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ABSTRACT. The Kalak Nappe Complex in the northern Scandinavian Caledonides
has historically been interpreted as representing the pre-Caledonian margin of Baltica
consisting of a Precambrian basement and a late Precambrian to Cambrian cover,
which were deformed and intruded by a Late Precambrian alkalic mafic complex
during the Cambrian Finnmarkian orogeny. New evidence, however, does not fit
the above interpretations very well, but instead shows that the sedimentary rocks
were deposited at least in part prior to about 1000 Ma and that the complex
underwent repeated tectonism and granitic magmatism prior to the emplacement
of the gabbroic / alkalic complex at 570 to 560 Ma. This paper presents new U-Pb data
documenting distinct episodes of orogenic activity marked by the emplacement of
syn-tectonic anatectic melts and in part by anatexis at about 850 Ma and 700 to 680 Ma.
Another event at 600 Ma is seen in the basal unit of the overlying Vaddas Nappe. The
timing of this activity is entirely atypical for the autochthonous northern segments of
the Baltic Shield, which were formed in the Archean and modified in the Palaeoprotero-
zoic. It appears much more likely that the Kalak Nappe Complex is an exotic terrane
that developed outside of Baltica, probably in the pre-Gondwanan realm or the
southern Iapetus, and was then translated towards, and accreted, to Baltica during the
Scandian collisional phase. In view of our present understanding the various terms
previously used to designate orogenic phases (Finnmarkian, Sørøyan, Porsanger) are
no longer relevant or sufficient for describing the complex geological evolution of the
region and we propose to terminate their use.

introduction

The classical model for the evolution of the Scandinavian Caledonides begins with
the rifting of Baltica from Laurentia at the end of the Neoproterozoic and formation of
the intervening Iapetus Ocean, and ends with the eventual collision and re-
amalgamation of the two blocks. The Caledonian nappe succession was constructed on
the Precambrian Shield by thrusting of terranes derived from the margin of Baltica,
and from outboard oceanic domains placing exotic nappes of Laurentian origin at the
top of the nappe pile (Gee, 1975; Stephens and Gee, 1989). This concept provides a
useful tectonic framework that can explain many of the geological features of the
orogen but, like all such models, it must be tested and amended as it is developed and
refined.

One of the features of the model that we deal with in this paper is the origin and
development of the Kalak Nappe Complex in northern Norway. In the standard
interpretation, the Kalak Nappe Complex was viewed as a stack of basement slices
derived from the margin of the Baltoscandian platform, each slice carrying Late
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Precambrian to Early Paleozoic cover (Ramsay and others, 1985a). It was originally
thought to have formed in the Upper Cambrian to Early Ordovician during a period of
thrusting and deformation accompanying multistage emplacement of a gabbroic to
alkalic plutonic suite [the ‘Finnmarkian’ phase of the Caledonian orogeny; Sturt and
others (1978)]. This understanding had evolved mainly through mapping supported
by only limited paleontological and geochronological data (Sturt and others, 1975,
1978; Ramsay and others, 1985a). Geological and isotopic studies in the subsequent
decades suggested that the original concept needed to be modified. Unfortunately,
not all the new ages (mostly Rb-Sr and Sm-Nd whole-rock dates) were correct (see
references and discussion in Roberts and others, 2006), obscuring rather than clarify-
ing the picture. One of the most important insights to emerge from this second wave of
studies was the realization that parts of the Kalak Nappe Complex were the product of
Neoproterozoic orogenic events, leading to the introduction of a new term, the
Porsanger Orogeny, for the events at � 800 Ma (Daly and others, 1991). One major
problem concerned the genesis of the Seiland Igneous Complex, which according to
some dates had been emplaced over some 300 m.y. New data (Roberts and others,
2006) have now rectified this part of the picture by demonstrating, using zircon U-Pb,
that the bulk of the complex intruded over a much shorter period of about 10 m.y. at
570 to 560 Ma, with only minor activity related to the emplacement of nepheline
syenite pegmatites some 30 to 40 m.y. later (Pedersen and others, 1989).

The next set of questions concerned the timing of development of the diverse
packages and the structural features in the various nappes, since some of the new data
clearly demonstrated that the tectonic evolution had been more complex than
originally thought. Some of these questions are addressed in the present study. The
results support the occurrence of the early orogenic event at 900 to 800 Ma (Por-
sanger) proposed by Daly and others (1991), but also show a more complex scenario
by revealing additional events of anatexis and granitic magmatism, at least in part
linked to deformation, at about 700 and at 600 Ma. In conjunction with other data our
results give us a glimpse into an evolution that is very unlike the evolution of the Baltic
Shield and we subsequently discuss the resulting paleogeographic implications.

geological setting
The Scandinavian Caledonides have been subdivided into a number of major

north-south trending tectonic elements (fig. 1). (1) Autochthonous basement com-
posed of Archean crust in the north, Paleoproterozoic crust in central parts, and Meso-
to Neoproterozoic crust in the south, all covered by Neoproterozoic to Early Paleozoic
sedimentary rocks. (2) Lower Allochthon consisting of variably reworked, parautochto-
nous to allochthonous counterparts of the basement outcropping along the western
margin of, and in culminations below, the Caledonian chain, plus transposed and
folded Late Neoproterozoic to Early Paleozoic metasedimentary cover. (3) Middle
Allochthon with allochthonous slices of Precambrian crystalline rocks and unfossilifer-
ous psammites, locally cut by mafic intrusive rocks. (4) Upper Allochthon consisting of
high-grade metamorphosed supracrustal rocks (Seve nappes) and overlying, generally
greenschist facies, Paleozoic volcano sedimentary rocks and local plutons (Köli nappes).
(5) Uppermost Allochthon containing a mixture of gneissic, sedimentary and Paleo-
zoic plutonic rocks. (6) Local basins with late to post-orogenic clastic, Molasse-type
deposits (Roberts and Gee, 1985). (7) The Barents Sea Terrane, a Neoproterozoic
regressive succession of deep- to shallow-marine sedimentary rocks delimited by the
long-lived Trollfjord-Komagelv Fault (Roberts, 1985). In the Scandian phase of the
Caledonian orogeny at about 425 to 400 Ma the Caledonian nappes were thrust from
the west onto the Precambrian Shield as a consequence of the collision between Baltica
and Laurentia. They are thought to be of diverse derivation, the Lower and Middle
Allochthon representing the margin of Pre-Caledonian Baltica, the Upper Allochthon
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representing the outermost margin of Baltica (Seve) and outboard terranes (Köli),
and the Uppermost Allochthon representing exotic, probably Laurentian terranes
(Stephens and Gee, 1989).

All of these major tectonic elements can be traced into the Caledonides of
Finnmark in northern Norway (figs. 1 and 2A). The western part of this region is
dominated by the sedimentary-plutonic Kalak Nappe Complex that tectonically over-
lies the sedimentary Laksefjord and Gaissa nappes farther east, themselves thrust onto
the Neoproterozoic to Cambrian autochthonous cover of the Baltic basement. Base-
ment and cover are also exposed in the Alta and the Komagfjord windows, interpreted
to represent parautochtonous basement horses (Chapman and others, 1985; Gayer
and others, 1987).

The Kalak Nappe Complex has been assigned to the Middle Allochthon in the
compilation of Gee and others (1985) but an alternative correlation with the Seve

Fig. 1. Tectonic map of the Scandinavian Caledonides (after Gee and others, 1985).
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Fig. 2. (A) Simplified geological map of western Finnmark showing the distribution of the main
geological elements and the sample locations. Abbreviations refer to intrusive rocks dated by Kirkland and
others (2006) and referred to in the text: H � Hårvika, S � Siedogaivi, R � Repvåg, Rv � Revsneshamn,
Sn � Snøfjord. (B) Very simplified cross-sections illustrating the main relationships of the various tectonic
elements of the region and context of the dated samples (drawn very liberally after Chapman and others
(1985) and Gayer and others (1987). The ages in the boxes are from this study. The others are from
Pedersen and others (1989), Andréasson and other (2003), Kirkland and others (2006), Corfu and others
(2006), Gerber (ms, 2006), and Roberts and others (2006, and unpublished data).
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nappes of the Upper Allochthon has also been advocated; this is the Seve-Kalak
Superterrane of Andréasson and others (1998). The Kalak Nappe Complex is itself
overlain by the Magerøy and Vaddas nappes that are tectonically equivalent to the Køli
nappes of the Upper Allochthon. The Uppermost Allochthon, in the form of the
Lyngen Ophiolite, is only exposed in the westernmost parts of the map (figs. 2A and
2B). Metamorphic grade did not exceed the subgreenschist to greenschist facies in the
Autochthon, the Laksefjord and Gaissa nappes, and the sedimentary cover of the Alta
and Komagfjord windows, but it is generally in amphibolite facies, with a range from
upper greenschist to locally granulite facies in the Kalak Nappe Complex and Magerøy
nappes (Roberts, 1985).

The Kalak Nappe Complex is composed of nappes that typically include: (1) a
crystalline basement unit, overlain by (2) a mixed paragneiss sequence, commonly
with migmatitic pelites and amphibolites, (Eidvågeid Sequence), (3) a sedimentary
succession of psammites (Klubben Formation), (4) muscovite-schists and psammites
(Storelv Formation and locally Kokelv Formation), (5) marbles and calc-silicates
(Falkenes Formation), (6) graphitic schists, calc-silicate and psammite (Åfjord Forma-
tion) (Roberts, 1974; Ramsay and others, 1985a). Another unit of pelitic schists and
psammites [Hellefjord Formation, Roberts (1968)] has commonly been placed at the
top of the Kalak Nappe Complex, but we now know that it is instead an unrelated
Silurian assemblage (Kirkland and others, 2005; Gerber, ms, 2006). The Klubben
Formation psammites are the dominant geological element of the region, whereas the
other formations are not very widespread and locally missing in the stratigraphic
record. There is also not always full agreement on the assignment of local rock units to
specific formations. The original stratigraphy was erected based on the belief that the
sedimentary rocks were largely Vendian to Cambrian, based on flawed paleontological
evidence and, in part, ambiguous isotopic data. As it will be discussed below, we know
now that the Eidvågeid Sequence and Klubben Formation are Precambrian sedimen-
tary sequences, deposited before 980 Ma (Corfu and others, 2005; Kirkland and others,
2006), the marbles of the Falkenes Formation were apparently deposited between 760
and 710 Ma (Slagstad and others, 2006), and the Hellefjord Formation is Early Silurian
(Kirkland and others, 2005; Gerber, ms, 2006). Uncertainties remain concerning the
age of other sedimentary components of the stratigraphic package. There is also still
uncertainty on the tectonic subdivision in discrete nappes, as detailed descriptions are
only available for parts of the complex (Ramsay and others, 1985a, 1985b; Gayer and
others, 1985; Zwaan, 1988; Binns, 1989; Lindahl and others, 2005). For these reasons,
the map in figure 2A only gives the general outline of the main geological units without
attempting to present more detailed nappe subdivisions.

Plutonic rocks are an important element of the regional geology. The Seiland
Igneous Complex covers an area of some 7000 km2 and consists of numerous gabbroic
plutons together with ultramafic complexes, syenites, monzonites, diorites, granites,
alkaline rocks (syenite and nepheline syenite), carbonatites and mafic dikes (Robins
and Gardner, 1975). Uranium-lead geochronology shows that the Seiland Igneous
Complex intruded mainly between 570 and 560 Ma (Roberts and others, 2006, and
unpublished data) with minor activity at 530 to 520 Ma (Pedersen and others, 1989).
Away from the Seiland Igneous Complex the nappes carry local granitic plutons and
mafic dikes, generally metamorphosed and deformed. One of these plutons, the
Lillefjord granite gneiss, had yielded an intriguing U-Pb zircon age of �800 Ma (Daly
and others, 1991). More recent work on other plutons provides ages of 980 to 970 Ma
for three granitic units in the lower thrust sheets in eastern parts of the Kalak Nappe
Complex, 840 to 820 Ma for the Lillefjord granite and two related intrusions, and 709
Ma for leucosome in the Eidvågeid Sequence (Kirkland and others, 2006). Grenvillian
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ages for granite gneiss and leucosome have also been recorded in the basement
underlying the Magerøy Nappe (Corfu and others, 2005; Gerber, ms, 2006).

The Kalak Nappe Complex has undergone a multistage deformation history and
up to five distinct deformation phases have been recorded locally (for example, Gayer
and others, 1985) but two phases are generally dominant (Ramsay and others, 1985a).
The most important D2 deformation phase is manifested in recumbent folds, strati-
graphic inversion, and regional foliation, and was coeval with the apex of metamor-
phism. The subsequent D3 deformation was associated with lower grade metamor-
phism (greenschist facies at most) and formed upright symmetrical to conjugate folds
and a local crenulation cleavage. The intrusive rocks of the Seiland Igneous Complex
are variably deformed and the relationships between intrusive and deformation phases
have originally been used to define the Finnmarkian phase of the Caledonian orogeny
(Sturt and others, 1978). At present, however, there is a debate as to whether the
complex was emplaced in a contractional regime or whether much of the observed
deformation was caused by the superimposed Scandian event (for example, Krill and
Zwaan, 1987; Binns, 1989; Roberts and others, 2006). A general problem in the region
is that structural elements originally correlated across the region are now known to
have formed during different orogenic events. For example, Precambrian fabrics in
Klubben psammites have previously been linked to structures in the Silurian Helle-
fjord Formation (Ramsay and others, 1985a)

This study is concentrated on rocks from four different sites (figs. 2A and 2B). The
first site considered is within the Rappesvarre granite gneiss in the Vaddas Nappe. The
nappe comprises two parts: a lower stratigraphic succession that is lithologically similar
to parts of the Kalak Nappe Complex, and an upper succession similar in terms of
lithology and age (Early Silurian) to the Magerøy Nappe. The interface between
the upper and lower parts of the nappe has been interpreted to be an unconformity
(Ramsay and others, 1985a). In this study we test whether the rocks below the
interface could indeed be related to the Kalak Nappe Complex. The other samples
represent the Kalak Nappe Complex: one is the Sandøra granitic gneiss, which
intrudes Kalak Nappe Complex psammite on the island of Skjervøy, the second
represents felsic leucosome in migmatites of the Eidvågeid Sequence, and the third
and fourth samples represent the Lillefjord granitic gneiss and a felsic dikelet near
the same pluton.

u-pb analytical procedure

All the minerals analyzed in the study were separated from crushed samples by
standard enrichment techniques and selected under a binocular microscope. All were
abraded before analysis (Krogh, 1982) unless otherwise stated in table 1. The analyses
were carried out by ID-TIMS following updated versions of the Krogh (1973) tech-
nique. Details are elaborated in Corfu (2004) and references therein. Decay constants
are those of Jaffey and others (1971). All the uncertainties in the tables, figures and
text represent 2�. Plotting and age regressions were done with ISOPLOT (Ludwig,
2003).

rappesvarre granitic gneiss

Geological Setting
The Rappesvarre (or Rahpesvárri) granitic gneiss occurs as a complex of sills and

sheets in psammites near the base of the Vaddas Nappe in the Kvænangen-Vaddas area
(fig. 2A; Vogt, 1927; Pearson, 1971; Lindahl and others, 2005). The Vaddas Nappe is
composed of psammites, quartzites, conglomerates, schists, marbles, metagraywackes,
metabasalts, and large mafic-ultramafic plutons and local migmatites, and has been at
the center of much controversy. It was originally considered as a member of the Kalak
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Nappe Complex and hence pre-Finnmarkian, probably Cambrian, in age (for ex-
ample, Zwaan and Roberts, 1978). This hypothesis was disproved when Binns and
Gayer (1980) and Binns (1989) discovered fossils indicative of deposition in the Upper
Ashgill (447 – 441 Ma) in a marble within the nappe. Ramsay and others (1985a)
subsequently proposed that a conglomerate horizon, found at about the same strati-
graphic level as the fossiliferous marble, represented a major unconformity separating
a lower unit, with an affinity to the Kalak Nappe Complex, from an upper unit of
Silurian age. They suggested that the unconformity was cutting a large-scale fold
structure in the underlying Finnmarkian part of the nappe. This was presumably
identical to a recumbent structure described by Pearson (1971), folding the Rappes-
varre granite gneiss (still considered to be a granitized metasedimentary rock at that
time) and the surrounding sedimentary succession. Binns (1989) did not concur with
the interpretation of Ramsay and others (1985a) that the conglomerate represented a
major boundary, and he did not believe that the nappe had been affected by a
Finnmarkian event. By contrast, Lindhal and others (2005) agree that the conglomer-
ate signifies a major unconformity but they also disputed the existence of the earlier
Caledonian tectonometamorphic event. About 50 km south of Vaddas there is the
Halti mafic-ultramafic complex, which has yielded U-Pb ages of 434 � 5 Ma (Vaasjoki
and Sipilä, 2001) and 438 � 5 Ma (Andréasson and others, 2003). The Halti complex is
separated from the Kalak Nappe Complex by a thrust, and appears to be a klippe
related to the Vaddas Nappe. Andréasson and others (2003) suggest that the metasedi-
mentary rocks hosting the Halti Complex are Neoproterozoic in age, apparently also
implying that these are parts of the Kalak Nappe Complex, an interpretation in line
with the proposal of Ramsay and others (1985a). Based on these assumptions Andréas-
son and others (2003) concluded that the Halti Complex formed on Baltic crust above
an East-dipping subduction zone, a conclusion of fundamental importance for under-
standing Caledonian accretionary processes. There are, thus, a number of questions
regarding the essence of sedimentary rocks, specific conglomeratic units, and struc-
tures that are critical in order to understand the nature of the Vaddas Nappe. By dating
the Rappesvarre granitic gneiss we address one specific point, namely the apparent
affinity of this lower succession with the Kalak Nappe Complex.

Sample Characteristics
The Rappesvarre granitic gneiss is a medium grained, locally porphyritic muscovite-

biotite-bearing rock. The unit occurs mainly as sheets within the psammites, with a
gneissic fabric parallel to that of the surrounding units. The sampled outcrop itself was
homogeneous and free of enclaves.

Zircon Characteristics and U-Pb Data
The zircon population in this sample (C-03-2) is heterogeneous. Zircons are

generally clear but many of them contain inclusions of various minerals and probably
melt. The external shape of the crystals varies from euhedral to subhedral, the latter
probably representing xenocrystic grains (fig. 3A). Six analyses (table 1) were done on
multigrain fractions or single crystals of zircon least likely to contain xenocrystic
material. Zircon with inclusions of other minerals was also utilized to achieve this aim.
Most results plot in a cluster close to Concordia (fig. 4A) except for one analysis,
which evidently contained a large xenocrystic component. Five of the analyses
define a line with a lower intercept age of 602 � 5 Ma, interpreted as dating the
magmatic intrusion of the granite. The upper intercept age of 1230 Ma suggests an
average Mesoproterozoic age of the xenocrystic zircons. One analysis does not fit
the line and plots reversely discordant, indicating some problem (natural or analytical)
with the U-Pb ratio.
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sandøra granitic gneiss

Geological Setting
The group of islands around Skjervøy hosts the westernmost occurrences of Kalak

Nappe Complex rocks. Farther west all the lower and intermediate tectonic elements
of the orogen are excised, exposing only rocks of the Uppermost Allochthon in fault
contact with the Lower Allochthon, that is the Proterozoic basement of West Troms
exhumed together with Lofoten-Vesterålen during the extensional process that accom-
panied opening of the Atlantic. Skjervøy comprises an apparently inverse stratigraphic
succession of marble, pelite and psammite, affected by two deformation events and
metamorphosed to amphibolite facies (Ash, 1967). The metasedimentary rocks con-
tain a wedge-shaped orthogneiss body, the Sandøra granitic gneiss, and several mafic
dikes. According to Ash (1967) the shape of the granitic gneiss may be controlled by an
early recumbent fold (D1). The whole region was then overprinted by a second
deformation event (D2) that refolded part of the sequence.

C-03-2 Rappesvarre granitic gneiss

RJR-02-18AA
Lillefjord
granitic gneiss

RJR-02-18D Lillefjord
granitic dikelet

RJR-02-147 Sandøra granitic gneiss

RJR-02-25B, leucosome, Eidvågeid

melt?
biotite

xenocrystic core

xenocrystic core

tip core

core

new tip

new tip

A

B

C

D

E

BSE

CL

BSE

monazite

lp

flat

flat

sbr

sbr

flat
twinned

flat
twinned

sbr

xenotime

zircon

core

Fig. 3. Microphotographs of zircon (in D with monazite and xenotime) taken from whole grains with a
binocular microscope (images shown on white background), or using polished grain mounts and back-
scattered electrons (BSE, black background) and cathodoluminescence (CL, gray background). The grains
were all about 100 � 50 micrograms in size. The images exemplify the most salient characteristics of these
minerals in the five samples investigated. (A) Zircon in the Rappesvarre granitic gneiss exhibits a variety of
shapes. The analyses were done mainly on grains devoid of cores, such as the broken tips with visible
inclusions of other minerals shown on the right, avoiding ‘clean’ but core-bearing grains like the one on the
left. (B) Typical zircon in the Sandøra granitic gneiss consisting of turbid cores overgrown by transparent
euhedral tips. To the right is one of the subordinate flat and twinned crystals (C) Dominant zircon type in
the Eidvågeid leucosome. In these subequant and anhedral grains it is commonly difficult to distinguish
regular growth zoning (right) from the shape of inherited cores (left). (D) The Lillefjord granitic gneiss
contains mainly core-bearing zircon, such as those shown along the middle strip of the figure. To avoid cores,
most of the analyses were carried out on tabular (flat) and in part twinned crystals such as those shown at the
top. These crystals are rich in U and in BSE images they show both growth zoning and complex textures that
may reflect some recrystallization. Typical octahedral xenotime crystals and anhedral monazite are shown at
the bottom. (E) Xenocrystic components dominate most of the subhedral to anhedral zircon grains (on the
left) in the Littlefjord granitic dikelet and also occur as cores in newly grown, brown, high-U zircon crystals
(right). Tips broken off the latter crystals were used for analysis (abbreviations: lp � long prismatic, sbr �
subrounded.
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Sample Characteristics
The sampled quarry yielded a diverse set of granitic rocks. The degree of

deformation in these rocks is generally strong but variable, with intensively folded and
refolded domains cut by essentially massive and straight late pegmatitic dikes. The
sample collected for dating (RJR-03-147) represents one of the most typical facies of the
granitic gneiss. It is very coarse grained and dominated by augened K-feldspar, with
abundant muscovite, rare biotite and localized garnet.

Fig. 4. (A-E) Concordia diagrams with the U-Pb data for zircon, monazite and xenotime for the five
samples. Data are given in table 1 and discussed in the text. Uncertainties represent 2�.

444 F. Corfu and others—Peri-Gondwanan elements in the Caledonian Nappes of Finnmark,



Zircon Characteristics and U-Pb Data
The dominant zircon type in this sample (RJR-03-147) is a prism with a murky,

metamict core surrounded by a clear, transparent rim and tip (fig. 3B). There are some
subordinate flat crystals and equant twinned double-pyramids without prismatic faces
that commonly form in highly evolved melts (Corfu and others, 2003). Three analyses
were carried out on fractions of tips detached from the turbid cores (table 1; fig. 4B).
They reveal high U contents, very low Th, and yield nearly concordant data. The lack of
spread prevents the calculation of a discordia line with the data alone but the
systematic change in 207Pb/206Pb age indicates that the discordance is not related to
modern Pb loss alone. On the assumption that Pb loss occurred most likely during the
Silurian thrusting, a line was projected from 420 � 50 Ma obtaining an upper intercept
age of 706 � 3 Ma, which is taken as the best estimate for intrusion of the Sandøra
granitic gneiss. The choice of a much earlier disturbance at 600 Ma would shift the age
upward by some 20 m.y.

garnetiferous leucosome in eidvågeid sequence

Geological Setting
The rocks of the Eidvågeid sequence form a peculiar lithology of the Kalak Nappe

Complex. The sequence is characterized by biotite-rich migmatites, locally purple
colored, with distinctive large garnets. These rocks generally occur below the Klubben
pasammite, but it has been uncertain as to whether the Eidvågeid Sequence forms a
basement unit to the Klubben psammite, or whether it is itself a part of the same
stratigraphic sequence (Ramsay and others, 1985a; Rice, 1990).

Sample Characteristics
Granitic leucosome was sampled from a prominent exposure of migmatitic rocks

representing the Eidvågeid Sequence at Akkarfjord south of Hammerfest. The main
unit comprises gray biotite gneiss characterized by 0.2 to 5 cm wide garnet porphyro-
blasts, generally hosted in a pocket of quartzo-feldspathic material. The texture is
mylonitic, and garnet and plagioclase have been rotated and abraded during the
mylonitization. The leucosome occurs as thin stringers stretched out along the main
fabric but locally widening into cm- to dm-wide pods and sheets, one of which was
sampled for dating.

Zircon Characteristics and U-Pb Data
The sample (RJR-02-25B) contains an abundant zircon population mostly of

equant subrounded grains, colorless to slightly brown. Many of the grains appear to be
xenocrysts inherited by the leucosome from the original detrital zircon population.
The challenge, however, was to identify and date grains that could be related to the
migmatization process. The best candidates were equant, subhedral, faintly brown
grains, which in BSE reveal a zoned texture suggestive either of simple magmatic
growth (two grains to the right in fig. 3C) or of more complex growth with inherited
cores or internal recrystallization (two grains to the left in fig. 3C). Four analyses of
such grains (one of them a tip) scatter in an area close to Concordia, at about 680 Ma
(fig. 4C). The cluster also includes the data point for a monazite fragment. Three other
monazite grains, however, yield significantly older apparent ages at 703, 751 and 773
Ma. Finally, the analysis of one euhedral, short-prismatic grain, chosen because of a
sulphide inclusion and deemed to be of possible magmatic origin, yielded the oldest
apparent ages (�770 Ma).

The interpretation of this pattern is not simple. The equant, slightly brown
zircons, which are a main component of the population, are rich in U and low in Th, a
common feature of zircon in anatectic or highly fractionated magmas (for example,
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Corfu and Easton, 2001; Andersson and others, 2002; Corfu and others, 2006; Kirkland
and others, 2006). They give reasonably coherent age indications, which also match
those of one of the monazite analyses, suggesting crystallization at around 680 � 10
Ma. The older monazites, however, clearly reflect some older magmatic or metamor-
phic crystallization. In detail the individual monazites were probably composite grains
and hence their apparent ages are interpreted as meaningless. If they are compared to
the pattern of the monazite and zircon of the Lillefjord granite gneiss and dikelet
presented below, these data suggest that an event of metamorphism and/or anatexis
had already affected the Eidvågeid Sequence about 880 to 830 Ma. An alternative
interpretation is that the melting episode occurred at about 880 to 830 Ma and that the
680 Ma event records a high-grade overprint and the shearing of the unit. This is
considered less likely at present, but more detailed future work may succeed to find
unambiguous links between the isotopic and the petrological features.

lillefjord granite gneiss and external dikelet

Geological Setting
The Lillefjord granite gneiss is a tabular body intruding Klubben metapsammite

on the Porsanger peninsula. The body cuts earlier folds but is itself strongly deformed
and foliated (Daly and others, 1991). The age of this granite gneiss has played an
important role in the development of the geological understanding in Finnmark
because it showed for the first time (Daly and others, 1991) that the main deformation
of the Kalak Nappe Complex had occurred during a Neoproterozoic event unrelated
to a ca. 500 Ma Finnmarkian orogenic phase as originally defined by Sturt and others
(1978). The U-Pb age of 804 � 19 Ma by Daly and others (1991) was given by the lower
intercept age of a suite of multigrain zircon analyses selected on the basis of grain size.
Although the data were quite coherent and were supported by a Rb-Sr whole rock age
from the same intrusion, some doubts remained as to whether the age might be biased
by inheritance. Because of its pivotal importance for the geological interpretation of
the region samples were collected to re-test the validity of the age. For the same reasons
a new U-Pb study of the same body was undertaken at about the same time by Kirkland
and Daly (2003). Their new results (Kirkland and others, 2006) are consistent with
ours reported below, confirming the Neoproterozoic origin of the granite.

Sample Characteristics
Two samples were collected. Sample RJR-02-18AA represents the main body of the

pluton. It is a coarse grained feldspar-megacrystic orthogneiss with biotite and rare
muscovite. The second sample, RJR-02-18D, stems from outside the pluton at the site
shown in figure 3B of Daly and others (1991). It represents a thin granitic dikelet
rooted in pelitic layers and cutting across the folded psammite, but locally displaying
itself evidence of some folding. Its composition is granitic with plagioclase and
perthitic microcline megacrysts, abundant biotite, local garnet and rare muscovite.
These minerals are strained, but to a much lower extent than in the sample from the
main granitic body that also exhibits a much more intense degree of recrystallization of
quartz.

Zircon Characteristics and U-Pb Data
The zircon population in the sample from the main pluton (RJR-02-18AA)

contains a large proportion of xenocrysts appearing as subrounded grains or as cores
visible inside euhedral prisms [fig. 3D; see also fig. 5 in Daly and others (1991)]. Newly
grown magmatic zircons form euhedral prisms and also tabular crystals (top row in fig.
3D) similar to those observed in the Sandøra sample discussed above. Five analyses
were carried out on tabular or on prismatic zircons judged to be free of cores.
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Nevertheless the uppermost data point is more discordant than the rest, and not
collinear, suggesting the presence of an inherited component (fig. 4D). The four
other analyses are spread along the Concordia curve, defining a line with an upper
intercept age of 876 � 9 Ma when anchored at 690 � 30 Ma. This lower intercept age is
borrowed from the zircon data in the companion sample (see below) and its validity is
supported, on the one hand by the optimum probability of fit of the data and, on the
other hand by the fact that the coexisting monazite appears to have been affected by a
similar event. The three analyses of monazite are spread out along Concordia between
about 810 and 720 Ma, reminiscent of the pattern shown by monazite in the Eidvågeid
leucosome discussed above and in the dikelet presented below. All three analyses are
slightly reversely discordant. This is common in monazite due to its propensity to
incorporate excess 230Th during its formation (Schärer, 1984), but it is strange in the
present case because partial Pb loss would likely expel much of the excess 206Pb,
bringing the points back on or below Concordia. Excluding an unknown analytical
problem, this reverse discordance likely implies that the analyzed monazites are
mixtures of two primary phases that did not undergo Pb loss. Two analyses were also
carried out on xenotime, which occurs as scarce octahedral crystals, generally some-
what internally turbid. The two analyses are both discordant and show a different trend
than the zircons, presumably reflecting a more complex Pb loss history due to the
metamictizaton and perhaps alteration caused by their very high U content. A line
through the two analyses has intersections at 835 and 490 Ma, suggesting important Pb
loss during the Scandian event.

The zircon population in the granitic dikelet (RJR-02-18D) comprises both a
population of clear subrounded grains of likely xenocrystic origin and chocolate-
brown prisms, generally hosting a clear core (fig. 3E). Four analyses of brown tips,

Fig. 5. Schematic plate configuration approximately at the time of the Precambrian-Cambrian transi-
tion. Based on the presently available information the Kalak Nappe Complex (KNC) matches best the
geological relationships observed in the northwestern region of Gondwana, especially the various Neopro-
terozoic events of magmatism and tectonism. The hypothesis shown here also places the formation of the
570 to 560 Ma Seiland Igneous Complex in the extensional context that accompanied the break-up between
Laurentia and Gondwana and matches similar magmatism recorded on the Laurentian side (Carolina)
(from Torsvik and Cocks, 2005).
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mechanically separated from such cores, plot just off the Concordia curve. Three of
the analyses define a line with an upper intercept of 834 � 19 Ma and a lower intercept
at 692 � 28 Ma. The fourth analysis deviates slightly from the line possibly because
of some superimposed younger Pb loss, or due to its very high common Pb content
(table 1), which may be caused by local alteration or an analytical accident. Four
monazite analyses yield the same basic pattern as in the main granitic body. They are all
reversely discordant, one much more strongly than the others, and are spread out
between about 830 and 740 Ma. The interpretation of the data is the same as for the
previous sample: crystallization of a magmatic generation at � 830 Ma followed by
growth of a metamorphic phase after 740 Ma, most likely the 692 � 28 Ma event
defined by zircon. The reverse discordance likely reflects excess 230Th, except for the
very discordant analysis where some other effect (alteration?) might have affected the
data. The sample also contains some titanite, probably grown during retrogression
since monazite and titanite tend to be mutually incompatible. One titanite analysis
(table 1) indicates that the mineral formed during the Scandian events.

discussion

The Vaddas Nappe – A Strange Hybrid
As detailed in the introduction of the geology, the Vaddas Nappe has a schizo-

phrenic character as its base resembles Kalak Nappe Complex lithologies whereas the
upper levels resemble Köli Nappe lithologies (and ages). The solution proposed by
Ramsay and others (1985a) is that the top part of the Vaddas Nappe was deposited
unconformably on an older deformed succession, which they equated with the Kalak
Nappe Complex. The unconformity is marked by a discontinuous, fluvial conglomer-
ate with quartzitic pebbles indicating erosion of the underlying unit (Lindahl and
others, 2005). The above interpretation is confirmed, in principle, by the 602 � 5 Ma
age for the Rappesvarre granitic gneiss as it proves that that part of the Vaddas Nappe is
clearly much older than the overlying Silurian members. In light of this evidence, the
objection of Binns (1989) that similar conglomeratic units can also be found in the
unit up to 7 meters below the unconformity, and hence are not likely to represent a
major break, would seem to be irrelevant. The alternative to an unconformity interpre-
tation would require a structural juxtaposition of the Silurian succession along a
discrete thrust. Lindahl and others (2005) did not notice any such specific tectonic
break in their mapping of the area and accept the notion of an unconformity. Further
south, Binns and Gayer (1980) postulated the existence of a thrust (Stordalen Thrust)
at the bottom of the fossiliferous Silurian marble, but the thrust has not been traced
further north. It may possibly cut down stratigraphy, across the lower part of the
Vaddas Nappe. Andréasson and others (2003) do not believe that the Stordalen Thrust
is the base of the Vaddas Nappe, as they infer that the Silurian Halti complex intruded
the Kalak Nappe Complex. They also point to the presence of Grenvillian age
xenocrystic zircon in plagiogranite dikes of the Silurian Halti pluton. Nevertheless they
agree that the Halti Complex is separated from the Kalak Nappe Complex by a thrust.
Moreover, if the Silurian magmatism was emplaced through this basement unit one
would expect to find Silurian intrusives also within the basement but so far no such
rocks have been found. For example, mafic dikes at Corrovarre below the Vaddas
Nappe (fig. 2A), give Late Precambrian rather than Silurian Sm-Nd ages (Zwaan and
Van Roermund, 1990). We also note that the Rappesvarre age of 600 Ma has not been
recorded yet in the Kalak Nappe Complex, hence the base of the Vaddas Nappe could
well have a distinct origin unrelated to the Kalak Nappe Complex. An open question
also concerns the age of recumbent folds described both in the upper and in the lower
parts of the Vaddas Nappe (Pearson, 1971; Binns and Gayer, 1980; Ramsay and others,
1985a; Andréasson and others, 2003). While those in the Silurian succession must
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necessarily be of Scandian age, those in the lower part of the nappe have so far only
been constrained to be less than 600 Ma. Could these also be Scandian?

Nevertheless, based on the presently available information we conclude that the
Vaddas Nappe comprises a Neoproterozoic ‘basement’ and its autochthonous Silurian
cover. The ‘Vaddas basement’ resembles the Kalak Nappe Complex, but it appears to
be different in terms of age and deformation. The Vaddas cover represents the typical
Early Silurian succession that can be followed in the Upper Allochthon all along the
Caledonides, varying in character from syn-contractional, with bimodal magmatism
and associated folding and metamorphism, to extensional and transtensional sugges-
tive of back-arc settings (for example, Corfu and others, 2006). Analogues to the upper
Vaddas succession in western Finnmark are the Magerøy Nappe and the Hellefjord
Formation, the latter now also proven to be Silurian, rather than Late Neoproterozoic
to Upper Ordovician as originally thought (Kirkland and others, 2005; Gerber, ms,
2006). The Magerøy Nappe is separated from the Kalak Nappe Complex by a zone of
intense deformation, originally interpreted to be a thrust (Ramsay and Sturt, 1976),
but possibly representing a normal fault separating basement and cover. The contact
between Kalak Nappe Complex and the Hellefjord Formation is generally conform-
able (for example, Ramsay and others, 1985a; Slagstad and others, 2006), but it can be
inferred from the fact that Silurian granitic intrusions and gabbros are only found in
the Hellefjord formation and not in the Kalak Nappe Complex that a tectonic
juxtaposition of the two units has occurred.

Implications for the Evolution of the Kalak Nappe Complex
The rocks investigated in this study postdate the earliest period of Grenvillian

magmatism and deformation recorded in eastern parts of the Kalak Nappe Complex at
970 to 980 Ma (Kirkland and others, 2006; localities H, S, R in fig. 2A) and in western
Magerøy (Corfu and others, 2005; Gerber, ms, 2006; G in fig. 2A). These granitic rocks
post-date an early period of deformation and have been attributed to crustal anatexis
of Late Paleoproterozoic crust (Kirkland and others, 2006).

The age of 876 � 9 Ma for the Lillefjord granite confirms and refines the original
date of 804 � 19 Ma reported by Daly and others (1991). In detail the ID-TIMS age
presented here is distinctly older than the ion probe age of 841 � 7 Ma reported by
Kirkland and others (2006). It is possible that the lower resolution of the ion probe
data may have introduced a downward bias, missing the shift caused by the strong
690 Ma overprint so evident in the ID-TIMS data for zircon and monazite and also
recorded by the above authors as local zircon new growth (707 � 20 Ma) in a pegmatite
at Revsneshamn, 8 kilometers southwest of Lillefjord (Rv in fig. 2A). It is, however, also
possible that the two samples responded differently to the subsequent events and that
the age difference is real, implying that the Lillefjord body is composite and evolved
piecemeal over some 30 to 40 m.y. Indeed, the transgressive dikelet at the margin of
the pluton yields an age of 834 � 19 Ma, clearly younger than the sample of granitic
gneiss but overlapping the 841 � 7 Ma date of Kirkland and others (2006), who also
obtained ages of 826 � 5 Ma and 833 � 9 Ma for two pegmatites in the same region. As
discussed by Daly and others (1991), the Lillefjord granite post-dates two fabric
forming events recorded in the Klubben quartzite and is itself deformed by a younger
event. The dated dikelet is folded but shows less strain that the main body and locally
transgresses folded granitic layers in the quartzite suggesting that this magmatic period
was coeval with some of the deformation in the granite gneiss.

Both the granite and the dikelet offer evidence for a younger overprint at 692 �
29 Ma that partially reset the high-U zircons and likely formed new monazite. This
event can also be correlated to the emplacement of the Sandøra granite on Skjervøy,
where the intrusion was deformed by at least one, and possibly two events (Ash, 1967).
This granitic gneiss is locally cut by much less deformed granitic dikes suggesting that
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this deformation occurred approximately at the same time, but a verification of this
hypothesis will require more detailed geochronology. Although they are difficult to
interpret, the data from the Eidvågeid migmatites suggest that significant melting with
formation of zircon and monazite also occurred in connection with this event at about
680 � 10 Ma. The complicating factor here is that in the Eidvågeid leucosome there is
also evidence for an earlier event as revealed by older, only partially rejuvenated
monazite, with a pattern that is closely comparable to that of monazite in the Lillefjord
granite. Clearly the two units have shared some parts of their history. Kirkland and
others (2006) have investigated a similar garnetiferous granitic leucosome from the
Eidvågeid Sequence at Snøfjord, 10 kilometers north of Lillefjord (Sn, fig. 2A),
yielding an age of 709 � 4 Ma. They interpret the leucosome as having formed
syntectonically and suggest that the episode reflects juxtaposition of the hosting nappe
sheet on the underlying nappes further east. This is at variance with the interpretation
forced by monazite in our sample which suggests that the Eidvågeid Sequence was
probably already in the same crustal unit as the Lillefjord pluton during the 880 to
830 Ma event. We also note that there is a possibly important difference between the
680 � 10 Ma age for the Eidvågeid leucosome at Hammerfest and the 709 � 4 Ma at
Snøfjord. By contrast, the latter compares very well with our age for the Sandøra
granitic gneiss.

Besides the Rappesvarre granite gneiss in the Vaddas Nappe there is as yet no
direct evidence (yet) that the Kalak Nappe Complex was affected by an event at about
600 Ma. As discussed above, this might mean that the lower part of the Vaddas Nappe is
not related to the Kalak Nappe Complex, or that the 600 Ma event was of only local
importance, and/or that sampling for U-Pb dating has accidentally missed such
intrusive bodies in the Kalak Nappe Complex. By contrast there is an excellent record
for the subsequent event related to emplacement of the Seiland Igneous Complex at
570 to 560 Ma (Roberts and others, 2006, and unpublished data), with a secondary
pulse of alkaline magmatism at 530 to 520 Ma (Pedersen and others, 1989).

A further implication of these relationships is that the Klubben Formation must
have been deposited before 980 Ma, at least locally, with the possibility of deposition at
different times in different basins as late as 600 Ma.

This combined information indicates an episodic but very protracted evolution
with repeated episodes of deformation and metamorphism. The granites generated
during the various melting episodes appear to be mainly of crustal origin judging by
the abundance of zircon inheritance and lack of mafic or intermediate equivalents. By
contrast, the Seiland Igneous Complex comprises a wide range of rocks from carbona-
tite to syenite, gabbro, peridotite and granite suggesting a primary mantle control of
the magma generation processes.

Of additional interest is the timing of thrusting responsible for emplacing the
Kalak Nappe Complex. The original idea that the Kalak Nappe Complex had been
emplaced onto Baltica in the Cambrian to Early Ordovician has not found much
supporting evidence. The ‘Finnmarkian’ Rb-Sr (Sturt and others, 1978) and Ar
(Dallmeyer, 1988) ages have generally been obtained from units of the Seiland
Igneous Complex, hence those ages can easily be explained in terms of as post-
magmatic slow cooling or resetting. Most other pre-Scandian ages are based on
multistage disturbed spectra (Dallmeyer, 1988) or from problematic Rb-Sr whole rock
dating experiments (for example, Roberts and Sundvoll, 1990). The most convincing
Ar-Ar ages suggest Scandian thrusting (for example, Dallmeyer and others, 1988).
There are also no Cambrian or Early Ordovician foreland sedimentary deposits, which
should represent the response to thrusting of nappes on the edge of Baltica (Berg-
ström and Gee, 1985). An earlier age of emplacement is unlikely as the earliest possible
time is constrained to the Late Vendian – Early Cambrian by the sedimentary cover of
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the Komagfjord window, which is overridden by the Kalak Nappe Complex (Pharaoh,
1985; figs. 2A and 2B). Thus, it is likely that the Kalak Nappe Complex was emplaced
on the Baltic craton in the Silurian during the Scandian collision. It is still uncertain as
to whether the nappes in the Kalak Nappe Complex were brought in piecemeal, or
whether they came in as one block of already assembled Precambrian nappes, plus or
minus Silurian cover, with minimal disruptions during the Scandian events.

Neither a Finnmarkian Nor a Porsanger Orogeny?
The emerging chronological relationships and their geological implications force

us to consider radically different models for the evolution of the Finnmarkian
Caledonides than originally proposed. As already pointed out by others (Daly and
others, 1991; Kirkland and others, 2006; Roberts and others, 2006) one of the major
implications of these data is the fact that the concept of Finnmarkian orogeny in its
original sense is no longer applicable. The ‘Finnmarkian phase of the Caledonian
orogeny’ had been defined based on the relationships between structural and intrusive
elements of the Seiland Igneous Complex underpinned by Rb-Sr and K-Ar ages that
suggested ca. 550 to 500 Ma (Sturt and others, 1978; Ramsay and others, 1985a). The
concept was gradually modified and expanded as new observations and data came
along, but a major step was the expansion of the term to designate a Cambrian (to
Ordovician) orogenic event thought to have affected the entire western margin of
Baltica through subduction of the margin, formation of an early suite of eclogites
(Mørk and others, 1988), and accretion of early nappes onto the shield (Andréasson,
1994; Andréasson and others, 1998). It is now apparent, however, that the original
definition of the Finnmarkian was based on incorrect premises. The Cambrian-
Ordovician ages in the Kalak Nappe Complex do in fact reflect partial resetting of the
K-Ar and Rb-Sr systems rather than crystallization and formation of the main fabrics,
which are either Neoproterozoic or Silurian. Since it is deeply entrenched in the
literature as a Cambrian event, the term ‘Finnmarkian’ cannot easily be redefined to
describe the newly emerging Neoproterozoic tectonics and should no longer be
applied to the geology of West Finnmark.

After dating the Lillefjord granite at 800 Ma Daly and others (1991) introduced
the new term Porsanger orogeny for the pre-800 Ma deformation and metamorphism
in the Kalak Nappes. Although reasonable at that time, the term has been coined too
narrowly and does not cover the series of geological episodes that spanned most of the
Neoproterozoic. Kirkland and others (2006) have now introduced the term ‘Snøfjord
event’ for the activity at 700 Ma, which can also be problematic since there is still only a
vague perspective on the tectonic significance of this event. To be consistent we would
need to introduce complementary terms for each different event [for example,
Rappesvarrian (600 Ma), Sipian (570 Ma)]. This is very impractical, thus it would seem
to be best to just drop the terms Finnmarkian, Sørøyan and Porsanger entirely.

The Origin of the Kalak Nappe Complex
The Baltic Shield has an onion-like structure with an Archean and Paleoprotero-

zoic core in the north and northeast, an intermediate Mesoproterozoic shell stretching
across Middle Norway into southwestern Sweden and an external Late Mesoprotero-
zoic to Neoproterozoic Sveconorwegian shell in the south. Rocks with ages between
900 and 500 Ma are rare and limited to mafic dike swarms or carbonatite complexes. In
particular, there are no orogenic type Neoproterozoic rocks in the autochthonous
western Baltic basement.

By contrast, the Kalak Nappe Complex comprises granitic rocks with ages around
980 to 960 Ma, 850 Ma, 700 Ma, and the Seiland Igneous Complex at 570 to 560 Ma and
530 to 520 Ma, in addition to the Archean and Paleoproterozoic components found in
the crystalline slices of the nappes (this study; Sturt and Austrheim, 1985; Pedersen and
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others, 1989; Corfu and others, 2005; Kirkland and others, 2006; Roberts and others,
2006, and unpublished data; Gerber, ms, 2006). Apart for the latter elements, this age
pattern shows absolutely no resemblance to the geochronological structure of the
autochthonous Baltic basement. Even the Sveconorwegian intrusions have an exotic
position since their closest equivalents in the autochthon are over 1000 km away along
strike. Also exotic are the pre-980 Ma Klubben psammites, which resemble allochtho-
nous sedimentary sequences thrust on the Laurentian margin in Greenland
(Krummedal) and Scotland (Moine) but do not have any equivalents in the autochtho-
nous Baltic basement. Andréasson (1994) suggests that Sveconorwegian elements
found in the Kalak Nappe Complex and the related Seve nappes further south can be
explained if the Sveconorwegian Belt Front had originally extended north-northwest
and overprinted the outer- and northernmost segments of the Shield, which were then
thrusted eastward to form the Kalak Nappe Complex and Seve nappe system. Daly and
others (1989), however, have pointed out that the balanced cross-sections used for
paleogeographic reconstructions are flawed because they were based on the assump-
tion that all fabrics were Caledonian, whereas we now know that they are in part
Precambrian. Bergström and Gee (1985) proposed that the Seiland Igneous Complex
and the related metamorphism and deformation may have been formed during
opening of the Iapetus Ocean along a ‘deep transform’ penetrating the continental
margin, but they also pointed out that the notion of a Cambrian orogeny was curiously
at odds with the quiet sedimentological record in the Baltic Autochton. Although the
proposed explanations are by themselves plausible, to explain all the oddities of the
Kalak Nappe Complex one needs to appeal to a whole series of special circumstances.
There is just no simple way to rationalize a Baltic origin of the Kalak Nappe Complex.

The simplest alternative is to consider the Kalak Nappe Complex as an allochtho-
nous terrane generated outside of Baltica. Neoproterozoic activity was widespread at
the interior and on the periphery of Gondwana accompanying its assembly after the
disaggregation of Rodinia and before its own break-up. Baltica was generally hovering
on the periphery, largely unaffected by these continental transformations undergoing
only local extensional processes and sedimentation. Only the Timanian orogeny
(fig. 5) affected its northeastern margins at about 600 to 560 Ma (Roberts and
Siedlecka, 2002; Roberts and Olovyanishnikov, 2004; Gee, 2005). The paleomagnetic
evidence that Baltica may have been in an inverted position in the Late Precambrian
(Torsvik and Rehnström, 2001; compare also Cocks and Torsvik, 2005) made it
possible to consider the genesis of the Seiland Igneous Complex in a peri-Gondwanan
context, relating it to the opening of the Ægir Sea between Baltica and Siberia (Hartz
and Torsvik, 2002), or at a triple junction of the Ægir Sea with the extending Tamir
basin (Siedlecka and others, 2004). The problem with the latter model is that at the
time of formation of the Seiland Igneous Complex (570 – 560 Ma) the Timanian
orogen was under contraction (Roberts and Siedlecka, 2002) whereas there is no clear
evidence of contraction at this time in the Kalak Nappe Complex. Moreover, their
model assumes that the Seiland Igneous Complex intruded a continental fragment
detached from Baltica, an assumption inconsistent with the available age evidence as
discussed above. As an alternative we can evaluate potential links to terranes outside of
Baltica, connected to Siberia, Laurentia or more generally to the peri-Gondwanan
realm (fig. 5).

The Kalak Nappe Complex could have been linked to Neoproterozoic terranes
now integrated into the West Siberian craton. Late Grenvillian granitic rocks occur as
intrusions in Proterozoic crust in Central Taimyr. Before the Late Vendian, however,
these rocks and younger Neoproterozoic ophiolitic and arc assemblages were already
aggregated to northern Siberia (Pease and others, 2001; Vernikovsky and Verni-
kovskaya, 2001). The Yenisey Belt comprises a complex tectonic assemblage of terranes
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that underwent intrusive activity at about 880 to 860, 760 to 720 and 700 to 630 Ma, but
these, too, were already accreted to the western edge of the Siberian craton in the
Proterozoic (Vernikovsky and others, 2003). Intensive Neoproterozoic activity was also
a characteristic of the Baikalian region, in general fitting with events occurring
throughout the Neoproterozoic in terranes at the northern periphery of Gondwana.

Among the typical peri-Gondwanan terranes a distinction can be made between
those of West African affinity and those related to the Amazonian craton. The hallmark
of the former is the ca. 2 Ga Eburnian orogeny, traces of which are found in Cadomia
and Iberia, likely generated on or close to the West African craton. By contrast,
terranes such as Western Avalonia and Carolina lack an Eburnian signature and show
instead features that link them to the Mesoproterozoic and Grenvillian basement units
of the Amazonian craton. In general, however, the latter terranes consist of Neoprotero-
zoic oceanic and continental island arcs (Nance and others, 2002), differing from the
situation observed in the Kalak Nappe Complex.

A third set of candidates are terranes now present at the margin of Laurentia and
whose origin and setting remain uncertain (for example, Hibbard and others, 2002).
Grenvillian basement in the Central Appalachians was affected by episodes of granitic
magmatism (A-type) at 765 to 680 Ma and 620 to 550 Ma, in particular with extensive
mafic volcanism at 570 to 560 Ma attributed to rifting or at least attempted rifting of
Laurentia (Cawood and others, 2001; Tollo and others, 2004). The Moine succession
in NW Scotland was deposited after about 900 Ma (Cawood and others, 2004) and
underwent repeated magmatism with deformation and metamorphism at 870 to
800 Ma, the Knoydartian orogeny (for example, Highton and others, 1999; Rogers and
others, 2001), about 740 Ma (Tanner and Evans, 2003), 670 Ma (Storey and others,
2004) and 600 Ma (Kinny and others, 2003). Besides the younger age of deposition
and lack of Grenvillian intrusions the Moine has been affected by Ordovician (470 –
460 Ma) intrusive and metamorphic activity, which so far has not been observed in the
Kalak Nappe Complex. A few analogies also exist between the Kalak Nappe Complex
and the Krummedal succession in the Allochthons of Eastern Greenland in terms of
probably Late Mesoproterozoic age of deposition and presence of Grenvillian granites
(for example, Kalsbeek and others, 2000). The Krummedal sequence, however, has no
record of intrusive activity between 900 and 450 Ma.

In summary, the Kalak Nappe Complex is quite exotic when viewed from a Baltic
perspective but it shows many analogies with terranes developed on the Neoprotero-
zoic eastern Laurentian margin, with terranes developed and transferred to the margin
of the Siberian craton, and with terranes in western parts of the peri-Gondwanan
realm. The most likely derivation seems to be the latter region (fig. 5). Transfer onto
the Baltic craton could have occurred in two ways, either from the Ægir Sea, sweeping
around in consonance with the rotation of Baltica and emplacement on the continent
during closing of Iapetus in the Silurian, or, as a more likely alternative, by a transfer
from the southern Iapetus or the western Ran Sea northward and sinistrally, with final
thrusting onto Baltica in the Silurian. This alternative should be expanded to include
the entire Kalak-Seve Nappe system, thus providing a more logical explanation for the
presence in the Seve Nappe of Grenvillian elements (Williams and Claesson, 1987;
Albrecht, ms, 2000; Andréasson and others, 2003) and of Neoproterozoic granite
(Paulsson and Andréasson, 2002). The fact that only some segments of this system
record Early and Late Ordovician high-pressure metamorphic overprints (Mørk and
others, 1988; Gromet and others, 1996; Essex and others, 1997; Brueckner and Van
Roermund, 2003; Andréasson and others, 2004; D. Root, personal communication,
2006) implies that diverse crustal domains were probably assembled during Scandian
thrusting, each domain reflecting parts of the history recorded along the Laurentian
margin in the Late Proterozoic and Early Paleozoic.
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The above interpretation also provides a more rational basis for the long debated
question of Ordovician unconformities linking outboard terranes to Baltica (Sturt and
Ramsay, 1999) because, from the perspective outlined above, the links would be
between outboard terranes (in part with faunas of Laurentian affinity) and exotic
Kalak-Seve terranes rather than Baltica. If both elements were derived from western or
southern parts of Iapetus there would be no paradox and no fundamental differences
between competing interpretations (Pedersen and others, 1992).

Given that the Late Neoproterozoic configuration of Baltica with respect to
Laurentia remains a point of debate (Cawood and Pisarevsky, 2006), it is finally also
important to stress that our main conclusions do not depend on the choice of one or
the other configuration.

conclusions
(1) The Kalak Nappe Complex contains Neoproterozoic granitic rocks and

migmatites with ages of ca. 876 � 9 and 834 � 19 Ma (Lillefjord pluton),
680 � 10 Ma (leucosome in Eidvågeid migmatites) and 706 � 3 Ma (Sandøra
pluton). The Rappesvarre pluton intruding the basal units of the Vaddas
Nappe has an age of 602 � 5 Ma, supporting the concept that it acted as the
depositional substrate to the unconformably overlying Early Silurian volcano-
sedimentary cover.

(2) Together with Grenvillian (980 – 950 Ma) granites and the 570 to 560 Ma
Seiland Igneous Complex, these ages demonstrate that the Kalak Nappe
Complex did not evolve on the margin of the Baltic craton as inferred by
earlier interpretations but that it must be derived from outside of Baltica
prior to the juxtaposition during the Silurian orogeny.

(3) Geological and geochronological analogies suggest that the Kalak Nappe
Complex may stem for the southeastern margin of Laurentia, from western
Siberia and/or from the peri-Gondwanan realm.

(4) It is proposed that the Kalak Nappe Complex, together with its correlative
Seve Nappe, were moved sinistrally from southern Iapetus, where the Seve
Nappe developed Grenvillian basement, Neoproterozoic granites and Ordovi-
cian eclogites, to the northern Iapetus from where in the Mid-Silurian it was
accreted to the approaching Baltic plate.
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