogite. A) omphacite rimmed by
diopside+plagioclase b) SiO2 inclusion in omphacite with well-developed radial cracks. C) Phengite inclusion
in omphacite. d) Phengite inclusion in garnet. e,f) diopside coronas. Eclogite Images taken from Majka et
al, 2015.
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Fig 6.4A.4. A) The mean chemical composition of 33 analysed omphacite grains (EMP analyses) in sample
78 from Tjeliken mountain; σ: standard deviation. Omphacite was analysed using a Cameca SX-50 electron
microprobe (15 kV; 40 nA). Fe3+ was estimated considering a stoichiometry of 4.0 cations for 6.0 oxygens.
B) The results of an omphacite shape-fabric study are plotted in a (classic) Flinn diagram. The resulting
Flinn diagram demonstrates that the involved eclogitic deformation was of the pure shear (K=1) type. All
omphacite analyses were done in a single eclogite sample collected at Tjeliken mountain (sample 78). The
omphacite shape fabric analyses were done in three mutual perpendicular thin sections made from sample
78 (cut 1) parallel to S, 2) perpendicular to L and 3) parallel L and perpendicular S). The 3D omphacite
microstructures are illustrated in images c (//S), d (perpendicular L) and e (// L, perpendular S). For more
details see Godard and Van Roermund, 1995.
Deformation-induced omphacite microstructures
Note: The following text was directly taken from Van Roermund and Boland 1981.
Optical observations of the intracrystalline defect structures in the omphacites (sizes: 1-7 mm) reveal
undulatory extinction, infrequent twinning and defect structures that closely resemble the subgrain
structures in quartz and olivine. The shape of the subgrains varies from equidimensional to elongated
(aspect ratio 5:1), their sizes from 0.1 to 4 mm. The subgrains form the most frequently observed
intracrystalline defect-structure in the deformed omphacites. Their boundaries tend to be optically sharp
and are often curved; a number of boundaries are parallel to rational crystallographic planes. The angle of
misfit between adjacent subgrains varies but is, in general, less than 5”. Recrystallization of the
clinopyroxenes, in the form of a mortar texture, has not been observed.
Quartz is observed most frequently in garnet-rich layers. It is xenomorphic, has undulatory extinction and
contains deformation bands.
Garnet is texturally zoned. It has clear cores and rims which are separated by a zone rich in quartz
inclusions. This inner quartz-rich zone can be present as a continuous quartz rim (= atoll garnet).
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As well as being an infrequent matrix component, phengite is also found as an inclusion in the garnet cores,
while omphacite is only included in the rims of the garnets. Garnet was also found in the matrix as
inclusions of the omphacite.

Fig 6.4A.5. A) Optical micrograph (crossed polarizers) of a thin section from the Tjeliken eclogite body.
Note: A compositional layering (garnet/quartz versus omphacite) runs parallel to the shape preferred
orientation of the omphacites. Garnet: black; quartz: light, equidimensional; omphacite: light, elongated,
altered rims. B) Optical micrograph (crossed polarizers) showing the internal defect-structure of the
omphacite. Note: Fine grained pyr-plag symplectites nucleate along some of the internal subgrain
boundaries in omphacite; Inclusions in the omphacite are quartz and rutile. C) Measured crystallographic
preferred orientation (CPO) of the omphacite grauins in the same sample. L=lineation; black horizontal line
= EW oriented vertical foliation plane; N=150.Note that the two CPO’s (Fig C) fit the 2D shape-fabric in Fig
A.
Electron microscope (TEM) observations
Dislocation arrays
The most striking feature of the intracrystalline defect structure in the omphacites is the low angle
subboundaries. The geometry of the subboundaries varies from simple tilt-wall configurations (Fig.
6.4A.6.B) to the more complex dislocation subboundaries that involve two or three dislocations with
different Burgers vectors (Fig. 6.4A.6.A and C). The subbboundaries, in general, are slightly curved and do
not follow any crystallographic direction of the omphacite.
Networks frequently form a quasi-hexagonal net (Fig 6.4A.6.C), composed of dislocation nodes in which
three dislocations join. In others, two sets of parallel dislocations appear to cross, much like a twist
boundary of intersecting screw dislocations. Close inspection of this defect-structure generally reveals at
least a small degree of interaction at the points of intersection. An example of this is sketched in Fig.6.4A.9.
It is possible, therefore, that all networks consist of the same combination of Burgers vectors. and differ
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only in their geometry. The sizes of the subgrain domains, bounded by low-angle boundaries, are highly
irregular. In view of the limited penetrating power of the 200 keV microscope no attempt has been made
to analyze the size distribution of the subgrains.

Fig 6.4A.6. Dislocation substructures in omphacite from Tjeliken mountain (after Van Roermud and Boland
nd Godard and Van Roermund, 1995). A) Subgrain inside omphacite , core is free of dislocations, subgrain
boundary is characterized by various combinations of well ordered dislocations. NE-SW modulations (=
artefact) due to incident light waves. B) Simple tilt wall boundary. C) Complex flat-lying “high angle”
boundary. Note basic dislocation pattern consists of three independent dislocations meeting in nodal
points.
Free dislocations
The subgrain domains contain a low density of free dislocations. Some, in fact, have none (Fig 6.4A.6.A).
This may indicate a high degree of recovery. Some free dislocations interact with others to form nodal
points or junctions (Fig 6.4A.6.C and 6.4A.8). Others are curved or form loops. Like the low angle
boundaries the free dislocations generally do not follow any crystallographic direction in the omphacite
nor do they appear to lie on a particular glide plane.
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Antiphase domains

Fig 6.4A.7. TEM imge illustrating large sized APD’’s interacting with isolated single dislocations in a
Tjeliken omphacite. In theory the domain size of APD’s can be used as an independent thermometer,
provided the eclogite was not deformed. (Van Roermund and Lardeaux, 1995).
Antiphase domains (APDs) are present in the Tjeliken omphacite (Fig 6.4A.7). They always occur in close
microstructural relationship with the defect structures such as dislocation networks and free dislocations
(Fig. 6.4A.7). This is considered to be a genetic relationship (for more detailed information see Van
Roermund and Lardeaux, 1991). The APDs appear to be equidimensional to slightly elongated (aspect ratio
1:2). Their sizes vary in detail (“1 to 4 pm). The APBs are gently and irregularly curved. The APDs are
produced during cooling when the high-temperature C 2/c crystal-structure of the omphacites transforms
into the P 2/n structure which has cationic ordering.
Burgers vector determinations
The identification of the Burgers vector (B) is best attempted with reflections for which there is no contrast
at the dislocation. The contrast experiments have been performed on isolated dislocations or nodal points.
Some of the results are illustrated in Fig.6.4A.8. Most of the individual or free dislocations have a Burgers
vector [OOl] or ½(llO). Individual dislocations are not common and the ones that are observed are most
likely truncated parts of larger three dimensional networks. Either [001] or ½(110) dislocations also appear
to be the major component of the simple tilt-wall configurations (Fig. 6.4A.6.B). A third type of Burgers
vector ½ (112) has been identified, using reflections g of the type (402), in isolated dislocation nodes. It is
known that if bi, bj and bk join in a nodal point they must have Burgers vectors whose vector sum is zero.
Therefore nodal points involve reactions of the type: [OOl] + ½[110] = ½[112] (see Fig 6.4A.9).
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Fig 6.4A.8.. Contrast experiments on dislocations in omphacite from Tjeliken mountain. Inset figs show the
experimental 2-beam conditions. In all cases the same dislocation configuration is imaged. Depending on
the operating diffraction conditions a dislocation can becom” invisible” (known as the g.B=o condition)

Fig 6.4A.9. Two crossing sets of parallel dislocations, showing interaction at the points of intersection
(=nodal point formation)
As nodal points are the major constituent of the quasi-hexagonal dislocation networks this reaction is
thought to play a vital role in the defect structures. From a study of the crystal structure of clinopyroxene,
it is found that the movement of these three different types of dislocations, in the slip plane for instance,
need not involve the rupture of any Si-0 bonds.
Recent experimental deformation studies as well as computer simulation studies on omphacite have
demonstrated that indeed the three above quoted burgers vectors form the dominant creep deformation
mechanism when clinopyroxenes become deformed in the lab under HT conditions (Ulrich and Mainprice,
2005; Zhang and GreenII. 2006; Zhang et al., 2006; Moghadamr et al., 2010). In addition all in nature
observed CPOs of omphacites can now be simulated numerically on computers.
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Fig.6.4A.10. Sample 78, eclogite from Tjeliken mountain. A) Omphacite Crystallographic Preferred
Orientation patterns for [001], [010] and [100]. Equal area manual projections in the lower hemisphere.
Contours are 1,2,3,4,5,6,7,8,9,10,15% per 1% area. Foliation plane (S, represented by black EW running
lines) is EW oriented and vertical. Lineation direction (L) is horizontal EW. N = number of measurements.
Method: Universal stage mounted on an optical microscope. B) Orientation distributions (ODs) in the Ѱ1ф - Ѱ2 Euler space projecred onto the Ѱ1- ф - Ѱ2 Euler planes. Same data set as Fig 6.4A.10.A. For more
info see Godard and Van Roermund (1995).
PT conditions of eclogite formation (Tjeliken mountain)
Recently the PT conditions of the Tjeliken eclogite has been re-evaluated by Majka et al., (2015) who
applied the “newly” developed geothermobarometric technique of Ravna and Paquin (2003) and Ravna
and Tery (2004) to te Tjeliken eclogite body. Using the garnet-clinopyroxene Fe-Mg exchange
thermometer in combination with the net-transfer reaction 6 diopside + 3muscovite = 3 celadonite + 2
grossular + pyrope geobaroometer (now the average P-T method of Thermocalc and pseudosection
modelling), they found PT conditions up to 25-26 kbar at 650-700⁰C for the metamorphic assemblage
garnet+omphacite+phengite+quartz+rutile. Results are indicated in Fig 6.4A.11.A. Notable further are
the well developed radial cracks around quartz inclusions included in omphacite (Fig 6.4A.3.bC), possibly
indicating the former existence of the HP SiO2 polymorph coesite. However coesite (ss) has not been
found so far at Tjeliken mountain
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Fig 6.4A.11. Calculated PT conditions for Tjeliken eclogite (after Majka et al., 2015). A) P-T diagram
presenting the geothermobarometric results based on (1) the garnet-clinopyroxene Fe-Mg exchange
thermometer (Ravna (2000) and (2) the net transfer reaction 6 diopside + 3 muscovite = 3 celadonite + 2
grossular + pyrope, calibrated by Ravna and Tery (2004), shown as a green subhorizontal line in Fig
6.4A.11.A. The average P-T mode calculated by Thermocalc is indicated by the red ellipse with 1σ standard
deviation. B) PT pseudosection of Tjeliken eclogite calculated with Perple_X software (Connolly 2005,
version 6.6.8) in the NCKFMMnTASH system. CaO was reduced according to the bulk rock P 2O5 content
(assuming bounding of these elements to apatite). Compositional isopleths of XPyr = Mg/(Mg+Ca+Fe+Mn)
and X Gros = Ca/(Ca+Mg+Fe+Mn) in garnet and XMg = Mg/(Mg +Fe) in omphacite are also shown. Purple
ellipse marks peak P-T conditions calculated by average P-T model of Thermocalc. Retrograde P-T path
from the peak conditions is shown by broad yellow arrow.
Sm-Nd mineral isochron and U-Pb zircon ages
The best existing constraints on the timing of eclogite facies metamorphism at Tjeliken mountain comes
from a Sm–Nd study by Brueckner and van Roermund (2007). These authors reported a weighted average
age of 457.9 ± 4.5 Ma, derived from four garnet peridotites and two eclogites. In the Central Belt, three
garnet peridotites yielded 452.8 ± 7.5, 448 ± 17, and 452 ± 20 Ma, equivalent to a 454.8 ± 9.7 Ma age from
a quartz eclogite (see Figs 6.3A.6 and 6.4B.30). In the Eastern Belt, ages of 459.6 ± 4.2 (for a Stor Jougdan
garnet peridotite; see Fig.6.4A.12.B) and 463.7 ± 8.9 Ma (for the Tjeliken eclogite; Fig 6.4A.12.A) were
reported.
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Fig 6.4A.12. Sm-Nd mineral isochron ages of Eastern belt eclogites and garnet peridotites (after
Brueckner et al., 2004).
U-Pb zircon ages of Tjeliken eclogite, Eastern Belt, Jämtland (text is taken from Root and Corfu, 2011).
The Tjeliken eclogite (C05-48) contains abundant zircon, predominantly as clear, subequant to elongate
grains, with variable but generally low U (ca. 100 ppm) and very low Th/U (≤ 0.22, but mostly < 0.04). A
small subpopulation of variably turbid zircon is richer in U (up to 730 ppm) and Th/U (up to 0.9). Twelve
concordant to very slightly discordant analyses of clear zircon form a cluster at ca. 445 Ma (Fig. 6.4A.13).
Three of these analyses are unabraded single grains, two of which (Z-111/8 and Z-111/10) are very slightly
drawn off toward the modern, indicating very minor Pb loss; the fourth unabraded single grain (Z-111/7)
shows substantial Pb loss. Two more of the cluster of twelve (Z-119/5 and Z-119/9) are relatively poor
analyses, low in 206Pb/204Pb.

Fig 6.4A.13. Terra-Wasserburg plot of U-Pb data from Tjeliken eclogite (sample C05-48). Uncertainty
ellipses are 2 sigma. Shaded ellipses: rutile analyses. Concordia age (cross-hatched ellipse) in inset plot
calculated from five thick-stroked ellipses (after Root and Corfu, 2011).
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Five of the most precise zircon analyses from Tjeliken define a concordia age of 445.6 ± 1.2 Ma (MSWD =
3.1). The slight scatter of the cluster can be attributed to small amounts of inheritance, with additional
possible minor Pb loss not removed by abrasion. While no petrographic evidence for relative timing of
growth of zircon and major eclogite facies minerals exists for the sample, the morphology and composition
of the clear zircon defining the 445.6 Ma age are consistent with growth at eclogite-facies conditions. Note
that the upper intercept age (in Fig 6.4A.13) is 1652 ± 16Ma. The latter age is however inconsistent with
the generally accepted interpretation that the igneous “intrusion” event of the protolith of the Tjeliken
eclogite is related to Iapetus formation.
The most recent U-Pb zircon dating of Tjeliken gneisses underlying the main Tjeliken eclogite body has
yielded an age of 458 ± 1 Ma (Andersson, 2015).
The eclogite and garnet pyroxenite of Stor Jougdan
The location of the lake Stor Jougdan is indicated on Fig. 6.0.3 and Figs 6.4A.1.A and 6.4A.1.B. The HP rocks
were described here for the first time by Van Roermund (1989). Their UHP nature was only recently
discovered by the work of Klonowska et al. (2016). Some of these rocks were later dated, using the Sm-Nd
technique, by Brueckner and Van Roermund (2007). The Sm-Nd isochron age of 459.6 +/-4.2 Ma is given
in Fig 6.4A.12.B.
Eclogite
The eclogite samples were collected from the northern shore-side of lake Stor Jougdan (64.53292ºN,
14.74751ºE), located about 4 km southeast of Tjeliken Mountain (Fig 6.0.3). The eclogite is a dark green,
medium-grained, rock containing mainly garnet, omphacite and amphibole (Fig. 6.4A.14.A-B). A weak
foliation is marked by fine layering of elongated omphacite, amphibole, and minor quartz and biotite. The
peak pressure metamorphic assemblage is represented by garnet + omphacite + phengite + quartz
(coesite?) + rutile. A lower pressure mineral assemblage consists mainly of diopside + plagioclase
symplectites (after omphacite), amphiboles, zoisite and biotite (Fig. 6.4A.14.c-e).
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Fig 6.4A.14. BSE images of (a) A medium-grained eclogite sample (IK13-064B) with garnet (Grt)
porphyroblasts and matrix omphacite (Omp), plagioclase-diopside (Pl-Di) symplectites, amphibole (Amp),
plagioclase and quartz (Qz); (b) Subhedral garnet porphyroblast with quartz and rutile (Rt) inclusions, and
omphacite with phengite (Ph) inclusions. Omphacite is partly decomposed to plagioclase and diopsidic
clinopyroxene; (c) Plagioclase-K-feldspar (Kfs)-diopside symplectites replacing omphacite (or phengite?);
(d) Matrix assemblage composed of omphacite, quartz, plagioclase, K-feldspar, biotite (Bt), apatite (Ap)
and rutile with ilmenite (Ilm) needles; (e) Garnet porphyroblast rich in various mineral inclusions. Within
the matrix retrogressive minerals and associated textures are observed, i.e. biotite, plagioclase-diopside
symplectites, rutile overgrown by titanite (Ttn). The green arrow indicates the trace of the WDS stepscan
profile through garnet indicated in f; (f) Relatively flat EMP stepscan profile across garnet showing relative
small chemical variations of the almandine (Alm), pyrope (Prp), grossular (Grs), spessartine (Sps) endmember components or Fe*, Mg*, Ca*, Mn* numbers. Mineral abbreviations after Whitney & Evans
(2010). After Klonowska et al., 2016.
Garnet pyroxenite
Irregular veins of garnet pyroxenite (Fig. 6.4A.15.A) are found cross cutting a small garnet peridotite body
located along the northern shore line of Lake Stor Jougdan (64.53432ºN, 14.78838ºE), about 2 km east of
the eclogite body described above (Fig.6.4A.14). Pyroxenite is composed of equigranular orthopyroxene,
garnet, clinopyroxene and minor olivine (Fig. 6.4A.15a-d). These minerals form the peak pressure
metamorphic assemblage. Pyroxenite veins transform into by dark green amphibolites at the contact with
peridotite. Representative chemical compositions of garnet, orthopyroxene, clinopyroxene, olivine, spinel
and amphibole are shown in Tables 6.4A.1. and 6.4A.2.

Fig 6.4A.15. a) Irregular garnet pyroxenite vein within garnet peridotite body. BSE images of (b-d) typical
microstructure in garnet pyroxenite with major garnet (Grt), orthopyroxene (Opx), clinopyroxene (Cpx) and
minor amphibole (Amp), phlogopite (Phl) and pentlandite (Pn); (e) Minerals occurring at the boundary with
host peridotite including chromium-rich spinel (Cr-Spl) in both garnet and amphibole, orthopyroxene and
olivine (Ol); (f) amphibole inclusion in Cr-spinel enclosed in orthopyroxene; (g) Garnet and orthopyroxene
with marked arrow indicating the trace of an EMP stepscan profile through these minerals; (h)
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Compositional WDS profile shows homogeneous content of almandine, spessartine, pyrope and grossular
in garnet and magnesium number (XMg) in orthopyroxene.
Mineral chemistry

Table 6.4A.1. Selected EMP analyses of minerals fron the Stor Jougdan eclogite body (after Klonowska et
al., 2016).
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Table 6.4A.2. Representative EMP mineral analyses of Stor Jougdan garnet pyroxenite. For additional
amphibole and spinel mineral compositions see Klonowska et al., 2016.
Calculated PT conditions of eclogite and garnet pyroxenite formation at Stor Jougdan
(data taken from Klonowska et al., 2016)

Figure 6.4A.16. A) P–T diagram presenting the geothermobarometric results for the Stor Jougdan eclogite
based on (1) the garnet–clinopyroxene Fe–Mg exchange thermometer (Ravna, 2000) and (2) the nettransfer reaction 6 diopside + 3 muscovite = 3 celadonite + 2 grossular + pyrope calibrated by Ravna & Terry
(2004) for garnet with maximum grossular (Max Grs=0.021), omphacite with the highest jadeite (Jd=3579

36%) and phengite with the highest Si content. The quartz–coesite (Qz-Coe) and graphite–diamond (GrDia) equilibrium lines are calculated from thermodynamic data of Holland & Powell (1998). B) Calculated
geothermobarometric lines for the Stor Jougdan garnet pyroxenite combining Fe-Mg exchange
thermometers between Grt-Ol (T1, O’Neill et al., 1979), Grt-Opx (T2, Harley, 1984) and Grt-Cpx (T3, Krogh
Ravna, 2000), together with Opx-Cpx ‘solvus’ thermometer (T4, Brey & Köhler 1990) and Opx barometers
(P1, Brey & Köhler, 1990; P2, Nickel & Green, 1985; P3, Mac Gregor, 1974). Yellow star points out
‘optimized’ P and T conditions within the coesite eclogite field, computed on the basis of applied
geothermobarometers (excluding Grt-Ol thermometer).After Klonowska et al., 2016).

Fig 6.4A.17. (a) P-H2O pseudosection of the Stor Jougdan eclogite calculated at constant temperature (850
ºC) with Perple_X software (Connolly 2005, version 6.7.0) in the NCKFMMnTAS system. Red solid line marks
the limit of H2O saturation and dashed line shows the limit where sanidine is not stable anymore; (b) P-T
pseudosection in the NCKFMMnTASH system calculated with minimum H2O content (0.43 wt%) required
for stability of phengite without sanidine. Compositional isopleths of almandine, pyrope and grossular
content in garnet together with the Na number in omphacite are shown with the trapezoid encompassing
the peak pressure conditions. The white star shows the PT results obtained from the conventional
geothermobarometry.
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Figure 6.4A.18. P-T pseudosection of the Stor Jougdan garnet pyroxenite calculated in (a) for the CFMASH
system and (b) for the CFMAS systems. The isopleths of XMg (green) and XCa (purple) in garnet as well as XMg
(blue) in orthopyroxene and XMg (yellow) in clinopyroxene are also shown. Light yellow-green rectangle
encompasses peak-pressure conditions. Stars show theinferred best PT conditions obtained by
conventional geothermobarometry; Fields numbered (1) Grt Cpx Lws Chl Tlc, (2) Grt Cpx Lws Tlc Atg, (3)
Opx Cpx Lws Atg, (4) Opx Grt Cpx Lws Chl.

Figure 6.4A.19. Summary of the estimated P-T conditions
during peak metamorphism for the Seve Nappe Complex
in Jämtland, Sweden. Numbers refer to authors:
1Klonowska et al., 2015, 2Majka et al., 2014a, 3Majka et
al., 2014b, 4Brueckner et al., 2004, 5Gilio et al., 2015,
6Janák et al., 2013a, 7this study.Note in this summary PT
diagram the calculated PT conditions of M1 in the FGP are
not included (Gilio et al., 2015. See also the next excursion
stop.
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6.4B.1. The Friningen garnet peridotite body
Route and flight log
From Tjeliken mountain to the Friningen garnet peridote we will fly by helicopter.
Further details about this flight will be given during the excursion day.

Fig 6.4B.1 Top: The Friningen garnet peridotite body with the dense “forest” in front of it. You have to find
your way through it. During this small walk stay together with some others and make a bit of noice every
now and than so you will not have any troubles with bear encounters. The bears are most likely already
gone due to the noices made by the helicopter. Nevertheless they are there “somewhere” and it is better
to be prepared.
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Fig. 6.4B.2. Published geological maps of the Ertsekey HP lens/area. A) Metamorphic map modified after
Gilio et al., 2014. Colours refer to differences in metamorphic “grade”, for more details see Fig 4 B and C.
The red square refers to the area visualized in Fig 6.4B.2.B B) “Lithological” map. Each colour refers to a
dominant lithology. Green = amphibolite, orange = mica schist/paragneiss and purple= ultramafic bodies
Röfjället is RSP visited on day 1. Map published by Janák et al., 2013, modified after Strömberg et al., 1984
and Zachrisson and Sjöstrand, 1990. Note that map B does not discriminate between metamorphic “grade”
observed in the metabasic rocks: amphibolites versus eclogites. Note that on both maps the location of the
Friningen garnet peridotite (FGP) body is marked by a white (in A) or black (in B) arrow.

Fig 6.4B.3. A close up overview of the Friningen garnet peridotite body. The most important locations to
visit are indicated by the numbers 1-3. Nevertheless, if you want you can climb up/down the body. 1)
Location of metabasic dike containing the Scandian UHP mineralogy (Janák et al., 2013). 2) Good exposure
of mortar olivine microstructure in late shearzone. 3) The best samples to collect are from these boulders
(including locations at lower levels). Blue, yellow, red and green lines refers observed structures/foliations.
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Field observations
Much of the body is exposed along a relatively inaccessable cliff (Fig 6.4B.3), so the body can not be
mapped in detail. The peridotite is locally serpentinised but most of it is remarkable fresh, garnet-free
dunite and harzburgite. However garnet lherzolite was found near its upper contact and at the
southeastern side of the body near the lower contact. More garnet lherzolite occurs in boulders below
the body. A conspicious 0.3 m thick , > 50m long garnet pyroxenite dike cuts the lens (locality 1; Fig 6.4B.3)
. Within the boulders garnet lherzolite is commonly associated with thin pyroxenites. The garnet peridotite
body displays a compositional layering (S0), defined by variable amounts of the primary rock forming
minerals olivine, clinopyroxene, orthopyroxene and garnet. However the most conspicious feature of the
garnet lherzolite is the pronounced porphyroclastic texture. Elongated , coarse grained (up to 7 cm),
heavily strained, porphyroclasts (=M1a assemblage of Gilio et al., 2015) of olivine, clinopyroxene,
orthopyroxene, garnet and spinel “floating” in a mosaic to tabular recrystallized, often strain-free, matrix
(=the M2 assemblage of Gilio et al., 2015; more specifically called the M2 foam microstructure) composed
of fine-grained garnet, spinel, olivine, clinopyroxene, orthopyroxene ± amphibole, defining the dominant
foliation (S1; blue lines in Fig 6.4B.4). S1 is always (sub)parrallel (or close) to S0 as well as to the pyroxenite
dikes cutting FGP. In another body, located 10 km NE of FGP it was found to form the axial plane foliation
of meter sized asymmetric folds (Fig 6.4B.5.B). Subordinate late shearzones (S2) transect the main foliation
locally (locality 2; Fig 6.4B.5.A and Fig 6.4B.4 (green lines). The latter shearzones are characterised by a
much smaller olivine grain sizes, it is called the mortar texture, and is often associated with serpentine
and/or other types of more brittle microstructures.

Fig 6.4B.4. Simplified cartoon illustrating the early Caledonian structural history of the Friningen garnet
peridotite body which was intruded by mid Proterozoic dikes (not related to Iapetus!). Note that the
compositional banding (S0) of the tectonite is omitted in this simplified reconstruction. A) Intrusion of a mid
Proterozoic basic dike into a protolith tectonite B) Asymmetric “F1” isoclinal folding (which also boudinaged
the dike) and formation of the dominant “S1” foliation. C) “F2” open folding of the isoclinal folds and the S1
foliation. The S2 foliation comprises the axial plane foliation of the open, subvertical F2 folds, shearzones
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with mortar type of microstructures. D) Occasional S3 dextral semi-brittle shearing along S2 foliation. (After
Verbaas and Van Roermund, 2012).

Fig 6.4B.5. A) Basic dikes running parallel to the dominant foliation in the peridotite. A second foliation is
present at an angle of 30-40⁰. Outcrop ± 10 km NE of the Friningen GP. B) Tight folding, with subhorizontal
axial planes, of metabasic dikes in peridotite. Note it is an asymmetric S shaped fold, the dike is thicker in
the short limb, where it intersects the dominant foliation (stippled white line) at a high angle. In the top
and bottom parts of the S shaped fold both limbs run parallel to the foliation and are considerably”
thinned”. Outcrops +/- 10 km NE of the Fringen GP body.

Fig 6.4B.6 A) Basic dike cutting the peridotite body (after Janák et al., 2013). B) The internal garnetpyroxene microstructure of the basic dike. The eclogite microstructure is characterized by reddish garnet
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and pale-green omphacite, kyanite is not visible macroscopically. C) The characteristic field appearance of
a “garnet” bearing dunite, harzburgite and/or lherzolite. Note the garnets have quite complicated greygreenish “coronas”, secondly the garnet microstructure looks (locally?) foliated/deformed.
Mineral chemistry
Representative EMP mineral analyses are given by Van Roermund, 1989; Brueckner et al., 2004; Gilio et
al., 2015 and Janák et al., 2013. Here we present some additional mineral chemical data (taken from
Verbaas and Van Roermund, 2010) emphasizing the dominant mineral chemical differences between
garnet pyroxenites and garnet peridotite. The latter is illustrated in tables 4.4.1-5 in which the letters GP
(in the sample code) stand for garnet peridotite and the letter D for dike which denotes a garnet pyroxenite
sample(s).

Table 6.4B.1. EMP garnet compositions in peridotite. M1A Cpxexs is the mineral code for garnet exsolved
from M1a clinopyroxene. The star symbol (*) behind the sample code indicates the mineral chemistry is
obtained by averaging homogeneous (flat) linescan measurements.
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Figure 6.4B.7. Analysed mineral chemistries of garnets plotted in triangular end-member plots A) garnet
pyroxenite dike samples and B) garnet peridotite samples. Mg, Ca and Fe stand for the cation # in the
mineral calculated as cation # / (Mg+Ca+Fe) and corresponds to almandine (Fe), grossular (Ca) and
pyrope (Mg).
The M1 and M2 garnet chemistries from various garnet pyroxenite samples do not differ significantly in
their grossular content (Figure 6.4B.7). However, M2 garnets in pyroxenite samples have higher almandine
and lower pyrope contents than M1 garnets. The difference is approximately 5 %. The minor variation in
end-member mineral compositions between samples is an expression of the variable bulk rock chemical
compositions. A similar trend is observed in peridotite samples also with a difference of 5-10 % (Gilio et
al., 2015). The chromium content of garnets in peridotite is between 1 – 2 % in the M1 assemblage and up
to 0.60 for the M2 garnets. There is no chromium (maximum of 0.19 %) in garnets of the garnet pyroxenite
dike. This is an effect of the compatibility of chromium, which is not incorporated in melts during fractional
melting.

Table 6.4B.2. EMP clinopyroxene analyses from garnet peridotite (GP) and garnet pyroxenite (D) The star
symbol (*) behind the sample code indicates the clinopyroxene chemistry is obtained by averaging
homogeneous (flat) linescan measurements.
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Microstructure

Fig 6.4B.8. Optical- and electron microscope images from FGP. A) The microstructure of a mildly deformed
garnet bearing dunite. Larger clasts of olivine and garnet are surrounded by recrystallized, finer grained
olivines of the foam microstructure. B and C) The microstructure of dynamically recrystallized garnet
pyroxenites (foam microstructures). Cpx and/or olivine has been completely recrystallized but the shapes
of the primary M1 garnets is still visible and often elongated. The internal M1 garnet domains are fully
dynamically recrystallized into M2 garnets. The “light” lines inside the M1 garnet domains in B reflect
dynamically recrystalised new (high angle) and sub (low angle) grain boundaries. Similar microstructures
are present in C, towards the bottem of Fig C cpx is replaced by olivine, explaining the difference in grain
size (both are foam microstructures). D) Coarse grained symplectite (spinel-opx-amph) after M1A garnet
surrounded by olivine
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Fig 6.4B.9. (a) BSE image illustrating a HT clinopyroxene (M1A) microstructure with exsolved garnet2
lamellae partly replaced by late amphibole (M3). (b) Optical micrograph illustrating two-pyroxene-spinel
(M1B) symplectites after M1A garnet. Note that coarse-grained spinels (M1b) surround the symplectite.
The cores of these M1b spinels are aluminium rich spinels. A detail is illustrated in Fig 6.4B.10.b. (c)
Composite BSE image of a partly recrystallized garnet microstructure in garnet pyroxenite. Note: Garnet
(M1A) core is fractured and surrounded by a recrystallized grt (M2) + opx+ amp rim.

Fig. 6.4B.10. SEM-BSE micrographs. (a) Composite micrograph of partly recrystallized M1A garnet
microstructure (M1A  M2) in garnet peridotite sample Fr-1A1. Note: The fractured M1A garnet core is
surrounded by a rim of grt2---spinel2---opx2---amph2 assemblage. Insets reveal outline of images
illustrated in (b)---(d). (b) Detail of compositionally zoned matrix-spinel (1b) in (a) surrounded by a rim of
grt2. Note spinel is chemically zoned; low Cr spinel in core, high Cr in rim (c) Detail of fractured M1A garnet
in (a), microcracks filled by garnet2---spinel2---orthopyroxene2---amphibole defining the M2 mineral
assemblages. (d) Detail of (a) showing the M2 garnet---spinel---orthopyroxene---amphibole assemblage in
the corona around M1a garnet. (After Brueckner et al., 2004).
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Fig 6.4B.11. Photomicrograph in PPL of ol+grt+opx+cpx (Sample F8 of Gilio et al., 2015). Note the fractured
garnet 1 with garnet 2 crystallizing along the fractures. Both garnets are surrounded by M4 symplectite.
Note that the latter does not develop at the contact between Grt1 and Cpx1/Opx1. B) Photomicrograph of
A in XPL. Note the large Cpx1 and Opx 1 with exsolution lamellae of grt and/or cpx. C) Photomicrograph
(XPl) of ol1 (in centre) surrounded by smaller garins of ol2 (foam microstructure) Sample F8). The red
dashed lines indicate the 2D orientation of the kink bands. The crystallographic orientation of the M1
olivine grain is shown in the inset square in the bottem left side of the picture. Note also the small fluid
inclusions lined up in two trains, sharply cut at the rim of the crystal (green arrow). D) BS image of inclusions
of spinel, rutile, magnesite and dolomite, within cpx1. Note the grey scale reflects the relative density of
the minerals (brighter=denser). (After Gilio, 2013).

Fig 6.4B.12. BSE images of kyanite eclogite microstructure retrogressed to lower pressure mineral
assemblages. A) Kyanite with corona of fine grained sapphirine, spinel and corundum. B) Kyanite, garnet,
orthopyroxene and plagioclase. Plagioclase is intergrown with sapphirine, spinel and corundum which
form a corona around kyanite. After Janák et al., 2013.
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Olivine Microstructure

Fig 6.4B.13. The characteristic microstructure of a garnet-bearing dunite illustrating the penetratively
developed olivine foam microstructure (M2) at the scale of an entire thin section. The M2 foam
microstructure is overprinted by a finer grained “mortar-like” microstructure and/or associated textures
(M3). Note garnet (two rounded black circles/spots in the lower/central part of the figure) has been fully
replaced (but not deformed) by a chlorite-amph-opaque M3 assemblage (Garnet peridotite body 10 km NE
of Friningen).

Fig 6.4B.14. Crystallographic Preferred Orientations (CPO's) of olivine grains in FGP. Figures (equal area,
lower hemisphere projections) are oriented in order to have an E–W, horizontal, lineation (L) and a N–S,
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horizontal pole to the foliation (S = black EW vertical line). A) CPO’s of M1A olivine clasts from sample F8
(garnet peridotite; 120 measurements), indicating the rock was a tectonite. B) CPO’s of dynamically
recrystallised M2 olivine grains (foam texture) from sample F7 (spinel dunite; 200 measurements) C) CPO’s
of dynamically recrystallized M2 olivine grains (foam texture) from sample F3 (harzburgite; 170
measurements). D) CPO’s of M3 olivine grains (mortar texture) from sample F10 (D3 shear zone; EBSD
measurement). After Gilio et al., (2015), including supplementary data set.

Fig 6.4B.15. A) Deformation mechanism map for olivine at constant strain rate (10-13s-1) exploring
variations (dotted grey lines) of temperatures between 630-1200 ⁰C. GSS: grain size sensitive (i.e. diffusion
creep); GSI: grain size insensitive (i.e. HT dislocation creep). Thick black line is the mechanism boundary.
Solid grey lines being piezometers for “dry” (Van der Wal et al., 1993) and “wet” conditions (Jung & Karato,
2001). The black dashed line represents an intermediate, arbitrary, piezometer for moderate water
conditions (Clos et al., 2014). Green areas represent inferred grain size VS stress forming conditions for the
different olivine microstructures. Accordingly M1 olivines were formed through GSI creep (HT dislocation
creep) between 1000–1100 °C. M2 olivines were formed through a combination of GSI creep (HT dislocation
creep) and minor GSS creep (diffusion creep) between 770–830 °C. M3 olivines were formed through a
combination of GSS creep and minor GSI creep (responsible for a weak CPO; Fig 6.4B.14.D) at around 600
°C (modified after Den Hartog, 2009). B) Stress versus water content (ppm H/Si) diagram illustrating the
various fields in which the olivine CPO patterns (subdivided into A, B, C, D and E types) can be formed
according to Jung and Karato (2001).
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Bulk rock chemistry of garnet pyroxenite samples (data taken from Verbaas and Van Roerrmund
2012).

Table 6.4B.3. Representative XRF bulk rock compositions of garnet pyroxenite dike samples. During the XRF
analyses of the samples doubles were used, these are denoted with an ‘x’ behind the sample number. Note
that all iron was taken as FeO.
Representative BRC of garnet pyroxenite dikes are given in Table 6.4B.3 from which it can be seen that the
P and K contents are extremely low, Mn is homogeneously distributed but also very low (<0.23), like Ti
(<0.24) and that the Na2O content ranges between 0.26 to 1.73 wt %. In an alkali-silica diagram the bulk
rock compositions of the dikes is basaltic (Fig 6.4B.16.A). According to the discrimination diagram of Pearce
et al., 1977, this basaltic composition overlaps with that of oceanic arcs (Fig 6.4B.16.B).
The bulk rock major elements show that sample D1 and D2 differ from the other samples with respect to
their MgO, FeO contents, and Al2O3*CaO values (Fig 6.4B.17). The magmatic trends that become visible
when D1 and D2 are not taken into account show that the BRC of sample D3-D7 are consistent with those
produced by basaltic melt derivation from peridotite. The Na2O content indicates a partly eclogitic
composition, although samples D3 and D4 are similar in their Na2O content to sample D1 and D2,
containing 1-1.2 wt% of Na2O (Table 6.4B.3). However the Al2O3*CaO values are clearly different between
the two groups (Fig 6.4B.18), indicating that D1 and D2 should be separated from the other samples.
Considering that samples D3-D7 are produced by basaltic melt extraction from peridotite, the Na2O
contents of sample D3 and D4 requires explanation. This Na2O content must have been introduced later
and indicates metasomatism of the garnet pyroxenite samples and/or influences of a crustal component.
Further more Fig 6.4B.18A and B clearly indicate that samples D1 and D2 most likely are differennt from
samples D3-D7. This might indicate also an alternative origin.
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Fig 6.4B.16 Discrimination diagrams. A) For igneous rocks (Lebas et al, 1986). All garnet pyroxenite samples
plot in the basalt field. B) For basalts (Pearce et al., 1977). All garnet pyroxenite samples plot in the oceanic
arc field.

Fig. 6.4B.17. Variation of major element oxides in garnet pyroxenite samples from FGP. Note differences
in CaO, MgO, FeO and Al2O3. Samples D1 and D2 deviate from the other samples in their MgO and CaO
content. D5 has low FeO and lower Al2O3 contents, but higher CaO and MgO than other samples.
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Table 6.4B.4. Al2O3*CaO values of garnet pyroxenite samples. Most likely, samples D1 and D2 require an
“alternative” origin.

Fig.6.4B.18. A) Ternary diagram with CaO, MgO and FeO (=total Fe). Note the difference in MgO wt% of
D1 and D2 with respct to the other samples. B) MgO vs Al2O3 contents of dike samples D1-D7. Note that
D1 and D2 clearly differ from the other samples.
Extended bulk rock Rare Earth Element analysis of dike samples
Extended REE data, from bulk rock garnet pyroxenites obtained by ICP-MS and normalized to primitive
mantle values after Sun & McDonough (1989), are given in figure 6.4B.19 (A & B). Sample D3 and D4 are
depleted relative to the other elements except for HREE with respect to the other samples
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Fig 6.4B.19. Bulk rock extended REE diagrams (normalized to Chondrites after Sun & McDonough, 1989).
A) samples D1, D2 and D5-7. B) samples D3 and D5. After comparing Fig A and B it will become clear that
B is enriched in HREE with respect to the other samples.
The ICPMS extended REE results show different patterns between samples (Figure 6.4B.19). All samples
except D3 and D4 show relatively flat enriched profiles (Figure 6.4B.19.A). There is a minor EU anomaly in
all but sample D5. The LREE patterns differ in enrichment from slightly to very enriched, in contrast the
level of the HREE is very consistent. The patterns of sample D3 and D4 (Figure 6.4B.19.B) are very
distinctive and show a normal to slightly depleted LREE pattern with extremely enriched HREE patterns. In
addition, a very large EU anomaly is present in sample D3 but absent in sample D4.
Based on the extended trace element patterns a number of important characteristics can be recogised in
figure 6.4B.19. A & B. Most of the samples (D1,D2,D6 & D7) in Figure 6.4B.19.A show flat but enriched
patterns, but the degree of LREE enrichment differs mutually between the samples, while the level of HREE
enrichment is approximately equal. In addition there is a small, but still visible, positive Eu anomaly in all
of these samples. Sample D3 (Figure 6.4B.19B) shows normal chondritic values for the LREE, has a very
large positive Eu anomaly and a large enrichment in HREE. This D3 pattern differs from sampe D4 in the
Eu anomaly and the fact that D4 is slightly more depleted in LREE. Sample D3 shows a wavy enriched
pattern without any Eu anomaly. The degree of HREE enrichment declines towards the lighter elements
but is depleted with respect to the other patterns. In order to check the validity of the Eu anomaly, Eu*
was calculated according to the following formula: Eu* = EuPM / [SmPM*GdPM]1/2.

Table 6.4B.5. Quantification of the Eu* anomaly in the different garnet pyroxenite samples (after Verbaas
and Van Roermund, 2012
In this formula, the PM subscript denotes that the original values are normalized to primitive mantle
values (The values used here are: Gd = 0,2055; Sm = 0,153; Eu = 0.058; after Sun & McDonough (1989)).
An Eu* < 1 corresponds to a negative Eu anomaly and an Eu* > 1 corresponds to a positive anomaly.
These values reflect the difference between the samples, D1, D2, D6 & D7 have comparable positive
values, D3 has a very high positive anomaly, D4 has a slightly negative anomaly (Eu* < 1) and D5 does not
show any Eu anomaly at all (Table 6.4B.5).
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Figure 6.4B.20; Bulk rock REE patterns of all analyzed dike samples plotted in individual compositional
diagrams D1-7; In the lower right all REE patterns of analyzed dikes are plotted together (Note the erratic
EU anomaly and the difference in relative LREE enrichment and HREE enrichment.
The various degrees of LREE depletion might be due to different minerals incorporating LREE elements.
Here garnet is a dominant storage for HREE, while clinopyroxene incorporates the LREE. In sample D3 and
D4 the HREE enrichment is as large as the LREE depletion. Dike samples D3 and D4 consist mostly of garnet,
hence there are no or relatively few minerals available to store LREE.
The other samples, D1, D2 and D5-D7 have REE patterns with different amounts of LREE enrichment.
Sample D5 lacks the Europium anomaly the other samples share and this again implies an Europium
anomaly which was superposed on the general REE pattern. An Europium rich subduction-related fluid is
inferred to have altered the samples late in the history. The latter is inferred to be responsible for the Eu
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anomalies present and the different degrees of LREE enrichment. On the nature and source of this fluid
more work still has to be done in the near future.
The bulk rock REE plots of the garnet pyroxenite dikes crosscutting FGP, given in Fig 6.4B.20, clearly do not
overlap with either the REE data presented from three different dike swarms (BDDG, PZDG and CSDG) in
Scandinavia by Solyom (1992) or for the Sarek dyke swarm by Andréasson (1992). The REE patterns of
these dike swarms are illustrated in Fig 6.4B.21 (A and B). This makes a correlation of the garnet
pyroxenites in the FGP with either of these dike swarms problematic. The Eu anomaly is very dependent
on oxygen fugacity and/or fluids, so this discrepancy can easily be explained. However, the relative LREE
depletion in the garnet pyroxenite samples from FGP (Fig. 6.4B.20) compared to those formerly described
in the literature (Fig 6.4B.21) is very different. The relative amounts of garnet and pyroxene in sample D3
and D4 are different with respect to the other samples. Hence, sample D3 and D4 are interpreted here not
to be representative of their individual bulk rock compositions.

Figure 6.4B.21; A) Bulk rock REE data of the BDDG, PZDG and CSDG normalized to chondrites (Data from
Solyom et al., 1992). B) Bulk rock REE data of the Sarek Dike Swarm (SKS), normalized to chondrites (Data
from Andréasson et al., 1992).
Garnet pyroxenite and eclogite

Table 6.4B.6; The three values (Ni, Cr,, Mg*) which Medaris et al. (2006) used to distinguish between
eclogite and garnet pyroxenite
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Bulk rock basaltic compositions of the analysed garnet pyroxenite samples suggest a basaltic precursor of
all samples (Fig.6.4B.16). The sodium content of the analysed samples (Table 6.4B.6) is in this respect of
large importance as NaO contents > 1 wt % cannot directly be related to melting of mantle material. This
divides the analysed garnet pyroxenite samples from FGP in two groups, D1-D4 and D5-D7.
The major element composition of the analysed samples (Fig 6.4B.17) does not show any evidence of
fractional melting. Different samples do not show similar grades of depletion/enrichment with increasing
magnesium content. Also when different groups of samples are checked for fractional crystallization such
as D1, D2 and D5-7 the degree of depletion/enrichment is erratic. Table 6.4B.6 shows the nickel, chromium
and Mg#, used by Medaris et al., (1995) to distinguish between garnet pyroxenite and eclogite in the Gföhl
nappe in the Bohemian massif. Eclogites are considered to have Mg# < 80, Na2O > 0.75 wt%, Cr < 1500
ppm and Ni < 400 ppm.
According to this classification scheme of Medaris et al., (2006) all of the analysed samples from FGP would
plot in the eclogite field (with the exception of the Na2O content of sample D5 (Table 6.4B.6). This raises
questions to the actual mechanisms involved in the formation of the garnet pyroxenites. The recycling of
oceanic material is consistent with the sodium content but according to this study, the sodium content
can be introduced later in tholeiitic bulk rock compositions. Eclogites of the Central Belt are usually more
sodium rich, > 4 % (Table 4; van Roermund, 1985) versus a maximum of 1.5 % for garnet pyroxenite
samples from FGP, so on this basis garnet pyroxenites in FGP can still be distinguished from country rock
eclogites. The classification scheme used by Medaris et al (2006) is thus not applicable to the Friningen
peridotite dike samples as a sodium (Na2O) content of < 4 wt % makes it unlikely that these dike samples
are eclogitic.
The variable sodium contents and Eu anomalies of the Friningen dike samples make it also unlikely that
these are primary characteristics. Dike sample D5 has no Eu anomaly at all and a very low Na2O content
(< 0.3 wt %) which makes it likely that this sample is the least altered by infiltrating fluids (secondary
effects). Possible secondary influences that may have given rise to the erratic Na2O contents and Eu
anomalies will not be discussed here any further.
PT calculations
The results of thermodynamic modelling using Perple-X software (Connolly, 2005, version 6.6.8) for the
Friningen garnet peridotite and associated metabasic rocks are illustrated in Fig 6.4B.22 and Fig 6.4B.24
(after Gilio et al., 2015 and Janák et al., 2013). PT results performed on the peridotites indicate that the
early, coarse grained, olivine + orthopyroxene + clinopyroxene + “high Cr” garnet assemblage (M1a) was
formed at 1100 ± 100 °C and 5.0 ± 0.5 GPa. The latter PT conditions are determined using the intersection
point (triangle) between the three isopleths (Cr*, Ca* and Mg*) of M1A garnet plotted in PT space (Fig
6.4B.22.A). The M1A mineral assemblage is minimal of mid Proterozoic age (Brueckner et al, 2004).
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Fig.6.4B.22; A) PT section calculated using the Perple_X thermodynamic software (Connolly, 2005: version
6.6.8) with isopleths for Mg# = prp = (Mg/(Mg + Fe + Ca)), Ca# = grs = (Ca/(Mg + Fe + Ca)) and Cr# (Cr/(Al
+ Cr)) in garnet and Al (p.f.u.) content in orthopyroxene. M1a mineral assemblage in the Cr-NCFMAS system
(after Ziberna et al., 2013). The shaded green circle indicates the provenance of the M1a garnet assemblage
according to mineral data and isopleths modelling. The star symbol indicates the M2 PT conditions
calculated by Janák et al. (2013). B) PT section calculated using the Perple_X thermodynamic software
(Connolly, 2005; version 6.6.8) with isopleths for Cr# (Cr/(Al+Cr)) in garnet and Al (p.f.u.) content in
clinopyroxene. M2 mineral assemblage in the Cr-NCFMASH system. The PT results of the M1b and M2
geothermometry are shown by the shaded (blue) areas (with M2 or M1b) while the star symbols indicate
the PT conditions calculated for the M2 and M3 mineral assemblages by Janák et al., (2013) for a crosscutting eclogitic dyke.
The M1a metamorphic conditions were followed by an inferred late Proterozoic exhumation event down
to 850–900 °C and 1.5 GPa (called M1b, Fig 6.4B.22.B). The latter PT estimate is based on the breakdown
of high-Cr M1a garnet (Cr# = 0.065) + olivine into a coarse grained orthopyroxene + clinopyroxene + spinel
(Cr# = 0.15–0.25) ± pargasite assemblage (M1b; Fig 6.4B.8.D and 6.4B.9.b) and exsolution of garnet from
Al-rich orthopyroxene and clinopyroxene (Fig.6.4B.9.A). The M1b kelyphite is overprinted by an earlyCaledonian UHPM mineral assemblage (M2; T = 800 °C and P = 3.0 GPa; Fig 6.4B.10). These M2
metamorphic conditions in the peridotite, calculated by geothermobarmetric means, are approximately
equivalent to the PT conditions of the earlier discovered UHP assemblage within an eclogitic dyke that
cross-cuts FGP (star symbol in Fig 6.4B.6.a+b). In the garnet peridotite M2 is displayed by low-Cr garnet
(Cr# = 0.030) growing together with spinel (Cr# = 0.35–0.45), both these minerals form part of the olivine
+ orthopyroxene + clinopyroxene + garnet + spinel + pargasite M2 assemblage (Fig 6.4B.10). The formation
of plagioclase+diopside symplectites after omphacite and breakdown of kyanite to sapphirine+albite in
internal eclogite (Fig. 6.4B.12) and breakdown of M2 olivine+garnet to (very fine grained)
amphibole+orthopyroxene+spinel assemblages (M3) in garnet peridotite (Fig 6.4B.11) indicate post-UHP
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isothermal decompression down to 750–800 °C and 0.8–1.0 GPa (=M3; Fig 6.4B.22.B). The combined PTtdeformation path of the FGP characterizes that of a mantle wedge garnet peridotite (Van Roermund,
2009). A summary of the overall PT path of the FGP is illustrated in Fig 6.4B.30.C.
Multiphase solid inclusion assemblages
Multiphase solid- and fluid inclusion assemblages, composed of Sr-bearing magnesite, dolomite or carbon,
decorate linear defect structures within M1a–b minerals (Fig 6.4B.11.c and d) and/or form subordinate
local assemblages together with / inside M2 minerals (Fig 6.4B.23). The latter are interpreted as evidence
for infiltration of early-Caledonian COH-bearing “subduction zone” fluids. Similar multiphase solid
inclusion assemblages are reported by Carswell et al., (2005) and Scambelluri et al., (2008, 2010).

Fig 6.4B.23. Showing the used technique to spot multiphase solid inclusion assemblages. A) Overview of
microstructure showing a coarse M1A olivine clast (outlined by stippled blue line) surrounded by a smaller
sized recrystallized olivine (foam) M2 texture. Black squares refer to the location of detailed images
containing multiphase solid inclusion assemblages of dolomite, +/- magnesite, carbon, Al-oxides. B) An
example of a multiphase solid inclusion assemblage at location GP3B-ol3.5 inside M2 olivine in Fig
6.4B.23.A. Note: we have tested also many “Carbon” precipitates with Raman but sofar none of them
contain diamond.
Calculated PT conditions for the M2 and M3 mineral assemblages recorded by the kyanite eclogite
dyke that cross cuts FGP.
The results of these PT calculations are illustrated in Fig. 6.4B.24 a,b,c and d. In addition in the Fig
caption of these Figs the details of the methods used are described.
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Fig 6.4B.24. Calculated PT conditions for the internal kyanite eclogite (see Fig.6.4B.6.A). A) P-T section for
the Friningen kyanite eclogite (sample JMY6B) calculated using the geothermobarometric method of Ravna
and Terry (2004). The quartz (Qtz) - coesite (Coe) and graphite (Gr) - diamond (Dia) phase boundary lines
are calculated from thermodynamic data of Holland and Powell (1998). B) P-T section calculated for the
peak-pressure stage in the NCKFMASH system using the PerpleX thermodynamic software (Connolly, 2005;
version 07) with isopleths of XGrs = Ca/(Ca+Mg+Fe) and XPrp = Mg/(Mg+Fe+Ca) in garnet, XNa = (Na/Na+Ca)
and XMg = (Mg/Mg+Fe) in omphacite. The P-T conditions obtained from geothermobarometry are shown
by the white triangle and those considered to be relevant for the peak UHP metamorphic stage by the
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yellow circle. C) C) P-T section calculated for the “low-pressure” (Barovian) M3 stage in the NCFMAS system
with the isopleths of XMg = Mg/(Mg+Fe) in sapphirine, spinel, orthopyroxene and clinopyroxene. P-T
conditions estimated from the intersections of the various XMg isopleths are shown by the ellipsoid. After
Janák et al 2013. D) P-T path of kyanite eclogite. Dashed arrow is the P-T trajectory of the garnet peridotite
according to Verbaas and Van Roermund (2012). The petrogenetic grid for metabasic rocks is from
Okamoto and Maruyama (1999), Amp: amphibolite facies, HGR: high-pressure granulite facies, Ep-EC:
epidote eclogite facies, Amp-EC: amphibole eclogite facies, Dry-EC: dry eclogite facies. The quartz-coesite
curve is calculated from thermodynamic data of Holland and Powell (1998). For more info see Janák et al.,
2013.
Trace element chemistry
Clinopyroxene, olivine, garnet, orthopyroxene and amphibole.
Chondrite normalized spider patterns for clinopyroxene and one amphibole from the FGP are given in Fig
6.4B.25.
Chondrite normalized REE patterns of Ol, Opx, Cpx, Amp and Grt from the Friningen garnet peridotite
body are given in Fig 6.4B.26. Note that in the latter patterns no clear discrimination can be defined
between M1A and M2 minerals. This is attributed to the influx of supercritical fluids during early
Caledonian subduction leading to M2.

Fig 6.4B.25. A) Chondrite normalized spider patterns for clinopyroxene and one amphibole of the Friningen
peridotite body. The shaded field represents clinopyroxene analyses from the Western Gneiss Region (after
Brueckner et al., 2004). B) REE diagram showing patterns for clinopyroxene and garnet from sample Froo15. The bold dashed line represents the calculated pattern of clinopyroxene assuming it contains the REE
of the associated garnet. (After Brueckner et al., 2004).
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Fig 6.4B.26. REE patterns, normalized to chondrite, of Ol, Opx, Cpx, Amp and Grt from the Friningen
garnet peridotite body (after Van Roermund, unpublished data). Colours refer to different sample
numbers and/or mineral assemblages (M1a/M2).
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Fig 6.4B.27. Sr-Nd isotope compositions of minerals at 1.53 Ga from the Friningen peridotite body. Filled
stars, clinopyroxene; filled hexagons, late amphiboles from other peridotite bodies. Grey shading indicates
fields for clinopyroxene from several peridotite bodies in the Western Gneiss Region (Brueckner & Medaris
2000). Arrows show possible mixing trends by subcontinental metasomatism (dashed line) and crustal
contamination related to subduction (continuous line). From Brueckner et al., 2004.
Sm-Nd and Re-Os isochron ages
The best existing constraints on the timing of eclogite facies metamorphism in this region come from a
Sm–Nd study by Brueckner and van Roermund (2007), who reported a weighted average age of 457.9 ±
4.5 Ma, derived from four garnet peridotites and two eclogites. In the Central Belt, three garnet peridotites
yielded 452.8 ± 7.5, 448 ± 17, and 452 ± 20 Ma, equivalent to a 454.8 ± 9.7 Ma age from a quartz eclogite.
In addition Brueckner et al. (2004) presented Re-Os isochron ages of sulfide grains from the FGP (Fig
6.4B.29). If true these Re-Os ages provide evidence for an Archean age of the FGP.

Fig 6.4B.28. Sm-Nd mineral isochron ages from 3 garnet pyroxenite dikes in the Friningen Peridotite body.
Errors are smaller than the plotted points unless noted with an error bar. Ages were calculated using the
Isoplot/Ex program of Ludwig (1998). (after Brueckner et al., 2004).
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Fig 6.4B.29. Re-Os isochron diagrams plotting sulfide grains analysed by LAM-ICPMS from Friningen garnet
lherzolite samples. A) All analysed sulfides from sample Fr-8 (∆), Fr00-8 (O) and Fr00-19
. The best-fit
line is for sample Fr00-19. B) Sulfides from Fr00-19 that contain >3ppm Os and have 187Re/188Os ratios <
3.2. Samples shown by error bars are from a single thick section of sample Fr00-19 (six points) and define
the ‘age’ and ‘error’ shown on the diagram. (After Brueckner et al., 2004).
More importantly, these Archean Re-Os isochron ages would also demonstrate that the boundary
between the suboceanic (SOLM)- and subcontinental lithospheric mantle (SCLM) in the Gäddede-Kittelfjäll
area (Fig 14) must lie west of (or in structural terms above) the Middle belt of the SNC (Table 8).
Tectonic interpretation
The well-defined PTt-deformation path of the FGP resembles that of a mantle wedge garnet peridotite
(Van Roermund, 2009; Zhang et al., 2010). This characteristic PT path is illustrated in Fig 6.4B.30.c and can
be summarized as follows: The M1A assemblage in the FGP is interpreted to originate from the “base” of
a cold, old and thick subcontinental lithospheric mantle underneath a old craton (here Rodinia).
Subsequently Rodinia (including its underlying SCLM) had to extend (a-?) symmetrically (Fig 6.4B.30.a)
leading to the formation of rifted and (hyper-?) extended passive continental margins in late Vendian-early
Cambrian times (Fig 6.4B.30.A). During this ductile (hyper-?) extension phase it is inferred that extreme
exhumation of the FGP took place up to lithospheric conditions around 1.5 GPa and 850–900 °C (Fig.
6.4B.30.a). Spreading in this case is interpreted to be approximately synchronious with Iapetus/Aegir
ocean formation in pre-Caledonian times (Fig 6.4B.30.A). After that the FGP became incorporated in a
convergent plate tectonic setting related to the early (500-445 Ma) Caledonian orogenies. Around 455460Ma the central/middle belt of the SNC started to subduct down to UHPM conditions (800 °C/3.0 GPa;
Fig.6.4B.30.B). During early this Caledonian subduction and/or eduction event SCLM fragments were
tectonically introduced from the hanging wall mantle into the subducted/educted SNC according to the
dunk tectonic model described by Brueckner (1998) and Brueckner and Van Roermund (2004).
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During the early Caledonian (455-460Ma) subduction event (=in Fig. 6.4B.30 C from M1b to M2) the FGP
was infiltrated by subduction related COH fluids leading to enrichment and/or precipitation of the
multiphase solid inclusion assemblages including carbon (which did not reacted to diamond).
Subsequently early Caledonian (455-460Ma) subduction was followed by eduction back to sub-crustal
levels (= in Fig 6.4B.30.c from M2 to M3 by near isothermal decompression). As such, FGP is the first locality
in the Swedish Caledonides from which two UHP metamorphic events are described, the first event can
be related to the formation of an ancient (≥ 1.0 Ga) lithosphere underneath a craton (Rodinia) and the
second is of early-Caledonian age (Brueckner et al., 2004).
Finally it has to be realized that the paleo-location of the 455-460 Ma old subduction zone, described in
this excursion guide by the typical rock association of orogenic (spinel and garnet) peridotites and high
and ultra-high pressure rocks (eclogites and HP/UHP country rock gneisses) in the Seve Nappe Complex of
N Jämtland, S Västerbotten, central Swedish Caledonides, was not in N.Jämtland/S.Västerbotton but, in
terms of modern coordinates, located far to the west of the present Norwegian coast line (Fig 12 B). This
implies that after early Caledonian eduction to subcrustal levels, the lower (U)HP rocks of the SNC still had
to be transported further to the east over a distance in access of 500 km. During this large-scale W-E
transportation event (=regional thrusting) the “internal geometry” of the SNC was completely “disturbed”
leading to the lateral inconsistencies in the tectonostratigraphy of the SNC as described in the first part of
this field guide (a.o. Table 7). The latter is however also responsable for the fact that within the TångenInviken area (Fig 6.0.3 and Fig 14) the high and ultra-high pressure metamorphic rocks are spatially
restricted to two separate tectonic lenses mutually separated by lower grade metamorphic rocks
metamorphosed only in the classic Barovian domain.
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Fig 6.4B.30. a) Simplified cartoon illustrating the extensional phase related to formation of the Iapetus
ocean and interpreted to be responsible for the near-isothermal decompression path of the FGP (i.e. from
M1a to M1B in Fig c). b) Simplified cartoon illustrating geodynamic evolution of FGP (red path) and another
orogenic peridotite from the central belt of the SNC (Kittelfjäll spinel peridotite (= KSP; blue path after Clos
et al., 2014) in relation with the subducted SNC. FGP is crustally emplaced in the down-going slab during
subduction and KSP during eduction of the SNC. c) Summary of the overall PTt path of the Friningen garnet
peridotite body (after Gilio et al., 2015)

Fig 6.4B.31. View to the west from the bridge located in between the lakes nedre and övre
Härbergsdalen. Arrow marks location of the Friningen garnet peridotite body (FGP).
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