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Figure 1: Google satellite image illustrating the road to travel (dashed white line) from Åre (Sweden) to
Molde (Norway). Yellow lines refer to other main roads. The tilted white box refers to the area of field
locations shown in Fig. 2.

1.2 Travel dates, accomodation and field logistics

Departure 26 August 2017, 14:00 sharp in front of the hotel “Copperhill Mountain Lodge”,

travel from Åre (S) to Molde (N) by driving ∼400 km takes 5–6 h

Field days 27 + 28 August

End 29 August, upon individual request either at Molde airport (N), Trondheim air-

port (N) or the hotel “Copperhill Mountain Lodge” near Åre (S)

Travel throughout the excursion will occur by minibus. The departure time each morning will be

08:30 sharp. The large number of participants requires their split into two approximately equal

groups, A and B. During the first field day, group A will visit Svartberget and Otrøy, whereas

group B will visit Fjørtoft. The next day, each group will head to the other outcrops.

Accomodation for 3 nights including 2 breakfasts is arranged at the:

Hotel Alexandra

address: Storgatan 1–7, 6413 Molde, Norway

phone: +47 71 20 37 50

fax: +47 71 20 37 87

email: q.alexandra@choice.no

Evening meals, whether provided at the hotel or obtained in nearby cafés, are not included.

Lunch will be the responsibility of each participant, to be eaten ‘in the field’, but can be ordered

in the hotel at a reasonable price.

Most of the terrane and outcrops require good footgear (leather walking boots or rubber

boots). The weather is unpredictable and the worst has to be expected (rain, wind, temper-

atures down to 10 ◦C) 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, com-

pass/clinometer, small backpack etc., will be a pair of binoculars.
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Figure 2: Google satellite image that shows the areas that will be visited during the two field days.

2 General Introduction

Editors’ Foreword: This guide was put together from a range of previously produced research

papers, in some cases we have extracted material wholesale, but added notes where neces-

sary 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. We have tried, however, to give credit

where due, and will hope that nobody is offended. (HvR, DS and HV; May 2017).

2.1 Introduction to the Scandinavian Caledonides

2.1.1 Architecture and tectonostratigraphy

There are only a few places in the world where it is possible to (i) trace a hot allochthon for

200 km across a continental margin, (i) demonstrate its lateral displacement to have been more

than twice this distance, (iii) infer that it was generated and exhumed in an outer-margin sub-

duction system during the final stages of ocean closure and (iv) 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 Scand-

inavia 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 moun-

tains of western Scandinavia, the Scandes (Fig. 3). This mid-Paleozoic orogen was formed by

the closure of the Ediacaran–Cambrian Iapetus ocean during the Ordovician and subsequent

collision of the continents Laurentia and Baltica in the Silurian. Underthrusting of the latter by

the former continued into the Devonian including hinterland uplift, collapse of the mountain belt

and continued emplacement of the allochthons far onto the continental platform (Andersen,

1998; Roberts, 2003; Brueckner and Van Roermund, 2004; Gee et al., 2008; Fosson, 2010).

Along the western side of the orogen, presently exposed in eastern Greenland, the Cale-
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donian nappes were derived from the Laurentian continental margin, with the highest units

being emplaced westward by approximately 200 km onto the Laurentian platform (Higgins and

Leslie, 2000; Higgins et al., 2008). At the Scandinavian side of the orogen, the nappes were

thrust eastward onto the Baltoscandian basement and its autochthonous sedimentary cover

and comprise a comprehensive tectonostratigraphy (Fig. 3; Gee and Sturt, 1985; Gee et al.,

2013).

The Scandinavian Caledonides form a complex of nappes that include both Baltica margin

and outboard terranes, some of Laurentian affinity. The nappes are sub-divided, from bottom to

top, into the Lower, Middle, Upper and Uppermost Allochthons (Fig. 3; Roberts and 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 com-

plexes interpreted to represent either fragments of Laurentia or nearby arc terranes (Fig. 3).

The Allochthon between the Uppermost and Middle 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 and Stephens, 2000; Engvik et al., 2014; Slagstad et al., 2014).

The Baltoscandian platform cover (unit B in Fig. 3c) of the autochthonous Baltic Shield

(unit A in Fig. 3c) is separated by a regional décollement from Ediacaran to Cambrian passive-

margin and subsequent foreland basin successions of the Lower Allochthon (unit C in Fig. 3c),

which are in turn overthrust by the Middle Allochthon of Cryogenian to Ediacaran rift related

successions (unit F in Fig. 3c) derived from the outer parts of the margin and continent–ocean

transition zone, the Seve Nappe Complex (NC). The overlying Köli Nappes of the Upper Al-

lochthon comprise Iapetus Ocean terranes, with thick sequences (?) of Cambrian to Ordovi-

cian rocks, including ophiolites, island-arc, 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 import-

ance for the interpretation of the high pressure (HP) / ultra-high pressure (UHP) Allochthons in

the Scandinavian mountain belt has been the understanding of the stratigraphic relationships

between the Baltoscandian platform to foreland basin assemblages of the Lower Allochthon

(unit C in Fig. 3c), and to the intensively metamorphosed and ductilely deformed overlying

Neoproterozoic units of the Middle Allochthon (units D to F in Fig. 3c). The different tectonic

units of the Lower Allochthon (unit C in Fig. 3c), called the Jämtlandian Nappes in the cent-

ral Scandes, are closely related and unambiguously coupled to the autochthonous platform

black shales and carbonates of the Baltoscandian platform (unit B in Fig. 3c). The succes-

sions in the overlying nappes (units D to F in Fig. 3c), 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), appar-

ently in response to early and late Caledonian nappe emplacements along the Baltoscandian
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Simplified tectonostrati-
graphy.

Black vertical bars:
first early Caledonian
dolerite dykes

Local terminology:

F=Särv Nappe

E=Offerdal Nappe and/
or granite mylonite

D=Neoproterozoic
sandstones

C=Lower Allochthon

Figure 3: Tectonostratigraphy of the Scandinavian Caledonides. (a) Simplified tectonostratigraphy (not
to scale, colours resemble those in the adjacent map) that is used for guidance throughout this excursion
guide. (b) Top: Map view of the major nappe units. Acronyms indicate selected locations described
in the text: D=Dombås, G=Grong, N=Nasafjäll, O=Olden, Tr=Trollheimen, To=Tommerås, Å=Ålesund.
Black square refers to the excursion route. Bottom: Cross section along the profile NW–SE shown in
the map. Vertical exaggeration is 5×. Scale does not allow clear visibility of the major allochthons’
attenuation in the western hinterland that separate the Köli Nappes from the basement (modified after
Gee et al., 2013).
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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; unit C

in Fig. 3c), allowing direct correlation with the stratigraphy of the overlying Middle Allochthon

(units D to F in Fig. 3c). The successions in the latter are several kilometers thick (Kumpu-

lainen 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 sand-

stones. Rift-related, ca. 600 Ma dolerite dike swarms (unit F in Fig. 3c; Solyom et al., 1979;

Greiling et al., 2007; Hollocher et al., 2007) intrude these formations of the Särv Nappes, cent-

ral part of the Middle Allochthon. The underlying mylonitic augengneisses (unit F in Fig. 3c) are

called here the Granite mylonite and/or the Offerdal Nappes. The Särv Nappes are overthrust

in turn by the Seve NC. 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, 1983;

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 rif-

ted and highly extended Baltoscandian margin, including the continent–ocean transition zone

(Andréasson and Gee, 2008).

2.1.2 HP and UHP metamorphic rocks

Almost a century 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. 3). 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; Mørk,

1985; Mørk, 1986), their Caledonian age (Krogh et al., 1974; Griffin and Brueckner, 1980; Ge-

bauer et al., 1985), and local evidence of UHP metamorphism (Smith, 1984; Dobrzhinetskaya

et al., 1995; Wain, 1997; Van Roermund and Drury, 1998; Wain et al., 2000; Terry et al., 2000b;

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).

More than forty years ago, Zwart (1974) reported eclogites in the long transported Seve

NC in the Swedish Caledonides, thrust far onto the Baltoscandian foreland basin and plat-

form. 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 respons-

ible 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
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the underlying Baltic basement during regional Caledonian thrusting (Strömberg, 1978; Zwart,

1978). Eclogites were later found to be relatively widespread in the Seve NC 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 subsequently 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 Brueck-

ner et al. (2004) in northern Jämtland and Smit et al. (2009) in the southernmost Caledonides.

Other workers have tried to date the HP metamorphism in the Seve NC, 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 Tromsø

area, northern Norway, where they occur in the Tromsø Nappe (Krogh et al., 1990; Ravna et al.,

2006; Krogh Ravna and Roux, 2006; Janák et al., 2012). According to Brueckner and Van Ro-

ermund (2007), the Tromsø 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 Jæren Nappe, southern

Norway, to Smit et al. (2009) and for glaucophane bearing rocks in the Trondheim Nappe to

Eide and Lardeaux (2002).

2.1.3 Orogenic peridotites

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, 2009a). The spatial distribution of orogenic

peridotites in the Scandinavian Caledonides is shown in Fig. 4a–c and their tentative position

within the tectonostratigraphy is indicated in panel (d). These figures illustrate that north of the

Grong–Olden culmination (i.e. north-west of Östersund), the orogenic peridotites are spatially

limited to the structural levels of the Köli- and Seve NC, except for a few that occur along the

west coast of Norway underneath or in the Uppermost Allochthon and in the Tromsø area of

north Norway. This spatial distribution pattern of orogenic peridotites might hint towards a very

simple distribution pattern that consists of sub-oceanic lithospheric mantle (SOLM) fragments

in the Köli NC and (subcontinental?) lithospheric mantle (SCLM) fragments in the underly-

ing Seve NC. Given that the Seve NC is thought to represent a (hyper?)-extended continental

margin, also called a continent–ocean transition zone (COTZ) this is a very intriguing question

that needs to be sorted out in greater detail in the near future. South of the Grong–Olden cul-

mination, orogenic peridotite bodies have a very limited spatial distribution pattern. Orogenic

peridotite outcrops occur along the “Seve-Köli boundary” in the east and additionally in the

lower and middle parts of the Middle Allochthon, which includes the famous WGR (Brueckner

et al., 2010; Andersen et al., 2012). In the latter areas, the nature of the lithospheric mantle

fragments (SOLM vs SCLM) has not yet been systematically investigated, except for the oro-
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(d)

(c)

(b)

(a)

Figure 4: Distribution of orogenic peridotites (red dots, red & white dots and red stars in panel a, b
and c, respectively) throughout the Scandinavian Caledonides. (a) Overview map shows the spatial
distribution of orogenic peridotite (after Qvale and Stigh, 1985; Birtel, 2002). Polygons refer to subsets
in other panels. (b) WGR (after Brueckner et al., 2010). (c) Southern Norway (after Andersen et al.,
2012). (d) Tectonostratigraphic distribution of orogenic peridotite in the Scandes is illustrated by black
arrows. Note: the colour scheme in panel (a) deviates from that in panel (d) and Fig. 3. In addition, the
Seve NC in (a) follows the old concept (i.e. = Upper Allochthon = dark green in colour).

genic garnet peridotites in the WGR (Brueckner et al., 2010).

2.1.4 Garnet peridotite in the northern UHP domain of the WGR

In recent years, three UHP metamorphic domains have been identified within the WGR (Carswell

and Cuthbert, 2003). For a modern up to date review the reader is referred to Hacker et al.

(2010). The rough contours of the three UHP domains is outlined in Fig. 5. A current and de-
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Figure 5: Regional tectonostratigraphic map of the Central Scandinavian Caledonides (after Robinson
et al., 2014). Note that the traditional area of the WGR has been subdivided here into two separate
parts (blue vs brownish; for further information see Robinson et al., 2014). Heavy dashed lines refer to
the three UHP metamorphic terranes in the WGR. Thick black contours infer extensional detachment
zones. The red square refers to the area that will be visited during this excursion.

tailed version for the extend of the UHP metamorphic domains in the WGR is provided here in

Fig. 6 based on the spatial distribution of index minerals and of metamorphic P and T conditions

inferred from the mineral chemistry of both Caledonian peak metamorphic assemblages and

pre-Caledonian assemblages with equilibration conditions at a cratonic geotherm within the

coesite stability field. During this excursion we will visit only the northern UHP metamorphic

domain.

Occurrences of peridotite bodies of meter to kilometer-scale dimensions are a conspicuous

feature of the WGR (Fig. 6). Chlorite-amphibole peridotites are the most common and only a

few bodies contain the pyropic garnet-olivine assemblage that is diagnostic of the stabilisation

of HP/UHP eclogite-facies assemblages. Nonetheless, petrographic features, including the

observed retrograde transition from granoblastic garnet bearing peridotite into foliated chlorite-

amphibole peridotite within certain bodies, suggest that at least some of the designated chlorite

peridotites may originally have contained pyropic garnets.

The garnetiferous peridotite bodies exposed on the islands of Otrøy, Flemsøy and Fjørtoft

are especially noteworthy because they contain evidence for the early stability of M1 megac-

rystic mineral assemblages that include HP and HT enstatites and majoritic garnets (presently

exsolved into M2 and into post-peak-M3 assemblages). The northernmost garnet peridotite
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Approximate outline of UHP
metamorphic areas

Garnet peridotite (Mg-Cr type)

Garnet peridotite (Fe-Ti type)
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Main towns
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Figure 6: Simplified geological map of the northern WGR that shows the distribution of different types
of peridotite, of selected eclogite and of UHP index minerals. Areas of Caledonian (M3) UHP meta-
morphism are defined by index minerals M3 and by chemical equilibria of pre-Caledonian (M2) minerals
in garnet peridotite bodies that were incorporated from the hanging wall coesite stability field into the
basement gneiss during the M3 event (modified after Spengler, 2006; Fe–Ti type garnet peridotite loc-
alities are from Vrijmoed et al., 2008; a recent finding of coesite on Harøy is from Butler et al., 2013).

bodies are geographically located within the northernmost UHP metamorphic domain of the

WGR (Fig. 6).

The terminology of Scambelluri et al. (2008) and Scambelluri et al. (2010) will be used when

reference is made to Archaean, Proterozoic or Scandian tectonometamorphic events: M1 =

Archaean; M2 = Proterozoic; M3 = Scandian (Fig. 7). Although, any reported Proterozoic (M2)

garnet composition thus far is that of a normal garnet, i.e. free of any majorite component. This

observational fact also allows for an alternative solution of the previously proposed scheme in

terms of garnet chemistry (Fig. 7b). The latter interpretation basically refers to a metastable

situation in which the M1b garnet (with 1 % majorite dissolved in its crystal lattice) remains

(meta-)“stable” till the Proterozoic. Otherwise, full exsolution must have occurred during the

Archaean. This second, alternative interpretation is now also added to Fig. 7b (in red). In
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M3-1

M3-2

M3-3

(a)

20→1→0% 0%

(b)

Figure 7: Tectonometamorphic evolution of Mg–Cr type garnet peridotite of the northern UHP meta-
morphic domain. (a) Resolved in physical conditions (P–T path; after Scambelluri et al., 2008). Thick
black part, Archaean M1(A-B) to mid Proterozoic M2 evolution. Light grey part, Scandian evolution.
Blue, Scandian prograde evolution proposed by Scambelluri et al. (2010) is based on mineral inclusion
assemblage observations. This prograde M3 subduction path is subdivided into M3-1, M3-2 and M3-3,
with M3-3 being equal to the peak M3 metamorphic event (M3a in panel b). Bardane majorite garnet
(M3-3) infers Caledonian T of ∼1000 ◦C. Unlabelled thin solid line corresponds to a hot subduction
geotherm. Thin solid lines labeled 1, 5, 20 % show isopleths for the majorite component in garnet for
the CMAS-system (Gasparik, 2014). Other labelled thin lines are phase boundaries or solidi. S and
T represent estimated P–T conditions for Su–Lu and Tibetan Plateau UHP metamorphic terranes. (b)
Resolved in time (after Van Roermund, 2009a). Based on arguments given in the text the second, al-
ternative interpretation for the chemical and microstructural evolution of garnet is added to the table in
red.

addition, M1a refers to a stage of adiabatic decompression at HT (1700–1800 ◦C) from the

mantle transition zone that resulted in the extraction of high P–T decompression melts and left

behind refractory peridotite while M1b refers to the accretion of this refractory peridotite to the

continental lithosphere.

Carswell et al. (1983) drew attention to the existence of two fundamentally different chem-

ical types of garnet bearing peridotite bodies in the WGR. The Fe–Ti type garnet peridotites

were interpreted to have had a prograde (U)HP metamorphic history that started as the ul-

tramafic portions of layered low pressure (LP) crustal intrusive bodies were metamorphosed

during Scandian subduction. A classical example of a Fe–Ti garnet peridotite is the Eiksunddal

eclogite complex on Hareidland (Fig. 6) that has subordinate garnet peridotite layers as doc-

umented by Schmitt (1963) (the first geologist on the Moon) and by Jamtveit (1987). Jamtveit

et al. (1991) were unable to obtain a meaningful Sm–Nd age for a garnet peridotite sample

from the Eiksunddal complex, due to isotopic disequilibrium between the garnet, clinopyroxene

and the whole rock. However, they did obtain a Scandian metamorphic age of 412±12 Ma

for coexisting garnet and clinopyroxene from a well-foliated eclogite sample from the same

complex, in agreement with other Scandian Sm–Nd mineral ages from the WGR (Griffin and

Brueckner, 1980).

Fe–Ti type garnet peridotites also occur in the northernmost UHP metamorphic domain
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(a)

(b)

(c)

(d)

(e)

Figure 8: Evidence for three garnet generations (M1, M2 and M3 in Fig. 7) in the Ugelvik and Raudhau-
gene garnet peridotites on Otrøy island. (a) Drawing of the internal microstructure of a fully exsolved
M2 garnetite clast (after Van Roermund and Drury, 1998). (b) Front cover of Terra Nova showing a
photomicrograph of a M2 garnet core with pyroxene lamellae that form part of the microstructure in
(a) and is interpreted to be formed from former garnet M1b by exsolution, that in turn is proofed by
topotaxial relationships between garnet and pyroxene (Spengler, 2006; Zhang et al., 2011b). (c) and (d)
Field photographs of garnet peridotite that show relics of nodular (polycrystalline) garnet (cm-scale) with
peripheral, aligned M2 garnet porphyroclasts (mm-scale) formed in response to dynamic recrystalliza-
tion of peridotite. (e) BSE image that illustrates dynamically recrystallized M3 garnet+spinel (µm-scale)
at the rim of porphyroclastic M2 garnet (sub-mm-scale) that is similar in grain size to those aligned in
panel (c) and (d) (after Dijkstra et al., 2004).

of the WGR. Examples are the Svartberget and RaknesTangen bodies (Fig.6). The diamond

bearing UHP mineral assemblage of the Svartberget body was dated by Vrijmoed et al. (2006,

2008) as late Scandian (390–380 Ma; Sm–Nd garnet-clinopyroxene). Other, more younger

Scandian ages are however interpreted as reset-ages due to a post-UHP HT amphibolite facies

overprint.

By contrast, the Mg–Cr type garnet peridotites display characteristic upper mantle min-

eral and whole rock chemistries (O’Hara and Mercy, 1963; Carswell, 1968) and isotopic ratios

(Brueckner, 1977) consistent with derivation from very highly depleted SCLM. Medaris (1984),

Carswell (1986), Medaris and Carswell (1990) and Krogh and Carswell (1995) documented

the complex, multi-stage metamorphic evolution that some of these particular garnet peridotite

bodies have experienced. The authors concluded that the peridotites initially contained high

temperature (HT) pyroxenes that, on the basis of scarce petrographic evidence, coexisted with

spinel rather than with garnet (stage M1 in Fig. 7b) implying an initial LP protolith origin. They

suggested the spinel peridotites were converted into garnet peridotites by a subsequent “quartz

eclogite facies” tectonometamorphic event of unknown age (stage M2 in Fig. 7b).

However, subsequent Sm–Nd dating and also later Lu–Hf dating of garnet + clinopyroxene

+ whole rock in samples of Mg–Cr type garnet peridotite and associated olivine free garnet

pyroxenites by Mearns (1986), Jamtveit et al. (1991), Brueckner et al. (1996, 2002) and Lapen

et al. (2005) has importantly shown that the earliest garnet bearing assemblages (stage M2 in
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Fig. 7) in these mantle-derived peridotite bodies were of (minimal?) mid-Proterozoic (M2) age

and consequently were present as stable assemblages in the SCLM long before the Scandian,

subduction-related, (U)HP metamorphic event that effected the WGR (stage M3 in Fig. 7).

A very surprising discovery was the recognition by Van Roermund and Drury (1998) and

Van Roermund et al. (2000a,b, 2001) of pyroxene exsolution lamellae in megacrysts of the

oldest preserved garnet generation (M2 in Fig. 7) in samples from the Mg–Cr type peridotite

bodies outcropping on Otrøy (Fig. 8). This microstructural feature has been taken to indic-

ate that these garnets (M2) had precursor garnet (M1) that originally contained a significant

majorite component, i.e. more than 3 Si atoms per garnet formula unit. Van Roermund et al.

(2000b) deduced that the initial composition of this super-silicic, majoritic garnet had a ma-

jorite component of 5–8 % indicating minimum P’s of 6–6.5 GPa at HT. They interpreted the

peridotites to have originated within a rising mantle diapir or alternatively an uprising part of

an asthenospheric convection cell from depths of at least 185 km (see also Drury et al., 2001).

More recently, Spengler et al. (2006) showed rare earth element (REE) partition data between

garnet and associated clinopyroxene that favours – in combination with experimental petro-

logy (Dobrzhinetskaya et al., 2004) – initial majorite components in these garnets of more than

20 %, which in turn implies that these peridotite bodies originated from at least mantle transition

zone depths (Fig. 7). Important in this interpretation is that pyroxene exsolution from garnet

occurred in two “steps”: 1) an intercrystalline stage resulting in “precipitation” (and growth) of

interstitial mm-scale pyoxene grains in between adjacent garnet grains having clear precipita-

tion free rims (Figs. 8a and 9a) and 2) intracrystalline µm-scale pyroxene exsolution (Figs. 8b

and 9b–d).

“Similar” intracrystalline garnet microstructures (Fig. 10b) were subsequently described by

Terry et al. (1999) from Fjørtoft and Flemsøy. More importantly, exsolved pyroxene lamel-

lae within M2 garnet (Figs. 8b and 9b–d) have now been reported from all major rock types

within the garnet peridotite bodies, including garnet websterites and garnet clinopyroxenites

Figure 9: Microstructure in M2 garnet (BSE images). (a) Polycrystalline garnetite that consists of 5
garnet grains (Grt #1–#5). Black crystals are orthopyroxene (= type 1 exsolution). Garnet grain bound-
aries are indicated by white lines. Insets b and c refer to panels (b) and (c). (b) and (c) Intracrystalline
pyroxene exsolution microstructures (= type 2 exsolution). (d) Detail of the polyphase characteristic of
the exsolved type 2 pyroxenes: black = orthopyroxene, white = clinopyroxene (after Zhang et al., 2011b).
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(Spengler et al., 2002, 2009). Accordingly, the metamorphic evolution of the garnet peridotites

in the northernmost UHP metamorphic domain (Fig. 6) must be modified to eliminate the

earliest HT/LP assemblage (stage M1 in Fig. 7; Medaris, 1984; Carswell, 1986; Medaris and

Carswell, 1990). The existence of aluminous spinel rather than garnet coexisting with alumin-

ous pyroxene, which was the key to the earlier interpretation, was based on a single thin section

of uncertain provenance (Carswell, 2002, personal communication) and is now believed to be

incorrect. This important modification was considered in detail by Van Roermund et al. (2000b,

2001) and was subsequently further elaborated by Carswell and Van Roermund (2003) and

Carswell and Cuthbert (2003).

M2 minerals present in megacrystic orthopyroxenite and garnetite (Fig. 8a) were dated

by Brueckner et al. (2002) and Spengler et al. (2006). Brueckner et al. (2002) also reported

Archaean model Re–Os ages as well as an Archaean Re–Os “errorchron” age from sulfide

grains included within the orthopyroxenite’s megacrystic (M2) orthopyroxene. This M2 mega-

crystic orthopyroxenite appears to have transformed from initial megacrystic HT (eventually

M1b garnet bearing, see Fig. 31c in section 3.3.3) orthopyroxenite during isobaric cooling into

M2 garnet bearing orthopyroxenite by exsolution of M2 garnet and M2 clinopyroxene out of

aluminous M1b orthopyroxene. The exsolved mineral phases apparently grew together with

spinel (M2; Cr/(Cr+Al)=0.75). Similar but smaller sized high Cr spinel grains occur also within

M2 orthopyroxene (Herman van Roermund, unpublished data). Hence, the M2 assemblage

is defined by orthopyroxene + clinopyroxene + garnet + olivine + spinel and is dated by the

(a)

(b)

Figure 10: Optical micrographs (PPL) illustrating intracrystalline pyroxene exsolution microstructures in
garnet. (a) Core of garnet (M2) from garnetite, Otrøy garnet peridotite. Topotaxial relations between
both mineral phases are proven/given by Spengler (2006) and Zhang et al. (2011b). (b) Garnet (M3) in
garnet websterite, Bardane. Topotaxial relations between both mineral phases have thus far not been
worked out allowing for alternative interpretations of this garnet with pyroxene lamellae microstructure.
Alternative growth models are suggested by Hwang et al. (2013) and/or Proyer et al. (2009). Note:
difference in scale, both images were taken with the same magnification.
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Sm–Nd technique as being minimal of mid Proterozoic age (1651±47 Ma, Brueckner et al.,

2002; 1405±13 Ma, Spengler et al., 2006). P–T conditions of the unexsolved precursor HT

M1b orthopyroxenite, that have been estimated using recalculated orthopyroxene mineral com-

positions, are: 1300–1500 ◦C and 3–4.5 GPa (Carswell, 1973; Van Roermund and Drury, 1998;

Terry et al., 1999; Van Roermund et al., 2002; Carswell and Van Roermund, 2005). These con-

ditions are fully consistent with modern Perple-X derived pseudosection work by Apeiranthiti

(2017). Some of her results are illustrated in sections 3 and 4 (Figs. 43 and 52).

Spengler (2006) and Spengler et al. (2006) used light REE partitioning between M2 gar-

net and exsolved M2 clinopyroxene lamellae in garnetite from the Otrøy garnet peridotites to

determine that the M2 mineral assemblage garnet + clinopyroxene + orthopyroxenen + olivine

were formed at T ≥1300 ◦C, which implies a P of 3.5–4.0 GPa for the formation of the M1b gar-

net that contained approximately 1 % majorite component (Fig. 7). Spengler et al. (2006) also

used Sm–Nd isotope techniques to date the M2 mineral assemblage in the same garnetite

as being (minimal) mid-Proterozoic (1405±13 Ma). Interestingly, the garnetite mineral data

has an initial 143Nd/144Nd ratio of 0.54756±0.00013 that indicates an Archaean origin for the

garnetite. Model ages calculated from the isotope composition of garnet (i.e. the major host

for Sm and by that for radiogenic Nd in garnetite) yield TCHUR of 2.53 Ga and 2.90 Ga. These

model ages clearly indicate that the original, highly melt depleted garnet peridotites that host

the garnetites were formed in the Archaean.

Archaean melting of the garnet peridotites is also supported by whole-rock Re–Os model

ages from sulfide free rocks from Almklovdalen (2.7–3.1 Ga; Beyer et al., 2004, 2006) and

Otrøy (3.1 Ga; Spengler, 2006). The Almkovdalen peridotite shows no isotope evidence of

garnet formation during the Archaean whereas the Otrøy peridotites do. Although, a recently

reported Almklovdalen garnetite contains garnet with lamellar pyroxene exsolutions similar to

those from Otrøy in favour of a shared history of the peridotite bodies from both localities

(Spengler et al., 2013). The Otrøy peridotites appear to be the first reported case of orogenic

peridotites produced by extensive melt depletion while within the garnet stability field during the

Archaean era. The most likely explanation for the origin of the northernmost garnet peridotites

at Otrøy, Flemsøy and Fjørtoft is therefore that they were part of a rising mantle diapir and/or

an upwards moving asthenospheric convection-cell that crossed the dry peridotite solidus res-

ulting in HP decompression melting (see also Drury et al., 2001). Melting was followed by

accretion of the refractory peridotite to the SCLM at depths of approximately 120 km where the

peridotite cooled down to the local Archaean geotherm (Fig. 7a). Shallower accretion depths

would have caused garnet to leave the residue during melting. The above interpretation is

consistent with a drop in the majorite content in M1 garnet from 20 % in M1a garnet to 1 % in

M1b garnet (Fig. 7a; Spengler et al., 2006; Scambelluri et al., 2008). At some stage during

adiabatic decompression, HP melting and accretion, there may have been a stage of refer-

tilisation based on a five point whole rock Sm–Nd errorchron of 3333±190 Ma (143Nd/144Nd

(i) = 0.50851; MSWD = 55) for different types of internal garnet pyroxenites from Otrøy and

Flemsøy (Fig. 11; Spengler et al., 2009). Some of them have major and REE characteristics
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2× Grt-websterite

2× Grt-peridotite

2× Spl-peridotite

(a)

Grt-
websterite

Grt from garnetite

Grt-/Spl-

peridotite

(b)

Figure 11: Sm–Nd isotope compositions from Otrøy peridotite bodies. (a) Six different whole rocks
form an isochron relationship. (b) A garnet separate from one garnetite added to the whole rocks in (a)
results in an “errorchron” relationship. Both relationships favour a shared history of garnet bearing and
garnet free mantle lithologies since the Archaean (data source: Spengler, 2006; Spengler et al., 2009).

similar to those of komatiites (Spengler et al., 2017). It is possible that the Otrøy megacrystic

orthopyroxenite lens has also formed during this stage (M1b) rather than being a residue left

after melt extraction.

A revised, multi-stage metamorphic evolution for the northernmost Mg–Cr type garnet peri-

dotites, that incorporates large scale, Archaean, adiabatic decompression, illustrated by the

transformation of a 20 % (M1a) to 1 % (M1b) majoritic garnet, is presented in Fig. 7. Archaean

adiabatic decompression (M1A) is concomittent with high P–T melting (decompression melt-

ing) when the decompression path of the Otrøy peridotites, at HT, intersects the dry peridotite

solidus (Fig. 7). Subsequent accretion of the refractory peridotite (M1b) to the SCLM occurs

within the garnet stability field such that garnet can still incorporate 1 % majorite in its crystal

lattice (Fig. 7; M1b). Needle-shaped pyroxene exsolution from a supersaturated 1 % majoritic

garnet (M1b; Fig. 10) is interpreted to have occurred in mid Proterozoic times (M2) when the

accreted and depleted garnet peridotite bodies cooled down from higher Archaean (M1b) to

lower Proterozoic (M2) geotherms (Fig. 8). A P–T path consistent with such an “early” Ar-

chaean to Proterozoic evolution is illustrated in Fig. 7 (after Van Roermund et al., 2000a,b;

Spengler et al., 2006; Van Roermund, 2009a).

New discoveries with important consequences for the P–T–t history experienced by these

peridotites were the subsequent discoveries of Scandian-aged microdiamonds and/or M3 gar-

nets with lamellar pyroxene exsolution within megacrystic garnet websterite samples (M2) en-

closed in the Bardane garnet peridotite on Fjørtoft (Van Roermund et al., 2002; Scambelluri

et al., 2008) as well as new microdiamond occurrences within the Fe-Ti garnet peridotite/

garnet websterite at Svartberget (Vrijmoed et al., 2006, 2008). Rather surprisingly, the mi-

crodiamond did not form in association with the M1 UHP majoritic garnet (Fig. 7 and 8) dur-

ing the Archaean to mid-Proterozoic evolution. Instead, combined petrographic, geochem-

ical and isotopic data (Brueckner et al., 2002; Van Roermund et al., 2002; Carswell and Van
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Figure 12: Evolution of UHP metamorphic rocks in the WGR with Otrøy garnet websterite data in red,
garnetite and nodular garnet in purple, garnet orthopyroxenite in blue. (a) Thermobarometric data
of Baltica basement and enclosed orogenic peridotite in the Moldefjord (filled circles) and Storfjord
(open circles) areas. Large circles, recrystallised garnet websterite; small circles, other data. M2
re-equilibrated, pre-Caledonian mineral assemblages that contain pyroxene lamellae in garnet. M3b,
conditions possible for the formation of symplectite after M3a. The deduced path for continental sub-
duction and early exhumation in the Moldefjord area (upper arrow) shows that the formation of the M3a
assemblages is prograde. The early retrograde evolution in the coesite stability field was accompan-
ied with partial mineral re-equilibration of M3a. M3b mantle minerals and basement rock data indicate
further retrogression within the quartz stability field (lower arrow, Terry et al., 2000a; Carswell et al.,
2003). Peak metamorphic estimates of the Bardane lens exceed the diagram (see Fig. 7a; Scambel-
luri et al., 2008). Most P–T data from the Storfjord area scatter around the Moldefjord exhumation
path. Curves indicate phase changes (LP/HP) of quartz/coesite (I), graphite/diamond (II; Kennedy and
Kennedy, 1976), olivine + ilmenite ± rutile + H2O/Ti-clinohumite (III; Weiss, 1997), the stability of 1 mol%
majorite in solid solution with garnet (IV; Gasparik, 2000) and a geotherm corresponding to 36 mW m−2

surface heat flow density as typical for present Archaean areas (V; Kukkonen and Peltonen, 1999).
Grain sizes of selected generations of orthopyroxene (Opx) used for P–T estimates refer to samples in
colour. (b) Geochronological data versus depth of Baltica basement exposed in the WGR and environs.
Thick black arrow, Moldefjord area (segments A–C refer to different models). Thin black arrow, Lindås
nappe in the Bergen Arcs (Glodny et al., 2008); grey arrow with squares, Vestranden Gneiss Region.
Shaded field, time integrated period when the western edge of Baltica (Moldefjord area) was buried
to UHP metamorphic conditions. Layered mafic intrusions in the Köli Nappe between 61 and 69° N
mark the onset of the continent–continent collision (diamonds). Stars, inferred emplacement of Otrøy
and Fjørtoft peridotite. White dashed line, approximate position of phase change graphite/diamond.
Hatched fields and braces indicate vertical rates for subduction and early exhumation. Other symbols
as in panel (a). Error bars are 2σ for ages and 1σ for P. Three data points (upper left) apparently record
isotope disequilibrium (modified after Spengler et al., 2009).
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Roermund, 2005; Scambelluri et al., 2008, 2010) provided strong evidence that the micro-

diamonds formed together with a new generation of M3 majoritic garnet, in response to an

influx of subduction-related, supercritical, crustal-derived, high-density, COH-rich fluids dur-

ing Scandian-aged deformation and recrystallisation of the M1 Archaean and M2 Proterozoic

megacrystic assemblages. In addition, M3 pyroxene lamellae, that exsolved from M3 garnet,

is one order of magnitude smaller in size than the Archaean counterpart (Fig. 10).

However, the dissolution of 1 vol.% pyroxene in M3 majoritic garnet increases the Scan-

dian metamorphic conditions from 840–900 ◦C / 3–4.5 GPa, as reported previously, up to 900–

1000 ◦C / 5.5–6.5 GPa (Fig. 7). Similar P–T conditions are derived by Vrijmoed et al. (2006),

Spengler (2006) and Spengler et al. (2009) (Fig. 12), who used Al isopleths in orthopyroxene

adjacent to M3, lamellae free garnet from internal and external garnet websterites in combina-

tion with classical geothermometers. The large P increase indicates the WGR was subducted

during the Scandian much more deeply into the mantle than previously believed (≥180 km;

Scambelluri et al., 2008, 2010; Spengler et al., 2009; Van Roermund, 2009a).

In conclusion: a surprising new interpretation has emerged for the northernmost, mantle-

derived, Mg–Cr type, garnet bearing peridotites (and the contrasting Fe–Ti type) of the WGR.

Evidence from several sources indicate that after a prolonged Archaean–Proterozoic history

they experienced Scandian, subduction-related, UHP metamorphism (M3a in Fig. 7), which at

least locally was concomittent with the infiltration of a crustal-derived, supercritical, COH-rich,

dense subduction zone fluid that also locally impregnated the peridotites with free carbon that

resulted in micro-diamond formation. Moreover the garnet peridotites on Fjørtoft (Bardane)

preserve evidence of a third (M3) majoritic garnet microstructure (M3a; Fig. 7) clearly demon-

strating that this part of the WGR has been subducted to depths of the order of 180–200 km

(Fig. 7). Similar Scandian P–T conditions, using more classical/conventional geothermobaro-

metric techniques, were derived for the Otrøy Mg–Cr type garnet peridotites (as well as for

some surrounding country rock eclogites) and the crustal Fe–Ti type peridotite/websterite at

Svartberget (Carswell et al., 2006; Vrijmoed et al., 2006).

The long time-interval between the Proterozoic stage M2 and the Caledonian stage M3

(Spengler et al., 2009) creates uncertainty over exactly where these mantle-derived peridotite

bodies resided. They conceivably may have already been emplaced into the Proterozoic con-

tinental crust. However, it is considered more likely that they resided in the uppermost SCLM,

with Laurentian affinity, and were not incorporated into the continental crust until deep sub-

duction of the WGR underneath the Laurentian plate during the Caledonian/Scandian plate

collision. According to Spengler et al. (2009), the Otrøy, Fjørtoft and Flemsøy peridotites

resided in the mantle at a depth of ca. 90–120 km, within the graphite stability (Fig. 12), until

around 440 Ma ago, when subduction of the continental crust started. They were subsequently

transfered from the hanging-wall mantle into the subducting continental crust and carried by the

subducting crust to depths of 180–200 km and metamorphosed under UHP metamorphic con-

ditions at around 430 Ma ago, based on the weighted Sm–Nd age of 430 Ma for three samples

that contain M3 garnet and clinopyroxene (Fig. 12). The peridotites and their host crustal rocks
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were back at subcrustal levels at around 400–390 Ma, giving a time span for the full Scandian

subduction cycle of 40–50 Ma. If true, this extended time slot puts severe constraints on the

operating geodynamic paradigm that subduction and exhumation of continental crust occurs

over relatively short time periods of ca. 20 Ma. Such a new interpretation is also consistent with

experimental, theoretical and observational facts that crustal rocks subducted deeply into the

mantle at T of 900–1000 ◦C should melt. Within the most northern UHP metamorphic domain

of the WGR, Norway, evidence for Scandian decompression melting can easily be recognised

in the country rock gneisses. This is in strong contrast to observations done in more southerly

located UHP metamorphic domains of the WGR. This discrepancy was one of the major reas-

ons to propose a subdivision of the WGR into two contrasting UHP domains (Cuthbert and Van

Roermund, 2008).

2.1.5 “Aim” of the excursion: Did micro-diamond form by prograde subduction zone

fluids or from metasomatic agents from the surrounding country rock gneisses?

During the excursion we will focus our attention to a few well studied garnet peridotite bodies

(Mg-Cr and Fe-Ti types), together with some of their country rock gneisses and eclogites. It is

already well known that some of these UHP metamorphic rocks contain a few (not much) micro-

diamonds (Fig. 13b), others apparently do not! The origin of these micro-diamonds is currently

under fierce debate. Some authors prefer the micro-diamonds are related to the Archaean

mantle upwelling event, more specifically the lithospheric accretion event; others (including

the three authors of this guide) prefer the micro-diamonds to be of Scandian age, i.e. related

to the Scandian collision between Baltica and Laurentia during which Baltica underthrusted

Laurentia.

During this continental collision/subduction event oxidised supercritical subduction zone

fluids, a.o. formed by dehydration and/or decarbonation reactions, have circulated along the

subduction zone interface and as soon as these COH-rich (supercritical) fluids penetrated the

overlying hanging wall of this Scandian subduction system, the (supercritical) COH-rich fluids

are interpreted to become “reduced” causing the dominant COH fluids to fall apart a.o. into

free carbon. If surrounding confining P’s are high enough this free carbon can crystallize into

micro-diamonds. This excursion guide was specifically designed so that others in the near

future can focus on this particular research topic in much greater detail. Secondly, it implies

that the “root zone” of this Scandian subduction zone system becomes much better localized

(mapped out) than was done so far.

Since the gradual acceptance by the scientific community of the concept of UHP meta-

morphism the traditional fields of (dry/hydrous) silicate melts versus (aqueous) fluids (brownish-

red and blue colours in Fig. 13a), in the past thought to be widely separated fields in P–T space,

started to overlap with a new intermediate phase field called supercritical COH-rich fluids (at

P’s above the second critical point (CP in Fig. 13a; Zheng et al., 2011; Hermann et al., 2013).

Important also is that the position of the CP in P–T space strongly depends on the bulk rock

chemistry (Fig. 13c). Note also that this supercritical COH rich fluid is called in some other
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(a)
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Figure 13: (a) Phase diagram of metapelitic and granitic rocks in the presence of H20. The H20 content
of rock buffered fluid changes as a function of P and T. The wet solidus terminates at the second critical
point (CP). The fine black lines shows the approximate wt% H20 in the fluid phase. For high water
contents the fluid phase is called an “aqueous fluid” (blue field), whereas for low water and high solute
contents the fluid phase is a “hydrous melt” (light and dark tan fields). Supercritical fluids are present
above the CP; their water contents are transitional between those of aqueous fluids and hydrous melts.
The solid grey lines mark melting reactions that consume phengite, the most important hydrous phase
in felsic UHP metamorphic crust. Three P–T trajectories are shown in colour for different UHP terranes
(after Hermann et al., 2013). (b) One of the micro-diamonds found by Dobrzhinetskaya (1993) and
Dobrzhinetskaya et al. (1995) on Fjørtoft. (c) P–T diagram illustrating the sensitivity of the position of
the CP point on lithology (after Zheng et al., 2011).

papers a transitional fluid (a.o. section 3.2.4 of this guide).

At UHP metamorphic conditions it thus becomes “difficult” to discriminate between classical

subduction zone fluids/melts (including its internal dissolved major and trace element dilute

composition) and “crustal” derived fluids/melts. A good example of the latter is described here

in this guide by the diamond bearing Svartberget peridotite body that underwent extensive re-

working/metasomatism by crustal derived fluids. Alternatively, a classic example of subduction

zone fluids was used to explain the growth of micro-diamonds in the Bardane garnet websterite

lens. Here it becomes important to make the link between trace element chemistries inside the

dominant rock forming minerals (M3) and the type of multiphase solid inclusion assemblages

that are apparently both introduced by “fluids” into the host rock.
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Figure 14: Google satellite image showing the mainland northwest of Molde, major roads (yellow) with
numbers and ferry connections (white). Road number 67 should read 64.

3 Field day 1: Svartberget and Otrøy island

3.1 Route and road log

3.1.1 Part I: Svartberget Fe–Ti garnet peridotite/pyroxenite near Tornes

The time to visit the outcrop Svartberget is best at low tide, that is forecasted for the nearby har-

bour at Bud to occur at 09:41 am (27 August) and 10:25 am (28 August) local time. Therefore,

we will visit Svartberget at first in the morning.

The driving time from Molde to the car park near Svartberget peninsula is ∼30 min.

Leave Molde (08:30 am) from the east side and then turn left. Take the road 64 / 663

through the tunnel and then, after 16 km turn left (663) to Elnesvågen. In the center of El-

nesvågen do not turn right on 663, but drive straight ahead on road 664 towards Bud (and

Tornes), that brings you directly to Svartberget. Immediately after you have passed the last

houses of the village Tornes, where electrical wires / telephone cables cross the main road

(664), turn left into a narrow road. Then directly turn right and park the bus after about 100 m

at a parking place (09:00 am). We will walk through the fields to Svartberget, i.e. a prominent

peninsula along the north side of the coast line (Fig. 14).

3.1.2 Part II: Ugelvik and Raudhaugene Mg–Cr garnet peridotite on Otrøy

Leave the car park at 11:40 am at the latest. Driving from the car park near Svartberget

peninsula to Mordalsvågen ferry terminal takes ∼40 min. The total travel time to Ugelvik takes

one and a half hours and offers enough time for everyone to eat packed lunches.

Follow the roads 664 and subsequently 663 back towards Molde. When on road 64, con-

tinue for 4 km, pass the village Malmefjorden and then turn right into the road 662 (i.e. do not
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Figure 15: Google satellite image showing Otrøy, Midøy and Dryna islands connected by major roads
(yellow) and ferry connections (white).

enter the tunnel). Follow road 662 to the ferry port of Mordalsvågen. 1 km off the ferry port

turn right into the road 668 that leads to the port. There we will take the boat to Solholmen

on Otrøy island. The ferry departure time is 12:30 pm. After arrival at Solholmen (12:42 pm)

we turn to the right to stay on 668 and follow the road along the north coast of Otrøy (Fig. 15)

first to the north and then to the west towards Midsund, the major town on the island of Otrøy.

The village Ugelvik is 4 km before Midsund. In Ugelvik, park the vehicles in the car park of the

church (Otrøy kyrkje) on the left hand side of the road (13:15 pm).

3.2 Mainland

3.2.1 Introduction to the Svartberget Fe–Ti garnet peridotite/pyroxenite

The Svartberget peridotite body, first described by Vrijmoed et al. (2006), is located within

Proterozoic crustal gneiss of the Western Gneiss Complex (WGC) that records evidence for

multiple melting events, resulting in several generations of leucosomes (Fig. 16a; Labrousse

et al., 2011). The peridotite body is crosscut by a network of oriented fractures consisting of

phlogopite garnet-websterite veins (Vrijmoed et al., 2009). Geothermobarometric studies of the

garnet-peridotites yielded P’s of 3.4 GPa at 800 ◦C, whereas the crosscutting websterite veins

have yielded conditions of 5.5 GPa at 800 ◦C (Vrijmoed et al., 2006). Garnet in the websterite

veins has multi-phase solid inclusion assemblages including micro-diamond (Vrijmoed et al.,

2008), confirming the UHP metamorphic conditions obtained from the geothermobarometric

estimates. At these P-T conditions the multi-phase solid inclusions most probably precipitated

from a “transitional” fluid (following the definition in Hermann et al., 2006) and indicate that vein

formation occurred under UHP conditions.

Garnet–clinopyroxene mineral pairs yield a Sm–Nd cooling age of 393±3 Ma for the peri-

dotite and 381±6 Ma for the vein assemblage (Vrijmoed et al., 2006). This suggests that

the Svartberget body was overprinted during the Scandian UHP metamorphic phase of the

Caledonian Orogeny (Roberts, 2003). Dating by the U–Pb method suggests metamorphic
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(a)

(b)

(c) (d)

Figure 16: Geological information of the Svartberget area. (a) Simplified geological map made by J.
Vrijmoed. If this map is compared with the geology of Otrøy (see Fig. 26a and d in section 3.3.2) then
the tonalitic-dioritic gneiss unit here can be correlated with the banded dioritic gneiss and eclogite units
of Fig. 26a and/or the paragneiss complex in Fig. 26b implying Proterozoic basement. (b) Aerial image
of the Svarberget Fe–Ti garnet peridotite at low tide. White square outlines the area shown in panel
c. (c) Outcrop map with strike and dip of conjugated fractures. (d) Stereographic projection of fracture
surfaces as poles and great circles. Thick black lines show the average of two major fracture sets (thin
black lines for one major group of fractures and thin black broken lines for another group with distinct
orientation of fractures) and their poles in filled black circles. A minor fracture set is also shown in light
grey broken lines. The figures show how the two main sets of fractures form a conjugate pair that is
characteristic for brittle shear fractures.

growth of zircon in the garnetite at 397.2±1.2 Ma (Vrijmoed et al., 2013), which corresponds

to the end of the period determined for UHP metamorphism in the WGR (Root et al., 2004;

Kylander-Clark et al., 2009). Thus, the UHP metasomatism of the Svartberget body and the

formation of the crosscutting garnet-pyroxenite and garnetite veins is linked to the Caledonian

Orogeny and not to Pre-Caledonian mantle processes.

Vrijmoed et al. (2006) also reported highly radiogenic initial Sr isotope ratios (corrected to

Caledonian ages) in clinopyroxene from a diamond bearing phlogopite garnet-websterite vein.

These isotopic data suggested the Svartberget peridotite body was metasomatised and/or a

crustal origin for the veins. The veins record the highest initial Sr isotope ratios, suggesting

that they were the main fluid channels during infiltration of transitional fluids (as defined by

Hermann et al., 2006) from the surrounding gneisses into the peridotite.

Vrijmoed et al. (2013), subsequently performed a detailed study of the metasomatism of

the Svartberget body and identified a sequence of metasomatic zones in which the transforma-

tion of olivine bearing rocks to garnet-pyroxenite and ultimately eclogite could be traced. Using

this field based sequence of reaction zones Vrijmoed et al. (2013) document that geochemical

analyses of major and trace elements as well as mineral chemistry and Sr isotope data plot

as mixing trends between the peridotite and the leucosomes of the host rock gneiss. Con-

sequently, Vrijmoed et al. (2013) concluded the host rock gneiss was the most likely source

for the infiltrating metasomatic fluids. At this excursion stop we will focus on showing how this

transition can be observed in the field.
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Figure 17: Low tide detailed geological map of the Svartberget Fe–Ti type garnet peridotite body (after
Vrijmoed et al., 2013). The white boxes numbered Loc. 1 to 9 refer to the outcrop locations described
in the text below.

3.2.2 Detailed geology of the Svartberget Fe–Ti garnet peridotite/pyroxenite

A detailed geological map of the Svartberget peridotite body is shown in Fig. 17 (Vrijmoed

et al., 2013). The key field observations show a transition from the core of the peridotite and

olivine-websterite wall-rocks (Loc. 2, 3) to websterite (Loc. 4, 5), followed by garnetite (Loc.

2, 4, 5) and locally to eclogite (Loc. 6), that ultimately ends in a pegmatitic felsic rock in the

centre of the veins (Loc. 7). Two sets of dominant veins can be observed in the Svartberget

body (Fig. 16b–d). The primary veins are the oldest set that appear to have formed along

a conjugate set of fractures (Vrijmoed et al., 2009). Secondary veins formed along a set of

subparallel, subvertical fractures that crosscut the primary veins. The focus of this excursion
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locality is on the mineralogical zonation in the primary veins and associated wall-rocks. Some

primary veins that did not fully develop (immature veins), the secondary veins and the host

gneiss will also be visited briefly.

Description of selected locations to visit

Loc. 1 (Fig. 17): Overview from top

Aerial photographs and field measurements reveal that the dominant fractures crosscutting the

Svartberget peridotite body (Fig. 17) form a conjugate set indicative of brittle deformation. This

can also be seen from Loc. 1 which is located on a hill from which we can look down on the

Figure 18: View from Loc. 1 at the hill above the Svartberget body. (a) Overview. Clearly visible are the
blocks of rock standing out in relief which are made of the main wall rock garnet peridotite. The fractures
appear to form some regular pattern are deeply eroded but still filled with garnetite/garnet-pyroxenite
veins. (b) Block of wall rock peridotite with upper left corner forming ∼60°angle defined by the fractures.
The borders of the block display cracks perpendicular to the edge and these cracked rims form a zone
containing Ti-clinohumite. c) Garnetite/garnet pyroxenite veins cutting the wall-rock peridotite blocks.
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outcrop. Seen from here the Svartberget peridotite is broken in pieces forming blocks of rock

in the outcrop (see Fig. 18a). Many of the fractures that define the edges of the block cut each

other with a 60°angle (Fig. 17). Detailed structural work was performed by measuring all sides

of individual blocks of the peridotite and for suitable fracture planes orientation and dip of the

fractures were measured. The angle between the averages of the two dominant groups of

fractures is 55°(Vrijmoed et al., 2009).

Loc. 2 (Fig. 17): Olivine websterite/peridotite blocks and diamond bearing garnet web-

sterite veins

The olivine websterite/peridotite rock types are found as blocks that form the wall-rock of the

crosscutting veins (Figs. 18b–c and 19a). In general, the smaller the size of the blocks be-

come, the more pyroxenitic their bulk rock composition is (Fig. 19c and e). Spinel-garnet-

peridotite consists of roughly 30 % olivine of which 12–15 % is altered to a late-stage yellow

serpentine-like mineral, 25 % clinopyroxene, 20 % orthopyroxene, 15 % garnet, 5 % Fe–Ti ox-

ides and about 5 % kelyphite and <1 % amphibole. In hand specimen the rock is homogeneous

equigranular with pale olive-green to brownish colours.

The texture of the peridotite is characterized by a network defined by olivine with minor

orthopyroxene, clinopyroxene, garnet and oxides (Fig. 19b). This network encloses poikilitic

patches dominated by garnet with ortho- and clinopyroxene, and grains of Fe–Ti oxides (Vrij-

moed et al., 2013). Garnets are generally medium grained and 1–5 mm in diameter, but smal-

ler grains also occur (<1 mm). When in contact, clinopyroxene and orthopyroxene generally

display equilibrium textures, but are in many cases resorbed by garnet. Larger magnetite–

ilmenite and spinel (∼25–100 µm) grains are found as inclusions, as well as interstitially in

triple junctions in olivine-dominated networks, and to a lesser extent in garnet-clinopyroxene-

orthopyroxene patches, and occur as aggregates that usually consist of about one-third green

pleonaste spinel and two-thirds opaque oxides. Symplectite intergrowths (kelyphite), consist-

ing of spinel, orthopyroxene and clinopyroxene, often occur between garnet and olivine.

The primary veins consist of a variety of coarse grained phlogopite-garnet-websterite zones

(Loc. 2, 5, Figs. 18c, 19a and g). The cores of these veins are mostly filled with garnetite

(Fig. 18c), but in some localities with eclogite (Loc. 6, Fig. 21a and c) and pegmatite (Loc. 7,

Fig. 21f). Micro-diamond inclusions have been found in the phlogopite-garnet-websterite in

contact with the garnetite at Loc. 4.

Samples are green, undeformed and consist of subhedral to euhedral, medium- to coarse

grained (1 mm to 1 cm), unoriented crystals. The rocks consist roughly of 45–60 % clinopyro-

xene, 5–30 % orthopyroxene, 10 % phlogopite and 5–10 % garnet with accessory amphibole

and apatite. In thin section, clinopyroxene and orthopyroxene appear as elongated crystals

with subhedral and euhedral crystal faces. Clinopyroxene crystals are often replaced by am-

phibole along grain boundaries that form embayment structures. Phlogopite occurs as sub-

hedral medium to coarse grains commonly interstitial between the orthopyroxene and clinopy-

roxene grains, with irregularly shaped edges and locally apparently resorbed by clinopyroxene
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Figure 19: Field images (left) and optical light micrographs (right, PPL) that show the transition
from peridotite/olivine-websterite to garnet websterite. (a) Wall rock peridotite blocks at Loc. 2. The
deeply eroded garnet websterite veins cut the body in a set of fractures as seen at this location. (b)
Characteristic petrography in the wall rock peridotite. Olivine forms a network around aggregates of
clinopyroxene–orthopyroxene. Oxide clusters consisting of magnetite and pleonaste spinel occur at
triple junctions of pyroxene grains, but also included within olivine. Garnet is poikilitic and includes all
other minerals. (c) Smaller sized wall rock blocks at Loc. 4b surrounded by metasomatic garnetite or
garnet pyroxenite veins. (d) Here the olivine disappeared from the rock whereas the oxides that are typ-
ical for the wall rock are still present. (e) The shape of a former block can still be traced in the lower left
corner where the drill hole is located. (f) However, the mineralogy shows no oxides and olivine anymore,
and instead phlogopite appears. (g) At Loc. 5 metasomatism might have transformed the original rock
in massive course grained phlogopite bearing garnet websterite. (h) Coarse grained phlogopite-garnet-
websterite (Loc. 5) with very coarse grained phlogopite, garnet and orthopyroxene occurring together
with clinopyroxene that develops thick rims of amphibole. Abbreviations: Ol, olivine; Px, pyroxene; Cpx,
clinopyroxene; Opx, orthopyroxene; Grt, garnet; Mt, magnetite; Phl, phlogopite; Amph, amphibole.
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and orthopyroxene. Garnet occurs as anhedral medium- to coarse grained crystals commonly

with inclusions of orthopyroxene and clinopyroxene and occasionally phlogopite. Polyphase

solid inclusion assemblages are omnipresent in garnet and some contain diamond (Vrijmoed

et al., 2008).

Loc. 2a: Immature primary veins

Within several blocks of wall-rock peridotite thin (<5 cm) websterite, garnetite and phlogopitite

zones occur that are referred to as “immature” zones. These zones have nearly the same

mineralogy as the peridotite wall-rock. In thin section it can be seen that the zones lack the

oxides that are characteristic of the wall-rock and some olivine remains. They are characterized

by an enrichment zone of clinopyroxene with a core zone enriched in phlogopite and garnet.

These zones are interpreted as regions where garnetite (±phlogopitite) and websterite mineral

assemblages have not fully developed to form the primary veins as mostly observed in the

fractures.

Loc. 3: Clinohumite zones

In at least eight localities of the ∼710 mapped blocks of the Svartberget body, the garnet-

peridotite blocks in the northern part of the outcrop show a 5–10 cm wide rim characterized

by cracks perpendicular to the veins (Fig. 18b). This zone contains fluorine-rich Ti-clinohumite

(<1 %) in addition to the mineral assemblage of the olivine bearing blocks. The clinohumite is

surrounded by secondary olivine, which generally has grown epitaxially on the neighbouring

olivine (Fig. 20). These secondary rims contain many submicron ilmenite grains, which are

a product of the breakdown of Ti-clinohumite (Fig. 20a). The Ti in the clinohumite either has

been introduced into the rock or comes from the breakdown of a Ti bearing phase such as

ilmenite.

Loc. 4a&b: Metasomatism of the smaller blocks

Wall-rock peridotite and olivine-websterite are rimmed with a 10–30 cm wide zone of garnet-

websterite (Loc. 4, Fig. 19c). In addition, wall-rock blocks of intermediate size or smaller

(<0.5 m2) are mostly just garnet-websterites. The samples are unfoliated, lack olivine and

oxides, and are dominated by clinopyroxene and orthopyroxene (40–60 % orthopyroxene, 25–

30 % clinopyroxene, 7–27 % garnet, 4 % amphibole, 3 % phlogopite, Fig. 19f). Poikilitic garnets

have more and smaller inclusions (0.4 vol.% and 1–10 mm) than in the olivine bearing blocks.

Crystals of clinopyroxene and orthopyroxene are more elongated (length/width ∼3). Clusters of

oxide inclusions are absent. Blocks with a diameter less than 0.5 m are completely transformed

into coarse grained orthopyroxene-rich phlogopite-garnet-websterite (Fig. 19e). The rocks con-

sist of ∼50 % orthopyroxene, 15 % clinopyroxene, 30 % phlogopite and 5 % garnet, with minor

amphibole and rutile. The rock is homogeneous on the outcrop scale. However, phlogopite
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Figure 20: Optical light micrographs (left: PPL, right XPL) of Ti-clinohumite (Chum) grains in metaso-
matic zones around the wall-rock peridotite/olivine websterite. Ti-clinohumite grew epitaxially on olivine
before breaking down into secondary olivine and oxide at crystal rims.

tends to occur as heterogeneously distributed clusters. The overall colour is light brown ow-

ing to the abundance of orthopyroxene. The texture is coarse grained (1–7 cm) equigranular,

and is made up of randomly oriented, elongated, euhedral clinopyroxene and orthopyroxene

grains with phlogopite clusters (Fig. 19f). Owing to the phlogopite clusters and the large grain

size, the sample is not homogeneous on the thin-section scale. Garnet is interstitial and an-

hedral, poikilitic, medium to coarse grained. Amphibole occurs as replacement rims around

clinopyroxene. Rutile is fine grained, anhedral and occurs as inclusions.

34



Loc. 5: Coarse grained garnet-phlogopite websterite

In this location of the outcrop the primary veins do not have a regular width (Fig. 17), but the

mineralogy is nearly identical to that of the garnet-websterite in the fractures. Although it does

not form blocks that stand out in relief, locally it preserves the shapes of blocks. These rock

types replace the blocks or occur between peridotite blocks and primary veins and therefore

mark the transition from block to vein. The cores of the blocks described above are surrounded

in three locations by undeformed coarse grained to pegmatitic (5 mm to 40 cm) phlogopite-

garnet-websterite. The zones vary in width from several decimeters to 2–3 m. On a metre

scale the rock is homogeneous, but in thin section it is heterogeneous, both in terms of grain

size and mineral assemblage, but has no foliation (Fig. 19h). Estimates of modal abundances

in this rock type vary considerably between thin sections: 10–34 % clinopyroxene, 20–50 %

orthopyroxene, 3–8 % phlogopite, 2–28 % garnet, 10–35 % amphibole. Micrometre-sized mon-

azite and submillimetre-sized rutile grains are present as anhedral inclusions in all minerals.

Clinopyroxene and orthopyroxene are intergrown in clusters with phlogopite and garnet fills the

intervening space. In thin section, clinopyroxene and orthopyroxene appear as elongated crys-

tals with subhedral and euhedral crystal faces. Clinopyroxene crystals are often replaced by

amphibole along grain boundaries that form embayment structures. Phlogopite occurs as sub-

hedral medium to coarse grains commonly interstitial between the orthopyroxene and clinopy-

roxene grains, with irregularly shaped edges and locally apparently resorbed by clinopyroxene

and orthopyroxene. Garnet occurs as anhedral medium- to coarse grained crystals commonly

with inclusions of orthopyroxene and clinopyroxene and occasionally phlogopite.

Loc. 6: Eclogite/retro-omphacitites

At this location an eclogite zone is present in the core of garnetite which occurs in at least four to

five localities in the studied outcrop (Fig. 21a). This zone consists of three subzones: eclogite;

retrograde eclogite; retrograde omphacitite (with <1 % garnet). Between garnetite and the core

of the veins a thin (1 mm) zone of eclogite is preserved (Fig. 21c and e); the jadeite contents

of the clinopyroxene reach ∼30 %. The rim of the eclogite zone is retrogressed to an unde-

formed, homogeneously very fine grained, black to dark green, 5 mm thick zone. A symplectitic

intergrowth of amphibole (∼50 %), plagioclase (∼50 %) and magnetite (<1 %) is characteristic

for this zone in thin section. Within the garnetite core and between the (retro-)eclogite zones

on each side the vein is filled with a homogeneous, fine grained, milky-green, symplectitic rock

(Fig. 21a and c). Slightly elongated, millimetre-sized, oriented domains of similar extinction

consist of hundreds of grains and suggest the former presence of coarser grained omphacite

or jadeite. The rock is undeformed and now comprises approximately 35 % amphibole, 25 %

clinopyroxene, 35 % plagioclase and 5 % garnet in micrometre-sized, anhedral, symplectitic

intergrowth (Fig. 21d). Zircon and apatite are common accessories. Minor garnet, rimmed by

retro-eclogite (dark amphibole-rich rim), occurs locally inside the zone (Fig. 21c).

35



Figure 21: Field and microscopy images showing the most extreme cases of metasomatism in the
Svartberget body as visited at Loc. 6 and 7. (a) Core of a garnetite vein filled with a zone of eclogite and
retrogressed omphacitite (PPL). (b) Subset of garnetite in panel (a) showing the purity and the occur-
rence of fluid inclusion remnants (PPL). (c) Subset of panel (a) showing the details of the metasomatic
sequence from garnetite, through eclogite to omhacitite (PPL). (d) Subset of panel (c) that shows retro-
gressed omphacitite (BSE). Note the Jd content is still high to classify as omphacite. (e) Subset of panel
(c) with eclogite showing inclusion of omphacite in garnet (BSE). (f) Omphacitite cores in garnetite (field
image at Loc. 7) display a coarse grained (pegmatitic) mineralogy that consists essentially of the same
minerals as shown in the thin section image in panel (g) (PPL).
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Loc. 7: Pegmatitic cores

This location is one of the eclogite localities that have a core of clinopyroxene-amphibole-

plagioclase pegmatite (Fig. 21f). Here, the retrogressed omphacitite hosts pegmatite consist-

ing of euhedral, coarse grained (grain size 1–5 cm) plagioclase, quartz, amphibole, clinopyro-

xene and apatite (Fig. 21g). Plagioclase is sericitized and amphibole is locally symplectitic and

intergrown with plagioclase and quartz. It is important to note that this rock type is found in

the middle of veins and does not crosscut the veins like many other pegmatites that can be

followed into the surrounding gneiss (see Vrijmoed et al., 2013). The pegmatite in this zone

differs from other, more regular, pegmatites found in the host gneiss in having amphibole and

(diopsidic) clinopyroxene as constituent minerals.

Loc. 8: Secondary (“late”) veins

At this locality it can be seen that retrogression of the Svartberget body is restricted to nar-

row zones along subparallel, subvertical fracture systems and minor amphibole in rims around

garnet and clinopyroxene. Zones consisting mainly of amphibole, chlorite and talc, with sharp

lithological contacts, are discordant to and crosscut all previously described zones and are

usually ∼0.5 cm, occasionally 15–20 cm, wide. Locally these zones cause penetrative altera-

tion of the peridotite body, and we refer to them as secondary veins and consequently altered

versions of all primary zones. The penetrative alteration also occurs at the contact with the

host-rock gneiss and is clearly related to late-stage pegmatites that can be followed from the

local country rock into the Svartberget body. As described above, these pegmatites differ from

pegmatites at Loc. 7 in that amphibole and clinopyroxene have not been found. Zones that are

15–20 cm wide have thin (<1 cm) pegmatite veins in the core that do not vary in width. The

strike of the veins is approximately north-south, but numerous thin, pegmatite free, alteration

zones deviate from this direction by up to 108°. In total these secondary zones of retrogression

are restricted to less than 3 % of the total outcrop.

Loc. 9: Host-rock migmatitic gneiss

Samples were taken from leucosomes and the host-rock gneiss at Loc. 9 for whole rock geo-

chemical and Sr isotope analysis and zircon geochronology. The leucosomes are coarse

grained, usually unfoliated, and consist of plagioclase, K-feldspar and quartz with minor biotite.

The gneiss itself is strongly foliated, medium grained, and consists of plagioclase, K-feldspar,

biotite, amphibole and quartz. Sillimanite is observed a few hundreds of metres away from the

Svartberget body and, locally, fine grained garnet is present in the gneiss.

Whole rock and Sr isotope geochemistry The whole-rock geochemical data display a trend

from an original Mg and Ca rich composition, relatively low in fluid-mobile elements, towards a

felsic and Ca poor composition (Fig. 22). This trend is accompanied by enrichment in incom-
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Figure 22: Divariant plots of the whole rock major element oxide content in different rock types, Svart-
berget body. Different zones and groups of rocks – from most pristine to most altered – and leucosomes
in the surrounding gneiss form linear trends that are positive for FeO and CaO vs. MgO and negative
for SiO2 and Al2O3 vs. MgO (except for garnetite and retro-eclogite).

patible elements (Vrijmoed et al., 2013) and an increase in radiogenic Sr from wall-rock to vein

(Fig. 23). The complete dataset is given in Vrijmoed et al. (2013).

Mineral chemical variation Magnetite (Mt80Cr14Spl6) in the wall-rock peridotite (e.g. at Loc. 2

& 3) is Cr-rich and has Mg/(Mg+Fe) of 0.11. Olivine (Fo84) in the wall-rock disappears in

the veins reflecting the silica increase. Orthopyroxene becomes more Fe-rich and Mg-poor

from the wall-rock into the fracture (En85Fs14Wo0.4 to En78Fs22Wo0.6). Clinopyroxene varies

from En49Fs2Wo49 in the wall rock, to En46Fs8Wo46 in websterite, back to En49Fs2Wo49 in

garnetite, ending with En45Fs3Wo52 in the retrogressed eclogite, and therefore follows only

in part the trend towards more Fe-rich (Mg-poor) compositions. Sodium in clinopyroxene

increases from 0.39 wt.% Na2O corresponding to Jd1.4 in wall-rock peridotite to 8.85 wt.%

Na2O (Jd43) in eclogite (except in garnetite). Garnet becomes more Fe-rich towards webste-

rite (Py57Alm27Grs14Spss2–Py50Alm35Grs13Spss2) but its Fe content decreases in garnetite

(Py56Alm29Grs13Spss2). Phlogopite occurs in websterite and garnetite and increases slightly

in FeO content from Phl85 to Phl83. The same trend in Fe increase characterizes the am-

phibole, which occurs as rims around clinopyroxene in websterite (Mg/(Mg+Fe) 0.81) and in

retro-eclogite (Mg/(Mg+Fe) 0.74). Similar to the clinopyroxene, amphibole increases in Na2O
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Figure 23: Initial 87Sr/86Sr ratios calculated at 397 Ma (zircon age in garnetite, Vrijmoed et al., 2013)
plotted for each zone along with Sr isotope data for similar rock types in the region. The zones along the
x-axis are organized from least to most metasomatized, preceded by mafic (or ultramafic) rocks of the
Hustad complex (Austrheim et al., 2003) and two country-rock eclogites (samples 79 and 99 of Vrijmoed
et al., 2006). To the right are data for felsic rock types of the Molde area (Harvey, 1983) and the Hustad
igneous complex. Abbreviations: px, pyroxenite; dol, dolerite; cre, country rock eclogite; gp, garnet
peridotite; ow, olivine websterite; gw, garnet websterite; cpgw, coarse phlogopite garnet websterite;
pgw, phlogopite garnet websterite; g, garnetite; ro, retro-omphacitite; leuc, leucosome; gn, gneiss; aug,
augengneiss; gr, granite; peg, pegmatite; qm, quartz monzonite; md, monzodiorite.

content from tschermakitic amphibole in websterite to taramitic in retro-eclogite. Plagioclase in

retro-eclogite is albite (Ab93An6.9Or0.1).

A characteristic feature of the mineral chemistry in the Svartberget peridotite is a phe-

nomenon Vrijmoed et al. (2013) referred to as “veining”. However, as can be seen from Fig. 24,

the spatial chemical variation can be much more complex than veining. This veining or patchy

zoning is marked by sharp compositional contrasts within single grains that contrast with the

regular core-rim zonation that characterizes many metamorphic minerals. It is similar to ob-

servations made by Spandler et al. (2011). The veining is defined by variations of (1) Cr2O3

in garnet from peridotite (e.g. blocks such as visited in Loc. 2&3, Fig. 24c–d) and websterite

(visited in Loc. 4&5), and Cr2O3–FeO–MgO in garnet of garnetite (Loc. 5&6); (2) Cr2O3 in clino-

pyroxene from peridotite (Loc. 2&3) and websterite (Loc. 5); and (3) Al2O3 in orthopyroxene

from websterite (Loc. 6). Examples for complex zoning in garnet from the garnet-peridotite
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Figure 24: Mineral-chemical variations showing the complex veining and patchy zoning in minerals from
the wall rock garnet peridotite/olivine websterite. Left and right columns show from top to bottom BSE
image and corresponding X-ray maps of Cr and Fe, respectively. It seems that garnet “invaded” into the
microstructure, dissolving any of the pre-exisiting clinopyroxene–orthopyroxene–spinel grains leaving
Cr zoning as a record of the pre-exisiting oxides. Zoning patterns of Fe seem unrelated to this.

blocks are shown in Fig. 24.

Geochronology The first-order indication of the age data of these metasomatic events is a

confirmation that the veining and metasomatism of the Svartberget body occurred during the

Caledonian orogeny (Vrijmoed et al., 2006, 2013). The U–Pb TIMS data from Vrijmoed et al.
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(2013) suggest several crystallization events spanning a 10 Ma period. The oldest event is in-

dicated by the crystallization of zircon in the garnetite at 397.2±1.2 Ma which was sampled at

Loc. 5 (e.g. Fig. 17). This event corresponds to the end of the period determined for UHP meta-

morphism in the WGR (Root et al., 2004; Kylander-Clark et al., 2009). The garnetite zircon age

of 397.2±1.2 Ma overlaps the garnet–clinopyroxene Sm–Nd cooling age of 393.4±3.4 Ma re-

ported for the garnet-peridotite (sampled close to Loc. 2 by Vrijmoed et al., 2006). Zircons in

the leucosome sampled in the gneiss (Loc. 9) indicate crystallization at 391.2±0.8 Ma, an age

also consistent with the age of the oldest monazite grain in this rock at 389.6±1.7 Ma. This

age is also within error of the age of the pegmatitic core (390.1±0.9 Ma) sampled at Loc. 7

(see Fig. 17) and overlaps the age of formation or recrystallization of rutile in the garnetite at

388.3±1.2 Ma (Loc. 5). Four monazite analyses in the leucosome show a spread in age that

could be due to either growth of a second generation at or after 383.8±1.1 Ma, the age of

the youngest grain analyzed, or to partial resetting. Because closure T’s of Pb in monazite

are generally considered to be very high (Cherniak et al., 2004), these age relationships may

represent growth, transformation, recrystallization, resorption or alteration. Monazite growth or

disturbance at or after 383.8±1.1 Ma, the age of the youngest monazite in the leucosomes,

corresponds to the Sm–Nd cooling age of 380.7±5.7 Ma, reported by Vrijmoed et al. (2006)

for the websterite zones. From the consistency of these age data we infer that the rocks in the

veins within the Svartberget peridotite remained hot (above 650 ◦C) and were affected by fluid

activity over an extended period, from ∼397 Ma until about 380 Ma. This is in accordance with

Kylander-Clark et al. (2009). Hence there appear to have been a number of steps: (1) meta-

morphic growth of zircon in the garnetite with subsequent formation or equilibration of garnet

and pyroxene in peridotites at ∼397–393 Ma, which was accompanied by the formation of the

metasomatic zones; (2) recrystallization of leucosome and pegmatite cores, and growth or re-

crystallization of rutile in garnetite at 393–388 Ma owing to late-stage fluid-rock interaction; (3)

an additional stage of fluid activity at around 380 Ma. Vrijmoed et al. (2013) also documented

1622 Ma and possibly older cores in zircon from the garnetite that fit the scenario that they

are former grains from the gneisses that were transported by the metasomatic agent into the

fractures.

3.2.3 Micro-diamond

The micro-diamonds were detected in a garnet-phlogopite-websterite sample from the veins

(visited at Loc. 2). They were found in two different polyphase solid inclusion assemblages in

garnet (Vrijmoed et al., 2008). Polyphase solid inclusions are numerous in these samples and

are similar to observed and well-studied samples from other localities and rock types (Stöckhert

et al., 2001; Van Roermund et al., 2002; Carswell and Van Roermund, 2005). A BSE image

(Fig. 25) shows one of the polyphase solid inclusions in garnet that contains micro-diamond.

The inclusions consist of diamond, semi-amorphous carbon, Al-Mg-Fe-oxide, Fe-Pb-sulphides,

Y-phosphate, Al-silicate, garnet, amphibole and chlorite (the mineral species is not known for

some of these phases). Raman Microscopy of the carbon inclusions yielded a sharp, narrow,
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intense (>70,000 counts) peak at 1331–1332 cm−1, uniquely characteristic for diamond. A

weaker, wider peak at approximately 1600 cm−1 clearly represents the coexistence of some

highly disordered graphite (= semi-amorphous carbon). The Fe-oxide (no. 6 in Fig. 25a) is

clearly identified by Raman Microscopy as haematite.

Raman Microscopy mapping shows the spatial XY extent of the garnet, diamond, heamat-

ite, carbon and chlorite near the surface of the thin section. The diamond zone is at least

5 µm in diameter but there may be two grains. It appears larger in the map (±10 µm) as some

Raman signal from diamond is reflected through the neighbouring phases. Diamond spectra

were also found below the garnet surface when focusing slightly below the surface of the thin

section. Raman spectra for semi-amorphous carbon were found mostly between the haematite

and the chlorite, but some occurs on the left side of the diamond; no ordered graphite (G band

narrow and D1 band weak or inexistent) was detected.

3.2.4 Metasomatism and growth of micro-diamonds

Based on the field observations that are highlighted during the excursion, and the data presen-

ted by Vrijmoed et al. (2006, 2008, 2009, 2013) and in this field guide, a model for the formation

of the metasomatic zoning and veins in the Svartberget body is summarized below.

The Svartberget body was enclosed in the Baltican crust as ultra-mafic body, either as part

of a lower crustal layered intrusion or as a mantle-peridotite enclave. Although the former is

more likely due to the high Ca content of the rock unsupported by a Ca-source in the en-

closing gneiss, a possible mantle-peridotite nature cannot be entirely ruled out given the high

degree of metasomatism that took place in the body (as reviewed and documented above and

in cited references). Transitional fluids infiltrated the Svartberget body along a conjugate set

of fractures at UHP metamorphic conditions during the Scandian Orogeny. A mechanism that

explains conceptually why the fractures formed is given by Vrijmoed et al. (2009). Their model

also provides a mechanism to explain the driving force for the fluids to infiltrate the body. Frac-

tures must have been created during the process as evidenced from the “immature” veins along

fractures that are discontinuous and seem to be stuck in their formation (e.g. at Loc. 2). Along

these fractures highly reactive fluids sourced from the host rock gneiss infiltrated perpendicular

to the fracture into the wall rock. This led to the transformation of the original peridotitic body

along metasomatic zones that consist essentially of diamond bearing garnet pyroxenite and

garnetite. Ultimately this process has led locally to the formation of eclogite. Hence, here it

can be observed how a peridotite body can be metasomatized to eclogite by crustal derived

fluids. Generally, smaller peridotite blocks had the time to transform completely into pyroxen-

ite, whereas the larger (metre-sized) blocks preserved some of the original mineralogy. New

growth of zircon in the garnetite veins that are associated with the UHP mineralogy in the gar-

net pyroxenite happened during the UHP phase of the Scandian Orogeny. Inherited cores of

zircon in the garnetite were most likely physically introduced by the fluids in the fractures. To-

gether with the whole rock geochemistry, Sr isotopes and mineral chemical trends this places

the Svartberget body in the gneiss of the Baltican crust at the time of UHP and vein formation.
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Figure 25: Polyphase solid inclusions in garnet-phlogopite websterite veins from the Svartberget body.
(a) Microprobe BSE image of micro-diamond bearing polyphase solid inclusion in garnet from a garnet-
phlogopite websterite vein. Rectangle indicates location of Raman map in panel b. (b) Raman mi-
croscopy map of the micro-diamond obtained from the outlined area in panel a. After mapping the
whole spectral range, Raman maps were acquired of the signal-to-baseline intensity in the spectral
zone 1325–1338 cm−1 that, with the 514.5 nm laser, cuts out the G band of graphite at 1580 cm−1 and
cuts out all of the weak D1 band of graphite around 1350 cm−1 as this is treated as eliminated baseline.
A total of 819 full spectra were obtained to acquire maps for the inclusion (Vrijmoed et al., 2008). (c)
Microprobe BSE image of micro-diamond bearing polyphase solid inclusion in garnet from a garnet-
phlogopite websterite vein. (d) Raman spectrum of the microdiamond in the inclusion indicated with
rectangle in panel c (at no. 4). (e) This polyphase solid inclusion shows the diversity of mineral phases
that can occur in such inclusions. Note the occurrence of incompatible elements forming minerals such
as monazite and Sr bearing gypsum (spectrum shown in panel f). These minerals provide another sup-
port for the felsic crustal source of the metasomatic agent. Legend: 1) garnet; 2) chlorite; 3) Al-silicate;
4) diamond; 5) galena; 6) haematite; 7) Al-spinel; 8) Y-phosphate; 9-10-11) Fe-oxide; 12) amphibole;
13) chlorite; 14) Al-Fe-Mg-oxide; 15) pyrite; 16) orthopyroxene; 17) phlogopite; 18) gypsum (+Sr); 19)
monazite; 20) magnesite.
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Formation of micro-diamond at Svartberget A number of field and experimental studies

have documented the formation of micro-diamond from C-O-H fluids (Dobrzhinetskaya, 2012,

and references therein). Multiphase solid inclusions are often associated with micro-diamonds

formed from C-O-H fluids (Stöckhert et al., 2001; Carswell and Van Roermund, 2005). The

occurrence of micro-diamond in polyphase solid inclusions at Svartberget therefore strongly

supports the idea that transitional C-O-H fluids were involved in the formation of the micro-

diamonds. The presence of these C-O-H fluids is in agreement with the idea of metasomatism

by transitional fluid of crustal origin to form the Svartberget garnet-pyroxenite veins and as-

sociated lithologies (Vrijmoed et al., 2013). Together with the outcrop scale observations of

the relations between different types of veins, the petrographical observations, the mineral

chemistry, the whole rock chemistry trends, the Sr isotope data and the geochronological data,

this tightly constrains the metasomatism of the Svartberget body to have occurred in-situ in

the crustal gneiss of the WGR during the UHP phase of the Scandian Orogeny. It is unclear,

whether these transitional fluids can be distinguished from typical “subduction zone” fluids as

found at Bardane (Scambelluri et al., 2008).

The cause for the UHP needed to form the diamond is usually thought to be entirely due to

the deep burial of the WGR during the continental collision phase of the Caledonian Orogeny.

However, the lack of structures to explain the exhumation of these rocks from such depths

motivated Vrijmoed et al. (2009) to suggest an alternative hypothesis. In addition to the litho-

static P of the deeply buried rocks they suggested extra P could be generated by localized

volume increasing reactions such as melting to account for the extreme P’s needed to form the

diamond.

3.3 Otrøy island

3.3.1 General introduction

Within the northern UHP domain of the WGR Fe–Ti type garnet peridotite and associated ec-

logite and pyroxenite record Scandian Sm–Nd two-point garnet–clinopyroxene isochron ages

in the range of 381–393 Ma (Vrijmoed et al., 2006) and preserve mineral chemistries that imply

Scandian peak metamorphic conditions of 5.5 GPa and 800 ◦C (Vrijmoed et al., 2006, 2008).

Mg–Cr type garnet peridotite and associated pyroxenite record also Scandian Sm–Nd min-

eral isochron ages, provided the samples are dynamically recrystallized during M3 (Fig. 7).

The latter, however, challenges a proper mineral separation taken into account that samples

often show (a) different generations of the same mineral phase in a single sample due to incom-

plete recrystallisation and (b) different rheological response to dynamic recrystallisation among

the different mineral phases in a singe sample that causes inhomogeneous recrystallisation.

Dynamically recrystallised minerals that were checked grain by grain record early Scandian

Sm—Nd three-point (garnet, clinopyroxene, whole rock) isochron ages with a weighted mean

of 429.5 Ma. Two-point Sm–Nd ages from whole rocks in combination with porphyroclastic,

pyroxene lamellae bearing garnet are variable but older, 519–635 Ma (Spengler et al., 2009),
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and fall within the range of results from other studies, 437–1860 Ma (Mearns, 1986; Jamt-

veit et al., 1991; Brueckner et al., 2010). The chemistry of recrystallized minerals suggests

peak Scandian metamorphic conditions of 6.5 GPa and 870 ◦C. Whereas the older mineral

assemblages record lower P–T conditions in the range of 2.6–3.7 GPa and 700–805 ◦C (Van

Roermund et al., 2000b; Spengler et al., 2009), that are consistent with an equilibration along

an Archaean cratonic geotherm (Fig. 12).

Irrespective of the Scandian UHP metamorphic overprint, the Mg–Cr type garnet peridotite

bodies attracted interest for two more reasons. On the one hand, some occurrences have

porphyroclastic garnet that includes in mineral cores oriented lamellae of pyroxene interpreted

to be exsolved from former majoritic garnet (Van Roermund and Drury, 1998; Van Roermund

et al., 2000b, 2001). The majority of garnet peridotite and garnet pyroxenite either lack this

pyroxene exsolution garnet microstructure or preserves it in a strongly overprinted state with

primary, nominally anhydrous precipitates being largely replaced by secondary, hydrous min-

eral phases (Spengler et al., 2013). To form this microstructure by solid state exsolution P

and/or T conditions ought to be implied higher for the unexsolved precursor (Irifune, 1987;

Collerson et al., 2010) that occurs in extremely melt depleted peridotite. Thus, knowledge

of the physical conditions that enabled the development of the lamellar garnet microstructure

provides contraints on the origin of intensely melt depleted but garnet bearing SCLM.

On the other hand, garnet bearing mantle assemblages preserve Mesoproterozoic and

older Sm–Nd mineral isochron ages of about 1.4–1.7 Ga (Mearns, 1986; Jamtveit et al., 1991;

Brueckner et al., 2002; Spengler et al., 2006), that are interpreted to reflect the thermal closure

of the isotope system at the mineral scale level. The thermal closure at the scale (or origin of)

the whole rocks may be indicated by a Mesoarchaean Sm–Nd whole rock “errorchron” age of

2.8 Ga – reported without reference to the occurrence of pyroxene exsolution microstructure in

garnet – (Jamtveit et al., 1991) and by a Palaeoarchaean Sm–Nd whole rock isochron age of

3.33±0.19 Ga – for the case that reference to the microstructure was made (Spengler et al.,

2009). The latter overlaps with a garnet peridotite Hf model age of 3.3 Ga (Lapen et al., 2005),

with Re depletion ages of 3–3.8 Ga from sulfides in a garnet peridotite (Beyer et al., 2004) and

with a Re–Os isochron age of 3.10 Ga from sulfides in a garnet orthopyroxenite (Brueckner

et al., 2002) that are all regarded to represent the extreme melt depletion of mantle fragments

(with olivine Mg/(Mg+Fe) of ∼0.93) exposed in the WGR (Fig. 6). Overlapping isotope data

from contrasting rock types and their components, thought to be related to refractory vs. fertile

histories, may ask for a model that explains mantle melt depletion and refertilisation to occur in

time both during the Palaeorchaean within the methodical resolution. In addition, the lamellar

pyroxene microstructure in garnet requires the model to include P and T far beyond those

recorded by the samples’ equilibration within the lithospheric mantle prior to the Caledonian

tectonometamorphic overprint.

The aim of this part of the excursion (see sections 3.3.3 and 3.3.4 of this field guide) is

to visit peridotite and pyroxenite outcrops of the Ugelvik and Raudhaugene peridotite bodies

on Otrøy island that show their essential characteristics, from the Archaean evolution to the
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Phanerozoic UHP metamorphic overprint. The following description of outcrops is based on

those given in previous field guides of Carswell and Van Roermund (2003), Robinson and

Roberts (2008, Day 7 by Van Roermund), Cuthbert and Van Roermund (2008) and in this case

extended by personal observations, notes and measurements of HvR and DS.

3.3.2 Introduction to the regional geology of western Otrøy and eastern Midøy

The location of the northern UHP domain in the WGR is given in Fig 6. A generalised geolo-

gical map of the western part of Otrøy and the eastern part of Midøy is illustrated in Fig. 26a.

The Proterozoic Baltica basement rocks on (north-western) Otrøy and (northern) Midøy

consist of E–W to NNE–SSW trending belts consisting of interlayered augen orthogneiss (of-

ten migmatitic as well as containing minor eclogitised meta-gabbro) and well-layered (mig-

matitic) dioritic-granodioritic gneiss with abundant eclogite and subordinate garnet peridotite

(Fig. 26a). Both alternating gneiss belts are equivalent to the “homogeneous” orthogneiss and

heterogeneous paragneiss complexes of Carswell (1973) and Carswell and Harvey (1985),

the latter tentatively mapped the area in the late sixties, early seventies. These authors also

dated the augen orthogneiss, using Rb–Sr whole rock techniques, to be mid Proterozoic in

age (1506±22 Ma; Carswell and Harvey, 1985; Griffin and Carswell, 1985). In contrast, the

age of the heterogenous paragneiss complexes remains so far unknown. Apparently, “similar”

paragneisses in the east (belonging to the Frei Group of Hernes, 1956 and Råheim, 1972,

1979) were dated in the seventies as being Svecofennian in age (1700–1800Ma; Pidgeon and

Råheim, 1972). This regional correlation formed the basis of the old and much preferred inter-

pretation that the 1500 Ma old augen gneisses intruded into a metasedimentary sequence of

mid-Proterozoic age, subsequently followed by “ductile imbrication” and peridotite introduction

from the mantle during the “Caledonian” orogeny. A Sveconorwegian (1200–950 Ma) tectono-

metamorphic overprint was expected to be present but no evidence so far presented.

The alternative interpretation is that the ortho- and paragneiss complexes represent a

basement-cover sequence, with the para-gneisses being late Proterozoic to early Paleozoic

sediments and/or basic intrusives. As such the two units may reflect parts of the outermost

passive continental margin of Baltica, elsewhere in the Scandinavian Caledonides exposed

only in the Middle and Upper Allochthons.

Our preliminary electron microprobe (EMP) chemical-age dating work in the area revealed

monazite-cores of 950–1200 Ma (from rocks located along the north coast of RaknesTangen,

this locality is located directly west of the small Fe–Ti peridotite body that is labelled Rk in

Fig. 26a) demonstrating that the paragneiss complex on Otrøy and Midøy has undergone at

least a (local?) Sveconorvegian tectonometamorphic overprint with a Baltica related affinity

(Wiggers de Vries, 2004). Similar age results were recently obtained by Austrheim et al. (2003)

for the mid Proterozoic Hustad igneous complex (1654–1555 Ma), located NE of Svartberget,

that was however also reworked during the Sveconeorwegian (1251 Ma) and Caledonian oro-

genies.

In contrast, in the southern part of both islands Robinson (1995, 1997) recognized some
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Figure 26: Geology of western Otrøy and eastern Midøy. (a) Geological map (modified after Carswell
et al., 2006). (b) Poles to foliation (+, n=59) and lineation (o, n=18) of gneiss in the northern domain
of Otrøy and Midøy (data source: Van Straaten, 2003; Wiggers de Vries, 2004). (c) Poles to foliation
(black dots with northern or southern plunge, n=156) and lineation (red dots, n=17 fold axes; other
black dots, n=20 lineations) of the undifferentiated southern domain of Otrøy and Midøy (data source:
Kooijman, 2006; Linkens, 2006; Smit, 2006). (d) Geological map that includes adjacent areas (Carswell
and Harvey, 1985). Red square refers to the location of the Svartberget Fe–Ti garnet peridotite.

infolded allochthonous supracrustal units, now mapped as Blåho and Sætra Nappe equival-

ents (called undifferentiated units in Fig. 26a; Robinson, 1995, 1997; Hollocher et al., 2007).

More important, the allochtonous supracrustal units in the south do not contain eclogites (Van

Roermund et al., 2005; Hollocher et al., 2007; Van Roermund, 2009a). As such a fundamental

EW running Scandian tectonic contact divides both islands into two parts: a) northern (U)HP

metamorphic basement unit and b) southern allochthonous medium P units (Fig. 26a). This

contact is nicely exposed in the hills just above Midsund (Fig. 27).

Robinson (1995) recognised that the bed rock in the southern parts of Otrøy and Midøy

(called undifferentiated units without eclogites in Fig. 26a) represent allochthonous supra-

crustal rocks that, as predicted by Bryhni (1989), could be correlated with the Trollheimen

tectono-stratigraphy in the east. Our mapping of the major tectonic contact between the eclo-

gitised basement units in the north and supracrustals in the south (Fig. 26a) is primarily based

on the absence of HP minerals and/or (retro-)eclogites in the southern domain: i.e. the entire

unit in the south was metamorphosed under upper amphibolite- to HP granulite facies condi-

tions with T of 700–800 ◦C and P of less than 10–11 kbar (Smit, 2006). This major regional

tectonic contact therefore post-dates the Scandian HP metamorphism recognised in the base-

47



ment units north of this major tectonic contact (Fig. 26a). In contrast, imbrication/folding? of

the ortho-paragneiss sequence must be pre- to syn-Scandian (U)HP metamorphism as both

units underwent at least eclogite facies metamorphic conditions.

At the smaller and more local scale: The Proterozoic Baltica basement rocks exposed

on northern Otrøy form E–W to NNE–SSW trending belts that consist of interlayered augen

orthogneiss (often migmatitic) and well-layered (migmatitic) dioritic-granodioritic gneiss with

abundant eclogites and subordinate garnet peridotite. The dominant late Scandian amphibolite

facies foliation is often subvertical, with a well developed, post eclogite facies, subhorizontal

E–W amphibolite facies lineation (Fig. 26b–c).

Three mantle fragments occur at Otrøy within the northern basement units, the so-called

Ugelvik (U), Raudhaugene (R) and Midsundvatnet (M) garnet peridotite bodies (Fig. 26a). De-

tailed geological maps of the Ugelvik and Raudhaugene peridotite bodies are illustrated in

Figs. 28 and 29. Previous studies concluded that incorporation of the garnet peridotites into the

Caledonian basement rocks has occured during the Scandian Orogeny (430–400 Ma) under

lithostatic P’s equivalent to uppermost β-quartz eclogite facies conditions (Griffin et al., 1985;

Carswell, 1986; Krogh and Carswell, 1995). More recent studies have indicated that crustal

emplacement of the garnet peridotite bodies occured under much higher, UHP metamorphic

conditions, deep within the diamond stability field (Van Roermund et al., 2005; Carswell et al.,

2006; Spengler, 2006; Spengler et al., 2006, 2009; Vrijmoed et al., 2006, 2008; Scambelluri

et al., 2008, 2010; Van Roermund, 2009b,a).

Figure 27: Panorama view of the western part of Otrøy around the town Midsund. Photograph was
taken from the east coast of Midøy. The southern allochthonous supracrustal units clearly lie on top of
the Proterozoic Baltica basement units in the north. The transition zone, called the Midsund mylonite
zone, represents a major tectonic contact in the area and is indicated in Fig. 26a as a black line with
shark teeths.
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The 3 garnet peridotite bodies exposed on Otroy (abbreviated U, R and M in Fig. 26a) can

be classified as relict peridotites, (according to the nomenclature of Brueckner and Medaris,

2000) or as mantle wedge garnet peridotites (according to the nomenclature of Van Roer-

mund, 2009a, i.e. the orogenic garnet peridotites are unique in that not only Scandian mineral

ages and crustal emplacement conditions can be reconstructed (Spengler et al., 2009; Van

Roermund, 2009a), but in addition the Archean to mid/late Proterozoic mantle evolution of the

peridotite bodies is still locally preserved (Spengler, 2006; Spengler et al., 2006; Scambelluri

et al., 2008, 2010; Van Roermund, 2009a,b). In other words, despite widespread mineralo-

gical evidence for post-Scandian decompression and serpentinisation, crustal emplacement at

UHP metamorphic conditions did not erase (completely) the Archaean to mid/late Proterozoic

mantle signature of these bodies. During this part of the excursion we will concentrate on the

following 6 main aspects of the garnet peridotites:

• Archaean high P–T decompression melting

• Megacrystic garnet (garnetites), olivine and (garnet) websterite

• Majoritic garnet(s) and their implications

• “Cooling” during the Proterozoic

• Crustal emplacement during “early” Scandian UHP metamorphism

• Two garnet pyroxenite types with komatiitic affinities

Other aspects that may be studied, though regarded here as being of minor importance, are:

• Black versus purple garnets

• Unusual fold geometry of garnet pyroxenite embedded within peridotite

3.3.3 Ugelvik Mg–Cr garnet peridotite

The location and the outline of the Ugelvik peridotite body is shown in Fig. 26a (labelled U).

Detailed field mapping during 2002 and 2004 of D. Spengler formed the basis for the lithological

maps shown in Figs. 28 and 29 with stop locations indicated. Although, continued housing

construction and vegetational overgrowth during the last one and a half decades have made

the access to outcrops in part a challenge if not impossible. Despite these difficulties, the

excursion leaders will try their best to provide the participants with all information desired.

Stop 1: Ugelvik harbour quarry

Megacrystic garnet orthopyroxenite

This locality displays NE-dipping, layered and foliated garnet peridotite. The layering is

defined both by the variable garnet content and by discrete garnet pyroxenite layers that are
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Figure 28: Lithological map of the western part of the Ugelvik peridotite with parking space and stop
locations encircled. Legend as in Fig. 29 (modified after Spengler, 2006).

50



♠8

40 strike / dip of

compositional

layering

36

35

38

27

58

46

45

27

33

51

42

37

28

40

48

6
2

45

42

45

39
29

23

46

23
15

17

40

24

34

40

25

23

30 22

48

38

48

39 32

67

2
9

3932

Figure 29: Lithological map of the eastern part of the Ugelvik peridotite with stop location encircled
(modified after Spengler, 2006).

51



(a)

(b) (c)

Figure 30: (a) A side way view of the Ugelvik coarse grained garnet websterite lens with some very
interested “high-level” visitors during the IGC 2008 excursion. (b) Top view (as the visitors have in
panel (A)) of the Ugelvik garnet orthopyroxenite lens. (c) Detailed image of the exsolution of garnet and
Cr-diopside from orthopyroxene inside the Ugelvik garnet orthopyroxenite lens.

mostly >1 cm thick. However, as well seen on the top surfaces of the outcrops on the southern

side of this small quarry, some garnet pyroxenite layers are sheared out to only mm thickness,

sometimes literally to only single crystal thickness. These surface garnet pyroxenite smears

display an obvious mineral orientation lineation that plunges 30–40° to the N (an orientation

clearly different from the post-Scandian amphibolite facies mineral lineation present in the sur-

rounding gneisses (Fig. 26b–c).

Scattered larger purple Cr-pyrope garnets in the peridotite here are up to 2 cm in size

and heavily fractured. They occasionally contain inclusions of bright green Cr-diopside, less

commonly also of orthopyroxene and olivine. Garnets frequently show the initiation of a re-

placement corona of kelyphite (a fine grained intergrowth of (M3b) pyroxenes and (M3b) Cr-

spinel). Later stage (M3c and M3d) dark green amphibole and pale purple-grey (M3c and

M3d) Cr-chlorite are conspicuous on a set of S-dipping fracture surfaces, whereas a later set
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(a) (b) (c)

Figure 31: Photographs of Ugelvik harbour megacrystic garnet orthopyroxenite (outcrop of sample U95
of Carswell, 1973). (a) At outcrop scale in contact to peridotite (coin = 2 cm lies near the interface).
(b) A scanned thick section (sample DS0429) shows cm-size orthopyroxene crystals (olive) flanked by
garnet (purple) in veinlets and mm-size clinopyroxene grains (bright green, width of view = 28 mm). (c)
Garnet several mm in diameter with fractures (dark, sub-vertical) contains pyroxene lamellae (pale to
bright green in PPL on the left, 2nd order birefringence colours in XPL on the right; sample DS0429,
height of view = 2.1 mm).

of near-vertical joint surfaces is lined with (M3e) serpentine.

Garnet peridotite in this quarry passes to the NE into garnet free dunite, as can be seen

in the blocks up above the quarry close to the outcrop of megacrystic garnet websterite: a

spectacular exsolved garnet orthopyroxenite lens within the garnet peridotite that was first

reported by Carswell (1973). (Please note that field excursion participants will be escorted

in small groups to see and photograph but not sample this lens, during which time other

participants should keep well away from the back face of the quarry for fear of falling dislodged

rocks.) It is considered that this remarkably fresh megacrystic M2 garnet orthopyroxenite forms

a deformation-sculptured, lensoid pod of roughly 90×60×30cm dimensions with its long axis

plunging ca. 30°N and its short axis perpendicular to the NE-dipping foliation in the adjacent

peridotite (Figs. 30 and 31a).

Carswell (1973) recognised this garnet orthopyroxenite pod to compromise mostly de-

formed sub-grains of original, HT, megacrystic orthopyroxene (M2) that has exsolved extens-

ively both clinopyroxene (M2) and garnet (M2). Orthopyroxene is several cm in size, has undu-

lose extinction in XPL and contains clinopyroxene in two formes: as lamellae oriented ‖ (100)

of the host orthopyroxene and as sub-mm size grains within and in between orthopyroxene

(Fig. 31b). Minor sub-mm size garnet grains occur within megacrystic orthopyroxene. Most of

the garnet is ca. 1 mm in width but is a few mm long in grain size and occupies together with

sub-mm size clino- and orthopyroxene grains a vein network along the large orthopyroxene

sub-grain boundaries (Fig. 31b). Some scarce larger garnet grains (up to 5 mm size) occur in

the veinlets. Importantly, the veinlet garnet, both the elongated and the larger grains several

mm in size, are recognised to contain oriented pyroxene lamellae (Fig. 31c; Spengler, 2006).

Carswell (1973) considered that the larger garnet grains within the pod might not be of exsolu-

tion origin and surmised that the original orthopyroxene (M1; with ca. 4 wt.% Al2O3 and 2 wt.%
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CaO) may have crystallised on the peridotite solidus together with primary garnet and olivine

at ca. 1500–1600 ◦C and 3.5–4.0 GPa. If so then the recent recognition of pyroxene lamellae

in veinlet garnet implies that the exsolution of elongated garnet grains from HT orthopyroxene

and the crystallisation of larger garnet grains from the melt both occurred in the stability field

of garnet with low majorite component. Subsequent exsolution of pyroxene lamellae in these

garnets likely occurred during cooling of the garnet orthopyroxenite at sub-continental litho-

spheric mantle depths after crystallisation and prior to the Caledonian UHP metamorphic over-

print. Such a scenario is consistent with inclined Si isopleths in garnet in P–T space (Gasparik,

2014) and with the recognition that the Caledonian recrystallisation replaced pyroxene lamellae

bearing garnet by pyroxene lamellae free garnet in the peak metamorphic mineral assemblage

(Spengler et al., 2009).

Stop 2: Ugelvik harbour eastern shoreline – opposite pleasure boat jetty

Garnet (clino-)pyroxenite layer in peridotite

Here at the rope anchorage, there is a ca. 4.5 m length exposure of a garnet websterite layer

that forms the core of a near horizontal axis fold within the garnet peridotite. Tight to isoclinal

folds in the adjacent peridotite plunge ca. 10°to 340°. In addition, this locality is one of the few

exposures for garnet clinopyroxenite. Typical for these two types of layers of pyroxenite (garnet

clinopyroxenite, garnet websterite), but also for a third type, garnet orthopyroxenite, is their

occurrence parallel to the compositional peridotite layering and their porphyroclastic texture

(Fig. 32a).

Clinopyroxenite here has M2 garnet clasts of up to 5 mm size that are set in a recrystal-

lised granoblastic matrix of fine grained (0.1–0.3 mm) M3 clinopyroxene and garnet. Garnet

clinopyroxenite is virtually bi-mineralic in composition and has the two major mineral phases in

(a) (b)

Figure 32: Photographs of Ugelvik harbour garnet clinopyroxenite (sample DS0384). (a) Outcrop of
the garnet clinopyroxenite layer (bright green) several cm thick with porphyroclastic texture and sharp
contacts to the embedding peridotite (coin = 2 cm). (b) Oriented, partially multiphase lamellae of
pyroxene (bright) and ilmenite (opaque) in a porphyroclastic garnet core (grey; nearly XPL, width of
view = 660 µm).
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approximately equal proportions. Garnet is red in colour, orthopyroxene is absent, accessory

ilmenite occurs as recrystallised matrix phase and as oriented lamellae together with pyroxene

lamellae in cores of porphyroclastic garnet. One layer in the outcrop (Fig. 32a) has exception-

ally high amounts of ilmenite both within garnet cores (lamellae, Fig. 32b) and as part of the

recrystallised matrix (grains) compared to garnet clinopyroxenite exposed on other localities of

the two peridotite bodies. Opaque ilmenite lamellae in garnet are occasionally recognisable

with a good hand lens.

Stop 3: Ugelvik harbour eastern shoreline – opposite outer harbour wall

Large garnet in peridotite

Outcrops here, ca. 130 m N of the last locality and close of to the end of the rough road

to the shore, display peridotite with conspicuously large (1–5 cm) garnets. Most are heavily

fractured and hence weathered out as hollows in the rock. They also show breakdown to clots

of Cr-chlorite along steep SW-dipping joint surfaces.

Stop 4: Ugelvik western shoreline

Nodular garnet

Here, about 150 m further north along this shoreline, are more outcrops of peridotite con-

taining some conspicuously large garnets. The largest is of ca. 12×6 cm dimensions but is

highly fractured and only exposed at low tide. Nearby peridotite contains other garnets of 3–

6 cm size including one reasonably solid garnet megacryst of 6×4 cm dimensions. Please note

that field excursion participants are allowed to photograph the garnet megacrysts but not to

sample them.

Stop 5: Ugelvik shoreline – northernmost peridotite outcrop

Garnet websterite in peridotite

Here is a conspicuous, sheared out, porphyroclastic textured garnet websterite layer

(Fig. 33a). Garnet in websterite is purple in colour and occurs in two generations, as por-

phyroclasts and as recrystallised grains. Garnet porphyroclasts display in grain cores oriented

pyroxene lamellae that are absent in the recrystallisates. Ortho- and clinopyroxenes are in-

tensively recrystallised. The pyroxenite layer has some distinctly garnet-rich internal layers.

Such near-monomineralic layering, as also seen in other garnet pyroxenite occurrences within

the Ugelvik and Raudhaugene peridotite bodies, may signify that porphyroclastic textured gar-

net pyroxenites may be the product of shear deformation and associated recrystallisation of

original megacrystic garnet plus pyroxene concentrations within these peridotites, as seen for

example in the coarse garnet bearing orthopyroxene lens at the Ugelvik harbour quarry locality

(stop 1). In addition, late amphibole of darker green colour than the clinopyroxene formed.

Garnet websterite appears as the dominant type of pyroxenite within Ugelvik and Raud-

haugene peridotite. Besides these pyroxenites, the peridotite enclose scattered large purple
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(a) (b) (c)

Figure 33: Photographs of Ugelvik pyroxenite and peridotite suggest grain size reduction and com-
positional layering in response to shear deformation. (a) Scanned thick section of garnet websterite
showing unevenly proportioned porphyroclastic and recrystallised garnet (purple, most frequent in the
upper part) and matrix of recrystallised clino- and orthopyroxene (green and light brown, respectively,
lower part) and secondary chlorite as late replacement (dark; sample DS03AO, width of view = 18 mm).
(b) Outcrop of garnet peridotite showing porphyroclastic purple nodular garnet and its fragments aligned
(coin = 2 cm). (c) Hand specimen of megacrystal olivine (sample DS0212) in finer grained spinel
peridotite sampled a few steps SE from Stop 5 (width of view = 10 cm).

garnet (e.g. as seen at Stop 3), garnet nodules (Fig. 33b) and eventually also some size-

able clasts of large orthopyroxene. Porphyroclasts and broken pieces of it occur aligned and

define the compositional peridotite layering. Occasionally, garnet clasts show recrystallised

trails of new finer grained garnet. Hence, the current overall mineralogical layering within these

peridotites is essentially the product of shear deformation under eclogite facies conditions. The

extent of deformation-induced recrystallisation and of late-stage serpentinisation means that it

is hard to find relicts of early coarse grained olivine (Fig. 33c). It follows from these observa-

tions when taken together that different megacrystic mineral assemblages including garnet +

orthopyroxene + clinopyroxene, garnet + clinopyroxene and olivine + garnet + orthopyroxene

were originally widespread within the Otrøy peridotites.

Stop 6: Ugelvik NW, road cut at a private property entrance

Megacrystal garnetite in peridotite

By moving on to stop 7 we will walk uphill a small street. Here, prior to the street re-

construction in recent years, there was a garnet peridotite outcrop that contained a beautiful

megacrystal garnetite lens approximately 8×20 cm in size and shown in Fig. 34a. Meanwhile,

the outcrop seems to have been used for new foundations and is therefore accessible not any

longer, unfortunately. Megacrystic olivine of up to 10 cm in size within spinel dunite (Fig. 33c)

occurred in proximity to this garnetite lens at a place where recently new houses have been

build. Therefore, this outcrop is also not accessible any longer. From this locality, a hand

specimen shown in Fig. 33c will be provided for inspection to the participants by the excursion

leaders.
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Figure 34: Photographs of Ugelvik garnetite. (a) Former outcrop of lenticular garnetite embedded in
garnet peridotite (coin = 2 cm). (b) Clinopyroxene blebs and lamellae within interstitial orthopyroxene
of garnetite (sample DS0298, BSE image, width of view = 1.9 mm). (c) Pyroxene lamellae in garnet
(sample DS0298, PPL, width of view = 1.2 mm).

Stop 7: Ugelvik – Rødberg Byggmarked

Megacrystal garnetite

The owner of this builder’s merchant warehouse (Harry Rødberg) has excavated remark-

able Cr-pyrope (Cr2O3 0.85–1.46 wt.%) megacrystal garnetite, with individual garnet crystal

sizes up to 2 cm, from peridotite underlying the warehouse. The garnetite was found during

the preparation of foundations for an adjacent new house. With special permission, some

specimen samples may be examined and photographed on the garden wall to the house.

These polycrystalline garnet megacryst fragments, with dimensions up to 13×10×7cm, are

said to have been extracted from a layer of coarse garnetite about 2 m long. Importantly,

some samples demonstrate the coexistence of this early megacrystal M2 garnet with intersti-

tial grains of orthopyroxene and either clinopyroxene or olivine (Fig. 34b; Spengler et al., 2006).

The orthopyroxene locally displays evidence of internal exsolution of clinopyroxene, whereas

the garnet displays evidence of internal exsolution of lamellar pyroxene (Fig. 34c) and so re-

sembling the microstructure of the exsolved megacrystal orthopyroxenite pod in the Ugelvik

harbour quarry (stop 1).

Evidence of internal exsolution of pyroxene lamellae in garnet has also been reported from

sporadically occurring garnet nodules (i.e. polycrystalline garnet, Fig. 33b) of several cm in

size in garnet peridotite (Van Roermund et al., 2000b). In summary, megacrystal garnet with

internal exsolution occurs in garnet pyroxenite, garnetite and garnet nodules. Their megacrys-

tal mineral chemistry after exsolution records similar estimates for P and T (3.3 GPa / 740 ◦C,

3.5–3.7 GPa / 770 ◦C and 3.7 GPa / 760 ◦C, respectively), when the Al-in-orthopyroxene/garnet

barometer and the Fe–Mg orthopyroxene–garnet thermometer calibrations of Brey and Köhler

(1990) are applied (M2 in Fig. 12a). Shared mineral microstructures, equilibration conditions

and textural relationships to dynamic recrystallisation favour megacrystal garnet in pyroxenite,

garnetite and garnet nodules to have a shared history in the embedding peridotite prior to the

Caledonian deformation, an interpretation consistent with isotope data from exsolved minerals

57



0.75

0.79

0.83

0.87

0.91

0.95

100 80 60 40 20 0
Modal Ol (wt.%)

W
h

o
le

ro
ck

M
g

/(
M

g
+

F
e

)
rs rsrs rs rsrs

rsrs
rs rsrs rs rsrs

rs
rs

rs
rs

rs
rs rs
rs

bc

bcbc
bc

bc

bc

bc

bc

bc

rs Spl-peridotite & Ol-megacryst
rs Grt-peridotite
bc Grt-orthopyroxenite
bc Garnetite
bc Grt-websterite
bc Grt-clinopyroxenite

(a)

MORB

Opx

0

0.4

0.8

1.2

40 50 60
SiO2 (wt.%)

M
g

O
/S

iO
2

(w
t.

%
/w

t.
%

)

rs

rs

rs

rs

rs

rs

rs

rs

rs rs
rs

rs
rs

rsrsrs

rs

rs

rs

rs
rs

rs

rs

rs rs
rs

rs

rs
rs

rs
rs

rs rs
rs

rsrs rs

rs

rs

rs

rs

rsrs

rs

rs

rs rs

rs

rs

rs

rs

bc
bc
bc

bc

bc

bcbcbc

bc bc bc
bc

rs rsrs rs rs
rs

rsrsrs

rs

rs

rs

rs

rsrs

rs

rs rs rs rs
rs

rs

utut

utut

(b)

Figure 35: Whole rock data of different rock types from the Ugelvik and Raudhaugene peridotite bodies
show mixing relationships (data from Spengler, 2006 and unpublished). (a) Atomic Mg/(Mg+Fe) versus
calculated olivine mode. Peridotite compositions form a linear array (shaded) between garnet free min-
eral assemblages and garnet websterite + garnetite. (b) MgO/SiO2 versus SiO2 of Otrøy mantle rocks
(colour code as in panel a). Garnet websterite and Barberton komatiite flows (small squares; Thompson
Stiegler et al., 2010; Robin-Popieul et al., 2012) form a nearly linear array (shaded) that contrasts to
mixing lines (solid) between dunite and an average Archaean mid-ocean ridge melt (MORB; Komiya
et al., 2004) and products formed by silica-rich fluids (Opx; Simon et al., 2007). Dashed lines separate
compositions with MgO of 18 wt.% (lower) and 30 wt.% (upper). Dataset includes three Midsundvatnet
garnet websterites (SiO2 47.1–48.4 wt.%).

(Jamtveit et al., 1991; Brueckner et al., 2002, 2010; Spengler et al., 2006, 2009).

Garnet origin

Whole rock data of different peridotite layers and of garnet bearing megacrystal mineral as-

semblages form systematic trends that favour the present mineralogical layering of peridotite

to be the result of mechanical mixing of garnet free dunite with mainly garnet websterite

(Fig. 35a). Textural relationships between other megacrystal mineral assemblages (garnet

orthopyroxenite, garnetite, garnet nodules) and the embedding peridotite indicate the former

to have been involved in the mixing too (Fig. 33b, 34a). The corresponding peridotite composi-

tions may be underrepresented in Fig. 35a due to a sampling bias. For example, the whole rock

sample suite does not cover garnet free harzburgite layers that are evident from outcrops. The

general underrepresentation of clinopyroxene in virtually all peridotite layers suggests garnet

clinopyroxenite to have played a minor role during the lithological mixing. A possible reason for

that could be related to a different rheological behaviour of clinopyroxene. Pyroxenite hosted

porphyroclasts of clinopyroxene are extremely rare (i.e. showing low resistancy to the strain ap-

plied) whereas those of garnet and orthopyroxene occur frequently. The overall intense record

of Caledonian shear suggests the mixing of megacrystic garnet free peridotite with the other

megacrystic mineral assemblages to have occurred during the Caledonian ductile deforma-

tion. Although, a formation of the present peridotite layering by a hypothetical pre-Caledonian

mixing event cannot be ruled out.
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Coming to realise that the origin of garnet in peridotite is related to the origin of the vari-

able megacryst assemblages, their whole rock chemistry may constrain the garnet origin in

extremely melt depleted peridotite. Garnet websterite has MgO/SiO2 ratios and SiO2 con-

tents that are similar to those of Barberton komatiite flows, but different to the composition of

rocks expected to form by interaction of melt depleted peridotite with silica-rich fluids or with

Archaean mid ocean ridge melts (Fig. 35b). Compositions of nearly monomineralic garnetite

and garnet orthopyroxenite lay on opposing sides of the komatiite array. Both nearly monom-

ineralic rock types have been found in the Otrøy peridotite bodies solely as isolated fragments

with unclear spatial relationship to each other. In case the nearly monomineralic composition

of each of the two megacryst assemblages is representative for each original whole rock, then

both megacrystal rock types may have different origins. Alternatively, if the similarity in min-

eral chemistry, mineral assemblage and lamellar exsolution microstructure in garnet between

garnet orthopyroxenite, garnetite (and garnet nodules) and garnet websterite are taken into

account then garnet orthopyroxenite and garnetite may represent different fragments of a min-

eralogically zoned precursor rock. A hypothetical composite rock of garnet orthopyroxenite and

garnetite has compositional overlap with the komatiite array in Fig. 35b.

The latter has a fundamental implication. If garnetite is a fragment that crystallised from

a komatiitic melt then its interstitial mineral microstructure unlikely formed by solid state ex-

solution. Similarity in rare earth element chemistry between interstitial pyroxene grains and

exsolved pyroxene lamellae in garnet cores – that has been taken as a major argument for

a solid state exsolution origin of the grains (Spengler et al., 2006) – might then represent

mineral chemical equilibration due to the very HT involved, >1380 ◦C. It further implies that

even experimental decompression reproduced the observed interstitial mineral microstructure

(Dobrzhinetskaya et al., 2004), the experimental results may not be applicable to these nat-

ural samples. A komatiitic origin for the major garnet bearing mineral assemblages (garnet

websterite, garnetite) in Otrøy peridotite wipes out evidence for the mineral stage M1a (Fig. 7)

– but strengthens even more arguments for E Greenland Palaeoarchaean SCLM, one of the

oldest known worldwide, to have formed by the involvement of the same geodynamic process:

a mantle plume (Spengler et al., 2006).

Garnet clinopyroxenite differs to the other garnet bearing lithologies in garnet chemistry,

mineral assemblage and has a whole rock chemistry that deviates from the trends decribed

above.

The way back to the harbour has alongside some large loose blocks of garnet peridotite

derived from the foundations of nearby new houses. Included lenses and layers of garnetite

might be suitable for sampling.

Stop 8: Ugelvik E

Layering of peridotite

This outcrop at the ridge of the small hill shows the variation of the compositional layering

(Fig. 36). Most peridotite layers have a light brown weathering colour (upper right of Fig. 37a).
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Figure 36: Detailed lithological map at stop 8 at the eastern part of the Ugelvik peridotite body. Numbers
refer to samples used to characterise metasomatised whole rock and garnet chemistries (Spengler,
2006).

Layer-parallel zones of peridotite with a dark brown weathering colour (crosshatched in Fig. 36,

front of Fig. 37a) can be attributed to metasomatism after formation (melting) of the light brown

weathering peridotite, but prior to the Caledonian deformation.

Light brown weathering peridotite

The peridotite compositional layering is primarily defined by alternating layers of (spinel)

dunite/ harzburgite, garnet dunite/harzburgite and local discrete garnet pyroxenite layers

(Fig. 38). The clear absence of more fertile peridotite is strong evidence that the mantle rocks

have undergone one or more periods of partial melting. Ugelvik and Raudhaugene peridotite

major element compositions (Drury et al., 2001) and olivine atomic Mg/(Mg+Fe) ratios in spinel

peridotite, 0.929–0.932, megacrystal olivine, 0.930, and garnet peridotite, 0.915–0.928 (Spen-

gler, 2006), indicate that the total degree of melt extraction is high, several tens of percent.

Geodynamic processes that have been proposed to allow for such high degrees of peridotite

melting include either decompression (during upwelling of mantle underneath mid ocean ridges

or in plumes) or the influx of water (into hangingwall mantle above subduction zones) or a com-

bination of both. Several observations indicate that melting of Otrøy peridotite likely occurred

without a wet melting stage. These are:

• Primary hydrous mineral phases have not been observed.
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(a) (b)

Figure 37: Outcrop images of Ugelvik E compositionally layered peridotite. (a) Light brown weathering
peridotite (upper right) and dark brown weathering peridotite (in the front). (b) Dark brown weathering
peridotite shows green garnet variable in mode. Rope and folding rule for scale.

• The pre-Caledonian equilibration P of 3.3–3.7 GPa of garnet after exsolution of pyroxene

lamellae (M2 in Fig. 12a) requires for the unexsolved precursor at the same P more

than 1450 ◦C (Gasparik, 2014). This T exceeds that of mantle wedge peridotite melting

numerically modelled to occur only below 1300 ◦C, even at Archaean conditions (Sizova

et al., 2010).

• The solidus T of pyroxenite (Lawley, 2016) is lower than that of severely melt depleted

peridotite (Takahashi et al., 1993). This relationship is assumed to apply also at hydrous

Figure 38: Ternary diagram showing mineral modes of Otrøy light brown weathering peridotite (Spen-
gler, 2006).
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Figure 39: Whole rock composition of Ugelvik and Raudhaugene pyroxenite and garnetite (lines, dots;
colour code as in Fig. 35a) and for Barberton komatiite flow (fields, squares; Thompson Stiegler et al.,
2010; Robin-Popieul et al., 2012). REE were normalised to primitive mantle (PM; Sun and McDonough,
1989). Shading for fields (a) and squares (b): white for Al2O3/TiO2 < 14 (ADK), lightgray for 19 <

Al2O3/TiO2 < 25 (AUK), darkgray for 26 < Al2O3/TiO2 < 41 and black for Al2O3/TiO2 > 43 (both AEK).
Lines in panel (b), PM compositional ratios. Dataset includes three Midsundvatnet garnet websterites
((Gd/Yb)N 0.73–0.85).

conditions (Bizimis and Peslier, 2015). If so then hydrous melting extracts more melt from

garnet clinopyroxenite than from enclosing peridotite. Such a scenario is challenged by

the occurrence of Otrøy Palaeoarchaean ‘fertile’ garnet clinopyroxenite (Spengler et al.,

2009) that would have to postdate the wet melting stage of the embedding dunite with

Mesoarchaean whole rock Re-depletion ages (Beyer et al., 2004, data repository; Spen-

gler, 2006).

Arguments for Otrøy peridotite melting to have occurred in a mantle plume environment

include the whole rock chemistry of enclosed garnet websterite that has overlap with that of

komatiite (Fig. 35b). Komatiite liquids are defined by a MgO content of 18–30 wt.% unlike ko-

matiitic basalts and cumulates that have lower and higher MgO contents, respectively (Arndt

and Lesher, 2005). Dependent on the degree of source depletion and the degree of melting of

that source, komatiites are commonly subdivided into three major types, i.e. Al-depleted (ADK;

Al2O3/TiO2 ∼10), Al-undepleted (AUK; Al2O3/TiO2 ∼20) and Al-enriched (AEK; Al2O3 /TiO2

>25) komatiite (Arndt and Lesher, 2005; Robin-Popieul et al., 2012). Characteristics of ko-

matiitic suites include a correlation of Al2O3/TiO2 with both the depletion and the fractionation

of rare earth elements (REE; Fig. 39). Otrøy websterite has a MgO content of 22.7–29.0 wt.%

(Fig. 35b), Al2O3/TiO2 of 19.5–94.7 and fractionated heavy REE with (Gd/Yb)N of 0.38–0.85,

comparable to the chemical characteristics of AEK (Fig. 39b). The Al2O3 content for a given

TiO2 content of Otrøy garnet websterite partially exceeds that of Barberton AEK. Because

Al2O3/TiO2 in basaltic liquids increases with increasing melting P and increasing melt frac-

tion until the garnet-out reaction in the source (Walter, 1998), the difference between Otrøy

and Barberton samples could be related to melts generated at different positions in the plume

column or alternatively to fractionation. Regardless of this variation, the REE content of Otrøy
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websterite equals that of Barberton AEK komatiite (Fig. 39a). In constrast, Otrøy garnet or-

thopyroxenite and garnetite differ in REE content to that of komatiitic liquids, although a hypo-

thetical composite rock of the former two may have a REE content close to that of AEK. That

of garnet clinopyroxenite clearly differs. In consequence, garnet websterite, if not even most

of the garnet bearing megacrystal rocks, appear consistent with being derived from komatiitic

liquids.

The timing of komatiitic liquid formation and equilibration is constrained by a five point

Sm–Nd whole rock isochron of 3.33±0.19 Ga that includes garnet websterite and garnet

clinopyroxenite (Spengler et al., 2009). Therefore, garnet clinopyroxenite may have formed

during the same event that formed the garnet websterite. Re depletion ages of sulphide in

peridotite in the region (Almklovdalen) of 3–3.8 Ga (Beyer et al., 2004) overlap with the pyrox-

enite age. Thus, most if not all garnet pyroxenite and garnetite assemblages in Otrøy peridotite

may have formed contemporaneously or shortly after the event that depleted the regional

peridotites during HP mantle melting. In this regard, Otrøy pyroxenites appear as remnants

of melts that have been generated within a rising mantle plume column and have crystallised

in the more depleted upper part of the plume head.

Garnet in light brown weathering peridotite has a purple colour, is mainly pyropic in com-

position and occurs as single porphyroclasts or rare protogranular nodules. Individual grains

preserve minor element concentration gradients at crystal rims (Fig. 40a). The core composi-

tion of crystals from different layers vary in Cr2O3 content between about 2–5 wt.% that forms a

shallow trend in Ca-Cr-space (Fig. 40b). If garnet cores would be in chemical equilibrium with

the extremely melt depleted peridotite then a close cluster distribution in the G10 field is expec-

ted. Instead, the lower Cr2O3 variants are lherzolitic (G9), the higher tend to be harzburgitic
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Figure 40: Mineral chemistry of garnet in Otrøy peridotite. (a) Element oxide concentration profiles
across a typical purple garnet in lightbrown weathering peridotite (sample DS0278) show a pyrope rich
composition and minor chemical concentration gradients at crystal rims. (b) Variation of CaO and Cr2O3

in different types of garnet. White, purple garnet in garnetite and protogranular nodules. Gray, purple
garnet in peridotite. Light green, bicoloured garnet. Dark green, black/green garnet. Mineral data
is from Carswell (1968); Van Roermund et al. (2000b, 2001); Spengler (2006). Boundaries between
harzburgitic (G10), lherzolitic (G9) and wehrlitic (G12) fields are from Grütter et al. (2004).

63



6

9

12

15

84 88 92

SiO2 + MgO + Al2O3 (wt.%)

C
a

O
+

F
e

O
+

C
r 2

O
3

(w
t.

%
)

bc
bc

bc

bc
bc

bc

bc

bc

rs rsrs
rsrs

rs rsrs
rs

rs

rs

rs

rsrs

rsrs
rs

rs

rs

rs

rs

rs

(a)

0.85

0.88

0.91

0.94

100 80 60

Calculated modal Ol (wt.%)

W
h

o
le

ro
ck

M
g

/(
M

g
+

F
e

)

rs rsrs
rs

rsrs

rsrs

rs rsrs rs rs
rs

rs

rs

rs

rs

rs

rs
rs

rsbc

bc

bc

bc
bc

bc

bc

bc

(b)

Figure 41: Divariant diagrams of the whole rock composition of Ugelvik and Raudhaugene dark brown
(circles) and light brown (diamonds) weathering peridotite. Dark shaded symbols, garnet free peridotite.
Brighter symbols, garnet bearing peridotite (data from Spengler, 2006 and unpublished). (a) De-
pending on the degree of metasomatism, dark brown weathering peridotite has the highest total of
CaO+FeO+Cr2O3. (b) Metasomatism had little effect on the calculated olivine mode, but clearly on the
olivine composition.

(G10). The former show a mismatch between the chemistry of garnet and the chemistry of the

embedding peridotite, that is harzburgite and dunite, except for a few layers. Thus it appears

that porphyroclastic purple garnet in peridotite has the mineral chemistry of the precursor rock

partially preserved. Consequently, the chemical mismatch supports the proposed mechanical

mixing of garnet free and garnet bearing lithologies that may have formed the present garnet

peridotite (Fig. 35).

The large overlap of the mineral chemical variation of purple garnet in peridotite with that

of purple garnet in garnetite and protogranular nodules (gray and white symbols, respectively,

in Fig. 40b) strongly suggests that the latter two components were involved in the mixing. A

striking feature of garnetite and protogranular garnet nodules is their poor content of clinopy-

roxene compared to garnet websterite. Hence it can be speculated that intense deformation

caused relatively clinopyroxene rich parts of komatiitic garnet websterite to recrystallise to the

present garnet websterites, whereas clinopyroxene poor parts became disrupted, mixed with

peridotite and are preserved today only as rare lenses of garnet orthopyroxenite, garnetite and

garnet nodules.

Dark brown weathering peridotite

Regardless of the mineralogical composition of individual layers, there are layer-parallel

zones that show a dark brown weathering colour (Fig. 37a). The whole rock chemistry of dark

brown weathering peridotite has higher concentrations of FeO, CaO and Cr2O3 compared to

the light weathering counterpart (Fig. 41). The degree of the chemical contrast varies from

layer to layer. Garnet bearing layers show garnet that is either dark green to black in colour,
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Figure 42: Cr X-ray maps of metasomatised porphyroclastic garnet and Cr2O3 contents along profiles
(with different vertical scales). (a) Green/black garnet (sample DS0208). (b) Bicoloured garnet with
purple core and green rim (sample DS0263). Both types of garnet have contrary core–rim concentration
gradients, but share a rim concentration of ∼4 wt.%, except for the outermost rim (Spengler, 2006).

especially when the size is small, up to a few mm in diameter (Fig. 37b), whereas larger garnet

crystals, a few cm in size, may preserve purple cores and green rims. These two types of

garnet differ in mineral core Cr2O3 content, ∼6 wt.% vs. ∼2 wt.%, but share a rim concentration

of ∼4 wt.% (Fig. 42). The latter and the concentric-diffusional style of Cr2O3 concentration

gradients suggest bicoloured garnet to be the result of diffusional exchange of pre-existing

purple garnet with primarily metasomatised peridotite that hosts the high-Cr garnet. Thus,

the local enrichment in FeO, CaO and Cr2O3 in peridotite may be related to the mobility of

these element oxides in melts or fluids after the peridotite melt extraction event. Bicoloured

and green/black garnet are both wehrlitic (G12), but form different populations in Ca-Cr-space

(Fig. 40b). Pyroxene lamellae in green/black garnet have not been found.

Very recently, Apeiranthiti (2017) applied the whole rock chemistry of one garnet peridotite

that contains green/black garnet (DS0260) and one garnet peridotite that contains bicoloured

garnet (DS0263) to Perple-X based pseudosections calculations. Calculated isopleths of the

garnet chemistry that correspond to the garnet core composition measured in the samples by

EMP, intersect close to each other at approximately 4 GPa and 1200–1400 ◦C (Fig. 43). The

estimate for P is similar to that from non-metasomatised pre-Caledonian M2 minerals, 2.6–

3.7 GPa (Fig. 12; Van Roermund et al., 2000b; Spengler et al., 2009) and to that estimated for

the stability of their unexsolved precursor mineral phases M1b at the solidus, i.e. 3.5–4.0 GPa

for HT orthopyroxene (Carswell, 1973) and 3.0–4.0 GPa for HT garnet with 1 % majorite com-

ponent (Drury et al., 2001; Spengler et al., 2017). Hence, dark brown weathering peridotite is

likely the result of metasomatism at SCLM depth after the melt extraction, after the addition of

garnet bearing mineral assemblages to the melt depleted peridotite, but prior to the Caledonian

evolution.
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Figure 43: Perple-X based pseudosections for garnet peridotite samples DS0260 (left) and
DS0263 (right) from the Ugelvik garnet peridotite with garnet compositional isopleths (Grt Mg# =
Mg/(Mg+Fe+Ca) in blue, Grt Ca# = Ca/(Ca+Mg+Fe) in green, Grt Cr# = Cr/(Cr+Al) in yellow). The
used bulk rock composition is given at the top and was used as input for the thermodynamic model-
ling calculations. Red oval encompasses estimated peak metamorphic conditions, determined by the
close intersection of the three isopleths and consistent with mineral compositions determined by EMP
(Apeiranthiti, 2017).

3.3.4 Raudhaugene Mg–Cr garnet peridotite

After having returned to the parking place at the church, take the busses and turn right to drive

back on the major road (668) towards NE. After 1200 m, just having past a small fire station,

turn left into a sand path. Follow this path for 100 m and arrive at a former peridotite quarry to

park the minibusses (Fig. 44).

Stop 9: Raudhaugene C – folded garnet pyroxenite layers

This locality is in outcrops above the (parking-) quarry that are roughly 50 m to the NW. Here

some excellent tightly folded garnet pyroxenite layers are displayed that show tight cuspate

closures in the pyroxenite in comparison with more rounded closures in the adjacent peridotite

(Fig. 45; Barnhoorn et al., 2010). This rather surprisingly suggests that the more garnet- and

pyroxene-rich layers were mechanically weaker than the enclosing peridotite. Is this a grain-

size effect, with the finer grain size of the garnet pyroxenite resulting in it being mechanically

weaker than the enclosing coarse grained peridotite? Alternatively, does it signify deformation

at very HT (≥1260 ◦C) when garnet may perhaps become mechanically weaker than olivine?

Or does the garnet pyroxenite layer resemble melt during the formation of the fold?

Another interesting feature is that these fold structures have much steeper fold plunges than

seen in the Ugelvik peridotite body (Fig. 46b) and also in the dominant folds and lineations seen
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Figure 44: Lithological map of the central part of the Raudhaugene peridotite with parking space and
stop locations encircled. Legend as in Fig. 29 unless specified, F – location of chevron fold shown in
Fig. 46a (modified after Spengler, 2006).

in the gneisses adjacent to the peridotite bodies (Fig. 26b). Walking westward towards and

also at stop 10 will give additional occasions to visit the tightly folded compositional peridotite

layering with steep plunges as shown e.g. in Fig. 46a.

Stop 10: Raudhaugene NC – peridotite peak “K2”

Walk northwestwards from the last locality on to the highest peridotite outcrop, the so-called

“K2” peak. Here there are excellent outcrops of peridotite with quite large Cr-pyrope garnets

available to sample. There are also further obvious folds and some distinct garnet pyroxenite

layers.

Stop 11: Raudhaugene N of K2 – dark brown weathering peridotite

Just to the N of K2 there are distinctive outcrops of a dark brown weathering, more Fe-rich,

peridotite, that contains dark green/black garnets. The darker layers occur interlayered with

the more usual paler weathering peridotite that has the usual purple-coloured garnets. This

is another example of metasomatised peridotite, similar to those at stop 8, but with higher
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(a) (b)

Figure 45: Complex fold geometry of garnet pyroxenite in peridotite. (a) Field photograph. (b) Interpret-
ation of the fold geometry. The fold shape is round at the bottom (left side) and cuspate at the top (right
side; Barnhoorn et al., 2010).

shear deformation. The dark brown weathering layers can be traced subparallel to the north-

ern margin of the Raudhaugene peridotite body and occur themselves occasionally tightly to

isoclinally folded. The green/black garnets from Raudhaugene are also enriched in CaO and

Cr2O3 compared to the purple counterparts and fall in the G12 compositional field (Fig. 40b).

Whilst proto-mylonitic, mosaic-porphyroclastic textures are widespread throughout the Ugel-

vik and Raudhaugene peridotite bodies, they are most conspicuously in the garnet pyroxenite

layers. In places this darker-weathering peridotite displays an extreme ultra-mylonitic fabric in

which the larger dark green M2 garnets are smeared out into stringers of recrystallised, lower

Cr, garnet coexisting with Cr-spinel (Fig. 8e).

Stop 12: Raudhaugene N margin – multiple garnet pyroxenite layers

The peridotite in the most northwesterly oucrops of Fig. 44, about 80 m to the NW of the last

locality, displays numerous garnet pyroxenite layers up to 8 cm in width. Some layers are es-

sentially bimineralic (garnet clinopyroxenite) whereas others are of garnet websterite composi-

tion although the orthopyroxene has often suffered extensive secondary hydration. The garnet

pyroxenite layers typically have markedly recrystallised M3 textures (Scandian) and contain

garnet porphyroclasts (M2) that frequently contain exsolved lamellae of both clinopyroxene

and finer-scale rutile. Three of these garnet pyroxenites reveal Sm–Nd three-point garnet–

clinopyroxene–whole rock ages of ca. 430 Ma (Fig. 12b; Spengler, 2006; Spengler et al., 2009).

This age has been interpreted as the growth of early Scandian UHP minerals within peridotite.

More important EMP chemical analyses of recrystallised M3 orthopyroxene crystals (in con-

tact with garnet) showed that Al2O3 in M3 orthopyroxene is much lower (0.25–0.15 wt.%) than

those within M2 megacryst assemblages clearly indicating prograde metamorphic conditions

during continental subduction (Fig. 12a; Spengler, 2006; Spengler et al., 2009). This M3 UHP

foliation is thus subduction-related and interpreted to reflect garnet peridotite incorporation into

68



(a) (b)

Figure 46: Geometry of folded garnet peridotite. (a) Field photograph of compositionally layered
peridotite at Raudhaugene with a chevron fold characterised by subvertical fold axes (location F in
Fig. 44, top = N, right = E). Garnet free peridotite shows less resistancy to weathering (coin = 2 cm).
(b) Stereographic projection (lower hemisphere, equal area) of fold axes (•, n=27) in Raudhaugene
peridotite, mineral lineations (◦, n=10) in Raudhaugene peridotite and mineral lineations ( �, n=16) in
Ugelvik peridotite. Linears plunge steeply at Raudhaugene and moderately to the north at Ugelvik that
both clearly differ to amphibolite facies lineations with shallow WSW–ENE plunge in the surrounding
gneiss (Fig. 26b). Data source: Spengler (2006).

the continental crust (= crustal emplacement conditions) during prograde continental subduc-

tion deep into the diamond stability field (Fig. 12a). The most likely subduction geometry that

allows such a peridotite crustal-emplacement model to operate is that the garnet peridotite

was originally positioned at sufficient depth within the hanging wall of the continental subduc-

tion system in agreement with Brueckner’s model (Brueckner, 1998, 1999) and consistent with

the application of this model to the Scandinavian Caledonides (Brueckner and Van Roermund,

2004).

The conspicuous garnet pyroxenite layers within the serpentine-veined peridotite at this

locality can be followed along strike within further peridotite outcrops to the east. The party

should then cut back south across the higher peridotite outcrops to join a track on the other

side of the Raudhaugene body and then return to the vehicles parked in the quarry.

In order to be in time at the ferry in Solholmen (departure is 06:20 pm) we should leave

Raudhaugene by minibus at 5:40 pm at the latest. Those busses that for any reason will miss

this boat will have to wait for the next connection for one hour. Arrival at Mordalsvågen is 06:32

pm. Follow the traffic signs to Molde (at 662) and arrive there back at the hotel at 06:45 pm.

3.3.5 So far no micro-diamond: Why?

The Otrøy peridotite bodies are very depleted due to dry Archaean decompression melting.

Because carbonated peridotite melts earlier than eclogite and hydrous peridotite during this

Archaean decompression event (Dasgupta et al., 2013), any initial carbon is expected to par-

tition into the first melts. The pyroxenites are neither a likely reservoir for initial carbon, be-
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cause they carry signatures of AEK which seems to require an already melt depleted (carbon

depleted) source. No clear evidence for secondary refertilisation events of the peridotites by

either subduction zone fluids or by metasomatic agents from the country rock gneisses have so

far been identified. In other words there has been no carbon addition (in the form of some kind

of supercritical COH fluids etc.) to the Otrøy peridotite bodies. No carbon, no micro-diamonds.

4 Field day 2: Fjørtoft island

This excursion day will be spent on the island of Fjørtoft, one of the islands of the Nordøyane

(literally the North Islands; Fig. 47). Note for the preparation of this part of the 12th IEC field

guide the IGC excursion guide of Cuthbert and Van Roermund (2008) was used as a “guide

line”, extended by personal observations, notes and recent work of (students of) HvR.

4.1 Route and road log

From Molde we drive to the west (662) and take the ferry Mordalsvågen–Solholmen to Otrøy

(Fig. 15). Arriving at Otrøy we follow the 668 along the northern coast of the island to Midsund.

At Midsund we cross the bridge to Midøy and continue along the 668 untill we arrive at Dryna.

Here we take the ferry to Fjørtoft (Dryna–Brattvåg–Fjørtoft; Fig. 47).

4.2 Introduction to the geology of the Nordøyane

The island of Fjørtoft became well known in the 1990’s by the first discovery of micro-diamonds

in the WGR (Dobrzhinetskaya, 1993; Dobrzhinetskaya et al., 1995). The geology of the Nord-

øyane was investigated in the early 1980’s by the Oslo group of Prof. W.L. Griffin. Results are

incorporated in the regional Brattvåg 1/50.000 map (Mørk, 1989). In the late 1990’s the island

was mapped by Mike Terry (2000) as part of his PhD thesis (University of Massachusetts,

USA). Results are illustrated in Fig. 48.

Figure 47: (A) Tourist map of the island of Fjørtoft; in red major road on the island. At the most western
point the walking track to Bardane is indicated by the stippled black line. (B) Google image of the
Nordøyane. Stippled white line: ferry trajectory Dryna–Brattvåg–Fjørtoft. Solid white line road 668 to
Dryna. Solid white square: area enlarged in A.
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Figure 48: Geology of the Nordøyane, see text for further description (modified after Robinson and
Roberts, 2008).

Based on the character of basement and nappe units Terry divided the bedrocks of the

Nordøyane into three segments, called southern-, central- and northern belts (Fig. 48).

The southern belt is dominated by Proterozoic granitoid basement gneiss with abundant

boudins of eclogites and bodies of garnet-corona gabbro (red coloured units in Fig. 48). Within

this basement there are narrow belts of mica ± garnet ± kyanite schist and garnet amphibolite

that are interpreted as early isoclinal infolds of the Blåhø Nappe (= Seve Nappe in Sweden;

yellow units in Fig. 48).

According to Terry et al. (2000b) the Blåhø Nappes are inferred to represent late Proterozoic

sediments overlying Proterozoic basement (i.e. basement – cover relation). However these yel-

low belts of Blåhø rocks provide good markers that might outline late subhorizontal open folds

superimposed on the early isoclines and/or isoclinal refolds (a.o. some stippled lines in Fig. 48).

Asymmetric shear fabrics in the southern belt give a consistent top-to-west shear sense along

the lineation that is parallel to these late amphibolite facies folds and this is thus much like the

features observed in ductile fabrics beneath the Devonion basins south of Nordfjord and below

the Høybakken detachment north of Trondheim (Andersen, 1998).

The central belt is dominated by two basement types, granitoid gneiss and grey granitoid

gneiss with amphibolites interpreted as deformed mafic dikes (blue and pink colours in Fig. 48).

Throughout there is no evidence that these basement rocks ever went through eclogite facies
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metamorphism, though that can not be proved. The central belt also contains three extremely

narrow isoclinal synclines dominated by mica-garnet ± kyanite schists and garnet amphibolites

of the Blåhø Nappe (yellow in Fig. 48). Like the southern belt the central belt is also dominated

by late Scandian deformation features involving longitudinal extension, lateral constriction and

top to the west shear, probably in a field of sinistral transtension (Terry and Robinson, 2003a).

The northern belt is dominated by the Ulla Gneiss, a complex granitoid to tonalitic gneiss

with very abundant boudins of eclogites and retrograded eclogites, which is affectively called

the “dogs breakfast” (dark green colour in Fig. 48). Subordinate rock types include augen

orthogneiss (light green in Fig. 48, garnet peridotite and garnet pyroxenite, and two belts

of garnet-biotite gneiss and garnet amphibolite with eclogite that is tentatively, according to

Robinson and Roberts (2008), assigned to the Blåhø Nappe, on the north coast of Fjørtoft and

on eastern Flemsøya (yellow colour in Fig. 48). Like the southern and central belts the northern

belt is also dominated by subhorizontal amphibolite facies lineations and top to the west shear

fabrics, including subhorizontal tubular folds, interpreted as remnants of fabrics produced un-

der eclogite facies conditions during the subduction process (including the local north dipping

HP lineation).

The boundary between the northern and central (+southern) belts is unequivocally a zone

of late subhorizontal sinistral shear with development of about 100 m thick fine grained mylon-

ites, including small boudins of eclogite. This is called the Åkre mylonite zone in Fig. 48. This

important tectonic contact can now be followed eastward all the way to Midøy and Otrøy, where

this important tectonic contact is called the Midsund mylonite zone (Figs. 26 and 27). Another

implication of this regional correlation is that the basement rocks exposed in northern Otrøy

and Midøy (Fig. 26a) can be correlated with the rocks (Ulla Gneiss units) of the northern belt

on Fjørtoft. If so the observed subhorizontal amphibolite facies tectonic fabrics also become

mutually comparable structural features. The same applies to the earlier eclogite facies lin-

eations present on the Nordøyane as well as on Otrøy, which, depending on the orientation of

the post eclogite, amphibolite facies foliation plane (subhorizontal or subvertical; Fig. 26b) can

be steeply plunging “N” or oriented subhorizontal “North” (on Otrøy; Spengler, 2006).

For more information about the southern and central belts the reader is referred to Robinson

and Roberts (2008).

4.3 Introduction to the geology of Fjørtoft

Basically the bedrock of Fjørtoft is formed by Proterozoic basement rocks exposed in central

and southern parts of the island (Fig.49) and consists of EW to NE–SW striking belts of mig-

matitic augen orthogneiss and layered dioritic gneiss with abundant eclogite (elsewhere often

called Ulla Gneiss). This Proterozoic basement unit is equivalent to that exposed on northern

Otrøy (Fig. 26). In the NW part of the island the Proterozoic gneisses are often overprinted by

late, narrow, steeply dipping, NE–SW striking, amphibolite facies, mylonite zones (Terry et al.,

2000b; Terry and Robinson, 2003a; Robinson et al., 2003). According to the same authors
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(a) (b)

(c)
UHP metamorphic locations

Micro-diamond

Low Al Opx eclogite

Kyanite-phengite eclogite

Majotitic garnet

Figure 49: Geological map of Fjørtoft, modified after Carswell et al. (2006). Numbers in (a) refer to
locations that will be visited during this excursion; red box in (a) refers to Fig. 51a) Inferred major
tectonic contact according to Terry et al. (2000b) and Terry and Robinson (2003a). See text for further
comments. (b) Same map as (a) but now with sample number and locations investigated by Carswell
et al. (2006). (c) Summary of UHP metamorphic locations now discovered on Fjørtoft (Scambelluri
et al., 2008, 2010).

the “predominance of evidence” suggested that the Scandian metamorphic grade that affected

southern and central basement rocks on Fjørtoft reflected normal eclogite-facies conditions at

700–750 ◦C and ∼20 kbar. The latter P–T results for Scandian metamorphism was consistent

with that of earlier workers in the area (Griffin et al., 1985; Mørk, 1985).

In contrast the first micro-diamonds (Dobrzhinetskaya, 1993; Dobrzhinetskaya et al., 1995)

were discovered within (migmatitic) kyanite-garnet gneiss exposed in the NE part of Fjørtoft

(Fig. 49), together with biotite-garnet gneiss, amphibolite, pyroxene bearing equivalents, eclo-

gite and peridotite. This highly varied, commonly migmatitic, unit was assigned by Terry et al.

(2000a), Terry and Robinson (2003a) and Robinson et al. (2003) to be equivalent to the supra-

crustal Blåhø Nappe units occurring in the main Moldefjord syncline as well as elsewhere on

the Nordøyane and the islands of Midøy and Otrøy (Robinson, 1995; Robinson et al., 2003).

As this supracrustal Blåhø Nappe unit was diamond bearing the same authors inferred a major

tectonic contact on Fjørtoft that separated the Proterozoic basement units in the south from the

supracrustal Blåhø Nappe units in the north (Fig. 49a). The difference in metamorphic grade

between the two major units implied that a packet of crustal rocks as thick as the (normal)

continental crust was “eliminated” by an inferred tectonic contact. A hands-on tectonic contact

in the field was not identified.

Dobrzhinetskaya et al. (1995) used a special dissolution-method to discover their micro-

73



diamonds. In the following years many other researchers have tried to duplicate Dobrzhinet-

skaya’s results but were all/most unsuccessful. This casted sincere doubts about their ex-

istence. The first new indications that diamond grade metamorphic conditions were indeed

present on Fjørtoft came from Terry et al. (2000b) who, using the newly developed robust

geothermobarometric method of Krogh Ravna and Paquin (2003), reported “near” diamond-

grade metamorphic conditions for a kyanite-phengite eclogite body exposed along the northern

shoreline of Fjørtoft (stop 3; Figs. 49a and 51a). Reported Scandian metamorphic conditions

were: 3.4–3.9 GPa / 820 ◦C.

In 2000 Brueckner and Carswell and later Brueckner, Carswell and Van Roermund (2001)

visited Fjortøft and recognised immediately that according to the geological map (Fig. 49a) the

near diamond grade kyanite-phengite eclogite locality, reported by Terry et al. (2000b), did not

constitute part of the UHP supracrustal units (in the north) but in contrast belonged to the LP

basement units in the south (see Fig. 49a). A very unusual westwards “swing” in the position

of the inferred major tectonic contact was otherwise required to make the kyanite-phengite

eclogite part of the supracrustal northern UHP unit. In addition a distinct major tectonic contact

in the neighbourhood of the kyanite-phengite eclogite body was not recognized in the field by

the 3 geologists quoted above.

These observations encouraged Brueckner, Carswell and Van Roermund (2001) to con-

tinue (or to start) to work on the southern basement rocks and new results, including the dis-

covery of in-situ micro-diamonds (Van Roermund et al., 2002), have clearly indicated that also

the southern Proterozoic basement rocks on Fjørtoft have undergone Scandian UHP meta-

morphism (Brueckner et al., 2002; Carswell and Van Roermund, 2005; Carswell et al., 2006).

These new results have clearly taken away (on Fjørtoft) the need for a fundamental tectonic

contact between the basement in the south and the so-called supracrustal units in the north. In

addition it has opened up again the fundamental question whether late Proterozoic (Vendian)-

early Cambrian supracrustal rocks occur on Fjørtoft or not?

Since than the bed-rock of Fjørtoft has undergone a second revolution. One of the most

fundamental questions in terms of collision between two continents (i.e. Baltica and Laurentia)

is: how deep can continental crust be subducted and still be exhumed/educted back to the

surface? In other words what are the maximal physical conditions in terms of P and T that can

be reached during continental collision (assuming lithostatic P can be expressed as P = ρ × g

× h with ρ the mean density of rocks, h the depth and g the acceleration due to gravity).

In the WGR the first coesite (the phase is stable at P corresponding to minimum depth

of 90–100 km; locations: southern and central UHP domains) was discovered in the eighties,

micro-diamond in the nineties/early 2000 (110–120 km; location northern UHP domain) and

majoritic garnet (≥185 km; depending on T; northern UHP domain) at the turn of the century

(Van Roermund and Drury, 1998; Van Roermund et al., 2000b,a, 2001). The latter mineral,

found for the first time in Otrøy garnet peridotites (see section 3.3 of this guide), however turned

out to be mid-Proterozoic or older in age (Spengler et al., 2009; Van Roermund, 2009a). “Sim-

ilar” majoritic garnet microstructures were later reported from Nordøyane garnet peridotites
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Figure 50: Summary of the P–T–t history inferred for all mantle slices present within the northernmost
UHP metamorphic terrane of the WGR. Modified after Van Roermund et al. (2000b). See also Fig. 7a
of this guide. Thick black part of P-T path: Archaean M1(A-B) to mid Proterozoic M2 evolution. Light
grey part of P-T path: Scandian evolution. Solid thin black line: hot subduction geotherm. Thin solid
lines labeled 1, 5, 20 %: experimentally-based isopleths for majorite component in garnet. Phlogopite-
K-richterite boundary and curved peridotite solidus. S and T: estimated P-T conditions for Su–Lu and
Tibetan Plateau UHP metamorphic terranes.

(Fjørtoft and Flemsøy) by Terry et al. (1999) and Terry and Robinson (2003b). The Fjørtoft ma-

joritic garnet microstructures were later re-investigated by Scambelluri et al. (2008, 2010) who

found clear geochemical evidence that the majoritic garnet in the Bardane garnet websterite

lens was, like the micro-diamond, Scandian in age, raising Scandian metamorphic conditions

during continental collision up to “majoritic garnet grade” (Fig. 50; after Van Roermund, 2009a;

Scambelluri et al., 2008, 2010). So far such extreme UHP metamorphic conditions are only

reported from two other UHP metamorphic terranes in the world: 1) Su–Lu, the Su–Lu UHP

belt in eastern China (Zhang et al., 1995; Zhang and Liou, 1998) and 2) Tibetan plateau, the

North Qaidam UHP belt, NE Tibet Plateau, China (Yang et al., 2002; Song et al., 2003) entitled

S and T respectively in Fig. 50.

The occurrence of Scandian majoritic garnet on Fjørtoft implies that metamorphic P–T con-

ditions were as high as 6.5–7.0 GPa / 950–1000 ◦C (see Fig. 50), implying depths of the order

of 200 km. This rather surprising new result makes the rocks from Fjørtoft (and surroundings)

the most deeply subducted and exhumed rocks of the WGR and at the same time unique in

the world. These new results will be described below when the individual outcrops/stops are

discussed. Note however that for the full confirmation of the majoritic garnet microstructure at

Bardane TEM work is required that can confirm the topotaxial relationship between garnet and

pyroxene. Other mechanisms that can produce optical similar microstructures are discussed

by Hwang et al. (2013). For other geological information related to Fjørtoft the reader is referred

to Robinson et al. (2003) and Robinson and Roberts (2008) including cited references.
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Finally it should be remembered that global, diamond bearing, UHP metamorphic terranes

commonly enclose mantle fragments, some of these orogenic garnet peridotites record sys-

tematically higher peak P and T conditions than the surrounding (U)HP gneisses and eclo-

gites, which suggest deeper “subduction” than eclogite and surrounding gneiss (Hirajima and

Nakamura, 2003). However, though the latter may be true in some cases, it should also be

remembered that no mechanisms have been proposed so far that can bring such rocks back

to the surface.

4.3.1 Micro-diamond bearing kyanite-garnet gneiss (Stop 1)

Route log to Stop 1: Knowing that the ferry arrives/departs at/from Kongsneset (NE side of

Fjørtoft; Fig. 47a and Fig. 49a) it is not difficult to find the way on Fjørtoft. From the ferry at

Kongsneset (drive to the “main” road that brings you around the island (Fig. 47a), turn right.

Take the first road on your right hand side to Nyton, drive through Nyton till harbour where you

can park the car(s). From the parking place walk to the NE to the island Vågholmen that is

connected to “mainland Fjørtoft” by a dike.

Coarse grained garnet kyanite gneiss or garnet kyanite felsic granulite. A good mineral

lineation is often present in leucocratic layers defined by kyanite ± K-feldspar ± plagioclase

and quartz. The matrix assemblage consists of coarse grained garnet, kyanite, phlogopite,

quartz, K-feldspar, plagioclase with accessory graphite and pyrite.

The coarse grained garnet porphyroblasts in the kyanite garnet gneisses/felsic granulites

have uniform chemical compositions (ca. Alm61Prp33Grs5Sps1) except in contact with inclu-

sions of phlogopitic mica or at grain margins with phlogopite and/or plagioclase where the

grains have markedly lower Mg/Fe2+ ratios (Terry and Robinson, 2003a). Other reported solid

inclusions in garnet include rutile, quartz, kyanite, K-feldspar, sulfides, monazite and zircon.

Coarse grained matrix kyanites contain inclusions of sulphides, oxides, quartz and graphite,

are often highly strained and may have strips of late replacement fibrolitic sillimanite along

their grain margins. K-feldspar crystallized simultaneously with garnet grain margins, whereas

plagioclase formed later as a product of garnet and K-feldspar decomposition.

The frequent presence of graphite flakes in the garnet kyanite gneisses demonstrates the

presence of elemental carbon in these rocks.

Dobrzhinetskaya et al. (1995, Fig. 13b) reported the recovery of three confirmed (10–45 µm

sized) grains of micro-diamond from a crushed and sieved ∼50 kg sample of garnet kyanite

gneiss from this locality. The diamond grains were identified and characterized by Raman and

infrared spectroscopy as mixed Ib–IaA type with substitutional impurities of H and N. Accord-

ingly a metamorphic origin for these micro-diamonds was implied.

The three yellow diamonds were recovered using a total rock digestion process, but other

research teams using similar techniques on the same rocks could not find any diamond. This

casted sincere doubts on their true occurrence until Van Roermund et al. (2002) reported

the first micro-diamonds within their textural context in a thin section of the Bardane garnet

peridotite/websterite body from the same island (stop 4; Fig. 56).
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Larsen et al. (1998) have provided full details of the composition of fluid inclusions within

garnet, kyanite and quartz in these gneisses. They reported that primary N2–CO2 fluid inclu-

sions occur only in garnet grain cores and are associated with solid inclusions of magnesium

calcite, rutile and apatite. Hence it was concluded that near peak UHP metamorphism was

associated with N2–CO2 volatiles with dissolved magnesium calcite.

From the observed fluid inclusions in garnet grain margins, in kyanite and in matrix quartz,

Larsen et al. (1998) concluded that during progressive retrograde metamorphism the available

metamorphic volatiles changed as firstly CH4 and later H2O, CO2 and dissolved magnesium

calcite disappeared. No micro-diamond inclusions were observed whereas graphite was re-

ported to be ubiquitous in the host lithologies and fluid inclusions and thus taken to be a stable

phase throughout the metamorphic volatile history.

Note that phengite, coesite and/or clinopyroxenes (omphacite) have not been discovered

as inclusions in any of the matrix minerals described above.

Carswell & Cuthbert (unpublished data) have interpreted the features of this gneiss as a

mylonitised pelitic migmatite that has undergone decompression melting due to decomposi-

tion/dehydration of phengite. Much of the abundant garnet in this rock appears to have grown

during this melting event. The wholesale remodeling of the rock by anatexis may explain the

rarity of micro-diamond in the rock and the resulting difficulties in finding it in situ. The quarry

at the end of the harbour wall and blocks along the wall are mainly of retrograded eclogite with

trondhjemitic veins, also resulting from anatexis. The veins appear to have nucleated at the

sites of quartz-phengite veinlets in the eclogite.

Cuthbert and Van Roermund (2011) performed some in-situ EMP monazite age dating work

on the diamond bearing Fjørtoft garnet-kyanite gneiss samples (FGKG) in order to elucidate

the age provenance of the FGKG and its history of garnet growth and partial melting during

Scandian subduction and exhumation.

The FGKG is a metapelitic blastomylonite, infererred to be of late Proterozoic age (Robin-

son et al., 2003), but low strain enclaves indicate a prior migmatitic history. Garnet megacrysts

are zoned with inclusions of kyanite and low-Si phengite in the cores. Overgrowths enriched

in Ca and Mg enclose inclusions of perthite, quartz, biotite, kyanite and graphite. No evidence

was found for HP phases such as has been found in-situ. Garnet core growth is estimated to

have occurred at 0.8 GPa, ∼550 ◦C and overgrowths at ∼1.1 GPa, ∼800 ◦C. Evidence for UHP

conditions (875 ◦C at 4 GPa), as calculated for nearby eclogites and peridotites, requires a peak

UHP paragenesis of garnet + phengite + jadeite + kyanite + coesite + diopside for the FGKG

samples. This UHP assemblage would have undergone decompression melting by decompos-

ition of phengite. Cuthbert and Van Roermund (2011) inferred that the UHP assemblage along

with almost all diamond has been obliterated during exhumation.

Monazite inclusions are abundant throughout the garnet megacrysts. EMP analysis of in-

clusions gives an age pattern that correlates with garnet zoning. Monazites in garnet cores,

despite their low ThO∗ content (2.5–3.5), predominantly give ages of ∼1080 Ma (i.e. Svecon-

orwegian orogeny), while those in the overgrowths give a bimodal distribution with another age
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peak around 425 Ma (Scandian orogeny). Monazites in garnet overgrowths often have two age

domains with either the Sveconorwegian or Scandian ages, suggesting resetting or growth of

new monazite. Matrix monazites outside the garnet megacrysts reveal ∼425 Ma.

Three scenario’s were explored:

(1) Monazites are detrital and reset during entrapment by garnet during Scandinan UHP

metamorphism and decompression melting;

(2) Monazites record Sveconorwegian garnet growth, then diffusional readjustment of both

phases during Scandian decompression melting;

(3) Monazite grew with Sveconorwegian garnet and again during post-UHP Scandian de-

compression melting with further garnet growth.

Scenarios (2) and (3) require destruction of UHP garnet during exhumation. The lack of Sve-

conorwegian ages in the surrounding orthogneisses (so far?) suggest that they lacked a com-

mon metamorphic history with the FGKG until the Scandian orogeny. In case (1) the FGKG

was a post-Sveconorwegian sedimentary cover to an orthogneiss basement. In case (2) and

(3) it underwent post-Sveconorwegian tectonic emplacement onto Baltica basement before

they were subducted together during the Scandian.

4.3.2 Nytun garnet peridotite (Stop 2)

Route log to stop 2: Drive back with the car (only a few 10’s of metres) towards the “village”

called Nyton (Fig. 49a). At the “cross-road” in the centre of Nyton you will find the garnet

peridotite on your left hand, just on the south side of the “road/track” leading east.

The garnet peridotite is extremely fine grained and garnet can only be identified with the use

of a hand lens. This garnet peridotite has been described in detail by Jamtveit et al. (1991),

who also determined a Sm–Nd garnet–whole rock age of 518±78 Ma for it. This age was

interpreted to represent a mixed age i.e. Proterozoic (M2) and Scandian (M3) garnets where

not sufficiently well separated during sample preparation work resulting in a mixed Proterozoic

(M2)/Scandian (M3) age. This Sm–Nd garnet–whole rock age interpretation is supported by

recent work of Spengler et al. (2009) who found similar Sm–Nd garnet–whole rock and Sm–Nd

isochron ages ranging from 635 to 430 Ma for “similar” recrystallised garnet pyroxenites from

Otrøy and Flemsøy garnet peridotites (see stop 3 of the Ugelvik Mg–Cr garnet peridotite body;

Fig. 32).

4.3.3 Kyanite phengite eclogite (Stop 3)

Route log to stop 3: Drive back from Nyton to main road, turn right (= west), continue this

road until on your right hand side you can see the bay of Helvika (see Fig. 51a; in front of

this bay but at the other side of the road there is the white house of the local supermarket

shop/cafeteria). Before you will have at your right hand side the bay of Helvika at 90° you
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(a)

(b) (c)

Figure 51: (a) Detailed geological map of NE Fjørtoft (after Robinson et al., 2003). Micro-diamond (stop
1), peridotite (stop 2) and kyanite-phengite eclogite (stop 3) locations are also indicated. Inferred major
tectonic contact indicated by dotted line. See text for further details. (b) Geothermobarometric results
of Krogh Ravna and Terry (2004) applied to the kyanite-phengite eclogite locality of stop 3 (after Terry
et al., 2000a). (c) P-T-t-deformation path of the phengite-kyanite eclogite (after Terry et al., 2000b).

turn right and drive to a farm house where you can park the car(s)/bus. From farm building

walk northwest along northeast edge of fields to the coast taking care with electric fences

and staying to the edge of fields to avoid damaging crops. At the coast after fence crossing,

walk north along west-facing coast, over outcrops of granitic to dioritic gneiss typical of mid-

Proterozoic basement rocks of most of the island. The kyanite phengite eclogite pod is exposed

at the extreme northwest point of the cliff.

This beautiful kyanite-phengite eclogite pod is surrounded by a secondary amphibolite fa-

cies rim and extends about 5 m E–W and 8 m N–S. The geometry of the eclogite body and

its amphibolite facies rim is clearly asymmetric with asymmetric tails on both sides. Near the

water-line about 10 m north of the north margin of the pod there is another pod that consists of

foliated and lineated meta-gabbro with some garnet coronas.

The phengite-kyanite eclogite pod is sample 1066 of Terry (2000), Terry et al. (2000b),

Robinson et al. (2003) and Krogh Ravna and Terry (2004). The latter authors have described

the mineralogy of the eclogite body in detail as well as determined the P–T conditions of ec-

logite formation using the new robust thermobarometric technique first developed by Erling
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Ravna Krogh (Krogh Ravna and Paquin, 2003). Results are indicated in Fig. 51b and are

interpreted to be consistent with diamond-forming conditions.

Note that if a major tectonic contact is present on Fjørtoft (Fig. 48 and Fig. 49a; see Robin-

son et al., 2003), it would run in between the phengite-kyanite eclogite pod and the coronitic

metagabbro described earlier, giving rise to that “awkward” swing. For more information con-

cerning this topic see text in section 4.3.

4.3.4 Bardane (Stop 4)

Route log to stop 4: From the farm house return back to the main road and turn right (west).

When you arrive at the most western road bend/curve on the island find a place to park the

car without blocking the road (Fig. 47a). Follow the track that runs NW (stippled black line in

Fig. 47a) until you come on the right side to a house at the end of the track. Pass the house

along its western side and cross the private graze land followed by boggy terrane (do not forget

to close all fences again!) northwards. At the northern coast/beach turn west. Walk for about

30 min west, after a while you will recognise a track along the coast that runs westwards, follow

the track, it will lead you to/cross the Bardane garnet peridotite body.

The Bardane Mg–Cr garnet peridotite The Bardane Mg–Cr type garnet peridotite body was

first mapped by Terry (2000), with mapping performed during his Ph.D. (1996–1998). Collected

samples were send to Carswell for cooperative research. Good samples of the Bardane garnet

peridotite were however already collected by locals and displayed for “years” in the local natur-

museum in Bømark (south side of the island; Fig. 47a).

The Bardane Mg–Cr garnet peridotite is a small body exposed along the NW side of the

island (Fig. 47a). It consists of dunite, garnet bearing dunite and clinopyroxene rich garnet

lherzolite. The dominant mineral assemblages are not different from the other periotite bodies

of the northern UHP domain. The mineral chemistry of the primary rock forming minerals was

studied by Terry (2000), including P–T calculations. At present however the authors of this

guide do not have access to this mineral chemical data set.

However recently Apeiranthiti (2017) performed Perple-X based P–T calculations on Mg–

Cr bearing garnet peridotites from the northern UHP metamorphic domain of the WGC. The

applied technique was based on the intersection method of the three garnet isopleths (XCr,

XMg, XCa) in P–T space. This method was introduced in the Caledonides for the first time

by Gilio et al. (2015). Calculated P–T results for the Bardane garnet peridotite are around

4 GPa and 900 ◦C and illustrated in Fig. 52a. Similar P–T conditions, however, calculated using

other thermobarometric techniques, were presented by Terry for the nearby Kvalvika garnet

peridotite at Flemsøya (P–T results indicated in Robinson and Roberts, 2008).

The Bardane garnet websterite Inspired by the garnet peridotite sample exchange Carswell

and Brueckner visited the Bardane garnet peridotite in 2000. During this visit Carswell dis-

covered a large loose block of garnet websterite, in many aspects resembling the Ugelvik
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Figure 52: (a) Calculated pseudosection for garnet peridotite sample Fj-00-B (Bardane). The used bulk
rock composition is given above the pseudosection. Calculated P–T conditions are illustrated by the
two red circles and outline the place where the 3 garnet isopleths (Grt Mg# = Mg/(Mg+Fe+Ca); Grt
Ca# = Ca/(Ca+Mg+Fe) and Grt Cr# = Cr/(Cr+Al) c.q. the blue, green and yellow lines intersect each
other at a single point. In addition the isopleth compositions correspond to the measured EMP garnet
compositions. Note that the latter calculated P–T conditions fully overlap with the low T part of the
(Proterozoic) isobaric cooling trajectory illustrated in Fig. 50). (b) The Perple-X method applied to Mg–
Cr bearing garnet peridotites of the northern UHP metamorphic domain of the WGC works only if the
CaO content (in wt.% of the bulk rock) >0.6. No explanation exists for this rule, it originated simply by
practical experience (For lower CaO contents the 3 isopleths of garnet will no longer intersect in a single
point (Apeiranthiti, 2017).

garnet websterite lens studied by him in 1973 (Carswell, 1973; Figs. 30 and 31). Photographs

of this newly discovered Bardane garnet websterite lens are illustrated in Figs. 53 and 54.

Carswell and Brueckner, together with Van Roermund, visited Bardane again in 2001. Dur-

ing this trip HvR and his son Martijn “carried”, c.q. ultimately managed, to get the garnet web-

sterite lens into their car for preservation at the Oslo Museum.

At the West Norway (Selje) Eclogite Field Symposium (2003) this newly discovered Bard-

ane garnet websterite lens was exposed and discussed. After the Selje meeting this Bardane

lens was cut into two pieces at NGU. The biggest piece was sent back to the Museum in

Oslo, the smallest piece, sizes outlined in Fig. 53, was first send to Larissa Dobrzhinetskaya

(California, USA) than to Hans Massonne (Stuttgart, Germany) and finally to Van Roermund

(Utrecht, the Netherlands). This was done because Van Roermund et al. (2002) had dis-

covered micro-diamonds in some similar samples (sample Fj-01). Dobrzhinetskaya and Mas-

sonne, both internationally well known diamond/UHP specialists, were simply asked to search

for micro-diamonds in the Bardane garnet websterite sample using their own specially de-

veloped techniques (Dobrzhinetskaya et al., 1995; Massonne et al., 1998), but they failed to

find any micro-diamonds in it.

Part of the Bardane garnet websterite sample that is now in Utrecht is illustrated in Figs. 53A-

C. Figs. 53A and 54A illustrate the extreme large grain size of the orthopyroxene that has
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Figure 53: (A) Field photograph of the entire Bardane garnet websterite lens (discovered by Tony
Carswell in 2000). Green inset refers to that part of the lens that was later send to Van Roermund
(Utrecht, the Netherlands). White box outlines that part of the lens that was later send by HvR to Marco
Scambelluri in Genoa, Italy. (B) Photograph of that part of the websterite lens that was send by HvR
to Marco. (C) Detailed image of two Scandian veins, (garnetite horizontally oriented and diopside-
orthopyroxene vertically oriented) discovered in the garnet websterite block send to Marco. Note that
these Scandian veins truncate all earlier structures already present within the garnet websterite. The
M3 majoritic garnet microstructures (see Scambelluri et al., 2008, 2010) were found inside these late
Scandian veins.
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Figure 54: Cross section through the Bardane garnet websterite lens. (A) Normal light micrograph
of polished part of the Bardane garnet websterite lens that was send to Utrecht. Extremely large or-
thopyroxene crystals (M2) dominate the sample. Orthopyroxene grain boundaries are gently curved.
Towards the upper right edge the large orthopyroxene crystal starts to recrystallize. The red coulor
along the orthopyroxene grain boundaries and cracks reflects exsolved secondary garnets (± clinopy-
roxene). (B) Optical micrograph, crossed polarisers, illustrating the microstructure present in the outer-
most upper right corner of Fig. 54A. Colours: purple = garnet; green = clinopyroxene; white/greyish =
orthopyroxene.

Figure 55: Bardane garnet websterite lens. (A) Photomosaic of SEM BSE micrographs taken from
a sample from the edge of the Bardane lens (i.e. similar to Fig. 54B). Dark/black = recrystallised or-
thopyroxene host. Crystal orientations indicated by exsolution lamellae in orthopyroxene; light grey,
dominantly garnet (but also some clinopyroxene); white (inside grey M3 garnet) = M3 spinel grains.
One such spinel grain is outlined by the red circle. (B) and (C) Enlargements of M3 spinel grains in-
side M3 corona garnets, surrounded by secondary two pyroxene-spinel symplectite (M3b in Fig. 10b).
Note the presence of multiphase solid inclusion assemblages inside M3 spinel. (D) and (E) Details of
multiphase solid inclusion assemblages inside M3 spinel. Note in (E): geometry of host spinel grain
boundary clearly refers to the former presence of a (supercritical) fluid. In (D) and (E): a = KTiCrOx, b =
kalsilite, c = magnesite, d = KTiCrOx, e = monazite. Scale in (C) equals that in (D) (after Van Roermund
et al., 2002).
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Figure 56: Chemical analyses of diamond bearing multi-phase solid inclusion assemblages inside M3
spinel (inside M3 garnet). (A) EDX spectra of grain c in panel (B). (B) BSE image of the multi-phase solid
inclusion assemblage encircled in panel (E). a–phlogopite, b–BaCaMgCO3, c–diamond, d–monazite, e–
spinel, f–periclase, g–spinel, h–dolomite. (C) Raman spectra of grain c in panel (B). (D) Raman spectra
of diamond standard. (E) BSE image of M3 spinel grain included in M3 corona garnet. Outlined area
refers to panel (B) (after Van Roermund et al., 2002).

exsolution textures (M2, Proterozoic) believed to have formed from a HT precursor (M1, Ar-

chaean). Towards the edge of the garnet websterite lens the M2 orthopyroxene crystals start

to recrystallize into smaller M3 grains that are surrounded by garnet ± clinopyroxene (= equi-

valent to the corona assemblage described by Van Roermund et al., 2002; see Figs. 54B

and 55A). Within all (M2) orthopyroxene grains exsolution lamellae of clinopyroxene and gar-

net are present (Figs. 54B and 55A). Closer inspection of the M3 corona assemblage around

orthopyroxene reveals the presence of spinel grains included in M3 corona garnet (encircled

in red in Fig. 55A). Details of such spinel inclusions are illustrated in Fig. 55B–E. Most of

these M3 spinels are surrounded by secondary two-pyroxene-spinel symplectites (Fig. 55B–C;

interpreted as M3b following terminology of Fig. 10b). Many of the M3 spinels include mul-

tiphase solid inclusion assemblages (Figs. 55B-E and 56B). Similar multiphase solid inclusion

assemblages were later also found in the adjacent host orthopyroxene crystals (Fig. 57). How-

ever in the latter case the shape of the inclusion is often elongated.

Among these multiphase solid inclusion assemblages carbon (graphite and/or micro-dia-

mond; Fig. 56 and 57) were found. Detailed studies of the chemical compositions of the other

solid phases involved in the solid inclusion assemblages included in M3 spinel were performed

by Van Roermund et al. (2002), Carswell and Van Roermund (2005) and Sypkens (2016).

Results indicated that the in-situ micro-diamond and other carbon-phase mineral inclusions

rarely occur in isolation, instead occur in composite aggregates with other, mostly micro-scale,

mineral inclusions that include phlogopite, kalsilite, Cr-spinel (Cr/(Cr+Al) = 0.55), magnesite,

Ba-Mg carbonate, Fe-Ni sulphide, Cl-apatite, rutile, zircon and monazite. By comparing the

mineral chemistry of the dominant host minerals in the garnet websterite lens (orthopyroxene,

clinopyroxene, garnet and spinel) with that of the polyphase inclusion assemblage it can easily

be concluded that fluids had clearly introduced elements like K, Ti, Ba, Cl, P, Ni, Cu, S, Nb,

La, Ce, Zr, Cl, Th, Nb and H2O) into this garnet websterite included in the Bardane peridotite
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Figure 57: Multiphase solid inclusion assemblages inside a host orthopyroxene crystal of the Bardane
garnet websterite lens (after Carswell and Van Roermund, 2005). Note: Mineral chemical composition
of the multi-phase solid inclusion assemblages does not match that of the host crystal/garnet websterite
assemblage demonstrating the effect of “fluid” infiltration. (A) BSE image of orthopyroxene host crystal
(dark grey) showing exsolved clinopyroxene lamellae (light grey) at the top right and left side. (B) BSE
image showing detail of multi-phase solid inclusion assemblage illustrated by the black square in panel
(A).

body, in addition to carbon. Precipitates out of this (supercritical, dense) fluid and/or captured

fluids crystallized after being enclosed by growing crystals are thus interpreted to be the mi-

crostructural expression of metasomatising, supercritical, COH-rich subduction zone fluids that

infiltrated the Bardane garnet peridotite body.

In addition Brueckner et al. (2002) have presented mineral chemical and isotope data from

the Bardane garnet websterite lens. Results are given in Figs. 58 and 59. More important

these results were also compared to similar analyses performed on the Ugelvik garnet web-

sterite lens (Fig. 30). For Bardane a Sm–Nd garnet–clinopyroxene age of 518±78 Ma (3

points, MSWD = 18) was measured for the M3 corona mineral assemblage and a minimal (mid

Proterozoic, M2) age of 1651±47 Ma (5 points, MSWD = 6.1) for the coarse grained protolith

assemblage (Fig. 58A). Sm–Nd garnet–clinopyroxene ages from the Ugelvik garnet webste-

rite lens gave 670 Ma for the M3 assemblage and 1600 Ma for the protolith (Fig. 58A). The

518±78 Ma age is similar to that of the Nyton peridotite (stop 2) and clearly demonstrates, if

interpreted as a mixing age, the influence of the Caledonian overprint.

Based on the age-dating work of Brueckner et al. (2002, Fig. 58A) the in-situ micro-dia-

monds at Bardane were interpreted to have formed during the Scandian phase of the Cale-

donian orogenic cycle when this fragment of lithospheric mantle was introduced into a slab of

subducted Baltica-related continental crust (= WGC) that experienced deep-level subduction

and attendant UHP minimal eclogite-facies metamorphism. This interpretation is consistent

with the original diamond discovery of Dobrzhinetskaya (1993, stop 1), but inconsistent with

the interpretation of Terry and Robinson (1998, 2003b) who proposed a minimal mid Protero-

zoic age for the micro-diamonds in the northern UHP domain of the WGC. The trace element

chemistry work of Brueckner et al. (2002) in combination with the multiphase solid inclusion
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Figure 58: Data after Brueckner et al. (2002). (A) Comparative Sm–Nd age results for the Bardane
and Ugelvik garnet websterite lenses. Note recrystallised garnet–clinopyroxene pairs have “Scandian-
like” ages. (B) Chondrite-normalised trace and REE patterns measured within clinopyroxene from the
Bardane and Ugelvik garnet websterite lenses. From these patterns it is clear that the Bardane lens
is “relatively” enriched compared to the Ugelvik lens in agreement with the interpretation that Scandian
subduction-related fluids has flushed through the Bardane body.

assemblages work of Van Roermund et al. (2002) and Carswell and Van Roermund (2005)

clearly pointed towards the existence of supercritical dense COH-rich subduction zone flu-

ids which were thought to be responsible for the introduction of carbon and other elements

(like K, Ti, Ba, Cl, P, Ni, Cu, S, Nb, La, Ce, Zr, Cl, Th, Nb and H) into the Bardane garnet

peridotite body. Such COH-rich supercritical fluids most likely originated from prograde dehyd-

ration and/or decarbonation reactions within the enclosing slab of the subducting continental

crust and may thus be interpreted as products of the Scandian subduction system. The latter

interpretation is now also consistent with other geochemical- and isotopic data, presented by

Brueckner et al. (2002), Scambelluri et al. (2008, 2010) and Malaspina et al. (2010) as well as

with the discovery of micro-diamonds within the Fe–Ti peridotite at Svarberget (Vrijmoed et al.,

2006, 2008).

As stated above an alternative model that tried to explain the in-situ micro-diamond oc-

currence in the garnet websterite samples enclosed in the Bardane garnet peridotite was

presented by Terry and Robinson (2003b). This “theoretical” model involved micro-diamond

crystallisation in a rising Proterozoic (or older?) mantle plume during HT decompression to-

wards 1400–1450 ◦C, 25 kbar (see Fig. 7). The latter P–T conditions were determined using

reconstructed coarse orthopyroxene mineral compositions (Terry et al., 1999). As the latter

P–T conditions fall outside the field of stable diamond crystallization (see Fig. 51B) the micro-

diamonds were interpreted to have crystallized earlier i.e. during “decompression from deeper

levels”. This interpretation was further based on the recognition of majoritic garnet micro-

structures within Bardane garnet peridotite/websterite samples (Terry et al., 1999). For further

details the reader is referred to the original work. According to the writers of this guide the T&R

model received its final blow after: 1) micro-diamonds (and related multiphase solid inclusion

assemblages) were also found in crustal derived Fe–Ti peridotites/websterites: i.e. relatively
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Figure 59: Re–Os isochron diagram showing results from Os-rich, Re-poor sulfides (primarily pentland-
ites) associated with the (M2) megacrystic orthopyroxene assemblage of the Bardane garnet websterite
lens (after Brueckner et al., 2002). Note however that if this Re–Os isotope age of 3102±660 Ma is a
real age this would imply that the orthopyroxene megacryst assemblage is much older than suggested
by the Sm–Nd age result illustrated in Fig. 58A. In that case the latter has to be considered as a cooling
age (and not as a crystallization age).

LP pre-Caledonian igneous rocks that obtained their UHP metamorphic mineralogy entirely

during the Scandian subduction event (see section 3.2 of this guide; Vrijmoed et al., 2006,

2008, 2013) and 2) unexpectedly some of the majoritic garnet microstructures used by T&R

(2003) turned out to be Scandian in age (Scambelluri et al., 2008, 2010).

Another important aspect in which the Bardane garnet peridotite/websterite lens played a

fundamental role is the question whether the Bardane garnet peridotite body, at the onset of

Scandian subduction, was already emplaced into the continental crust or, alternatively, still

formed part of the underlying crust-capped lithospheric mantle.

Brueckner (1998) and Brueckner and Medaris (2000) had presented new dynamic mod-

els for crust-mantle interaction in major continental plate collision zones and emphasised

that different locations and timings are possible for the tectonic emplacement of such mantle

peridotites into crustal slabs either during subduction or subsequent exhumation (see also

Brueckner et al., 2010). For application of (some of) these models to the Scandinavian Cale-

donides the reader is referred to Brueckner and Van Roermund (2004). In essence the pre-

ferred model for the emplacement of relict garnet peridotite (= terminology of Brueckner and

Medaris, 2000) into continental crust is that the garnet peridotite is located “at depth” in the

hanging wall of a continental subduction zone from where it (tectonically?) “sinks” into the sub-

ducting continental crust. Application of this Brueckner (1998) model to the WGR was criticized

however by Terry and Robinson (1999), who favoured, following earlier workers (a.o. Medaris

and Carswell, 1990), Scandian imbrication of Baltica-related lithosphere as the most dominant

mechanism responsable for crustal emplacement of mantle slices, including all orogenic garnet
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Figure 60: Diagrams illustrating the two fundamentally different types of orogenic garnet peridotite in
nature. (A) Genetic diagram illustrating the two possible origins of the protolith of a subduction zone
(garnet peridotite) type. The term mantle wedge type is used here only for garnet-olivine bearing as-
semblages. (B) Range of P–T conditions in which the olivine-garnet mineral assemblage of a mantle
wedge garnet peridotite is formed (see original paper for further explanations). Four different geody-
namic settings, roughly outlined by boxes A, B, C and D are outlined and further described in the original
text. (C) Range of P–T conditions in which the garnet-olivine mineral assemblage of a subduction zone
garnet peridotite is formed/re-equilibrated (after Zhang et al., 2011a).

peridotites, into the continental crust of the WGR. The imbrication model of Terry and Robin-

son (1999) was preferred above that of Brueckner (1998), as the latter (when applied to the

Caledonides), would involve a hot overriding mantle wedge/hanging wall c.q. Iapetus related

oceanic lithosphere. Metamorphic T in such a hanging wall geometry of a continental sub-

duction system would have been much too high to preserve mid Proterozoic (or older) mineral

and/or isochron ages in the orogenic garnet peridotites. Thus the presence of mid Proterozoic

or older ages in the latter was the main reason for rejecting Brueckner (1998) model. Brueck-

ner in his reply (Brueckner, 1999) essentially agreed with this major objection of Terry and

Robinson (1999).

However it is important to realize that the crustal imbrication model (a.o. Medaris and

Carswell, 1990) also has two major draw backs: 1) it requires “super deep-level” ductile im-

brications in order to reach stable garnet-olivine bearing mineral assemblages in the mantle.

This important constraint can only be circumvented by accepting “metastable” assemblages

(dry rocks?) at LP conditions. This is/was also the prime reason why Van Roermund no longer

accepted this mechanism (Van Roermund, 2009a). 2) The imbrication model is also difficult to

reconcile with evidence for subduction zone fluids and this is precisely the evidence that was

found in the Bardane garnet websterite/peridotite body (Brueckner et al., 2002; Van Roermund

et al., 2002; Carswell and Van Roermund, 2005; Scambelluri et al., 2008, 2010).

Brueckner (1999) in a reaction to the imbrication model of Terry and Robinson (1999),

accepted the T constraints imposed to his garnet peridotite emplacement model in order to
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Figure 61: Enriched (Bardane) versus depleted (Ugelvik) REE patterns in chondrite-normalized garnet
and clinopyroxene. (A) clinopyroxene, (B) garnet, (C) Reconstructed majoritic garnet (after Scambelluri
et al., 2008).

explain the presence of Proterozoic (or older) ages within the relict garnet peridotites of the

WGC but introduced in addition a rather unexpected but new interpretation that was still con-

sistent with local/regional geology: an intracratonic “fault” (Brueckner, 1999; Brueckner and

Van Roermund, 2004). In short the Baltic plate subducted underneath itself allowing garnet

peridotites still to be introduced into the continental crust according to Brueckner (1998) model,

meanwhile accepting a Baltoscandian affinity for all mantle slices introduced in the WGC. At

that time (1999) this model was in agreement with the absence of evidence for subduction

zone fluids that has perculated through WGR mantle slices (Brueckner, 1977; Brueckner and

Medaris, 1998, 2000). Alternatively it was simply the acceptance of the evidence for subduction

zone fluids (at least at Bardane) that formed the second reason why Van Roermund (2009a)

wanted to change/upgrade the new terminology for orogenic garnet peridotites introduced by

Brueckner and Medaris (2000). Van Roermund first introduced the term mantle wedge garnet

peridotite (to replace the relict peridotite term of Brueckner and Medaris, 2000; Van Roermund,

2009a; Fig. 60A). Furthermore by changing the P–T conditions in the hangingwall of the sub-

duction zone system (cold versus hot = (A+C) vs (B+D) in Fig. 60B) or the subduction depth

(shallow versus deep = (C+D) vs (A+B) in Fig. 60B) all other subclassifications for orogenic

peridotites, introduced by Brueckner and Medaris (2000) could be explained in a very simple

way (Zhang et al., 2011a). A final blow for the Baltican SCLM affinity for the (all?) orogenic

garnet peridotites of the WGR was “recently” given by Spengler et al. (2006) and Beyer et al.

(2012).

However, the (partial in-situ) micro-diamond discoveries (Dobrzhinetskaya et al., 1995; Van

Roermund et al., 2002; Vrijmoed et al., 2006) in combination with the estimated P–T conditions

and multi-phase solid inclusion work (Figs. 51B and C, 56 and 57), clearly demonstrated that

the now-juxtaposed mantle and crustal lithologies were both present in a continental subduc-

tion zone environment at depths between 130–180/200 km. Such an interpretation is also con-

sistent with the enriched chondrite normalized trace and REE abundances in clinopyroxenes

separated from the megacrystic Bardane garnet websterite lens when compared to similar

clinopyroxene mineral chemistries from the Ugelvik garnet websterite lens (Fig. 58B). Similar
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Figure 62: Enriched REE and trace element compositions of all M3 minerals in the Bardane garnet
websterite lens (Scambelluri et al., 2010).
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Figure 63: (A) Optical micrograph of thin section cut from the rim of the Bardane garnet websterite
lens (see Fig. 53); i.e. sample was cut from the part that is illustrated in Fig. 53B. (B) and (C) Exsolved
pyroxene needles inside M3 garnet. (B) = optical micrograph, XPL, (C) = optical micrograph, PPL. Note:
Compare the size of exsolution lamellae with Fig. 10 and convince yourself that the type A microstructure
is one order of magnitude larger than the lamellar size of type B (Scambelluri et al., 2008). Note
however that in order to interpret this microstructure as formed by solid state exsolution of pyroxene
from garnet (after M3 majoritic garnet) the topotaxial relations between both mineral phases still has to
be determined. If this will not be done alternative interpretations for this garnet with pyroxene lamellae
microstructure remains possible. Alternative growth models are given by Hwang et al. (2013) and/or
Proyer et al. (2009).

results were later obtained by Scambelluri et al. (2008, 2010) who compared chondrite nor-

malized trace and REE abundances in garnet, with exsolved pyroxene needles (Fig. 61b), re-

constructed majoritic garnet compositions (Fig 61C) and clinopyroxene compositions (Fig 61A)

from Bardane and Ugelvik. In the latter work results from Ugelvik were taken from Spengler

et al. (2006), who had analysed (reconstructed) Archaean majoritic garnet compositions, Ar-

chaean/mid Proterozoic garnets with exsolved pyroxene needles and clinopyroxenes. Results

indicated strongly depleted LREE patterns in Ugelvik, interpreted to be due to the extraction

of dry melts under HP/HT conditions. In contrast similar minerals from the Bardane garnet

websterite lens all show enriched chondrite normalized LREE patterns (Fig. 61) interpreted to

be due to the infiltration of subduction zone fluids (Scambelluri et al., 2008). In addition the

latter minerals were all Scandian in age. A complete spectrum of enriched REE and trace

element compositions of M3 minerals in the Bardane garnet websterite lens is given in Fig. 62

(Scambelluri et al., 2010).

Some chondrite normalized, LREE-enriched “majoritic” garnets (Fig. 63B–C), indicative for

environment B as defined by Van Roermund (2009b) (entitled type B in Fig. 64), however,

posed some serious problems in terms of Scandian UHP metamorphic conditions.

This is best illustrated by the following: the formation of the pyroxene exsolution micro-

structure after ∼1 % majoritic garnet (i.e. exsolution of pyroxene from garnet) was interpreted
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Figure 64: P–T diagram illustrating the two possibilities (A versus B) for the formation of majoritic garnet
having around 1.0 vol.% pyroxene dissolved in its crystal lattice. MAS/CMAS data after Gasparik (1994,
2000). Experimental data following Van Roermund et al. (2000b). For further details see Van Roermund
(2009b).

by Scambelluri et al. (2008, 2010) to be Scandian in age, however growth of the original 1 %

majoritic garnet was interpreted by others to be Proterozoic or older in age (M1b, Fig. 58;

Brueckner et al., 2002; Carswell and Van Roermund, 2005).

This interpretation was based on:

(1) Recognition and interpretation of apparently similar (optical) microstructures at Otrøy

(Van Roermund and Drury, 1998; Van Roermund et al., 2000b, 2001) dated to be Protero-

zoic or older in age (Spengler et al., 2006)

(2) The experimental/theoretical fact that majoritic garnet, with around 1 vol.% pyroxene dis-

solved in its lattice, could not have formed under the calculated Scandian P–T condi-

tions (M3) of 840–900 ◦C and 3.4–4.1 GPa (Figs. 51 and 52, i.e. P–T conditions perfectly

suitable to explain Scandian diamond formation but NOT Scandian majorite (Fig. 63).

However this majoritic garnet could have formed under the reconstructed M1b meta-

morphic conditions of 1300–1500/1600 ◦C and 3.0–4.5 GPa (Fig. 63) derived for the Ugel-

vik (Carswell, 1973; Van Roermund et al., 2000b) and Bardane garnet websterite lenses

(Terry et al., 1999).

Scambelluri et al. (2008, 2010) however describe, from the same garnet websterite lens

at Bardane, late Scandian cracks cutting through all earlier microstructures and/or mineral

assemblages (Fig. 53C), including the M3 Scandian corona assemblage. This mesoscopic

observation allowed the cracks to be interpreted as Scandian. The cracks were filled with gar-

net, phlogopite, clinopyroxene ± orthopyroxene (Fig. 53C) defining a Scandian M3(a) mineral

assemblage (Fig. 10). The most surprising thing however was that the M3 garnets, filling the

cracks, themselves contained majoritic garnet microstructures in the form of exsolved pyroxene
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needles (Fig. 63B–C). The size of these exsolved pyroxene lamellae within M3 garnet turned

out to be one order of magnitude smaller than that of the previous (M2) type (Fig. 10; Scambel-

luri et al., 2008, 2010). Trace element analyses of these M3 garnets and exsolved pyroxenes

revealed enriched LREE patterns in strong contrast to the mid Proterozoic (or older) depleted

type described above (Fig. 61). In addition (L)REE partitioning between clinopyroxene M3 and

garnet M3, showed that exsolution occurred at “low” T (800–1000 ◦C).

Furthermore, the reconstructed majoritic M3 garnet compositions were enriched in Li, B,

Pb, P and Th.

However, the dissolution of 1 vol.% pyroxene in M3 majoritic garnet, increases the Scandian

metamorphic conditions from 840–900 ◦C / 3–4.5 GPa, reported previously, up to 900–1000 ◦C

/ 5.5–6.5 GPa (Fig. 7A). Similar P–T conditions are derived by Vrijmoed et al. (2006, 2008) and

Spengler et al. (2009) (Fig. 12), who both used Al isopleths in orthopyroxene adjacent to garnet

from internal and external garnet websterites in combination with classical geothermometers.

This large Scandian P increase is clear evidence that the WGR was subducted much more

deeply into the mantle than previously believed (≥180 km; Van Roermund, 2009b).

Finally these new extreme Scandian P–T conditions are difficult to reconcile with any imbric-

ation theory of Baltica related lithosphere being the main mechanism for crustal emplacement

of the garnet peridotites in the northernmost UHP domain of the WGR (Terry and Robinson,

1999). In addition we believe that the T constraints, imposed by the Terry and Robinson im-

brication model (1999), will not be applicable to the continental lithosphere of Laurentia, that

like the continental lithosphere of Baltica will be old and cold. The T constraints of Terry and

Robinson (1999) will only be imposed on models that involve crustal emplacement of relatively

A B

C

Figure 65: The in-situ garnet websterite pod from Bardane, called 62 Fjørtoft 1. (A) An overview of the
pod (sizes 20–13 cm). This pod was cut twice along its long axis. The central part was used for further
analyses. (B) The central part seen from the top-front side. (C) Same as in (B), but now well polishe.
Numbers refer to the thin sections that were made of it. Six thin sections are made from left to right
numbered 1 to 6; the rectangles roughly show the locations of the studied thin sections.
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hot oceanic lithosphere, i.e. related to Iapetus formation, that will be to hot, implying that the

available radioactive clocks will be reset.

In combination with the subduction zone fluid evidence presented above we thus propose

that the garnet peridotites in the northernmost UHP metamorphic domain of the WGR are de-

rived from Laurentian cold continental lithosphere when Baltica was subducted below Lauren-

tia during the Scandian. Like any other worldwide continent-continent collisional event this

simply implies that in an earlier stage all intermediate, Iapetus related, oceanic lithosphere

was already subducted and/or accreted to shallower parts of the continental lithosphere.

Finally the Bardane garnet websterite (Fig. 53) was found as a loose block near the Bardane

garnet peridotite body by Tony Carswell. To demonstrate that similar polyphase solid inclusion

assemblages, including carbon, also occur inside the Bardane garnet peridotite body, a similar

though in size smaller (20–13 cm, Fig. 65), in-situ garnet websterite lens was recently invest-

igated by Sypkens (2016). Some of Sypkens results are illustrated in Figs. 66 and 67. From

these figures it can be seen that besides carbonates, monazite, Cl-apatite, free carbon is also

Figure 66: Example of carbon bearing multiphase solid inclusions inside orthopyroxene from the in-situ
garnet websterite lens from Bardane. (A) Optical, cross-polarized light micrograph of thin section 5.
(B) Same as in (A), but now imaged in transmitted plane polarized light. Red box indicates location of
orthopyroxene microstructure illustrated in (C). (D) SEM BSE image of polyphase solid inclusions inside
orthopyroxene domain illustrated in (C). (E) Raman spectra of diamond. (F) Raman spectra of carbon
particle illustrated in (G). (G) Enlarged image of carbon particle illustrated in (D).
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Figure 67: Other examples of multiphase solid inclusion assemblages inside M3 garnet, ortho- and
clinopyroxene. (A) M3a spinel (Sp) included in M3a garnet (Grt). Post M3a symplectite(dark blue;
M3b) around M3a spinel. Black box refers to area with polyphase inclusions. (B) Elongated poly-
phase inclusions inside orthopyroxene (Opx): di=dioside, Cl-apatite, dol=dolomite. (C) Elongated
polyphase solid inclusions in orthopyroxene (Opx): di=diopside, phl=phlogopite, mnz=monazite, Al-
oxide, Ba-carbonate, Cl-apatite. (D) Multiphase solid inclusion assemblage inside clinopyroxene (Cpx):
dol=dolomite, sp=spinel, phl=phlogopite, C=carbon, opx=orthopyroxene, Cu-sulfide.

present (Fig. 66D and G). A Raman spectra from these carbon precipitates is given in Fig. 66F.

When the latter is compared to the diamond spectra (Fig. 66E) it can easily be seen that in

this case the carbon is graphite, although the clear hexagonal shape of this carbon precipitate

(Fig. 66G) might indicate the former presence of diamond.

In summary: The subducting slab released COH-rich subduction zone fluids, most likely

by dehydration and decarbonation reactions during prograde metamorphism. The latter be-

came along the slab-mantle interface, from where they can penetrate the overlaying mantle

wedge peridotites. These COH-rich (supercritical) fluids are also responsible for the precip-

itation of multiphase solid inclusion assemblages inside the primary minerals. Previous work

on a loose garnet websterite block inferred to come from the same peridotite body in Bardane

indicated the presence of microdiamonds in multiphase solid inclusion assemblages providing

95



Figure 68: Calculated composition of fluid in equilibrium with M3-3 and M3-2 majorite using Dfluid/garnet

from Kessel et al. (2005). After Scambelluri et al. (2010).

evidence for UHP (>130 km) deep subduction. A comparison with this previously analysed

garnet websterite block was made in order to confirm the presence of in-situ micro-diamonds

in multiphase solid inclusion assemblages. BSE SEM images have identified multiphase solid

inclusion assemblages containing minerals like phlogopite, BaMg-carbonate, dolomite, mag-

nesite, Cl-apatite, monazite, rutile, Cr-spinel (Cr/(Cr+Al) = 0.58–0.91), (Fe,Ni,Cu) sulfides and

elemental C inside M2 orthopyroxene and clinopyroxene crystals. This means introduction

of elements like C, K, Ti, Ba, Cl, P, Ni, Cu, S, Nb, La, Ce and H2O must have occurred by

pervasive subduction zone fluids. Inclusions in spinel grains (Cr/(Cr+Al) = 0.55 contain OH-

apatite, orthopyroxene, clinopyroxene and Al-oxides. Several elemental carbon inclusions in

orthopyroxene and clinopyroxene have an euhedral shape similar to those already identified as

micro-diamonds in the previously studied garnet websterite lens. The current study of Sypkens

(2016) unfortunately lacks Raman confirmation to positively identify some of the carbon inclu-

sions as micro-diamonds, but taken the similarities between the two garnet websterites lensess

into account it is very likely that the euhedral shaped carbon inclusions found in this study are

micro-diamonds or are graphitized micro-diamonds. Electron microprobe data confirmed the

similarities between the two garnet websterites by elemental wt.% oxide analysis where the

chemical compositions of the main M2 minerals are within 1 wt.% oxide difference from each

other. The high occurrence of elemental carbon in the multiphase solid inclusion assemblages

gives evidence for a reducing character of the subduction zone fluid, in agreement with results

obtained by Malaspina et al. (2010), although there is also a fair amount of carbonate present

in the multiphase assemblages. Oxygen fugacity was therefore not high enough to break up

all carbonate. This leads to the conclusion that the subduction zone fluid was an immiscible C-

saturated C-O-H-, silicate- and sulfide-rich (supercritical) fluid. Where LILE, HFSE and LREE
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were released from the subducting slab by dehydration and decarbonization reactions, forming

fluids rich in solutes which were pervasive and precipitated inside recrystallizing minerals as

multiphase solid inclusion assemblages (in the garnet websterite) in a reducing environment.

4.3.5 Calculated subduction zone fluid composition

An attempt to calculate the composition of the (supercritical) COH rich fluid has been done by

Scambelluri et al. (2010). Results are illustrated in Fig. 68.
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Mørk, M. B. E. (1989). Brattvåg berggrunnskart 1220 3, 1/50,000, foreløpig utgave.

O’Hara, J. M. and Mercy, E. L. P. (1963). Petrology and petrogenesis of some garnetiferous peridotites.

Transactions of the Royal Society of Edinburgh, 65(12):251–314.

105
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Råheim, A. (1979). Structural and metamorphic break between the Trondheim basin and the Surnadal

synform. Norsk Geologisk Tidskrift, 59:195–198.

Ravna, E. J. K., Kullerud, K., and Ellingsen, E. (2006). Prograde garnet-bearing ultramafic rocks from

the Tromsø Nappe, northern Scandinavian Caledonides. Lithos, 92:336–356.

Roberts, D. (2003). The Scandinavian Caledonides: event chronology, palaeogeographic settings and

likely modern analogues. Tectonophysics, 365:283–299.

Roberts, D. and Gee, D. G. (1985). An introduction to the structure of the Scandinavian Caledonides. In

Gee, D. G. and Sturt, B. A., editors, The Caledonide orogen – Scandinavia and related areas, pages

55–68. John Wiley & Sons, Chichester.

Roberts, D. and Stephens, M. B. (2000). The Caledonian orogenic belt, pages 79–104. Geological

Survey of Finland, Special Paper 28, Espoo.

Robin-Popieul, C. C. M., Arndt, N., Chauvel, C., Byerly, G. R., Sobolev, A. V., and Wilson, A. (2012).

A new model for Barberton komatiites: deep critical melting with high melt retention. Journal of

Petrology, 53(11):2191–2229.

Robinson, P. (1995). Extension of Trollheimen tectono-stratigraphic sequence in deep synclines near
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