
Introduction
Continent-continent collisions disrupt and commonly
destroy pre-collisional continental margins. This com-
plicates correlation of older terranes and crustal belts,
which are often abruptly truncated. However, slices of
the former continental margin may exist within the
thrusted units of the continent-continent collision, in
more or less pristine conditions and carry information
vital for correlations of older orogenic belts and crustal
domains.

The study of orogenic piles and the attempts to recon-
struct a former margin may also shed light on the dyna-
mics of orogenic processes. It is often difficult to con-
strain the direction and distance of movement of thrust-
sheets, and whether the transport was orthogonal or
involved more complex translational components.
Attempts to reconstruct the pre-orogenic marginal cra-
tons make use of structural geology, but geochronologi-
cal and petrological correlations are normally required.

The Caledonian orogenic belt, formed in the Palaeo-
zoic, dominates the present western margin of the Fen-

noscandian Shield. Nappes were thrust in a general eas-
terly to south-easterly direction onto the Baltica craton
as a consequence of continent-continent collision bet-
ween Baltica and Laurentia (e.g. Gee & Sturt 1985).
This orogen intersects no less than four different Pre-
cambrian crustal domains of the western Fennoscan-
dian Shield, namely the Archaean, the Svecofennian,
the Transscandinavian Magmatic Belt (TMB) and the
Sveconorwegian (Gorbatschev 1985). The tectonostra-
tigraphy of the Scandinavian Caledonides is traditio-
nally divided into four major allochthons (Gee &
Zachrisson 1979, Roberts & Gee 1985); the Lower,
Middle, Upper (Seve and Köli Nappe Complexes) and
Uppermost Allochthons (Fig. 1). The tectonostrati-
graphical level examined in this study, the Middle
Allochthon, consists of telescoped basement horsts and
Neoproterozoic sedimentary rift-basins and is thus of
markedly heterogeneous composition and structure. In
this study new U-Pb geochronological and petrological
data from allochthonous orthogneisses in the Middle
Allochthon of the northern Swedish Caledonides are
presented. These data are used for comparison with
potential tectonic source areas and to examine the
Caledonian nappe translation.
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Precambrian geology of the northern
part of the Fennoscandian Shield
The Archaean core occupies the northern parts of the
Fennoscandian Shield at present (Fig. 1) and is domi-
nated by 2.9-2.5 Ga old crust. In the Proterozoic, new
crust of the Svecofennian Domain was added in a
roughly concentric pattern (Gaál & Gorbatschev 1987).
The Svecofennian domain contains pre-tectonic 1.9-
1.86 Ga immature, calc-alkaline I-type granitoid intru-
sions (Skiöld 1988) that were subsequently metamor-
phosed and deformed and followed by a second stage of
voluminous granitic magmatism. The latter generation
of granites has a more pronounced S-type signature
compared to the early Svecofennian granitoids, and is
associated with pegmatites and migmatites. These syn-
late-orogenic granites (1.83-1.77 Ga; Skiöld 1988) are
contemporaneous with magmatism comprising the
Transscandinavian Magmatic Belt (TMB). The tempo-
ral limits for the TMB magmatism are debated (cf.

Andersson 1997 and references therein), but Andersson
(1997) suggests a time range of 1.85-1.65 Ga, tentati-
vely separated into three (four?) different episodes
(Larson & Berglund 1992). In north-western Norway,
the anorthosite-mangerite-charnockite-granite (AM-
CG)-suite of the Lofoten-Vesterålen archipelago trans-
ects the boundary between the Palaeoproterozoic and
the Archaean domains (Fig. 1). The main part of the
Lofoten-Vesterålen complex intruded during the same
time interval (1800-1790 Ma; Corfu 2000, Wade 1985)
as the TMB I stage, and consists of a possibly co-mag-
matic suite including all the lithological elements cha-
racteristic of Proterozoic AMCG-complexes around the
world (Markl et al. 1998, Markl 2001). The Lødingen
granite and Hopen mangerite-charnockite plutons in
Lofoten (1.87-1.86 Ma) record an early phase of felsic
magmatism, perhaps related to the coeval c. 1.88-186
Ga Perthite Monzonite Suite (Skiöld & Öhlander 1989),
present in the Caledonian windows and to the east of
the Caledonides in northern Sweden (Rehnström &
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Corfu in press). The AMCG-suite s.s. has not been
observed on mainland Norway or in the Caledonian
windows (e.g. Gorbatschev 1985, Romer et al. 1991)
and its relation to the TMB is not understood. The last
major Precambrian reworking of the Fennoscandian
Shield occurred during the Sveconorwegian-Grenvil-
lian orogeny (1.2-0.9 Ga). The Sveconorwegian oro-
geny essentially affected the south-western part of Bal-
tica, mainly deforming, shortening and melting older
crust (summarised in Andersson et al. 1999).

Regional geological setting
The study area is located in the Sarek-Kvikkjokk area
(67°N, 17°E), close to the present Caledonian nappe
front in northern Sweden (Fig. 2). The tectonostrati-
graphy in the area consists of an autochthonous base-
ment and, from lowest to uppermost tectonic units; 1)
the Lower Allochthon, 2) the Middle Allochthon, and
3) the Seve Nappe Complex (sensu Andréasson et al.
1998).

The autochthonous foreland (Fig. 2) consists of Prote-
rozoic rocks unconformably overlain by the sedimen-
tary Cambrian Dividalen Group (Kulling 1982, Björ-
klund 1987, 1989).

The Lower Allochthon consists of low-grade short-
transported quartzites and black phyllites of Early-
Middle Cambrian age (Kulling, 1964; Greiling & Kum-
pulainen, 1989). In the Guhkesvágge valley (spelling of
geographic names in accordance with Lantmäteriverket
(1998)) (Fig. 2), the Lower Allochthon is thin compa-
red to the imbricate stacks in the Akkajaure area to the
north (Björklund, 1989). The nature of the internal
structure is poorly known mainly because the only out-
crops are situated in the subvertical northern limb of a
large synform that is parallel to the valley (Svenning-
sen, 1993).

The overlying Middle Allochthon is dominated by plu-
tonic rocks with subordinate metasedimentary rocks.
The structural geometry of this allochthon is complica-
ted and varied. In northern Sarek, the Middle Alloch-
thon is thin and does not appear to be divided by inter-
nal thrusts, in contrast to the central and southern
parts. A prominent structural culmination in the
Tielma area (Fig. 2) is possibly an antiformal stack
(Rehnström 1998) similar to that of the Akkajaure
Nappe Complex (ANC) (Björklund 1985). In south
Sarek, there is evidence of out-of-sequence thrusting
(Lund 1999) involving both the Middle Allochthon and
the overlying Seve Nappe Complex. Björklund (1985)
coined the term ANC for the imbricate stack of granite
and supracrustals encountered in the Akkajaure area
(Fig. 2). The name Routevare Anorthosite Complex

(RAC; Björklund & Stigh, 1994) was introduced for
anorthosite and gabbro dominated thrust sheets to the
south. However, based on the contrasting metamorphic
grade between the ANC and the RAC, and on the
occurrence of a garnet-mica schist underlying the RAC,
Björklund and Stigh (1994) assigned the latter to a tec-
tonostratigraphical position within the lowermost Seve
Nappe Complex. Rehnström et al. (2002) introduced
the term Syenite Nappe Complex for the Middle
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Fig. 3. a) Apophysis with chilled margins from the gabbro that has
intruded the syenite. The scale bar is 10 cm. b) Composite dyke, with
a coarse-grained feldspar-rich felsic margin and a fine-grained mafic
part. The wavy contact indicates that two melts coexisted. The ham-
mer is 40 cm long. c) Anatectic melts from the syenite back-veining
the gabbro. The hammer shaft is 40 cm long.



Allochthon in the Sarek area to encompass both the
dominating syenitic, the granitic, the mafic and the
metasedimentary rocks. The ANC and the Syenite
Nappe Complex are terms that, according to the pre-
sent author, denote the same tectonostratigraphical
level. In the Sarek and Ruovddeváre areas this level is
dominated by mafic and syenitic rocks, which is the
focus of this study. The name Tielma Magmatic Com-
plex (TMC) is introduced here to denote a possibly co-
genetic magmatic complex covering a large area appro-
ximately between Kvikkjokk and Guhkesvágge. The
RAC is thus a part of the TMC. The term RAC is avo-
ided for the whole complex though, because 1) it was
originally assigned a position in the Seve Nappe Com-
plex, and 2) it is not dominated by anorthosite on the
larger scale.

The Seve Nappe Complex (SNC) is the highest tectono-
stratigraphic level in the area. It is separated from the
Middle Allochthon by a prominent mylonitic zone and
consists of three separate nappes. The lowermost Skárjá
Nappe consists of garnet-mica schists with minor mafic
boudins and subordinate slices of granitic gneiss
(Rehnström et al. 2002). The overlying Mihká Nappe
consists of micaceous quartzite with retrogressed eclo-
gite boudins. The rocks of the topmost Sarektjåhkkå
Nappe are generally in amphibolite facies and predomi-
nantly consist of diabase dykes with subordinate scre-
ens of meta-sedimentary rocks (Andréasson 1986).

Petrology and geochemistry of the
Tielma Magmatic Complex
The Middle Allochthon in the Sarek-Kvikkjokk area is
dominated by a suite of plutonic rocks referred to as the
Tielma Magmatic Complex (TMC). The TMC covers at
least 3500 km2 and dominates the lower topography of

the Guhkesvágge valley, areas farther to the south in the
Sarek National park (Fig. 2) and the Kvikkjokk area.
Tielma is located centrally within the complex and is
therefore chosen as the name of the complex. The litho-
logies and petrographies were first described by Ham-
berg (1910), and little additional work has been publis-
hed since. All the rocks described here are metamorpho-
sed to greenschist- amphibolite facies grade and defor-
med to various degrees. Despite complex internal struc-
tures, stretching lineations measured close to the upper
and lower thrusts have consistent ESE-WNW directions
and horizontal to gentle plunges (Fig. 2). The locations
of the geochemical and geochronological sample sites
are indicated in Figure 2 (coordinates for the geochro-
nology sample sites are listed in the figure captoin.

Petrology

The TMC is dominated by a medium- to coarse-grai-
ned bluish monzonite to syenite (Samples Sy 1-4 in
Table 1) that is the oldest identified component of the
complex. The syenite is dominated by mesoperthite and
clinopyroxene with minor orthopyroxene lamellae, and
lacks quartz. Biotite occurs as larger primary (?) grains
and as fine-grained secondary fringes around pyroxene
and Fe-Ti oxide grains, in some places biotite replaces
small crystals of garnet growing around these oxides.
The abundant Fe-Ti-oxides (ilmenite + hematite)
occur interstitially while apatite and zircon occur as
accessory phases.

The syenite is intruded by mafic rocks of varying com-
positions and textures (Samples Ga 3-6 in Table 1). The
gabbro intrusions inject numerous dyke-like apophyses
(Samples Gd 1-5 in Table 1) with chilled margins into
the syenite (Fig. 3a). They also caused palingenic mel-
ting of the syenite, which produced a composite dyke
with felsic melt originating from the syenite country-
rock (Fig. 3b) and back veining into the gabbro (Fig.
3c). Mafic rocks include layered gabbros, pyroxenites
and anorthositic gabbro that grade into anorthosite. All
gabbroic varieties are dominated by megacrysts of cli-
nopyroxene and phenocrystic or interstitial plagioclase,
the latter strongly altered into zoisite. The clinopyro-
xene is strongly pigmented and almost opaque in thin-
section due to inclusions of small rutile needles, possi-
bly due to recrystallisation of originally high-Ti augite.
Retrogression causes Fe-Ti-oxide replacement of the
rutile and form lamellae and irregular blobs along crys-
tallographic planes of the pyroxene. Gabbro-pegmatitic
pods also contain Fe-rich biotite and accessory apatite,
which is also rather abundant in the ferrogabbros
(jotunites?). The gabbro dykes have equigranular
micro-gabbroic texture and pyroxenes lack inclusions.

Composite felsic dykes with coarse-grained, feldspar-
dominated pegmatitic margins, and a central, fine-grai-
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ned, quartz-rich part intrude the plutonic rocks of the
TMC. Apart from orthoclase, plagioclase and quartz
the dykes contain very few minerals, mainly secondary
metamorphic products, such as epidote. Accessory
minerals include allanite, and in one of the sampled
dykes, zircon.

The Ruovddeváre area contains an anorthosite body
and minor layered gabbros, hornblendites and pyroxe-
nites. Dyke-like bodies of Fe-Ti ore in the anorthosite
are intrusive according to Björklund & Stigh (1994).
Syenitic dykes and coarse pegmatites also intrude the
gabbroic and anorthositic rocks, and are probably the
last expression of magmatic activity. The dykes consist
of orthoclase, plagioclase and both clino- and orthopy-

roxene. The orthopyroxenes are strongly altered, and
metamorphic minerals, such as garnet and biotite, pre-
ferentially grew around abundant Fe-oxides. Euhedral
apatite and rounded zircons are present as accessory
phases. The dykes were described as nepheline norma-
tive by Björklund and Stigh (1994), but in the sample
taken for this study, coarser-grained portions com-
monly contain primary quartz not related to any silica
releasing metamorphic reactions. Pyroxenite, horn-
blendite and also olivine bearing gabbros occur to a les-
ser extent in the TMC, but were not sampled.

The TMC was intruded by tholeiitic dykes (Björklund
& Stigh 1994, Rehnström et al. unpubl.) of unknown
age in both the Sarek and Kvikkjokk areas.
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Table 1. Major element and selected trace element analyses of samples from the Guhkesvágge Valley.

Sample Feg1 Feg2 Ga3 Ga4 Ga5 Ga6 Gd1 Gd2 Gd3 Gd4 Gd5 Sy1 Sy2 Sy3 Sy4

SiO2 39,36 37,40 46,79 46,34 49,96 49,95 46,22 47,89 54,10 46,98 47,76 59,41 60,40 59,55 55,78
TiO2 2,59 2,77 1,37 0,82 0,60 0,89 0,98 1,21 1,12 1,01 1,27 0,59 0,66 1,02 0,86
Al2O3 16,73 15,71 10,90 12,38 17,46 19,14 13,90 17,72 16,97 14,71 18,72 19,76 19,22 17,69 19,55
Fe2O3tot 15,92 16,83 11,27 10,15 7,66 6,28 11,50 12,76 8,60 11,34 9,63 4,67 4,32 5,73 6,13
MnO 0,14 0,11 0,17 0,16 0,13 0,10 0,15 0,18 0,16 0,23 0,14 0,10 0,10 0,15 0,12
MgO 6,93 7,67 10,83 12,54 7,49 6,01 10,75 7,03 4,29 8,10 6,07 1,27 1,12 1,43 1,94
CaO 11,20 12,17 15,07 12,99 11,57 12,20 11,91 8,93 5,15 8,84 8,17 3,43 2,96 2,54 4,53
Na2O 2,85 2,49 1,73 1,64 2,77 3,23 1,79 2,98 3,98 2,53 4,13 5,98 5,54 5,05 5,29
K2O 0,95 0,95 0,57 0,64 0,49 0,67 0,85 0,77 3,22 3,36 1,71 4,38 5,33 6,17 4,23
P2O5 2,09 2,56 0,10 0,12 0,26 0,12 0,11 0,19 0,32 0,79 0,41 0,28 0,24 0,57 0,43
LOI 0,45 0,56 0,61 1,82 1,41 0,79 1,50 0,60 1,80 1,60 1,50 0,62 0,08 0,29 0,74
TOTAL 99,21 99,23 99,41 99,61 99,80 99,38 99,85 100,30 99,82 99,49 99,51 100,50 99,97 100,20 99,60
Ba 732 662 345 1672 437 565 1607 1231 806 515 399 496 2025 1221 3398
Co 69,5 77,5 68,1 26,5 48,6 53,8 29,8 50,9 32 69,7 69,4 72,1 25,5 22,6 23,8
Cs 0,5 0,1 0,6 0,3 0,1 0,4 1,0 0,2 0,6 0,4 0,5 0,2 0,1 0,9 0,3
Ga 19,8 20,2 12,1 20,4 13,8 14,0 17,6 18,9 23,9 15,5 10,8 18,4 19,3 17,9 20,7
Hf 1,4 1,2 2,2 9,0 0,8 1,4 2,7 1,8 3,8 1,3 1,2 2,2 5,0 0,5 11,4
Nb 5,8 5,5 2,9 5,0 1,6 2,2 9,0 3,3 9,9 5,7 2,7 2,1 3,7 2,0 4,9
Rb 7,5 5,5 8,9 57,7 4,3 7,0 67,2 14,7 72,4 9,1 8,2 10,3 43,2 37,3 55,5
Sr 1336 1196 690 726 1302 1558 1442 1315 1027 753 632 537 865 137 1266
Ta 0,3 0,3 0,3 0,2 0,1 0,1 0,3 0,1 0,5 0,3 0,1 0,1 0,1 0,1 0,2
Th 0,2 0,3 0,5 0,4 0,2 0,2 4,7 0,1 0,8 0,1 0,3 0,2 0,4 0,2 0,6
Tl 0,3 0,2 1,4 0,6 0,2 0,8 0,3 0,1 0,1 0,3 0,2 0,2 0,4 0,4 0,2
V 319 449 280 42 147 137 175 184 132 300 247 211 51 12 77
Zr 34,6 29,8 56,2 359,9 21,9 34,6 98,4 61,0 125,9 33,9 32,7 70,7 203,6 16,5 530,9
Y 37,0 31,1 22,5 16,2 12,7 14,4 20,2 16,7 15,1 17,5 15,3 28,1 13,4 19,9 21,3
La 23,9 22,5 8,1 55,4 7,8 8,1 69,9 20,1 38,0 7,5 7,6 9,1 48 26,1 57,8
Ce 61,3 56,5 23,1 98,5 17,3 18,8 150,8 48,6 78,5 20,2 19,6 19,5 83,1 55,6 113,9
Pr 10,0 8,7 4,1 11,1 2,7 3,1 20,3 7,1 9,9 3,1 3,1 2,9 9,3 7,8 14,0
Nd 50,2 42,1 21,2 42,1 12,8 15 81,4 31 38,9 16,8 15,5 13,7 34 35,1 54,5
Sm 11,7 9,4 5,5 6,2 3,2 3,6 13,4 6,0 6,9 4,2 3,7 3,6 5,5 6,6 8,95
Eu 3,46 2,88 1,7 1,91 1,14 1,38 3,53 2,02 1,96 1,25 1,26 1,49 1,95 5,36 2,37
Gd 10,2 8,6 5,6 4,2 3,1 3,6 7,6 4,8 4,5 3,9 3,7 4,5 3,9 5,2 5,60
Tb 1,33 1,09 0,80 0,53 0,39 0,47 0,91 0,60 0,54 0,54 0,48 0,72 0,46 0,69 0,78
Dy 7,83 6,49 4,61 3,52 2,47 2,91 4,78 3,43 2,98 3,25 2,97 5,02 2,77 4,10 4,66
Ho 1,44 1,21 0,92 0,62 0,47 0,55 0,76 0,67 0,48 0,57 0,59 1,06 0,48 0,78 0,80
Er 3,72 3,01 2,35 1,73 1,22 1,46 2,03 1,75 1,37 1,59 1,56 2,97 1,46 2,01 2,32
Tm 0,43 0,35 0,31 0,22 0,15 0,17 0,21 0,20 0,20 0,21 0,20 0,39 0,18 0,23 0,29
Yb 2,42 2,00 1,83 1,56 0,97 1,14 1,42 1,39 1,34 1,40 1,24 2,72 1,27 1,46 1,99
Lu 0,33 0,26 0,29 0,26 0,14 0,16 0,19 0,20 0,21 0,18 0,18 0,40 0,19 0,22 0,31 

Feg- ferrogabbro, Ga- gabbro, Gd-gabbro dyke, Sy- syenite.



Geochemistry

A number of 15 samples from the TMC in the Guhkes-
vágge valley were analysed with regard to major and
trace element compositions. The whole rock samples,
between five and ten kilos each, were crushed and
ground in a tungsten carbide swing mill. The major ele-
ment concentrations were determined by XRF-techni-
que at the University of Greifswald (Germany) and
trace elements were analysed with ICP-MS at the
ACME analytical laboratories (Canada). The results are
listed in Table 1 and illustrated in Figs. 4, 5 and 6.

The analysed samples plot in the fields from syenite
through monzonite and monzo-gabbro to gabbro (Fig.
4) in the major element classification diagram of
Dubon & Le Fort (1983). The two samples that fall out-
side the boundaries of the diagram are ferrogabbros.
Major element co-variance plots are somewhat scatte-
red, possibly due to metamorphic recrystallisation, but
Th/Nb-ratios consistently below 0.2 indicate that no
crustal contamination has occurred.

All syenite samples, except one, have rather steep REE-
patterns with flat HREE patterns, (La/Sm)N ratios vary
between 3-5.5, whereas (Gd/Lu)N ratios are closer to 1
(Fig. 5a, Table 1). The samples have positive Eu-anoma-
lies of varying magnitude, indicating some degree of
feldspar fractionation and enrichment of cumulate
material. One sample (Sy 2) has a flat REE-profile.

The gabbros and the gabbro dykes have comparable
(Gd/Lu)N ratios (Fig. 5b & 5c, Table 1), but fall into two
groups, based on the character of the LREE-slope. This
difference, however, is not systematic with regard to
whether the gabbro occurs as plutons or dykes (Fig. 5b
& 5c). The low LREE gabbros (Fig. 5b) are dominated
by coarser grained gabbros and have low (La/Sm)N as
well as (Gd/Lu)N ratios. The high LREE group mainly
consists of gabbro dykes. Clinopyroxene cumulates in
the low-REE-gabbros could explain the difference,
since clinopyroxene preferentially concentrates the
HREE and the liquid phase becomes enriched in the
LREE. The dykes have lower magnesium-numbers than
the gabbros, except in one case (Gd1) and it is not pos-
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sible to correlate a high Mg-number with higher
(La/Sm)N ratios. The Eu-anomalies are negligible in all
the gabbroic samples (Fig. 5b, 5c & 5d), which may
indicate that plagioclase fractionation was not an
important process during the formation of these rocks.
The ferrogabbros (samples Feg in Table 1) have higher
overall concentrations of REE, but REE-patterns are
comparable to those of the other gabbros (Fig. 5d).

The composite dyke (Fig. 3b) shows evidence of co-
existing mafic and felsic melts. The REE-pattern of the
mafic part (sample Gd 3) closely resembles the other
high-REE-gabbros and the dyke is therefore interpreted
as an apophysis from the gabbro. The felsic melt is thus
interpreted as a palingenic melt originating from the
syenite. The felsic dykes generally have REE-concentra-
tions close to or below the analytical detection limit
and the plots (not shown) are therefore rather erratic.

Normalised multi-element diagrams show distinct
similarities between the studied lithologies (Fig. 6,
Table 1). They show variable enrichment in mobile ele-

ments, such as Ba, Sr and Rb, but all have relatively high
Ba concentrations. All the samples show low concentra-
tions of large high-valency cations such as Th, Ta, Nb,
Zr and Hf. This produces especially pronounced Th-
Ta-Nb troughs, with concentrations comparable to
those of MORB. The syenites (Fig. 6a), and to a lesser
extent the gabbros (Fig 6b & 6c), show negative Ti ano-
malies and variable Zr and Hf concentrations, which
may indicate that fractionation of Fe-Ti oxides was of
some importance during crystallisation. This is suppor-
ted by observations of intrusive oxide-rich veins and
the intrusive nature of the ore body in the RAC (Björ-
klund & Stigh 1994).

No geochemical investigation has been performed on
the RAC in this study as the complex has already been
examined in detail by Björklund (Björklund & Stigh
1994; pers. com. 2000). However, the lithological simi-
larities between the RAC and the Middle Allochthon in
the Sarek area strongly suggest a genetic link, and the
syenitic dykes in RAC may correspond to the marginal
part of the dykes in Sarek.
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Geochronology
Sample descriptions 

In order to constrain the age and the time-span of mag-
matic activity of the TMC, the syenite, the late felsic
dykes in Sarek, and a syenitic body in Ruovddeváre
were sampled for zircons and/or titanite.

The syenite in Sarek (sample Sas) contains colourless,
highly rounded zircons that display internal complexi-
ties, such as oscillatory zoning and structureless parts
(Fig. 7a). The zircons are transparent, inclusion-free,
and mostly small (the smallest analysed fraction ~ 50
µm).

Of the sampled felsic dykes, that intruded the syenite
and gabbros in Guhkesvágge, only one contained zircon
(sample Sad). The sample from this dyke was collected
from its central, quartz-rich part. Most of the zircons
are metamict with a prismatic to multifaceted habitus,
the more transparent ones being colourless to light
pink. Due to the poor quality of the zircons, two single
grains were analysed, and only one multigrain fraction.

The syenitic dykes in Ruovddeváre intrude anorthosites
and gabbros similar to those in the Sarek area and were
sampled in an attempt to constrain the youngest age
limit for mafic and anorthositic magmatism. The other
lithologies have proven barren of zircons (L. Björklund,
pers. com. 2000), and were not sampled. The syenitic
pegmatite (sample Ros) contains colourless, transpa-
rent and multifaceted zircons, although some of the
zircons are highly rounded. Backscatter images reveal
complex multiple overgrowths (Fig. 7b). The syenite
also contains a generation of small, colourless, lens-
shaped titanites.

Methodology

Zircons were analysed using isotope dilution thermal
ionisation mass spectrometry (ID-TIMS) following the
procedure of Krogh (1973). The samples were crushed,
ground and separated on a water-shaking table and
with a magnetic separator at the Department of Geo-
logy at Lund University. The zircon fractions used for
analysis were then handpicked before being subjected
to air-abrasion (Krogh 1982) and the grains washed in
dilute nitric acid and rinsed with water and acetone.
The samples were spiked with a mixed 205Pb/235U
spike, and then dissolved in Teflon bombs. Zircon sam-
ples >3 µg were subjected to chemical separation follo-
wing the procedures outlined by Corfu and Noble
(1992) and Corfu and Stone (1998).

U and Pb isotopic ratios were measured on a Finnigan
MAT 262 mass spectrometer at the Isotope laboratory of
the Geological Museum, University of Oslo. Measure-

ments were performed in static mode using Faraday
cups, or for small samples, in dynamic mode with an
ion-counting secondary electron multiplier (SEM). Pb
and U ratios were corrected for 0.1%/AMU fractiona-
tion with an additional bias correction for the SEM mea-
surements. The correction for initial lead composition
was made using compositions modelled by Stacey and
Kramers (1975). Data reduction was done using an in-
house developed software and the isotopic ratios were
analysed with the ISOPLOT program (Ludwig 1999).

Results and interpretations

The results of the isotopic analysis are listed in Table 2
and illustrated in Figure 8. The syenite from Sarek
(sample Sas) contains a homogeneous population of
zircons from which three multigrain fractions of sub-
prismatic, subrounded and flattened varieties, respecti-
vely, were analysed. The 207Pb/206Pb age of one concor-
dant analysis is 1776 ± 3 Ma (Fig. 8a). A discordia with
all the three data points, anchored at 0 Ma, has a
MSWD = 3.5 and an upper intercept at 1776 ± 7 Ma.
This is regarded as the best estimate of a crystallisation
age. One of the reversely discordant analyses comes
from an unabraded multigrain fraction (Z3), but there
is no apparent reason for the reverse discordance. Inter-
nal complexities are revealed in SEM images (Fig. 7a),
and the structureless, low-U overgrowths are conside-
red to be related to late-magmatic recrystallisation.

The zircons from the felsic dykes that cut the syenite
and the mafic plutonic rocks (Sample Sad) are euhe-
dral, prismatic and light pink. One concordant and two
discordant data points (Fig. 8b) yielded a discordia
with an upper intercept at 1731 ± 5 Ma (MSWD =
0.016). The two single grain analyses are the most con-
cordant, whereas the multi-grain fraction is more dis-
cordant. The age is significantly younger than that of
the syenite and is interpreted as the intrusion age since
there are no indications of inherited zircons. The lower
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Fig. 7. Backscatter electron images of typical zircons from a) the
Sarek syenite and b) the Ruovddeváre syenite. The scale bar represent
10 µm. Note that the oscillatory zoning in the cores is cut by the
structureless rims.



intercept at 360 Ma has a large error (110 Ma), and can-
not be attributed any geological significance.

One sample (Ros) was collected from a late-magmatic,
syenitic pegmatite intruding gabbros at Ruovddeváre.
This syenite is thus younger than the syenite in Sarek,
perhaps corresponding to the coarse grained margins
of the felsic dykes in Sarek. Zircons from the Ruovdde-
váre syenite are relatively large (~300 µm in length),
transparent, and colourless and often multifaceted. One
fraction consists of rounded, subprismatic grains, two
of differently sized multifaceted grains, and yet another
of rounded, flattened grains. None of the analysed frac-
tions (Fig. 8c) are concordant, but two analyses plot
close to the concordia and all the data points fall on a
common discordia with an upper intercept at 1761 ± 9
Ma (MSWD = 0.92). The different 207Pb/206Pb ages
may be caused by different mixing of core and rim ages,
but it has not been possible to relate the amount of rim
to degree of discordance. The lower intercept (1267 ±
60 Ma) is peculiar, since the zircons do have recrystalli-
sed rims (Fig. 7b) and it is the only indication in the
data set of a late Mesoproterozoic event, however, this
lower intercept age may not have any geological signifi-
cance. Small colourless anhedral titanite grains also
occur in the sample. It has not been possible to esta-
blish the host mineral of these titanites, due to their
small size (∅~50 µm). One analysed fraction is concor-
dant and yielded a 207Pb/206Pb age of 1744 ± 10 Ma
(Fig. 8c).

The geochronology indicates no older, xenocrystic zir-
cons, despite abrasion, and therefore the calculated ages
are interpreted as crystallisation ages.

Discussion
Field observations, such as chilled gabbro margins,
apophyses and back-veining show unambiguously that
the syenite is the oldest component of the TMC. The
age of emplacement of the TMC is bracketed between
1776 ± 7 Ma, the age of the oldest syenite, and 1761 ± 9
Ma, the age of the late-magmatic syenitic dyke intru-
ding gabbro and anorthosite in Ruovddeváre. Thus
emplacement of the geographically extensive complex
took place synchronically to within 30 m.y. The age of
the syenite is identical to that of an allochthonous gra-
nitic gneiss from the Skárjá Nappe in central Sarek
(1776 ± 4 Ma, U-Pb zircon; Rehnström et al. 2002).
Ages obtained from allochthonous granites in the
Akkajaure area (1800-1780 Ma, U-Pb zircon; Rehn-
ström & Corfu, in press), just to the north are overlap-
ping, but seem to be slightly older than the TMC.

The geochronology thus suggests a synchronicity of
magmatic events and the available geochemical data do
not refute a genetic link between the different litholo-
gies of the TMC, however this may be due to the limi-
ted number of samples. The gabbros have sub-parallel
REE-patterns, with negligible Eu-anomalies. This may
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Table 2. U-Pb data from zircon and titanite samples.

Fractiona Weight U Thb
Pbcc

206Pbd 207Pbe 206Pbe
ρf

207Pbg
Disc.h

(µg) (pg)
U

(pg)
204Pb 235U 238U 206Pb

(%)

Z1-SPR 3 88 0.46 1.1 4961 4.7361 ± 0.39 0.3163 ± 0.34 0.93 1776 ± 2.5 0.3

Z2-FL 5 115 0.53 14.7 804 4.8115 ± 0.46 0.3205 ± 0.37 0.84 1781 ± 4.6 -0.8

Z3-SR 13 122 0.51 11.6 2739 4.7753 ± 0.40 0.3193 ± 0.35 0.93 1774 ± 2.7 -0.8

Z4- Z4-LPS 1 72 0.38 3.7 394 4.5101 ± 0.70 0.3087 ± 0.43 0.69 1731 ± 9.4 -0.2

Z5-PTS 1 178 0.14 1.6 2158 4.3924 ± 0.44 0.3014 ± 0.38 0.88 1727 ± 3.9 1.9

Z6-SPT 17 200 0.34 94.1 642 3.9823 ± 0.55 0.2762 ± 0.40 0.81 1707 ± 5.9 8.9

Z7-LLP 11 69 0.30 5.6 2629 4.5560 ± 0.40 0.3093 ± 0.35 0.92 1746 ± 2.8 0.6

Z8-MFL 9 163 0.28 33.1 844 4.2971 ± 0.46 0.2982 ± 0.36 0.84 1706 ± 4.7 1.6

Z9-MFS 5 166 0.29 1.6 9479 4.0773 ± 0.38 0.2879 ± 0.35 0.92 1674 ± 2.8 2.9

Z10-RFL 4 136 0.27 8.5 1270 4.5808 ± 0.41 0.3103 ± 0.33 0.91 1750 ± 3.2 0.5

T1-RFS 5 40 0.30 1.9* 330 4.5999 ± 0.97 0.3127 ± 0.77 0.827 1744 ± 9.9 -0.7

Zircon and titanite analyses were corrected for blanks of 2 pg Pb and 0.1 pg U. a Z: zircon, T: titanite, SPR: subprismatic, FL: flattened, SR: sub-
rounded, LPS: light prismatic single, PTS: prismatic transparent single, SPT: subprismatic transparent, LLP: large light prismatic, MFL: multi-
faceted large, MFS: multifaceted small, RFL: rounded flattened large, RFS: rounded, flattened, small. b model value calculated using the
208Pb/206Pb ratio and age of the sample, c total common Pb in pg (ppm for the titanite analysis), including initial common Pb of sample and
analytical blank, d corrected for spike contribution and fractionation, e corrected for spike, fractionation, blank and initial common lead, 2σ
errors in percent of isotopic ratios, f error correlation 207Pb/236U- 206Pb/238U, g corrected for spike, fractionation, blank and initial common lead,
2σ absolute errors in Ma,h degree of discordance (negative= reverse).

R
os

Sa
d

Sa
s



indicate that the gabbros originated from a common
parental magma and that plagioclase fractionation was
not important. The high-LREE-gabbros possibly repre-
sent liquid compositions. They have HREE-values
comparable to the other gabbro samples, lack Eu-ano-
malies and are more enriched in the LREE. The latter
could indicate cumulate clinopyroxene in the low-
LREE-gabbros. Studies of thin-sections corroborate
this hypothesis as the gabbroic dykes only contain
minor clinopyroxene and these are small and clear in
contrast to the inclusion-rich clinopyroxene pheno-
crysts in the coarser grained bodies of gabbro. An
objection to this hypothesis would be that clinopyro-
xene accumulating in one phase would influence the
concentration of HREE, not that of LREE.

Ferrodiorites and jotunites have been interpreted either
to represent residual melts after the formation of mas-
sive type anorthosites (Ashwal 1982) or to constitute
the parental magmas of mangeritic rocks (e.g. Vander
Auwera et al. 1998). A discussion on AMCG-genesis is

beyond the scope of this paper; however, Markl et al.
(1998) favoured the interpretation that jotunites in the
Lofoten Complex crystallised from residual melts.

Regional correlations

The TMC strongly resembles other Proterozoic AMCG-
complexes. In Scandinavia, two such autochthonous
AMCG-suites exist: the ca. 0.93 Ga Rogaland Anortho-
site Province of southern Norway (Schärer et al. 1996)
and the 1.80-1.79 Ga Lofoten Complex. The spatially
and temporally closest to the TMC is the Lofoten com-
plex in northern Norway that was correlated with the
RAC by Björklund & Stigh (1994). The TMC and the
Lofoten AMCG-suite show strong lithological and
geochemical similarities (Figs. 5 & 6). Most of the litho-
logies present in Lofoten are also represented in the
TMC, e.g. monzonitic-syenitic rocks, gabbros, ferrodio-
ritic/gabbroic rocks and Fe-Ti ores. The REE-patterns
(Fig. 5a) and spider diagrams (Fig. 6a) of the syenite
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resemble those of mangerites from the Lofoten area
(Markl, 2001) and the geochemical similarities between
the analysed Sarek lithologies and inferred equivalents
from Lofoten are evident for other rock types as well
(Fig 5 and 6d). In particular, the ferrogabbros are very
similar to ferrodiorites and jotunites from Lofoten and
the inferred parental magma compositions illustrated
by the composition of the high-LREE-gabbro show the
same kind of LREE enrichment, suggesting similar pro-
cesses and/or source during formation.

The age of the TMC intrusions is constrained by the
age of the syenite in Sarek and the late-magmatic dykes
at Ruovddeváre to between 1.78-1.76 Ga. This is howe-
ver, slightly younger than the main phase of igneous
activity of the AMCG-suite in the Lofoten area. The
bulk of the Lofoten complex crystallised between 1.80-
1.79 Ga (Corfu 2000, 2002), with late intrusive activity
and post-magmatic recrystallisation at around 1.77-
1.76 Ga (Corfu 2001). The ages from Lofoten and the
TMC together span at least 40 m.y. However, many Pro-
terozoic AMCG-complexes crystallised over compa-
rable lengths of time. One such example is the similarly
aged Korosten Complex in the Ukraine, which was
active for at least 30 Ma (Amelin et al. 1994). In the
Korosten Complex, several pulses of both mafic and
felsic intrusive activity are recorded, and the TMC
could be an analogue.

The magmatic activity in the Lofoten Complex and the
TMC is synchronous with intrusive activity of syn-to
late orogenic granites (SLOG, cf. Ahl et al. 2001) in the
northern part of the Fennoscandian Shield (Wikström
& Persson 1997, Rehnström 2003), but also with mag-
matism related to the TMB I phase. The TMB trends in
NW-SE a direction, approximately at the south-western
border of the Svecofennian Domain, from south-eas-
tern Sweden, towards the northwest and under the
Caledonian nappes. The Lofoten Complex has been
inferred to be the northernmost extension of the TMB
(Gorbatschev 1985). Furthermore, rocks belonging to
the TMB I are documented from northern Sweden (e.g.
Edefors Granite, Öhlander & Skiöld 1994), from the
Rombak-Sjangeli Window (Romer et al. 1991), but also
from basement areas in north-central Norway (Skår
2002). All these phases are synchronous and are possi-
bly related, but they are also geochemically heterogene-
ous and available data seem to indicate different genetic
models for the different suites (Ahl et al. 2001). It is
thus difficult to relate the 1800-1760 Ma old magma-
tism of the Lofoten Complex and the TMC with the
TMB in other ways than chronological.

Stretching lineations recorded at the top and bottom of
the TMC indicate a south-eastern Caledonian trans-
port direction (Fig. 2). Transport distances in the order
of 300-600 km were estimated for the thrust sheets in
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Fig. 9. Aeromagnetic anomaly map from Olesen et al. (2002). The rectangle represents the map area of Fig. 2 and the stereoplot in upper right
corner comes from Fig. 2.



the antiformal stack of the Akkajaure Nappe Complex
based on palinspastic reconstructions (Björklund
1985). If the TMC were restored a similar distance in a
north-western direction, the palaeoposition of the
complex would correspond to the margin of cratonic
Baltica, outboard of the Lofoten-Vesterålen archipelago
(Fig. 9). The geochemical and geochronological simila-
rities support the hypothesis that the TMC formed part
of the Lofoten Complex. This suggests orthogonal rat-
her than large-scale strike-slip translational movements
during Caledonian nappe emplacement.

Prominent aeromagnetic and gravity anomalies offs-
hore Lofoten have been interpreted by Olesen et al.
(2003) as basement rocks with the same geophysical
characteristics as the high-grade province of the Lofo-
ten area (Fig. 9). The basement rocks occur as ridges
(e.g. Utrøst Ridge) between basins formed by low-angle
detachments at a late-Caledonian stage, and rejuvena-
ted by Mesozoic rift-related faulting. This implies that
the magmatic province of Lofoten is considerably lar-
ger than what is exposed onshore. This may allow for
the accommodation of the extended age range of the
complex inferred from the geochronological data pre-
sented here. The rocks observed in the Sarek-Kvikkjokk
area could be derived from a younger part of the com-
plex that is not exposed onshore today, but may be pre-
sent offshore. Future geochronological work may shed
light on these questions.

Conclusions
The different rock types, such as syenite, gabbro, anor-
thosite, jotunite and Fe-Ti ore of the TMC show strong
resemblances, both lithologically and geochemically, to
the AMCG-suite of the Lofoten area in Northern Nor-
way. Notably REE –and normalised multielement pat-
terns are very similar, which could indicate a common
magma source and evolution.

U-Pb zircon ages from the TMC constrain the bulk of
magmatic activity to between 1.78 and 1.76 Ga, with
later felsic dykes intruding at 1.73 Ga. This is slightly
younger than the main magmatic event in Lofoten.
However, considering the relatively small time diffe-
rence in relation to the general longevity of AMCG-
magmatism, it is still probable that the TMC derived
from the same magmatic complex as is present in the
Lofoten-Vesterålen area. Potential field investigations
indicate that this complex is considerably larger than
present onshore exposures. No indications of either
Archaean crust or Archaean components were obtained
from TMC zircons, and the studied nappes were thus
probably derived from an area outside the Archaean
domain during the Caledonian orogeny.

A tentative restoration of the TMC back to a pre-oroge-
nic position, based on measured transport lineations,
places it west of Lofoten and the Utrøst Ridge (cf. Fig.
9). The distance between the present position of the
TMC and the Lofoten area is comparable to the trans-
port distance estimated for the ANC. This implies an
orthogonal collision, without the need to invoke trans-
lational tectonic models, during this stage of the Cale-
donian orogeny.
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