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Preface

The present volume marks the completion of a large re-
search project by the Geological Survey of Denmark and
Greenland (GEUS), focused on the northern part of the
Palaeoproterozoic Nagssugtogidian orogen of central West
Greenland, and carried out by a team of Danish and in-
ternational participants. The project comprised geologi-
cal mapping as well as structural, geochronological, geo-
chemical and economic geological studies. This volume
contains reports on both Archaean and Palagoproterozoic
geology as well as a study of neotectonic brittle structures.
The field work was carried out in 2000-2003 in the re-
gion between Nordre Strgmfjord and Jakobshavn Isfjord
(see e.g. van Gool & Piazolo 2006, this volume, fig. 1).
The project had two immediate purposes, namely to es-
tablish an overview of the mineral resource potential of
supracrustal rocks inthe region between 66°and 70°15°N,
and produce four new geological sheets in the Survey’s
1:100 000 map series.

The first collection of papers about the Nagssugtogid-
ian orogen, published by the Geological Survey of Green-
land (GGU, now part of GEUS), dates back to 1979
(Korstgard 1979). The investigations in this period were
mainly based on field descriptions and structural analysis
of coastal areas in the southern and central parts of the
orogen, combined with limited petrographical, palaeomag-
netic and geochronological studies; the results also com-
prised the first 1:100 000 geological map from within the
Nagssugtogidian orogen (Olesen 1984). The Proterozoic
age of the orogen had been established, but it was be-
lieved that most, if not all of the quartzofeldspathic base-
ment gneisses were of Archaean origin.

Subsequent work in the Nagssugtogidian orogen by
GGU in the 1980s showed that besides Archaean ortho-
gneisses and supracrustal rocks, the central part of the oro-
gen also comprises the root zone of a Palaeoproterozoic
magmatic arc and associated panels of Palaeoproterozoic
volcanic and metasedimentary rocks (Kalsheek et al. 1987).
These results were confirmed during further investigations
by the Danish Lithosphere Centre (DLC) in 1994-1999,
and the plate-tectonic collisional history of the southern
and central Nagssugtogidian orogen was described in de-
tail (van Gool et al. 2002). However, these studies added
little to previous knowledge of the northern parts of the
orogen in the Kangaatsiag—Aasiaat—Qasigiannguit region,
knowledge that was largely based on coastal reconnais-

sance by Henderson (1969) at the time when the entire
orogen was still believed to consist of Archaean rocks.

Another project preceding the present work was car-
ried out by GGU in 1988-1991 immediately north of
the Nagssugtogidian orogen, in the southernmost part of
the likewise Palaeoproterozoic Rinkian fold belt (Disko
Bugt project, Kalsbeek 1999). It was shown that also the
latter region comprises Palaeoproterozoic (meta)sedimen-
tary rocks, and that most of the Archaean basement is
strongly overprinted by Palaeoproterozoic structures that
were formed during overall W- or NW-directed lateral
tectonic transport. Although these structures might be
related to similar structures in the Nagssugtogidian oro-
gen, the relationship between the Nagssugtogidian oro-
gen and the Rinkian fold belt remained speculative.

The only previous economic geological study of regional
extent in central West Greenland was an airborne recon-
naissance study supplemented by local field work, which
was carried out in the early 1960s by Kryolitselskabet
@resund A/S. This work resulted in the discovery of a
massive sulphide deposit at Naternaq (Lersletten), which
was studied again in some detail in 2001 by the Survey
(Dstergaard et al. 2002) but not reported on in the present
volume.

The present volume comprises 12 papers with topics
ranging geochronologically from mid-Archaean to Palaeo-
gene, and geographically from the southern Nagssugto-
gidian foreland to the central part of the Rinkian fold
belt. Many of the papers deal with the northern part of
the Nagssugtogidian orogen and are related to the recent
field work in that region, while a few contributions are
rooted in DLC- or other projects. The papers have been
arranged in approximate chronological order and are
grouped in terms of their main subjects.

The two first papers, by Hollis et al. and Moyen &
Watt, deal with Archaean supra- and infracrustal rocks in
the northern Nagssugtogidian orogen: their origin, ages,
and structural and metamorphic evolution. These papers
provide insight into the age and origin of the continental
crustal orthogneisses and granites that underlie most of
the region, and discuss the relationships between the su-
pracrustal and plutonic components, using zircon U-Pb
age determinations and major and trace element geoche-
mical characteristics. Also the question of Palaeoprotero-
zoic tectonic overprint is discussed, with the conclusion
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from both study areas that most of the observed struc-
tures are Archaean.

The third paper with focus on Archaean geology, by
Stendal et al., describes a small gold prospect at Attu like-
wise in the northern Nagssugtogidian orogen, and dis-
cusses the age of the prospect and its host rocks using Pb-
Pb geochronology of magnetite. It is concluded that the
host rocks at Attu may be as old as 3162 + 43 Ma, and
that the gold prospect itself is around 2650 Ma in age.

The fourth paper, by Mayborn & Lesher, is a thorough
review of the Kangamiut dyke swarm in the southern
Nagssugtogidian orogen and its foreland. It includes new
whole-rock and mineral chemical data, and a list of sam-
pling sites and corresponding field data. The emplacement
mechanism and depth of the dyke swarm are discussed in
detail, and it is concluded that the dykes were emplaced
during the initial rifting prior to the Nagssugtogidian col-
lision and that they are unrelated to subduction processes
(contrary to the belief by some previous authors).

The next three papers provide geochronological con-
straints on the ages of supra- and infracrustal rocks and
the deformation and metamorphism in the northern
Nagssugtogidian orogen, and on late orogenic uplift in
the central Rinkian fold belt. In the first of these papers
Thrane & Connelly employ zircon U-Pb age determina-
tions (mainly using the laser ICP-MS method), and for
the first time provide unequivocal documentation that the
Naternaqg supracrustal belt is of Palacoproterozoic age.
Other zircon age data from a synkinematic granite south-
east of Kangaatsiaq show that the large fold structures in
this region are of Archaean age. The subsequent paper by
Stendal et al. presents Pb-Pb ages and isotopic signatures
of magnetite in amphibolites; the obtained ages are young-
er than 1800 Ma and are related to cooling of the orogen.
Stepwise leaching Pb-Pb ages of monazite and allanite in
pegmatites fall in the range of 1750-1800 Ma, and are
interpreted to date the emplacement of these rocks. The
third paper in this group, by Sidgren et al., deals with new
“OAr/*Ar ages of around 1790 Ma (hornblende) and 1680
Ma (muscovite) from Archaean and Palaeoproterozoic
rocks in the central Rinkian fold belt, which are inter-
preted as orogenic cooling ages. The hornblende ages are
significantly older than such hornblende ages previously
obtained from the central and northern Nagssugtogidian
orogen, pointing to different uplift histories in the two
regions. This may in turn suggest that the Rinkian conti-
nental collision preceded thatin the Nagssugtogidian oro-
gen.

Four of the remaining five papers deal with the Nagssug-
togidian structural evolution. In the first of these, van
Gool & Piazolo present a new method of structural anal-

ysis, where a geographical information system (GIS) is
used as a framework for visualisation and analysis of large
amounts of structural data. The paper graphically presents
an overview of thousands of data points within an area of
approximately 160 x 180 km in the central and northern
parts of the Nagssugtogidian orogen. This interesting da-
ta set points directly towards the two next papers, where
crustal-scale structures in the same region and their ori-
gin are discussed: Sgrensen et al. address the prominent
Nordre Stramfjord shear zone just south of this block,
and describes the structural and metasomatic transition
into the shear zone by means of aeromagnetic and litho-
logical map patterns and geochemical data. Another pa-
per, by Mazur et al., addresses a prominent break in the
structural pattern within the Kangaatsiag—Aasiaat area,
where the southern part acted as a rigid block during the
Nagssugtogidian orogeny and thus preserved its Archae-
an structure. The fourth paper in this group, by Korst-
gard et al., combines rock and aeromagnetic data to dis-
cuss the relationship between structure, metamorphic
facies and total magnetic field intensity anomalies in the
southern Nagssugtogidian orogen. The authors show that
static metamorphic boundaries are gradual, whereas
boundaries along deformation zones are abrupt.

The last paper, by Wilson et al., is a novel remote sens-
ing and field geological analysis of onshore brittle struc-
tures related to the complex Ungava fault zone in the Davis
Strait, which developed during the Cretaceous—Palaeogene
opening of the Labrador Sea — Davis Strait — Baffin Bay
seaway. The study area is located in the central Nagssug-
togidian orogen, and the authors carefully establish a dis-
tinction between old Nagssugtogidian and younger struc-
tures in the basement rocks and identify five main sets of
young lineaments. They conclude that the onshore fault
patterns are predominantly of strike-slip nature, and that
they reflect the stress fields that governed the opening of
the seaway.
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Evolution of Neoarchaean supracrustal belts at the
northern margin of the North Atlantic Craton,West
Greenland

Julie A. Hollis, Marie Keiding, Bo Mgller Stensgaard, Jeroen A.M. van Gool and Adam A. Garde

The Archaean North Atlantic Craton of West Greenland collided at ¢. 1.9 Ga with a lesser-known
Archaean craton to the north, to form the Nagssugtogidian orogen. The Palagoproterozoic metamor-
phic grade and strain intensity decrease northward through the orogen, allowing investigation of the
reworked Archaean components in its northern part. Two Archaean supracrustal belts in this region —
the Ikamiut and Kangilinaaq belts — are investigated here using field mapping, aeromagnetic data,
zircon geochronology, and geochemistry. Both belts comprise quartzo-feldspathic and pelitic meta-
sedimentary rocks, amphibolite, and minor calc-silicate rocks, anorthosite and ultramafic rocks. Pb-
Pb and U-Pb dating of detrital zircons and host orthogneisses suggest deposition at ¢. 2800 Ma (Kan-
gilinaaq belt) and after 2740 Ma (Ikamiut belt); both belts have zircons with Neoarchaean metamor-
phic rims. Metasedimentary rocks and orthogneisses at Ikamiut share similar steep REE signatures
with strong LREE enrichment, consistent with local derivation of the sediment and deposition direct-
ly onto or proximal to the regional orthogneiss precursors. Zircon age data from Kangilinaag indicate
both local and distal sources for the sediment there. Geochemical data for Kangilinaag amphibolites
indicate bimodal, mixed felsic—-mafic source rocks with island-arc basaltic affinities, consistent with a
shelf or arc setting. Both belts experienced a similar tectono-metamorphic history involving Neoar-
chaean amphibolite facies peak metamorphism at ¢. 2740-2700 Ma, possibly due to continued emplace-
ment of tonalitic and granodioritic magmas. Nagssugtogidian lower amphibolite facies metamor-
phism at ¢. 1850 Ma was associated with development of the large-scale F, folds and shear zones that
control the present outcrop pattern. The observed differences in the sources of the Kangilinaag and
Ikamiut belts and their shared post-Archaean history suggest they were formed in different Neoar-
chaean environments proximal to and on a continental plate, and were amalgamated in a convergent
margin setting shortly after their deposition.

Keywords: North Atlantic Craton, northern Nagssugtogidian orogen, LA-ICP-MS, SIMS, zircon
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Fig. 1. Geological map of the Nagssugtogidian orogen, West Greenland, from van Gool et al. (2002b). Frames show locations of Figs 2 and 3.
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The Palaeoproterozoic Nagssugtogidian orogen, central
West Greenland, comprises Archaean and less abundant
Proterozoic orthogneiss and metasedimentary rocks de-
formed and metamorphosed at ¢. 1850 Ma during colli-
sion of the North Atlantic Craton with a lesser-known,
likewise Archaean craton to the north (Kalsbeek et al.
1987; Taylor & Kalsbeek 1990; Kalsbeek & Nutman
1996; Connelly et al. 2000; van Gool et al. 2002a). The
orogen extends from Sgndre Strgmfjord in the south,
northward to Disko Bugt and possibly farther into the
largely contemporaneous Rinkian fold belt (Fig. 1). The
metamorphic grade associated with orogenesis decreases
from granulite facies in the collisional core (the central
Nagssugtogidian orogen) to amphibolite facies in the
southern foreland and the northern part of the orogen.
Also the penetrative Palaeoproterozoic deformation dimin-
ishes toward the north in the northern Nagssugtogidian
orogen (NNO), and heterogeneous strain distribution may
have been important in the preservation of pre-Nagssug-
togidian, i.e. Archaean structural fabrics and metamor-
phic assemblages and textures (van Gool et al. 20023;
Garde et al. 2004; Hollis et al. 2004; Piazolo et al. 2004;
Mazur et al. 2006, this volume). As a consequence of the
northward decrease in the Palaeoproterozoic thermal over-
print and deformation, the NNO provides an opportunity
for investigation of the pre-Nagssugtogidian history of its
Archaean components. In particular, its supracrustal belts
can provide valuable information on the tectonic
environment(s) of their formation, their relationship to
the plate-tectonic configuration, and whether different
parts of the craton experienced the same or different Ar-
chaean histories.

Here we investigate two supracrustal belts within the
NNO - the kilometre-wide Ikamiut and Kangilinaaq belts
—that crop out on the western and eastern sides of Sydost-
bugten in southern Disko Bugt (Fig. 1). Parts of the NNO
were mapped by the Geological Survey of Greenland in
the 1960s for its 1:500 000 scale geological map series
(Noe-Nygaard & Ramberg 1961; Henderson 1969) and
also by the Geological Survey of Denmark and Greenland
(GEUS) in 2000-2003 for the 1:100 000 scale geological
map series (see below). Henderson (1969) identified a
complex map-scale fold structure that dominates the Ika-
miut peninsula and adjacent inland areas in the western
Sydostbugten region, and also outlined many of the dom-
inant lithologies and large structural elements in the Kan-
gilinaaq region.

In this paper we present geological, geochemical, geo-
chronological and geophysical data from work carried out
in the period 2000-2003 by GEUS mapping teams for
the Kangersuneq and Ikamiut 1:100 000 scale geological

map sheets (van Gool 2005; Garde in press); part of this
work is reported in more detail in Keiding (2004). Aero-
magnetic data for the Sydostbugten region are correlated
with major lithological and structural elements. Geochem-
ical data from amphibolites in the Kangilinaaq region
interpreted as deformed and metamorphosed basaltic vol-
canic rocks, and interlayered pelitic rocks, are used to de-
terminethelikely depositionalenvironment. Zircon Pb-Pb
and U-Pb geochronology on granodioritic orthogneisses
and a metasedimentary rock from the Ikamiut region is
compared with existing data from the Ikamiut and Kan-
gilinaagregions. Finally, theimplicationsfor regional Neoar-
chaean tectonics are discussed.

Ikamiut belt and host rocks west of
Sydostbugten

The lkamiut belt is a deformed, kilometre-thick sequence
of biotite schists, with less abundant siliceous and pelitic
rocks, amphibolite and minor ultramafic rocks. The belt
forms a ten kilometre-scale antiform in the north-west-
ern part of Sydostbugten (Fig. 2A). It is everywhere in
contact with ¢. 2830-2760 Ma old, tonalitic to granodi-
oritic orthogneiss (Pb-Pb whole rock, Kalsbeek et al. 1987;
U-Pb zircon, Connelly & Mengel 2000 and this study),
which dominates the region. The original nature of the
contacts between the supracrustal belt and the regional
orthogneiss is obscured by later ductile deformation (see
also Qstergaard et al. 2002). Rb-Sr data for 12 metasedi-
mentary samples from this belt, near Ikamiut, gave an
age of c. 1880 Ma for closure of the Rb-Sr system and a
very high initial 8Sr-8Sr ratio of ¢. 0.712, suggesting that
these rocks were deposited at around 2.8 Ga and isotopi-
cally strongly reset during Nagssugtogidian metamorphism
(Kalsbeek & Taylor 1999).

Structure

The structural pattern is dominated by kilometre-scale,
closed, upright F, folds folding an S, foliation and associ-
ated with a moderate to intense, ENE-striking S, folia-
tion (Fig. 2A). Preservation of S, fabrics is found in areas
of low D, strain, typically within the cores of large F, folds.
Outcrop-scale, parasitic F, folds associated with weak to
moderately developed mineral lineations (L,) plunge at
shallow angles to the WSW. In the eastern lkamiut re-
gion, L, lineations are shallow and, in some cases, plunge
to the east. Some F, folds may be doubly plunging and/or
refolded, consistent with localised outcrop-scale refolded
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Fig. 2. Preliminary geological interpretation maps on (a) the Ikamiut region and (b) the Kangilinaaq peninsula, showing representative structural
data, sample numbers and localities. For regional location see frames in Fig. 1.
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folds. The kilometre-scale, upright F, folds are probably
parasitic on the major antiformal structure that domi-
nates the outcrop pattern. Ten to hundred metre-scale,
shallowly W-plunging F, folds of flat-lying S, foliation are
abundant in the tonalitic to granodioritic orthogneiss in-
land at the head of Nivaap Paa (Fig. 2A). These folds are
difficult to trace for long distances along strike. The in-
land outcrop is relatively poor, and available outcrop sug-
gests that some of the folds die out towards the west, ap-
parently because of homogeneity and lack of ductility con-
trast within the orthogneiss.

Lithologies, mineral assemblages and fabrics

The tonalitic to granodioritic orthogneiss is a composi-
tionally layered, medium-grained, pale pink and grey rock
dominantly comprising plagioclase and quartz, with less-
er K-feldspar and disseminated biotite. A medium- to
coarse-grained gneissic layering (S,) is discontinuous on a
scale of metres to tens of metres and commonly displays
intrafolial isoclinal folds. The orthogneiss typically also
holds a moderate, ENE-striking S, foliation that is a par-
tially to completely transposed S, fabric, and a weakly to
moderately developed, shallow W-plunging L, mineral
lineation. Medium- to coarse-grained, centimetre-scale gra-
nitic veins indicate variable D, strain: they form a layer-
ing that is typically transposed into S,, but in some cases
they are slightly discordant.

The supracrustal sequence isdominated by biotiteschists
to gneissic rocks that typically comprise plagioclase, quartz,
biotite, and rarely garnet. Interlayered with these rocks
occur local, more mica-rich and aluminous layers up to
20 m thick, which commonly display a schistose S, fab-
ric. These rocks typically comprise biotite, plagioclase,
quartz, muscovite, sillimanite, and garnet, with accessory
tourmaline. Locally, in the most micaceous parts, a D,
crenulation of S, biotite, plagioclase and quartz + silli-
manite is developed, with axial planes parallel to the dom-
inant regional S, gneissosity of the tonalitic—granodiorit-
ic orthogneiss host, and fine-grained biotite and musco-
vite along the crenulations. Aggregates of fine-grained sil-
limanite and biotite in biotite-rich schists form blocky,
centimetre-scale patches interpreted as pseudomorphs af-
ter andalusite. This suggests that the S fabrics and assem-
blages were formed at low-pressure (< 3.85 kbar), lower
amphibolite facies metamorphic conditions, followed by
increasing temperature (and possibly also pressure) into
sillimanite-grade conditions.

A distinct unit of siliceous paragneiss, locally garnet-
bearing, is also volumetrically important. It is distinguished

from the biotite schist/gneiss by its more quartz-rich and
mica-poor composition. It is often difficult to distinguish
this lithology from the tonalitic to granodioritic ortho-
gneiss, particularly in inland areas where outcrop is poor.

Amphibolite layers, which are 10-50 m thick and late-
rally discontinuous on a kilometre-scale, are associated with
the metasedimentary sequence. They commonly occur at
or near boundaries between the metasedimentary rocks
and orthogneiss. The amphibolites are medium grained
and comprise hornblende withlesser plagioclaseand quartz,
and locally clinopyroxenezgarnet. In some cases they show
distinct mafic—felsic layering, and they commonly con-
tain thin (0.5-5 cm), discontinuous felsic layers.

A few isolated occurrences of intensely deformed anor-
thosite occur at tectonised boundaries between the tonal-
itic to granodioritic orthogneiss and metasedimentary
rocks. The largest occurrence is in the northern island
group of Nivaap Paa (Fig. 2A). The anorthositic rock is
coarse grained and ‘zebra-striped’, and consists of horn-
blende and calcic plagioclase with a variably developed
foliation and an intense linear fabric. The mafic parts are
commonly boudinaged within the more felsic component.

An extensive body of medium- to coarse-grained gran-
ite is located within the hinge zone of the large antiformal
structure along the southern coast of Nivaap Paa. The
granite is porphyritic and white to red in colour, and holds
aweak gneissose fabric. Its northern contact with the regio-
nal orthogneiss is tectonised and possibly tectonically re-
peated. The relatively undeformed nature of the granite
suggests it intruded into the orthogneiss after formation
of the regional gneissose fabric (S,). The granite contains
thin lenses and layers of medium-grained amphibolite, and
is bounded to the south by a layer of amphibolite 50-400
m thick, the outcrop of which defines a tight synformal
fold closure (Fig. 2A).

Kangilinaaq belt and host orthogneiss
east of Sydostbugten

The Kangilinaaq peninsula (Fig. 2B) is dominated by a
kilometre-scale synformal structure comprising a series of
NE-trending, upright, isoclinal F  and F, folds that re-
peat a thick supracrustal sequence. The most common
lithologies are quartzo-feldspathic and pelitic metasedi-
mentary rocks, with lesser amphibolite and subordinate
marble and calc-silicate rocks. An equivalent supracrustal
sequence is found south of Kangersuneq fjord, on the
southern limb of an antiformal fold running through the
fjord. A lithologically distinct unit of amphibolite and
associated metasedimentary rocks runs through the town
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of Qasigiannguit in the west of the peninsula. For ease of
reference this unit is named the Qasigiannguit amphibo-
lite in the following. It is separated from the main supra-
crustal sequence by 200-500 m of high-strain Archaean
orthogneiss. The significance of this high-strain zone in
terms of the original supracrustal stratigraphy is uncer-
tain, and thus the Qasigiannguit amphibolite may or may
not be part of an originally continuous supracrustal series
on the Kangilinaag peninsula. For descriptive reasons the
two supracrustal sequences are collectively termed the
Kangilinaag belt in the following.

Pelitic rocks from the main supracrustal sequence con-
tain Archaean detrital zircon populations in the range
2820-2760 Ma, with a minimum depositional age con-
strained by an intrusive two-mica granite at 2723+ 15
Ma (Thrane & Connelly 2006, this volume). Metamor-
phic zircon growth occurred at 1920-1820 Ma in various
rocks (Keiding 2004; Thrane & Connelly 2006, this vol-
ume). Age data are addressed in more detail in the discus-
sion.

Structure

The structural pattern is dominated by large, tight to iso-
clinal folds. Especially along the south-eastern side of the
peninsula, the quartzo-feldspathic and pelitic rocks are
intensely folded into upright folds on scales from decime-
tres to tens of metres with shallowly NE-plunging fold
axes. Older, isoclinal, often intrafolial folds indicate that
the upright folds are at least second-generation (F,). A
shear zone containing mylonitic orthogneiss bounds the
supracrustal rocks to the south-east. It can be traced from
the south-western part of the peninsula to half-way up
Kangersuneq fjord, where it meets the water (Fig. 2B).
Kinematic indicators and a lineation suggesting sinistral/
top to the west movement are poorly developed in the
shear zone. The continuation of the shear zone may be
found in a poorly developed, but continuous SE-trending
shear zone south of Kangersuneq fjord, marked by a sliver
of metasedimentary rocks. North-west of the supracru-
stal sequence, no similar shear zone was found, although
some smaller zones of high strain were recognised.

Lithologies, mineral assemblages and fabrics

The predominant regional lithologies are layered, grey
tonalitic to granodioritic orthogneisses interleaved with
supracrustal rocks. The orthogneisses contain variable pro-
portions of plagioclase, quartz and biotite, with minor K-
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feldspar and hornblende. Compositional layering of or-
thogneiss with thin amphibolite layers interpreted as highly
attenuated enclaves, give the rocks a layered appearance.
The orthogneisses are intersected by concordant to slight-
ly discordant, medium- to coarse-grained, centimetre- to
half metre-scale granitic veins interpreted as derived from
local melts. The orthogneisses show intrusive contacts in-
to part of the supracrustal sequence (see below), although
it is not certain that this relationship applies to all of the
supracrustal rocks on the peninsula. The gneissic fabric of
orthogneiss in the core of the peninsula is locally disturbed
by pods and sweats of partial melt, which can contain
millimetre-sized garnets. Garnet formation in the orthog-
neiss is restricted to the core of the peninsula, a region of
abundant metasedimentary rocks. The garnet formation
may be the product of contamination during partial melt-
ing of the metasedimentary rocks, either during intrusion
of the precursors to the orthogneiss, or during metamor-
phism.

Variably deformed quartz diorite occurs in two locali-
ties. Typically it has tectonised contacts with the supra-
crustal rocks, but east of Qasigiannguit it has intrusive
contacts to the latter and has yielded a U-Pb zircon em-
placement age of 2801+34 Ma (Thrane & Connelly 2006,
this volume).

The main supracrustal sequence is dominated by me-
dium-grained, quartzo-feldspathic metasedimentary rocks
that commonly contain garnet. Where garnet is absent in
these rocks, they are difficult to distinguish from the ortho-
gneisses. The quartzo-feldspathic paragneiss alternates on
metre- to 100 metre-scale with pelitic rocks, amphibolite
and rare calc-silicate rocks. The pelitic rock comprises
quartz, plagioclase, biotite, garnet, and sillimanite. Local-
ly, it has a large component of granitic partial melt, com-
monly occurring in boudinaged lenses, indicative of up-
per amphibolite facies metamorphic conditions. Amphi-
bolites are commonly dark and subtly layered, fine to
medium grained and few metres to 50 m wide. Remnants
of deformed pillows are locally present. In the eastern part
of the sequence isolated lenses of metamorphosed ultra-
mafic rocks occur in a few locations, commonly within
amphibolites. They comprise predominantly amphibole
and orthopyroxene, with or without clinopyroxene, oli-
vine, phlogopite, and serpentinite. Minor calc-silicate rocks
are layered, with variable grain size, and comprise calcite,
phlogopite, quartz, tremolite and locally actinolite. Pelit-
ic rocks in this sequence are commonly coarse grained
and comprise quartz, biotite, garnet, plagioclase, and silli-
manite. Large lumps of fibrous sillimanite (up to 3cm in
diameter) are likely pseudomorphs after andalusite. Rare
pseudomorphs of sillimanite after kyanite were also found.



This may indicate variability in pressure conditions in the
Kangilinaaq belt or prograde Barrovian-style metamor-
phism. Quartzo-feldspathic metasedimentary rocks in the
central/northern part of the synform are coarse grained,
heterogeneous, and rarely garnet-bearing.

The Qasigiannguit sequence comprises mafic and fel-
sic metavolcanic rocks intercalated with clastic sequences
and isolated layers and lenses of strongly deformed, zebra-
striped anorthosite. The sequence is ¢. 700 m wide, trends
SW-NE, and is well exposed on the islands south-west of
Qasigiannguit. The rocks are isoclinally folded with an
intrafolially folded gneissic fabric. As mentioned above it
is separated from the predominantly clastic sequence of
Kangilinaaq by 200-500 m of high-strain Archaean ortho-
gneiss (Fig. 2B; see also below). In contrast with the main
supracrustal belt, the metamorphic grade is lower amphi-
bolite facies. The fine- to medium-grained, layered amphi-
bolite contains hornblende and plagioclase, and minor
clinopyroxene, epidote, biotite, quartz, and possibly also
chlorite. Only along Laksebugt is the amphibolite locally
garnet-bearing. Felsic layers can be up to several metres
wide and contain predominantly plagioclase and quartz,
with minor amphibole, white mica and titanite. Pelitic
and semipelitic layers up to 50 m wide occur mainly on
the islands south-west of Qasigiannguit. These layers are
generally schistose and contain predominantly quartz,
plagioclase, biotite and minor garnet, while sillimanite and
muscovite are rare. In exposures 25 km north-east of Qasi-
giannguit, an outcrop of kyanite-bearing pelite shows no
indications of replacement by sillimanite. This is the only
known occurrence in the north-eastern part of the Nags-
sugtogidian orogen of stable kyanite, although this min-
eral has also been described from Archaean supracrustal
rocks within the southern part of the Rinkian fold belt
(Garde & Steenfelt 1999). Fine-grained, dark grey biotite-
rich schist/gneiss forms layers 50-80 m wide that grade
locally intolayered amphibolites. Homogeneous, medium-
grained, greyish green, quartzo-feldspathic gneisses form
layers up to 30 m wide that are generally platy and con-
tain quartz, plagioclase, white mica, and amphibole. Their
origin is uncertain. Their occurrence in a layered supra-
crustal sequence, without obvious intrusive contacts, could
indicate that these rocks are also of supracrustal origin,
but similar rocks in the main Kangilinaaq sequence grade
into low-strain megacrystic granodiorite to quartz dior-
ite. The contacts between the Qasigiannguit amphibolite
and the regional Archaean orthogneiss are always tecton-
ised, and their original contact relationships are uncer-
tain. However, lenses of amphibolite, and locally also anor-
thosite, occur abundantly asinclusions in the regional Ar-
chaean orthogneiss close to its contacts with the supra-

crustal sequence. These lenses are unlikely to be tectonic
because they occur in an irregular pattern, not along zones
of high strain. It is more likely that they are xenoliths,
suggesting that the orthogneiss precursors intruded into
the supracrustal sequence.

Aeromagnetic characteristics

Aeromagnetic data covering the Ikamiut and Kangilinaag
regions (Thorning 1993) allow us to image geological fea-
tures in terms of magnetic responses, also in areas covered
by lakes, sea and overburden. A spacing of flight lines of 1
km and a survey altitude of 500 m control the resolution
of the aeromagnetic data. In order to enhance the anomaly
patterns from shallow-seated geological features, a sepa-
ration filter has been applied (Jacobsen 1987). The filter
enhances magnetic anomalies caused by geological fea-
tures within a specific depth interval in the crust. The
rationale of the filter is that the upward continuation of a
potential field to a selected height represents the field from
sources in the crust below half the selected height. The
difference, or residual, between fields at two different
heights can then be viewed as representing the field from
sources within the corresponding depth interval in the
crust. Thus, a total magnetic field that has been contin-
ued upward to a height of 2 km represents sources in the
crust below 1 km. Likewise, the field observed at 500 m
represents sources below 250 m. Consequently, the resid-
ual obtained from these two fields by subtraction repre-
sents an enhanced image of the anomaly pattern of geo-
logical features in the depth interval 250 m — 1 km. The
resulting ‘subsurface’ total magnetic field for the Ikamiut—
Kangilinaag region is shown in Figs 3-5. In view of the
fundamental ambiguity and complexity of the magnetic
field separation, the filtering should only be used as a tool
for detection of anomalies and discrimination of patterns,
and qualitative interpretations should be supported by
other types of geological data.

Aeromagnetic patterns in the lkamiut region

The supracrustal rocks in the Ikamiut region appear as
intermediate to low magnetic anomalies in the separation-
filtered total magnetic field intensity map (-1 to -30 nT,
A in Fig. 4). The orthogneisses are expressed as slightly
higher magnetic anomalies (5-20 nT, B and C in Fig. 4),
although these show considerable variability that may be
a consequence of differing contributions from other sub-
surface lithologies. From the aeromagnetic anomalies it is
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Fig. 3. Total magnetic field intensity for the Ikamiut and Kangilinaaq regions. The labels H, O, P and Q are referred to in the main text. A
shadowing effect from NW (315°N) with an inclination of 45° has been applied. The areas of Figs 4 and 5 are outlined by white frames.

T

- 68°30' —
lkamiut g

C:P‘-.—qb =5 o

Fig. 4. The separation-filtered total magnetic field intensity in the interval from 0.250 m — 1 km for the Ikamiut area. Shadowing effect as in Fig.
3. The labels A-I are referred to in the main text.
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Fig. 5. The separation-filtered total magnetic field intensity in the interval from 0.250 m — 1 km for the Kangilinaaq area. Shadowing effect as in

Fig. 3. The labels J-N are referred to in the main text.

possible to recognise folding of the orthogneiss (e.g. east
of C, Fig. 4), which correlates closely with the geological
mapping (Fig. 2A). Similarly, a strong magnetic low visi-
ble between B and D (Fig. 4) defines a refolded fold struc-
ture in pelitic gneiss identified during mapping. Exposed
granitic rocks are visible as high positive anomalies (D,
Fig. 4). Similar anomalies are visible beneath the sea north
and east of Ikamiut and beneath the bay of Nivaap Paa
(E, Fand G, Fig. 4). The orthogneiss north of Nivaap Paa
(1, Fig. 4) shows slightly lower magnetic anomalies than
the orthogneisses to the south.

Aeromagnetic patterns in the Kangilinaaq
region

The supracrustal belt on the Kangilinaag peninsula ap-
pears as a distinct, rather homogeneous, low negative

magnetic anomaly (35 to =300 nT, Fig. 5), possibly re-
flecting the dominance of quartzo-feldspathic rocks with
low magnetite contents. Small positive, short-wavelength,
ovoid anomalies within the supracrustal rocks reflect small
ultramafic bodies (J's, Fig. 5, too small to appear on the
map of Fig. 2B). The biotite-bearing orthogneiss south of
the supracrustal belt shows a positive magnetic anomaly
(0-55 nT, K in Fig. 5). The change is rather abrupt and
correlates with the ENE-trending mylonitic shear zone
along the south-eastern margin of the supracrustal rocks
close to the coast of the peninsula (see also Fig. 2B). The
north-western boundary of the supracrustal belt on the
opposite side of the peninsula, where supracrustal rocks
and orthogneiss are interleaved, is less well defined. Far-
ther north in the vicinity of Qasigiannguit, an abrupt
change to a high positive magnetic anomaly field to the
north-west corresponds with the northern contact of the
amphibolite sequence against the orthogneiss (L in Fig.
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5). The positivemagneticanomalies withinthe orthogneiss
domains immediately north and south of the Kangilinaaq
peninsula (M and N in Fig. 5) are much stronger than
found within the orthogneiss in the north-eastern region
of Fig. 5 (e.g. at 68°55’N, 50°45"W). Based on similar
strong positive anomalies associated with granitic rocks
in the Ikamiut area (Fig. 4) and the porphyritic granite
on the south-western tip of the Kangilinaag peninsula (Fig.
5), the former anomalies may correspond to large deep-
seated granitic intrusives. Likewise, the large magnetic high
at eastern Sydostbugten may represent granitic intrusive
rocks hidden 1-2 km below the present surface (H’s, Fig.
3; Thorning 1993; Nielsen & Rasmussen 2004).

Geochronology

Zircon separates from three samples from the lkamiut
region were analysed to determine (1) the age of emplace-
ment of the regional tonalitic to granodioritic orthogneiss,
(2) the age distribution, provenance and minimum age of
deposition of the sedimentary precursor to the lkamiut
metasedimentary rocks, and (3) the timing of metamor-
phism. Samples of two granodioritic orthogneisses and a
quartzo-feldspathic metasedimentary rock were analysed,

see below. Sample descriptions of these and other rocks
are given in Table 1, and the age data are presented in
Tables 2—-3 and Figs 6—7. All age data in the text are quot-
ed with 2c absolute uncertainty.

Methodology

Samples were crushed and sieved to < 400 um. The frac-
tion < 45 pm was removed via washing and sieving and
the remaining sample panned in water to concentrate the
heavy fraction. The heavy, nonmagnetic fraction was sep-
arated using heavy liquids (3.30 gcm=) and a Frantz mag-
netic separator. Zircons were hand-picked and mounted
in epoxy resin. For secondary ion mass spectrometry
(SIMS) analysis, grains were mounted together with 1065
Ma zircons from reference sample 91500, Ontario, Can-
ada (Wiedenbeck et al. 1995). For laser inductively-cou-
pled plasma mass spectrometry (LA-1CP-MS) analysis no
zircon standard was used. The mounted samples were
ground to expose the mid-sections of the zircons and pol-
ished. The polished samples were examined using back-
scattered electron (BSE) imaging on a Philips XL 40 scan-
ning electron microscope at GEUS, operating at 20kV
and a working distance of 10 mm. Backscattered electron

Table 1. Sample descriptions

Sample Region Rock type Paragenesis
Amphibolite
467403 Kangilinaag Fine-grained, layered amphibolite 3
467405 Kangilinaaq Fine-grained, layered amphibolite
467413 Kangilinaag Fine-grained, layered amphibolite
467426 Kangilinaaq Fine-grained, layered amphibolite
467436 Kangilinaag Fine-grained, layered amphibolite > hbl-pl + cpx + grt, accessory Fe-Ti oxides
467440 Kangilinaaq Fine-grained, layered amphibolite
467444 Kangilinaaq Fine-grained, layered amphibolite
467445 Kangilinaaq Fine-grained, layered amphibolite
467446 Kangilinaaq Fine-grained, layered amphibolite J
Orthogneiss
440938 Ikamiut Medium-grained granodioritic orthogneiss  pl-qtz-ksp-bi
467526 Ikamiut Medium-grained granodioritic orthogneiss  pl-qtz-ksp-bi
467401 Kangilinaag Medium-grained tonalitic orthogneiss pl-qtz-bi
Metasedimentary rocks
440910 Ikamiut Quartzo-feldspathic gneiss pl-qtz-grt-bi, minor sill-ksp
440931 Ikamiut Quartzo-feldspathic gneiss pl-gtz-bi, minor ksp-mag. Bi partly replaced by chl
467503 Ikamiut Quartzo-feldspathic gneiss pl-gtz-bi, minor ksp-mag-mu
467404 Kangilinaaq Garnet-bearing schist qtz-pl-bi-sill-grt. Bi partly replaced by sill
467408 Kangilinaag Cummingtonite gneiss qtz-pl-bi-cu, minor hbl
467417 Kangilinaaq Biotite-hornblende gneiss qtz-pl-bi-hbl
467420 Kangilinaag Fine-grained schist qtz-pl-bi-ep, accessory al & zn
467423 Kangilinaaq Hornblende gneiss hbl-pl, minor qgtz, bi
467433 Kangilinaag Hornblende gneiss hbl-pl, minor qtz, bi

Mineral abbreviations: al: allanite, bi: biotite, cpx: clinopyroxene, cu: cummingtonite, ep: epidote, grt: garnet, hbl: hornblende, ksp: K-feldspar,
mag: magnetite, mu: muscovite, pl: plagioclase, gtz: quartz, sill: sillimanite, ti: titanite, zn: zircon.
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Table 2. Zircon LA-ICP-MS 207Pp-206ph data

spot 206ph (cps) 297ph/208ph Age (Ma) 26 %

spot 206ph (cps) 207ph/208ph Age (Ma) 26 %

Spot 206ph (cps) 207pb/208ph Age (Ma) 26 %

440938 Granodioritic orthogneiss
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44913
54464
51744
66847
45663
114515
29662
81235
63304
58962
32961
86073
125993
60136
48587
98098
46100
44476
55984
52515
60481
41693
16473
63641
26576
34970
66299
76450
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63523
35435
23531
112296
39902
19592
30652
41961
64028
30243
106313
47863
58886
119357
93017
59542
80384
56425
52868

0.207628
0.206401
0.211202
0.205833
0.239096
0.203027
0.206933
0.200267
0.204663
0.203500
0.211432
0.205326
0.199600
0.185466
0.207014
0.202412
0.198084
0.209520
0.205825
0.204633
0.205708
0.217275
0.210866
0.205836
0.199429
0.210589
0.200725
0.185001
0.196981
0.206532
0.206805
0.185070
0.201119
0.203583
0.205041
0.190093
0.208790
0.195071
0.202403
0.204612
0.195999
0.206406
0.209704
0.203552
0.206121
0.201354
0.209519
0.206130
0.208843
0.190889
0.198658
0.194667

2847
2843
2865
2818
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2813
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2796
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2838
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2878
2836
2835
2838
2967
2905
2847
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2774
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2738
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2773

4.8
6.1
10.9
121
7.3
4.9
8.2
5.6
8.7
7.4
7.4
9.7
4.5
6.1
5.6
8.0
117
6.4
9.9
7.3
7.2
29.6
335
6.9
104
6.9
4.9
55
6.9
4.6
17.7
19.3
5.3
8.1

6.2
4.6

6.2
11.0
6.8
6.1
6.2

74
6.6

4.8
4.8
6.0
6.6
58

91
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54794
86828
86433
41347

0.203058
0.211233
0.207258
0.203007

2825
2895
2863
2830

467526 Granodioritic orthogneiss

5 56698  0.200720
6 33787  0.193076
7 55326  0.195289
8 76699  0.182851
10 31196  0.183045
11 4904  0.204104
13 39648  0.191787
15 40707  0.202256
17 29635 0.217163
18 6853  0.206028
19 9339  0.206467
440910 Metasedimentary rock
1 35535 0.200401
2 31197 0.211066
3 41461  0.193703
4 30241 0.204419
5 25534  0.191383
6 46366  0.198531
7 86549  0.207000
8 48635 0.201767
9 36751  0.209132
10 27744  0.183921
11 43029  0.194263
12 29314  0.172110
13 47160  0.206249
14 49306  0.201659
15 29978  0.198089
17 53134  0.194413
18 27856  0.201215
19 30082  0.205162
20 55684  0.198413
21 147594  0.191303
22 25436  0.210142
23 29257  0.196016
24 20655  0.203877
25 26159  0.201727
26 82319  0.215426
27 112103  0.194672
30 15491  0.200465
31 21709  0.204749
32 14364  0.206770
33 41967  0.201274
34 56320 0.189864
35 23757 0.202176

2804
2748
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2652
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2807
2718
2816
2844
2827
2995

2828
2824
2741
2821
2718
2774
2846
2807
2858
2654
2742
2520
2841
2804
2779
2748
2810
2842
2780
2722
2870
2766
2826
2796
2917
2751
2794
2831
2843
2800
2710
2801

6.2
4.7
44
55

53
6.6
4.8
4.9
6.6
12.9
55
5.0
19.1
14.9
5.7

6.5
10.1
6.1
6.0
5.6
6.1
5.7
53
7.0
9.9
6.7
8.6
59

6.0
54
6.9
5.9
51
53
7.0
7.0

6.6
45
51
7.1
8.0
11.0
6.8
5.6
9.1

36
37
38
39
40
42
43
44
45
46
47
48
50
51
52
53
54
55
56
58
59
62
63
64
65
69
70
71
72
73
74
75
76
77
78
79
80
81
83
84
85
86
87
88
89
90
91
93
95
96
97
98
99

30037
31254
22041
52491
40780
61409
103057
40828
58477
20270
33049
28126
19721
86891
58228
50522
60856
35515
51577
27007
49414
10375
120563
23252
26567
89976
25130
68881
53407
51707
67393
30132
36875
28362
27133
133087
45162
51961
27444
26057
31842
114220
62748
42113
24400
29322
75430
24848
60703
40762
131809
43657
17404

0.201451
0.193787
0.205579
0.162084
0.194811
0.195555
0.171459
0.200096
0.197715
0.206049
0.196133
0.193760
0.207732
0.232092
0.201806
0.190800
0.195334
0.198275
0.196653
0.203361
0.202192
0.207836
0.189864
0.187771
0.202492
0.191213
0.199809
0.206577
0.199076
0.194570
0.179579
0.198104
0.197163
0.198893
0.201214
0.188329
0.206677
0.194173
0.201457
0.208900
0.198490
0.180764
0.189371
0.198204
0.199600
0.208314
0.205029
0.198066
0.191617
0.207364
0.193200
0.197222
0.199360

2808
2730
2827
2504
2741
2747
2534
2744
2764
2843
2748
2738
2845
2997
2799
2710
2736
2772
2758
2811
2798
2855
2717
2722
2801
2728
2796
2861
2805
2755
2625
2773
2802
2790
2812
2702
2856
2749
2807
2868
2789
2635
2717
2782
2793
2861
2835
2773
2717
2850
2737
2778
2767

6.6
7.6
10.1
10.1
5.7
4.9
10.0
7.8
5.3
8.7
6.5
6.3
6.6
116
5.0
5.8
5.6
54
5.9
5.7
5.8
9.5
4.2
7.0
6.5
4.7
6.1
4.6
51
4.9
53
6.6
7.8
5.4
5.7
4.7
44
4.6
5.6
5.4
7.0
55
55
5.2
6.6
53
6.0
6.3
6.7
41
6.3
5.6
19.2
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Table 3. Zircon ion probe (SIMS) U-Th-Pb data

Ages (Ma)
U Th Pb ThiU 207ph 207pp 206ph Discordance %  207Ph
Spot ppm ppm ppm measured £200 % 206py © % 235y o % sy © ’ (conventional)  206pp °
440938 Granodioritic orthogneiss
3 155 94 113 0.607 0.04 0.19819 0.28 145789 1.06 0.53352 1.03 -24 28113 4.6
4 575 274 417 0.502 0.07 0.19781 0.18 14.8262 1.04 054361 1.03 -0.4 28082 29
8 192 24 127 0.117 0.05 0.19575 0.28 145329 1.07 0.53845 1.03 -0.6 27911 46
14 164 23 109 0.140 0.02 0.19767 0.38 147352 1.09 0.54065 1.03 -0.9 2807.1 6.1
20a 206 56 134 0.222 0.09 0.19216 0.30 13.6935 1.07 0.51684 1.03 -33 2760.7 5.0
24 175 37 117 0.170 0.05 0.19891 0.31 147222 1.07 0.53682 1.03 -2.1 28172 50
29 578 153 384 0.217 0.23 0.19498 0.17 142171 1.04 0.52885 1.03 -2.1 27846 28
41 632 35 391 0.054 0.01 0.19138 0.14 13.5355 1.04 0.51295 1.03 -3.8 27541 24
54 273 155 199 0.555 0.09 0.19767 0.29 14.6540 1.07 0.53768 1.03 -15 2807.0 438
66 251 227 191 0.878 0.07 0.19836 0.23 143381 1.05 0.52425 1.03 -4.2 28127 37
72 203 158 150 0.762 0.09 0.19789 0.29 14.2560 1.07 0.52248 1.03 -4.3 28089 4.7
76 157 49 107 0.307 0.02 0.20014 0.33 14.6609 1.09 0.53127 1.04 -35 28274 54
440910 Metasedimentary rock

22 850 51 526 0.057 0.01 0.18523 0.20 13.1609 1.78 0.51532 1.77 -0.9 2700.3 34
29 480 2 308 0.002 0.03 0.18986 0.27 14.0987 1.79 0.53857 1.77 16 27409 4.4
42 609 3 390 0.003 0.05 0.18800 0.22 13.9521 1.78 0.53823 1.77 2.3 27248 3.6
54 554 2 344 0.004 0.01 0.18507 0.22 13.3561 1.78 0.52342 1.77 0.7 2698.8 3.6
58c 106 32 71 0.275 0.23 0.19043 0.43 14.0439 1.82 0.53488 1.77 0.7 27459 7.1
58r 610 2 378 0.003 0.04 0.18916 0.21 13.6001 1.79 0.52146 1.77 -1.3 27348 35
82 1178 7 730 0.004 0.07 0.18473 0.17 13.3129 1.78 0.52267 1.77 0.7 26958 2.9

Errors on ratios and ages are quoted at the 1c level.

c: core; r: rim; f 206 %:The fraction of common 206Pb, estimated from the measured 204Ph,
Discordance %: Degree of discordance of the zircon analysis (at the centre of the error ellipse).

(BSE) images of some of the analysed grains showing sites
of analysis and ages obtained are presented in Fig. 6.

All three samples were analysed at GEUS using a Per-
kinElmer 6100 DRC quadrupole inductively-coupled
plasma mass spectrometer combined with a Cetac LSX
200 laser ablation unit based on a solid-state Nd-YAG
laser, emitting at a wavelength of 266 nm. The laser was
operated at 20 Hz with a spot size of 30 um, producing
pits of ¢. 50 um depth. The masses 2%Ph, 207Ph, 2%6Ph, and
24Py were analysed in line scans run at 1 um per second.
Each analysis comprised 150 time-resolved replicates (du-
ration of total analysis 150 s). In the case of small grains
with diameters < 100 um, only 100 replicates over 100 s
were collected. Ifinconsistenciesinthemeasured ratioswere
identified within the time span of each analysis, such as
spikes relating to inclusions, orsignificant changesin Pb-
Pb ratios indicative of sampling of different age zones,
then the whole analysis was discarded. The analyses were
standardised against NIST 610 glass (Pearce et al. 1997)
to account for instrument drift. The influence of com-
mon Pb cannot be assessed using this method, since 2*Ph
was generally below the detection limit. Also, because U
isotopes could not be measured, the significance of Pb
loss cannot be assessed, and therefore the ages determined
should be regarded as minimum ages. In addition, the age
resolution on any individual analysis was restricted owing
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to relatively low count rates obtained. However, it is a
great advantage of the LA-ICP-MS method that a large
number of analyses can be made within a short time peri-
od, allowing analysis of large numbers of grains in sam-
ples with isotopically simple zircon. The LA-ICP-MS age
data are presented in Table 2 and as histograms coupled
with relative probability curves (Fig. 7).

SIMS analysis of zircon from two samples (440938,
440910) was carried out using a CAMECA IMS 1270
secondary ion mass spectrometer at the NORDSIM labo-
ratory, Swedish Museum of Natural History, Stockholm.
The polished zircon mounts were coated with a ¢. 30 nm
layer of gold. Analytical procedures and common lead
corrections are similar to those described by Whitehouse
et al. (1997). A primary O% ion beam is focussed into a
spot with a diameter of 20 um that sputters material from
the sample to leave a flat-bottomed crater. Positive ions
sputtered from the crater are extracted and mass-separated
into the peaks of interest: ®Zr *O, #4Ph, 2°Ph, 27Ph,
28pp, 28, 22Th*Q, and 28UQ. Calibrations of Pb/U
ratios arebased onthe observed relationship between Pb/U
and UO,/U. Weighted average “"Pb/**Pb ages were cal-
culated using ISOPLOT (Ludwig 2000). SIMS age data
are presented in Table 3 and on Tera-Wasserburg diagrams
in Fig. 7.



Orthogneiss

The two samples of granodioritic orthogneiss selected for
geochronology (440938 and 467526) were collected at
the south coast of Langesund (Fig. 2A). Sample descrip-
tions and chemical composition are presented in Tables 1
and 4. Sample 440938 yielded abundant zircon and con-
tains common thin, transposed granitic layers, whereas
sample 467526 does not contain such granitic leucosome.
The zircons from both samples are 100-600 pm (mostly
€. 200-300 pm) in length and translucent with a hetero-
geneous orange colour. The crystals are euhedral with
slightly rounded terminations and aspect ratios from
1:2.5-1:4, typically c. 1:3. Broad oscillatory zones c. 10—
30 um wide are very common, with rare development of
bright, presumably metamorphic rims (see below). The
zircons are commonly weakly to moderately fractured,
both concentrically and radially, and often show partial
fracture healing within bright oscillatory zones (Fig. 6).

LA-ICP-MS analyses of 57 oscillatory zoned grains from
sample 440938 give a weighted mean age of 2831 + 23
Ma (20, MSWD = 0.36; Table 2; Fig. 7A). Ten SIMS
analyses of cores of oscillatory zoned grains and two of
bright rims reveal more age complexity, with seven of the
cores yielding an important 2820-2810 Ma age compo-
nent (Table 3; Fig. 7B, black data ellipses). Four of these
seven analyses lie slightly off concordia. Another, slightly
older and likewise discordant grain (2827 Ma, blue in Fig.
7B) belongs to the 2831 £ 23 Ma LA-ICP-MS age group.
Many of the analysed grains show slight discordance indi-
cating partial Pb loss, the timing of which is unclear from
the data available. Two bright rims with significantly
younger ages of 2761 + 10 Ma and 2754 + 5 Ma are inter-
preted as metamorphic. This is supported by the very low
Th/U of the latter (0.054), though the former is not anom-
alous in this respect (Th/U = 0.22). The SIMS data are
slightly but significantly younger than the LA-ICP-MS
data for the same sample (but from different analysed
grains), although the 2o error on the LA-ICP-MS age
spectrum encompasses most of the SIMS data. It is diffi-
cult to establish the reason for this, particularly given the
apparent complexity of the zircons (Fig. 7B). It is possible
that a larger proportion of older material has been sam-
pled in the LA-ICP-MS work. It may also be that matrix
effects had some influence in standardising zircon data
against NIST610 glass, though such effects are not gene-
rally regarded as significant.

The few zircons separated from sample 467526 were
analysed via LA-1CP-MS. Eleven analyses of cores display-
ing oscillatory zonation yield a poorly constrained weighted
mean age of 2741 + 53 Ma (26, MSWD = 0.55; Fig. 7C).

440938

440910

Fig. 6. Backscattered electron images of zircons in samples 440938
(orthogneiss) and 440910 (metasediment) analysed via SIMS, show-
ing analysed areas and ages obtained.

It might be considered that the large analytical error for
this sample leaves room for age complexity, possibly in-
volving analysis of both inherited grains and Pb loss (simi-
lar to sample 440938). However, all analyses statistically
belong to the same population, and there are no signifi-
cant differences in internal zircon morphology that might
account for different age groups.

Metasedimentary rocks

Sample 440910 from the Ikamiut belt (Fig. 2A) is a me-
dium-grained, garnet-bearing quartzo-feldspathic, gneis-
sic rock. Colourless, pale yellow and pale pink zircon grains
are abundant. They are elongate and generally 100-200
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um in length, with rounded terminations and aspect ra-
tios of 1:1-1:3, typically c. 1:2. BSE imaging reveals rela-
tively wide (c. 10-30 um) oscillatory zoned cores with
moderate to well-developed bright rims ¢. 10-60 um wide,
which in many cases have annealed former fractures (Fig.
6).

207pp-206pPh gges from 87 LA-1CP-MS analyses of oscil-
latory zoned zircon cores are shown in Fig. 7D. The vast
majority (79) define a tightly clustered peak at c. 2800
Ma. The complete age range spans 2997-2520 Ma. The
youngest ages (< 2700 Ma) may reflect mixed core—rim
data, although most of them are statistically within the
main age population. If a few anomalous old and young
ages are disregarded, a weighted mean age of 2779 +18
Ma is obtained (26, MSWD =0.32, n = 79). This group
is interpreted as comprising a homogeneous population
of detrital zircons, consistent with local derivation from
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orthogneiss of this age (see above). Seven SIMS analyses,
of one core with oscillatory zonation and six bright rims,
all fall on concordia (Fig. 7E). The core gives the oldest
age of 2746+ 14 Ma (Th/U = 0.275). The six analyses of
bright rims give ages between 2741 £ 9 and 2696 + 6 Ma.
All have very low Th/U (0.004-0.06), consistent with a
metamorphic origin. These metamorphic ages are com-
parable to the few young ages also identified in the LA-
ICP-MS analyses, and suggest that this sample underwent
metamorphism at ¢. 2740-2700 Ma, shortly after its depo-
sition. An alternative, and in our view less likely interpre-
tation is that the metamorphic rims were developed dur-
ing metamorphism of the source rock prior to erosion and
deposition of the sediment.



Geochemistry

Whole-rock geochemical analysis of amphibolites, felsic
orthogneiss and metasedimentary rocks from the Ikamiut
and Kangilinaaq regions was undertaken to (a) geochemi-
cally characterise these rock types, (b) investigate the like-
ly tectonic environment of formation and provenance of
the amphibolites and metasedimentary rocks, and (c) inve-
stigate likely regional correlations. Sample descriptions are
presented in Table 1, and major and trace element com-
positions in Table 4.

Analytical procedure

Major and trace element analyses (Table 4) were performed
by GEUS. The samples were ground in tungsten (lka-
miut samples) or agate (Kangilinaag samples) mills, and
dried. For major elements the rock powders were fluxed
with sodium tetraborate and fused to glass discs and ana-
lysed with a Philips PW1606 X-ray fluorescence (XRF)
mass spectrometer. Na and Cu were determined by atom-
ic absorption spectrometry, and volatiles were analysed by
gravimetry. Refer to Kystol & Larsen (1999) for the com-
plete analytical procedure. For trace element analyses,
powdered samples were brought into solution and ana-
lysed using a PerkinElmer 6100 DRC Quadrupole ICP-
MS instrument. For the Ikamiut samples Zr, Cr, REES
and Hf were determined by dissolving a piece of the bo-
rate glass used in the major element XRF analyses, in or-
der to obtain complete contributions of theseelementsfrom
chromite and zircon. The ICP-MS results were corrected
for the relevant oxide interferences using BHVO-1 and
GH as standards.

For the Kangilinaag samples some trace elements were
also analysed by XRF performed directly on pressed pow-
der tablets at the Geological Institute, University of Co-
penhagen, using a Phillips PW 1400 XRF spectrometer.
The data were corrected for matrix variations using the
major element compositions, and AGV-1 was run as stan-
dard.

Orthogneisses

Two orthogneiss samples from the Ikamiut region were
analysed (440938 and 467526), and one from Kangil-
inaaq (467401; Table 4a; Fig. 2). The two Ikamiut sam-
ples show very similar granodioritic major element chem-
istry, while the Kangilinaag sample is more tonalitic. The
Kangilinaag sample has low REE concentrations and a

fairly steep REE curve with La /Lu, ~ 16 (Fig. 8B). In
contrast, the two Ikamiut samples have higher REE con-
centrations and significant negative Eu anomalies, con-
sistent with the more evolved composition of these rocks.

Amphibolites from the Kangilinaaq belt

Nine amphibolites s.s. from the Kangilinaaq belt were
analysed for major and trace elements (Table 4a); no
amphibolite samples have been analysed from the Ikamiut
region, where amphibolites only constitute a minor com-
ponent of the supracrustal rocks. The nine samples from
Kangilinaag show only a small range in chemical compo-
sition. They have relatively primitive signatures with low
SiO, (46-49 wt%) and high MgO (7-11 wt%), and flat
REE patterns that group tightly around ten times chon-
drite values (Fig. 8A). Their Ti/V ratios display a narrow
range of 16-19, and in a Ti-V diagram (Shervais 1982)
they plot just within the island arc field (Fig. 9). The pos-
itive correlation between Tiand V could reflect fractiona-
tion of olivine and plagioclase. The geochemical resem-
blance between all nine samples and their well-defined
Ti/V trend are consistent with formation within a single
volcanic suite.

Metasedimentary rocks and hornblende-
bearing gneisses from the Kangilinaaq belt

Metasedimentary sample 467404 is characterised by high
alumina (19 wt%) coupled to low CaO (0.7 wt%) and
high concentrationsof REE and Ba (605 ppm), consistent
withaclay-rich precursor. TheREE curve issteep (La /LU,
= 30, La = 140 times chondrite), and has a significantly
negative Eu anomaly. Sample 467420 is siliceous (75 wt%
Si0,), consistent with a relatively mature sedimentary
precursor. Its REE concentrations lie just below those of
sample 467404, with a similar steep REE pattern. For
sample 467417, both major and trace elements agree well
with the average composition of Archaean mudstone from
Taylor & McLennan (1985, table 7.8). The REE curve
resembles that of sample 467408 (see below), although it
has slightly lower concentrations of the HREE.

The hornblende-bearing gneisses 467423 and 467433
were collected from thin (< 1 m) amphibolite units with-
in metasedimentary sequences. The geochemical compo-
sitions of these two samples are close to those of the nine
amphibolite samples described above, and they can only
be distinguished from the latter by their higher concen-
trations of LREE, Ba, and Sr, and higher KO and Rb in
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Table 4a. Chemical analyses of amphibolite and orthogneiss

Amphibolite, Kangilinaaq belt Orthogneiss

467403 467405 467413 467426 467436 467440 467444 467445 467446 440938 467526 467401
Sio, 4873 4872 493 4686 4839 4737 4801 4825  46.00 7193 7170 6886
TiO, 1.03 0.87 0.83 0.60 0.64 0.66 0.90 0.88 0.75 0.24 0.39 0.22
Al,O4 1316 1581 1461 1621 1568 1636 1329 1218  16.25 1458 1464 1693
Fe,O3 1.67 2.54 2.7 1.88 213 2.79 1.90 1.88 2.83 1.99 2.09 0.09
FeO 10.64 8.89 9.11 7.48 7.85 8.14 8.04 8.82 7.94 0.00 0.00 1.68
FeO* 1214 1117 1153 9.17 9.77 1065 975 1051  10.49 1.79 1.88 1.76
MnO 0.22 0.21 0.20 0.18 0.17 0.16 0.13 0.19 0.17 0.01 0.02 0.02
MgO 8.82 6.90 773 8.30 8.34 937 1074 1115 1004 0.57 0.57 0.98
CaO 1146 1272 1151 1417 1278 1091 1231 1243 1042 2.02 2.12 4.02
Na,O 2.25 1.28 1.58 1.60 1.36 2.00 1.97 1.56 2.38 4.47 4.70 5.17
K,0O 0.11 0.23 0.25 031 0.25 0.08 0.52 0.10 0.48 3.08 231 1.05
P,0s5 0.06 0.06 0.05 0.04 0.04 0.04 0.06 0.06 0.05 0.07 0.08 0.07
Volatiles 158 15 157 1.48 157 16 143 153 2.06 0.27 0.10 053
Sum 99.74 99.72 99.43 99.11 99.21 99.47 99.29 99.02 99.36 99.23 98.71 99.62
Sc 53.6 49.0 54.8 441 442 38.7 49.6 52.3 497 55 8.1 46
v 347 283 308 214 237 220 301 297 256 16 13.8 241
Cr 106 301 380 444 450 207 521 485 411 5.0 2.6 35.9
Co 53.5 55.1 51.6 51.2 56.1 58.0 70.3 56.6 54.0 17.2 14.7 6.0
Ni 117 150 160 221 222 254 214 221 159 36 34 12.9
Cu 64.2 89.0 82.7 391 90.3 89.5 48 82.8 80.8 24 8.1 73
Zn 91.9 86.0 922 743 74.8 80.1 40.0 77.3 74.6 40.9 39.8 452
Ga 15.7 16.3 15.7 14.2 14.2 14.8 14.8 14.1 15.4 18.2 20.8 23.2
Rb 11 7.6 9.1 12.4 10.9 12 95 2 10.6 82.1 91.4 92.9
Sr 124 111 91 118 150 100 94 109 155 385 303 375
Y 19.6 195 19.6 13.6 14.3 14.2 18.1 17.4 17 3 78 2.8
Zr 29.7 11.8 125 9.4 9.4 15.8 18.4 11.6 16.2 143 117 57.9
Nb 31 2 1.9 15 1.4 11 24 22 17 25 49 15.4
Cs 0.0 0.3 0.2 0.7 0.8 0.0 0.1 0.0 0.2 1.2 26 5.6
Ba 18 56 43 47 25 6 31 20 60 748 446 210
La 32 22 24 17 16 16 35 25 22 34.1 18.9 4.0
Ce 8.4 6.0 6.3 45 4.3 4.3 8.0 6.5 6.0 65.0 37.8 8.3
Pr 13 1.0 1.0 0.7 07 0.7 12 1.0 0.9 7.2 42 1.0
Nd 6.7 5.3 5.3 37 37 37 6.0 5.6 5.1 242 14.9 37
Sm 22 18 18 1.4 14 13 19 1.9 17 33 25 038
Eu 0.7 0.7 0.7 0.5 0.5 0.6 0.7 0.7 0.6 0.6 0.6 0.3
Gd 3.0 2.7 26 16 1.7 16 2.4 23 22 34 26 1.0
Th 0.5 0.5 0.5 0.3 0.3 0.3 0.5 0.4 0.4 0.2 0.3 0.1
Dy 33 32 31 23 23 23 31 29 28 0.9 15 0.6
Ho 0.7 0.7 0.7 0.5 0.5 0.5 0.6 0.6 0.6 0.1 0.3 0.1
Er 19 19 2.0 13 14 1.4 18 1.7 16 0.3 0.7 0.2
Tm 0.3 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.2 0.0 0.1 0.0
Yb 18 19 2.0 13 15 1.4 17 16 16 0.2 0.7 0.2
Lu 0.3 0.3 0.3 0.2 0.2 0.2 0.3 0.3 0.3 0.0 0.1 0.0
Hf 1.0 0.6 0.6 0.4 05 0.6 0.7 0.6 0.6 38 33 15
Ta 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 05 11 1.9
Pb 1.4 15 1.1 13 0.8 05 0.6 13 1.2 95 76 7.4
Th 04 0.2 0.2 0.2 0.2 0.1 0.3 0.3 0.2 10.1 4.2 0.9
u 0.1 0.1 0.1 0.1 0.1 0.0 0.2 0.1 0.0 05 0.9 0.4
Total REE 34 28 29 20 20 20 32 28 26 140 85 20

Major elements (in wt%) by XRF at GEUS.Trace elements (in ppm) by ICP-MS at GEUS.
FeO* = total Fe calculated as FeO.Volatiles = loss on ignition corrected for oxygen uptake due to oxidation of iron.
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Table 4b. Chemical analyses of various supracrustal rocks

440910 440931 467503 467404 467408 467417 467420 467423 467433

SiO, 63.27 6936 7426 6276 6137 5987 7529 4925 4994
TiO, 0.59 0.49 0.03 0.61 0.67 0.64 0.34 0.61 0.78
AlL,O3 1761 1608 1481 1909 1390 1678 1301 1621 1553
Fe,O3 5.19 2.38 0.01 117 1.32 1.25 0.51 3.63 1.80
FeO 0.00 0.00 0.37 5.82 6.73 5.38 1.26 6.97 8.34
FeO* 4.67 2.14 0.38 6.87 7.92 6.50 172 10.24 9.96
MnO 0.05 0.01 0.00 0.05 011 0.15 0.01 0.19 0.16
MgO 231 1.03 0.10 2.80 6.41 3.97 0.57 7.70 7.78
CaO 2.26 3.17 2.02 0.75 4.60 3.68 5.62 921 10.73
Na,O 3.84 3.85 4.89 1.60 1.82 2.73 1.05 2.63 1.88
K,O 3.02 179 2.81 3.20 1.46 3.21 0.62 1.63 0.50
P,0O5 0.13 0.11 0.02 0.03 0.07 0.08 0.05 0.13 0.16
Volatiles 1.00 0.75 0.29 1.64 1.26 1.28 0.90 1.39 1.48
Sum 99.27 99.02 9962 9952 9971 99.01 99.23 9955 99.06
Sc 18.0 10.2 0.8 17.6 39.3 26.6 7.7 43.8 39.7
\ 98.5 38.2 17 56.7 208 149 435 204 209
Cr 89.1 25.0 04 1200 667 312 66.1 268 318
Co 22.3 17.2 26.9 16.3 44.8 28.4 14.0 51.2 50.7
Ni 32.3 5.2 13 547 1940 106.0 340 1480 1450
Cu 21.9 8.8 5.2 4.8 20.0 26.3 26.9 25.1 34.8
Zn 714 38.9 44 37.8 89.5 1045 414 81.8 87.4
Ga 20.8 19.6 16.0 25.7 175 23.1 155 16.3 15.9
Rb 82.7 48.2 58.5 96.9 51.1 1970 41.6 59.1 8.0
Sr 210 314 402 47 117 177 137 270 288

Y 16.0 6.4 24 111 154 16.7 111 174 17.0
Zr 134 151 70.8 57.7 82.4 83.1 73.9 38.4 24.0
Nb 5.6 5.6 0.8 8.7 33 6.9 2.9 2.3 2.0
Cs 41 4.7 0.5 2.0 25 8.1 2.7 24 0.0
Ba 417 286 591 581 386 377 310 153 97

La 28.2 20.0 79 345 11.0 9.6 28.3 11.9 13.4
Ce 58.3 40.6 16.1 64.7 29.1 28.5 56.0 29.5 375
Pr 6.9 44 21 74 2.9 2.6 6.5 3.8 45
Nd 25.3 15.7 7.7 26.4 118 105 24.5 16.8 19.7
Sm 43 2.6 18 44 2.7 25 4.0 3.9 4.4
Eu 12 0.7 0.4 0.7 0.7 0.7 1.0 12 11
Gd 45 2.6 15 5.0 3.6 2.3 3.9 35 3.8
Tb 0.6 0.3 0.2 05 05 0.4 0.4 0.5 0.5
Dy 3.0 14 0.6 24 2.8 24 2.3 2.9 3.0
Ho 0.6 0.2 0.1 0.4 0.6 0.6 0.4 0.6 0.6
Er 16 0.6 0.2 11 16 19 11 17 17
Tm 0.2 0.1 0.0 0.1 0.2 03 0.1 0.3 0.3
Yb 15 0.5 0.2 0.9 15 21 0.8 16 16
Lu 0.2 0.1 0.0 0.1 0.2 03 0.1 0.2 0.2
Hf 3.7 3.9 2.8 15 2.2 2.2 18 1.0 0.8
Ta 0.9 2.6 19 0.6 0.3 0.6 0.2 0.1 0.1
Pb 12.7 5.2 118 3.7 4.7 9.5 6.1 6.6 4.2
Th 6.2 33 4.8 85 35 6.0 4.2 2.0 2.0
U 15 0.9 13 0.8 0.9 31 0.9 0.7 0.6

Total REE 137 90 39 149 69 65 129 79 92

Major elements (in wt%) by XRF at GEUS.Trace elements (in ppm) by ICP-MS at GEUS.
Volatiles: loss on ignition corrected for oxygen uptake due to oxidation of iron.
FeO*: total Fe calculated as FeO.
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Fig. 8. Chondrite-normalised REE plots. A: amphibolites. B: felsic
orthogneiss. C: quartzo-feldspathic metasedimentary rocks. D: mafic
metasedimentary rocks. Blue: Samples from the Kangilinaaq region.
Red: Samples from the Ikamiut region.
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sample 467423. Sample 467408 has an intermediate sili-
cacontent (61.37 wt% SiO,), is cummingtonite-bearing,
and has high concentrations of MgO (6.41 wt%) and FeO*
(7.92 wt%) as well as Crand N (627 and 186 ppm, respec-
tively). It also has high Ba (405 ppm). The REE curve is
almost flat, with ten times chondritic HREE and a weak
LREE enrichment (La /Lu, = 5). There is a small posi-
tive Ce anomaly in addition to a negative Eu anomaly.

Metasedimentary rocks from the Ikamiut belt

Sample 440910 is the most aluminous (18 wt% ALO,,
Table 4), has high REE concentrations, and a fairly steep
REE curvewith La /Lu =15 (Fig. 8C). Samples 440931
and 467503 are more siliceous (69 and 74 wt% SiO,, re-
spectively) with lower Al, Fe and Mg. Both have lower
REE concentrations and slightly steeper REE curves than
sample 440910.

Interpretation

The metasedimentary rocks and amphibole-bearing gneiss-
es of supracrustal origin described above from the Ika-
miut and Kangilinaaq belts can be divided into two groups
based on their geochemical compositions and REE pat-
terns. Five of them, namely all three Ikamiut samples and
samples 467404 and 467420 from Kangilinaag, are typi-
cal metasedimentary lithologies with steep REE curves
(Fig. 8C). Although they have varying REE concentra-
tions, all five samples have fairly steep REE curves that
are comparable to the REE patterns seen in the Kangil-
inaag and Ikamiut orthogneisses. The group shows a trend
of increasing REE concentrations with decreasing SiO,
and increasing Al,O,, consistent with the general presump-
tion that the REE are preferentially concentrated in the
clay fraction of sediments. One exception from this is the
siliceous sample 467420 that has REE concentrations
comparable to the most aluminous metasediments. Its
unusual REE enrichment may be due to high contents of
detrital allanite and zircon, as these minerals incorporate
high REE concentrations.

The REE curves for the four amphibole-bearing gneisses
(467408, 467417, 467423, and 467433; Fig. 8D) have
La /Lu ~ 5, showing significantly flatter patterns. These
four samples all have high concentrations of mafic mine-
rals and may represent intermediate tuffaceous rocks or
mildly chemically altered mafic volcanic rocks. The rather
peculiar composition of sample 467408, with high Ni and
Cr, suggests that it is a metamorphosed, hydrothermally
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Fig. 9. Ti/V discrimination diagram (Shervais 1982) for nine amphi-
bolite samples from the Kangilinaaq peninsula (Fig. 2B), illustrating
their island arc affinities. Note that Ti and V are both immobile ele-
ments, considered to be stable during hydrothermal alteration and
regional metamorphism (e.g. Nicollet & Andriambololona 1980; Mottl
1983). The partition coefficient of \VV varies with the oxygen fugacity
of the magma, whereas the partition coefficient of Ti remains un-
changed.

altered mafic volcanic rock. Alternatively, such high Ni
andCrinaclasticsedimentary precursor would require an
abundance of heavy minerals such as garnet and spinel.

Discussion

Regional structures

Both the Ikamiut and Kangilinaaq regions preserve com-
plex tectono-metamorphic histories, and although they
show similarities in lithologies and metamorphic grade
(amphibolite facies mineral assemblages defining D, and
D, structures) and lie roughly along strike, the large struc-
tures are sufficiently different to make a direct correlation
between the two regions and their supracrustal belts diffi-
cult and dubious. Both regions show evidence for at least
two generations of fold structures, with kilometre- to ten
kilometre-scale F, folds dominating the outcrop pattern.
However, there is considerable variation in the typical strike
of foliation and plunge of large-scale folds and lineations
between the two regions. Furthermore, the aeromagnetic
data do not suggest a strong link between the two regions.

On the basis of geological mapping and the aeromagnetic
data it seems likely that the Kangilinaaq belt forms a syn-
formal fold closure at the south-western tip of the Kan-
gilinaaq peninsula, with little or no westward continua-
tion. We cannot rule out the possibility that there is con-
tinuation of this belt across Sydostbugten into the Ika-
miut region along an abrupt change in the aeromagnetic
responseacrossnorthern Sydostbugten (boundary O inFig.
3). This could be interpreted as an extension of the linear
aeromagnetic anomaly marking the northern contact of
the Qasigiannguit amphibolite sequence with the sur-
rounding orthogneiss, which appears to extend westward
to several kilometres north of the Nivaap Paa bay (bound-
ary Pin Fig. 3). However, there is no strong field evidence
to support this, since no comparable amphibolite sequence
occurs on land at Q (Fig. 3). It is possible that this linear
aeromagnetic anomaly relates instead to an interpreted
granitic body beneath Sydostbugten, represented by out-
crop on the south-eastern tip of the Kangilinaaq peninsu-
la, and on the south-west coast of Nivaap Paa.

Magmatism

Geochronological data show that the magmatic precur-
sors to granodioritic orthogneiss from the Ikamiut region
were emplaced in the Late Archaean. Sample 440938, with
a LA-ICP-MS Pb-Pb zircon age of 2831 + 23 Ma U-Pb
zircon ages of 2820-2810 Ma, is significantly older than
sample 467526, which was collected from a nearby loca-
lity (LA-ICP-MS Pb-Pb zircon age = 2741 + 53 Ma). The
latter compares well with a homogeneous undeformed
granite collected a few kilometres west of the head of
Nivaap Paa, which yielded an upper intercept U-Pb zir-
con age of 2778 +7/-3 Ma (Connelly & Mengel 2000).
Similarly, a grey tonalitic orthogneiss sampled close to
Aasiaat yielded a U-Pb concordia age of 2727 +36/-22
Ma and consistent Pb-Pb and Rb-Sr whole-rock ages of
2759 +87/-92 Ma and 2752 + 656 Ma respectively
(Kalsbeek et al. 1987).

Available data on emplacement ages of the precursors
to the tonalitic orthogneiss in the Kangilinaaq region sug-
gest these may be slightly older than those in the Ikamiut
region. Kalsbeek & Nutman (1996) reported ion probe
data for a few zircon grains from a granodioritic to gra-
nitic orthogneiss in the Kangilinaaq area, which gave an
emplacement age between 2900 and 2750 Ma. Keiding
(2004) presented LA-ICP-MS #7Pp/%¢Ph zircon age data
for a tonalitic orthogneiss of 2818 + 1 Ma, interpreted as
an igneous crystallisation age.
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Sedimentation

Deposition of the sedimentary precursors to the Ikamiut
and Kangilinaaq belts likely occurred in the Neoarchaean,
as indicated by the metamorphic ages of ¢. 2800-2700
Ma of zircon from both belts. The age of the Kangilinaaq
belt is further constrained by the 2723 + 15 Ma emplace-
ment age of a two-mica granite, which cross-cuts pelitic
metasedimentary rocks of this belt on the south shore of
Kangersuneq fjord (Thrane & Connelly 2006, this vol-
ume). As regards the Ikamiut belt, its detrital zircon ages
do not preclude deposition after the Archaean. Neoar-
chaean metamorphic rims have been observed on some
detrital grains, but these might have formed already dur-
ing metamorphism of the source and survived during ero-
sion and deposition. However, we consider this possibility
unlikely. A Neoarchaean depositional age is furthermore
in agreement with the Rb-Sr isotopic data for 12 meta-
sedimentary samples from Ikamiut reported by Kalsbeek
& Taylor (1999), which likewise show that their source
was Archaean. Finally, the Ikamiut belt has experienced a
more complex structural history than the Naternag supra-
crustal belt of Palaeoproterozoic age to its south (Dster-
gaard et al. 2002; Garde 2004; Thrane & Connelly 2006,
this volume). This likewise points to an Archaean age of
the Ikamiut belt.

The depositional sources themselves are constrained by
detrital zircon populations. The detrital age spectrum for
zircon grains (with igneous zonation) from metasedimen-
tary sample 440910 from the Ikamiut region forms a tight-
ly clustered peak at ¢. 2800 Ma, consistent with the age of
the older tonalitic orthogneiss in this area. Furthermore,
the steep REE pattern of this sample mimics that of the
granodioritic to tonalitic orthogneiss that dominates the
region. Thus the sedimentary precursor to this rock was
probably derived locally from (and possibly deposited on-
to) the igneous precursor to the Neoarchaean orthogneiss
basement. This requires a tectonic environment condu-
cive to rapid erosion of the precursor to the source orthog-
neiss shortly after its emplacement at ¢. 2800 Ma.

Similarly, a metasedimentary rock from the Kangilinaaq
region contains Archaean detrital zircon, with a strong
peak at c. 2800 Ma (Thrane & Connelly 2006, this vol-
ume, 27Pb/?®Pp zircon). However, there is also evidence
for asignificant older component, not recognised in meta-
sedimentary rocks from the lkamiut region: Keiding
(2004) reported detrital zircon ages for two metasedimen-
tary samples from the Kangilinaaq region with grains as
old as 3600 Ma, and down to 2500 Ma, although the
youngest grains (< 2800 Ma) were suspected of having
suffered lead loss. Both samples show a large spread of
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ages, but neither has a significant Neoarchaean compo-
nent at ¢. 2800 Ma. These data contrast with those of
sample 440910 from the Ikamiut region, which has a tight-
ly clustered detrital zircon population at ¢. 2800 Ma. This
suggests that at least some of the Kangilinaag metasedi-
mentary rocks were derived from different, older, and dis-
tal source rocks: the older (> 2900 Ma) component may
be derived from a presently unexposed region within the
Nagssugtogidian orogen or possibly from the lesser-known
craton to the north (Keiding 2004).

A difference in the depositional sources of the Ikamiut
and Kangilinaaq belts is also apparent from the geochem-
ical data. The metasedimentary rocks form two groups
based on their REE patterns. The first group (three Ika-
miut and two Kangilinaaq samples) shows steep REE
curves (Fig. 8C), interpreted as indicative of derivation
from a felsic source, based on their similarity with REE
patterns seen in the Kangilinaaq and Ikamiut ortho-
gneisses. The second group (four Kangilinaag samples, Fig.
8D) shows flatter patterns, consistent with derivation from
a bimodal source, i.e. detritus of both felsic (steep REE
patterns) and mafic (flat REE patterns) igneous rocks. The
precursors to the amphibole-bearing gneisses are interpre-
ted as volcaniclastic material that may have been mixed
with clastic material during deposition or by tectonic inter-
leaving. Given the intensity of deformation and paucity
of information on the depositional environment(s) we
consider it imprudent to establish a single stratigraphic-
structural interpretation. In view of the different domi-
nant lithologies of the Qasigiannguit amphibolite and the
remainder of the Kangilinaaq belt, it would be interesting
to investigate further whether they represent the same or
different settings. The geochemistry of their amphibolite
samples fall within the same range, but no metasedimen-
tary rocks associated with the Qasigiannguit amphibolite
have been analysed, and these may be important for iden-
tifying links between the latter unit and the Kangilinaaq
belt.

Metamorphism

Age data for metamorphic zircon from orthogneiss and
metasedimentary samples from the lkamiut region indi-
cate an important Neoarchaean thermal event. Two anal-
yses of metamorphic rims from the 2831 + 23 Ma ortho-
gneiss 440938 yield ages of 2761 + 10 Ma and 2754 £ 5
Ma, within error the same as the 2741 + 53 Ma emplace-
ment age of sample 467526 (Fig. 7). This may suggest
that continued synkinematic emplacement of Neoarchaean
granitoids at ¢. 2760-2700 Ma resulted in metamorphism



of slightly older (c. 2800 Ma) crust. This is also supported
by U-Pb zircon data from the metasedimentary sample
440910. The six SIMS ages of metamorphic rims fall in
tworanges, 2741+9Maand 2696+ 6 Ma,andsimilar young
ages were identified in the LA-ICP-MS data (Fig. 7). These
ages probably relate to the growth of S garnet, biotite,
plagioclase, quartz, minor sillimanite and K-feldspar in
this and other metasedimentary rocks, indicative of amphi-
bolite facies conditions only shortly after deposition, and
predating regional F, folding. Neoarchaean metamorphism
has also been recognised from zircon age data in the Kan-
gilinaaq region. Keiding (2004) reported c. 2800 and 2760
Ma LA-ICP-MS ages of zircon rims and discrete grains,
interpreted as metamorphic in origin, in a 2818 £ 1 Ma
tonalitic orthogneiss. These ages correlate reasonably well
with 2810-2720 Ma metamorphic U-Pb zircon and mon-
azite ages in 2870-2810 Ma orthogneisses from through-
out the Nagssugtogidian orogen (Connelly & Mengel
2000).

It is likely that Neoarchaean amphibolite facies meta-
morphism in the Ikamiut and Kangilinaaq regions was
the product of tectonism along a convergent margin (see
also Connelly & Mengel 2000) on the basis of (1) the
tonalitic to granodioritic composition of the Neoarchae-
an regional orthogneisses, (2) the apparent island arc geo-
chemical character of amphibolites of the Kangilinaaq belt,
(3) differences in the ages of sediment sources in the two
supracrustal belts, and (4) the rapidity of the cycle of
magmatism, erosion, sedimentation, and metamorphism.

Proterozoic zircon ages are known from the Kangil-
inaaq region. Keiding (2004) reported 1920-1820 Ma LA-
ICP-MS ages of zircon rims and discrete grains in Ar-
chaean tonalitic orthogneisses, and also reported weight-
ed mean age of 1919+ 11 Ma from three rims of detrital
grains in a metasedimentary rock from the Kangilinaaq
belt. Thrane & Connelly (2006, this volume) report meta-
morphic ages of ¢. 1850 Ma for a metasedimentary rock
collected on the south shore of Kangersuneq fjord, attri-
buted to the peak of regional Nagssugtogidian metamor-
phism. Given the consistency of ENE-trending D, struc-
tures in the Kangilinaag and Ikamiut regions with ENE-
trending Palaeoproterozoic structures throughout the oro-
gen, these are interpreted as the product of the c. 1850
Ma Nagssugtogidian orogenesis. The significance of the
slightly older, ¢. 1920 Ma metamorphic age is not clear,
but may indicate that part of this region experienced a
thermal event prior to the main regional Nagssugtogidian
orogenesis.

By contrast, no significant indications of Palaeoproter-
0zoic resetting are found in our Ikamiut data. The slight-
ly discordant zircon data in sample 440938 suggest some

Pb loss in this sample, although the timing is not clear.
Similarly, three titanite U-Pb analyses of 2778 +7/-3 Ma
reported by Connelly & Mengel (2000) from a homoge-
neous, undeformed granite plot on a discordia line between
2789+ 100and 1775 + 10 Ma. This indicates that Palaeo-
proterozoic metamorphic temperatures were too low to
completely reset titanite in this region. Likewise, no indi-
cation of U-Pb resetting in zircon was found in the 2727
+36/-22 Ma age from a tonalitic gneiss reported by Kals-
beek et al. (1987). This contrasts with zircon U-Pb analy-
ses of samples from the Nordre Strgmfjord region in the
core of the Nagssugtogidian orogen, which experienced
significant Pb-loss at ¢. 1850 Ma (Kalsbeek et al. 1987).

Conclusions

New mapping, geochemical, geochronological and geo-
physical studies of two supracrustal belts from Sydost-
bugten, southern Disko Bugt region, West Greenland, shed
light on the Neoarchaean tectonic evolution of the north-
ern Nagssugtogidian basement. The Kangilinaaq belt was
deposited at ¢. 2800 Ma, whereas the deposition of the
Ikamiut belt may postdate c. 2740 Ma. The geochemical
signatures of the majority of metasedimentary samples
from the Kangilinaaq region show REE patterns indica-
tive of mixed felsic and mafic sources with distal Meso-
and Palaeoarchaean components that are not currently
known in situ in this part of West Greenland. Island-arc
geochemical affinities of intercalated amphibolites are
consistent with deposition in an arc setting. In contrast,
the Ikamiut belt was sourced locally from, and deposited
onto or proximal to the igneous precursors of Neoarchaean
granodioritic to tonalitic orthogneisses. This is constrained
by (1) the similarity in REE signatures of metasedimen-
tary rocks and local orthogneisses and (2) the zircon em-
placement ages of orthogneisses (c. 2820-2810 Ma; 2831
123 Ma; 2741 + 53 Ma) and detrital zircons in metasedi-
ment (2779 £ 18 Ma).

Zircon U-Pb dataand S_, sillimanite-bearing mineral
assemblages (this study and existing data) indicate that c.
2800-2700 Ma amphibolite facies metamorphism affected
both regions, shortly after the emplacement of the regional
orthogneiss precursors and deposition of the supracrustal
rocks. The rather rapid cycle of magmatic emplacement,
island arc volcanism, erosion and sedimentation, and sub-
sequent amphibolite facies metamorphism is consistent
with Neoarchaean convergent tectonism at the northern
margin of the present Nagssugtogidian orogen.

Subsequently, both regions underwent Palaeoprotero-
zoic regional deformation and lower amphibolite facies
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metamorphism atc. 1850 Ma during the Nagssugtogidian
orogenesis, the effects of which control outcrop patterns
in both areas. In the Ikamiut region, the supracrustal belt
defines a broad, shallowly W-plunging antiformal struc-
ture with associated kilometre-scale parasitic F, folds. S,
fabrics are folded into metre- to kilometre-scale F, folds
and variably transposed into ENE-striking, steeply dip-
ping S, fabrics and shallow W-plunging mineral lineations
defined by biotite and muscovite.

In the Kangilinaaq region, the supracrustal belt defines
a broad, NE-plunging F, fold structure. A pervasive, NE-
striking, moderately dipping S, fabric, defined by medium-
to coarse-grained garnet-hornblende-biotite-sillimanite-
bearing assemblages in pelitic rocks, is folded into F, folds,
and attests to amphibolite facies metamorphic conditions
during deformation. Lack of Palaeoproterozoic resetting
of the zircon U-Pb isotopic system in the Ikamiut region,
cf. the Kangilinaaq region, suggests that temperatures were
relatively lower in the former region during the Nagssug-
togidian orogenesis.
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Pre-Nagssugtogidian crustal evolution in West Greenland:
geology, geochemistry and deformation of supracrustal
and granitic rocks north-east of Kangaatsiaq

Jean-Francois Moyen and Gordon R.Watt

The area north-east of Kangaatsiaq features polyphase grey orthogneisses, supracrustal rocks and Kan-
gaatsiaq granite exposed within a WSW-ENE-trending synform. The supracrustal rocks are com-
prised of garnet-bearing metapelites, layered amphibolites and layered, likewise grey biotite para-
gneisses. Their association and geochemical compositions are consistent with a metamorphosed volca-
no-sedimentary basin (containing both tholeiitic and calc-alkali lavas) and is similar to other Archae-
an greenstone belts. The Kangaatsiagq granite forms a 15 x 3 km flat, subconcordant body of de-
formed, pink, porphyritic granite occupying the core of the supracrustal synform, and is demonstra-
bly intrusive into the amphibolites. The granite displays a pronounced linear fabric (L or L > S). The
post-granite deformation developed under lower amphibolite facies conditions (400 £ 50°C), and is
characterised by a regular, NE-SW-trending subhorizontal lineation and an associated irregular foli-
ation, whose poles define a great circle; together they are indicative of highly constrictional strain. The
existence of a pre-granite event is attested by early isoclinal folds and a foliation within the amphibo-
lites that is not present in the granite, and by the fact that the granite cuts earlier structures in the
supracrustal rocks. This early event, preserved only in quartz-free lithologies, resulted in high-temper-
ature fabrics being developed under upper amphibolite to granulite facies conditions.

Keywords: Archaean, deformation, supracrustal rocks, granite, Nagssugtogidian

J.-EM., Department of Geology, University of Stellenbosch, 7602 Matieland, South Africa. E-mail: jfmoyen@wanadoo.fr
G.R.W., Marchmyres Cottage, Breda, Alford AB33 8NQ, Aberdeenshire, U.K.

Introduction and regional geology

The northern part of the Nagssugtogidian orogen (NNO)
is a domain of predominantly Archaean rocks that have
been deformed and metamorphosed during Nagssugto-
gidian orogenic activity at c. 1.8 Ga (Hollis et al. 2006,
this volume; Mazur et al. 2006, this volume; Thrane &
Connelly 2006, this volume; van Gool & Piazolo 2006,
this volume). Palaeoproterozoic rocks are sparse, and ap-
parently confined to some supracrustal belts, the most
prominentonebeingtheNaternag supracrustal belt (Jster-
gaard et al. 2002). A few small granitic-pegmatitic plugs
and dykes are also related to the Palaeoproterozoic evolu-

tion. Therefore, whilethestructures probably reflect Nags-
sugtogidian deformation, the rocks themselves (and their
protoliths) largely reflect Archaean formations and evolu-
tion.

Among the Archaean units, the ubiquitous orthogneis-
sic basement has previously been studied (Moyen et al.
2003a; Steenfelt et al. 2005); it is mostly made up of clas-
sical tonalite-trondhjemite-granodiorite (TTG) gneisses,
with minor components either related to TTG partial
melting, or to the participation of peridotitic mantle in
their petrogenesis. All these components are well known
in the Archaean, and are probably related to the subduc-
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Fig. 1. Geological map of the Kangaatsiaq granite and surrounding synform, with sample localities from Table 1. Geology mostly from 2002 field
work; some parts are drawn from 2001 data (J.A.M. van Gool, G.1. Alsop, S. Piazolo and S. Mazur). A-A, approximate position of section on Fig.

2; B, loc. 89, see Fig. 3; C, locs 81-82, see Fig. 4; D, loc. 80, see Fig. 5.

tion of hot oceanic lithosphere in an arc setting (Martin
1986, 1994; Moyen et al. 2003b; Steenfelt et al. 2005).
Several components of the gneissic basement have been
dated (Kalsbeek & Nutman 1996; Connelly & Mengel
2000; Thrane & Connelly 2002, 2006, this volume), yield-
ing ages in the range 2.9-2.6 Ga.

Supracrustal assemblages are common, and have been
mapped in many places in the Kangaatsiag, Aasiaat and
Kangersuneq map sheet areas (Marker et al. 1995; Men-
gel et al. 1998; Gstergaard et al. 2002; van Gool et al.
2002a; Garde 2004; Hollis et al. 2006, this volume). They
are of two main types, either amphibolites or metasedi-
mentary rocks, that may be either aluminous, biotite +
muscovite * sillimanite + garnet-bearing metapelites, or
quartz-rich, psammitic rocks. The age of the supracrustal
rocks is, however, poorly constrained. Whilst some of them
are of demonstrated Palaeoproterozoicage (c. 1.95 Ga, the
Naternaq supracrustal belt, @stergaard et al. 2002; Thrane
& Connelly 2002, 20086, this volume), others are likely to
be of Archaean age, for instance anatectic metapelites in
Saqgarput fjord in the southern part of the Kangaatsiaq
map sheet area (Thrane & Connelly 2006, this volume).

Lastly, small intrusions, plugs and sheets of granite and
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pegmatite cut across the lithologies described above. Some
of them have been dated (Kalsbeek & Nutman 1996;
Thrane & Connelly 2002, 2006, this volume) and yield-
ed late Archaean ages (2.7-2.6 Ga); it is commonly agreed
that most magmatic activity in this region was related to
late Archaean events, Palaeoproterozoic P-T conditions
being such that anatexis was hardly achieved in the NNO
(Mazur 2002; Piazolo 2002). The very homogeneous and
porphyritic Kangaatsiaq granite north-east of Kangaat-
siag, 15 by 3 km in outcrop size, is among the largest
granitic bodies of presumed late Archaean age in the south-
ern Disko Bugt region. Altogether, the three components
outlined above are representative of the usual trilogy of
Archaean terranes (Windley 1995): grey TTG gneisses;
volcanic and volcano-sedimentary deposits (greenstones);
and late, K-rich granites. The area east and north-east of
the town of Kangaatsiaq (Fig. 1) is dominated by a syn-
form of supracrustal rocks (mafic and felsic volcanic rocks
associated with sediments), into which the Kangaatsiaq
granite was emplaced. It is, therefore, a good place to study
the Archaean components and local history in the NNO.



Fig. 2. Schematic NNW-SSE cross-
section across the Kangaatsiaq granite
and the surrounding synform. The
laccolith shape (dashed line) is
inferred, see text for details.
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Previous work

Previous studies in the Kangaatsiaq area included recon-
naissance mapping by Noe-Nygaard & Ramberg (1961),
1:250 000 scale mapping by Henderson (1969), and vis-
its to key localities during the Danish Lithosphere Centre
project (Marker et al. 1995; Mengel et al. 1998), asa result
of which most published ages were obtained (Kalsheek &
Nutman 1996; Connelly & Mengel 2000). Mapping of
the area was predominantly based on coastal exposures,
while map information for large parts of the inland areas
was based only on photogeological interpretation. There-
fore, the Kangaatsiaqg granite, which happens to crop out
mostly inland and occupies the high grounds at the core
of a synform, was at that time simply considered to be
part of the polyphase gneissic basement.

The Geological Survey of Denmark and Greenland
(GEUS) and its partners undertook more detailed map-
ping of the Kangaatsiag map sheet in the summer of 2001.
This included limited inland work, and the Kangaatsiaq
granite was recognised for the first time as belonging to
the group of the late Archaean intrusives. Its overall shape
was mapped, as well as the supracrustal rocks into which
it intrudes. Metasedimentary rocks in the area were also
sampled, allowing for metamorphic studies (Mazur 2002;
Piazolo 2002).

Finally, re-evaluation of the area in the summer of 2002
by the present authors led to the refinement of geological
boundaries and the production of the map of Fig. 1. Sam-
pling of the whole supracrustal series was also undertak-
en. Thin sections were cut at Université Claude-Bernard

(Lyon, France), and samples were analysed at GEUS us-
ing XRF as well as ICP-MS (Table 1). In addition, other
supracrustal rocks from the same area (obtained from A.A.
Garde, personal communication 2003) have been used
for the interpretation presented here, as they show similar
geochemical features.

Map pattern

As mentioned in the introduction, the studied area (Fig.
1) is mainly made up of three main components: base-
ment orthogneisses discussed by Moyen et al. (2003a) and
Steenfelt et al. (2005), a succession of supracrustal rocks
which comprise a sequence of amphibolite and metasedi-
mentary rocks described below (Figs 1, 2), and the Kan-
gaatsiag granite, an intrusion of pink, coarse-grained,
strongly lineated (L or L > Sfabric) granite with K-feldspar
phenocrysts. The foliated basement gneisses and the supra-
crustal rocks, together with early folds and structures, are
refolded into a complex synform which is locally over-
turned, in particular on its north-western rim (see below).
The granite occupies the core of the synform; it is intru-
sive within the top amphibolitic layer of the supracrustal
sequence (Fig. 3) and is also folded together with the supra-
crustal rocks. The geometry of the granite suggests that it
constitutes a single sheet within the supracrustal unit, and
that the original intrusion had an overall flat, laccolith-
like shape (Fig. 2). We consider that the mapped contact
always corresponds to the bottom of the laccolith, and
that the top surface has been removed by erosion (Fig. 2).
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Fig. 3. Contact of the Kangaatsiaq granite and the south-western limb of the synform, loc. 89. The granite clearly intrudes the supracrustal pile,
and at the same time occupies the core of the (here, slightly overturned) synform with apparently conformable relationships. A: Photomosaic of
cliff face, facing east. B: Structural interpretation (stippled: pegmatites; rectangle: location of enlargement D). C: Lithological interpretation.
crosses: granite; dark grey: amphibolite; light grey: layered gneiss. D: Detail of a small granitic apophysis which clearly cuts across the foliation
of the amphibolite.
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Fig. 4. Stratigraphic succession of the
Kangaatsiaq synform. A: Detailed section of
the overturned northern limb of the synform
in its eastern extremity (locs 81-82), with
sample numbers (all with prefix ‘485’). B:
Inferred generalised logs in the north-eastern
and south-western parts of the synform.

Legend: see Fig. 2.

A. Coastal section, locs 81-82

B. Generalised stratigraphic columns in the Kangaatsiaq syncline

Northern limb
(locs 81-83)

) . Possible
peripheric intrusion?

. Possible
leucocratic intrusion?

Garnet-sillimanite [

. metapelite
interlayered with
amphibolite.

Augen texture locally

The early structures are associated with syntectonic aplites
and pegmatites that cut across the amphibolite but occa-
sionally occupy shear zones or fold hinges.

The supracrustal series

Stratigraphy

The supracrustal rocks that define the synform occur as
largely discontinuous layers (Figs 2—4), that could either
correspond to an original, discontinuous geometry (there-
fore suggesting lava flows), or simply be a result of tecton-
ic stretching during the multiphase deformation witnessed
by the area. Indeed, some of the contacts between the litho-
logical unitsappeartobetectonic (Figs4,5), suggesting that
the present-day ‘stratigraphy” might not be original. Never-
theless, our mapping suggests that three main unitscan be
recognised, allowing the following tentative stratigraphic
sequence (Figs 2, 4).

1. The lowermost, ¢c. 100 m thick part consists of an asso-
ciation of amphibolite interlayered with garnet-silliman-
ite metapelites, sometimes with augen textures. Some
of the amphibolites are garnet-bearing, while others
contain centimetre-sized lenses of diopside-bearing gab-

Southern limb
(locs 86-92)

Intrusive pink granite
Layered amphibolite

— — _ Tectonic contact ?

Layered biotite gneiss ~
(metarhyolite ?)
Occasional amphibolite layers

— | Amphibolite and layered,
| grey gneisses interstratified

- -

10 cm lenses of diopside-
bearing gabbro

_
_ — Layered amphibolite Ultramafic layer
- (garnet-bearing in places). — ~

- - Uncoﬁformity or tectonic contact?
Orthogneiss basement

-

bro and small ultrabasic layers (pyroxenite or serpenti-
nite, observed in the south-western part of the synform).
The peliticrocksseem tobe more abundantinthe north-
ern limb and north-eastern extremity of the synform,
while the ultramafic rocks and gabbros were found only
in its south-western part.

. The middle part is a sequence about 100 m thick of

layered biotite gneiss, i.e. quartzo-feldspathic gneiss with
no discriminant minerals and a compositional layering
atascale of c. 10 cm. The layered biotite gneiss is com-
monly interstratified with layers and lenses of amphi-
bolite 10-100 cm thick. The contact with the lower
amphibolite is gradational. As will be discussed below,
the layered biotite gneiss likely represents meta-rhyo-
lite. The middle unit of layered biotite gneiss probably
doesnot have a constant thickness; furthermore, in poor,
inland outcrops, it is readily confused with basement
orthogneisses. A detailed log of the lower and middle
parts of the sequence as described in the foregoing was
made in the overturned, north-eastern part of the syn-
form, displaying its complex and composite nature (Fig.
3A, locs 81-82).

. A horizon 50-100 m thick of fine grained, dark, lay-

ered amphibolite forms the highest observed level. The
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Fig. 5. Photomosaic (A) and structural interpretation (B) of the cliff face at loc. 80 (photo facing east). Stippled: pegmatites; grey: high-strain
zones. Evidence for pre- to syn-granite, apparently extensional deformation is preserved in the amphibolite bodies intruded by the granite.
Details of the cliff face display the apparently extensive deformation in the amphibolite. Cross-cutting pegmatites (see photo 4-12) are occasion-
ally affected by this deformation, suggesting that it is synchronous or nearly synchronous with granite emplacement. C: Schematic relationships
between the granite, the early extensional deformation, and the supracrustal pile, inspired from loc. 80.
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Fig. 6. Field and thin sections photographs
of lithologies of the supracrustal series
(XPL: crossed polarised light; PPL: plane
polarised light). Microphotographs are ¢. 5
mm across. Al: Outcrop of sillimanite-
bearing metapelite, loc. 64 (sample
485525). Hammer is 80 cm long. A2: Thin
section (XPL) of the same. B1: Outcrop of
layered biotite gneiss interstratified with
amphibolite at loc. 81 (sample 485537).
Pen is 15 cm long. B2: Thin section (XPL)
of same. C1: Outcrop of the top amphibo-
lite at loc. 58 (sample 485523). Pocket
knife is 10 cm long. C2: Thin section
(PPL) of same. C3: Outcrop of gabbroic
inclusions in the basal amphibolite layer at
loc. 92 (sample 485541). Compass 5 cm
wide. C4: Thin section (XPL) of clinopy-
roxene cluster in amphibolite. C5: Thin
section (XPL) of sample 485540 (ultrama-
fic layer, same locality).
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Fig. 7. Total alkali vs. silica (TAS) diagram
(Le Maitre et al. 1989) for the magmatic
components of the supracrustal rocks and
the surrounding orthogneisses.
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upper boundary of this unit is not observed, since it is
everywhere intruded by the granite. This top amphi-
bolite’ is continuous and can be traced all around the
exposed granite contact; it is also rather homogeneous,
much more so than any of the other components of
the supracrustal sequence. Inloc. 80 (Fig. 5), it appears
to be in tectonic contact with the underlying layered
biotite gneiss.

Field description and petrology

As mentioned above, three main components are observed
in the supracrustal succession: aluminous metapelite, lay-
ered biotite gneiss and amphibolite. Field aspects togeth-
er with photographs of thin sections are presented in Fig.
6. The aluminous metapelites occur as slaty, fine-grained
(0.5-1 mm), grey to yellowish paragneisses (Fig. 6A1).
Garnet or sillimanite is commonly seen in outcrop. In
thin section, they display biotite, plagioclase and quartz
with either sillimanite or poikiloblastic garnet (Fig. 6A2)
cutting across an earlier weak foliation marked by pre-
ferred orientation of biotite flakes and elongation of pla-
gioclase crystals.

40

The layered biotite gneisses appear as grey, relatively
massive, fine grained (0.5-1 mm), finely layered rocks.
They are interstratified at all scales with amphibolite (Figs
3C, 6B1)and generally formdiscontinuous bodies on a 100
m scale. They consist of quartz, plagioclase, K-feldspar
and biotite; the foliation is defined by the preferred orien-
tation of biotiteand elongationofquartzgrains (Fig. 6B2).

The amphibolites are dark, massive rocks that also show
a strong compositional banding (Fig. 6C1-C2). Regard-
less of their mode of outcrop either as a thick continuous
layer, as in the ‘top amphibolite’, or as discontinuous lay-
ers interstratified with other lithologies, they are very sim-
ilar in visual aspect and mineralogy. They mostly consist
of a fine-grained (0.5-1 mm) hornblende-plagioclase as-
semblage, with preferred orientation of minerals defining
the foliation. Commonly, small clusters of clinopyroxene
surrounded by felsic (mostly plagioclase) rims are observed
(Fig. 6C4).

At one locality, gabbroic lenses on a scale of 5-10 cm
have been observed within the amphibolite (loc. 92, Fig.
6C3). They are medium grained (2-5 mm) and greenish
in aspect, and composed of a clinopyroxene-plagioclase
association with diffuse contacts with the neighbouring
amphibolite (Fig. 6C4). At the same locality, an ultrama-
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fic layer ¢. 0.5 m thick has been observed. It is slightly
coarser grained (2-5 mm) than the amphibolite, and solely
consists of amphibole grains (Fig. 6C5), which are opti-
cally similar to the hornblende in the surrounding am-
phibolite.

Geochemistry and origin

Figures 7-8 and Table 1 summarise the major and trace
element (especially REE) characteristics and relationships
of the three main supracrustal components: amphibolites,
metapelites and layered biotite gneisses. There is little, if
any doubt of the fact that the amphibolites correspond to
metamorphosed and deformed mafic igneous rocks. Else-
where, similar field characteristics in amphibolites as those
observed here have been interpreted as corresponding to
transposition of former pillow lavas in high strain domains
(e.g. Myers 2001). The metapelites obviously have a sedi-
mentary origin and probably represent terrigeneous sedi-
ments. The origin of the layered biotite gneisses, however,
is less obvious. They could represent either sedimentary
or felsic volcanic rocks. Therefore, they are plotted on ge-
ochemical diagrams for both magmatic and sedimentary
rocks (see below), allowing comparisons.

Origin of the amphibolites

The supracrustal amphibolites and their counterparts,
enclaves in the basement orthogneisses, appear to be very
similar in composition. They plot mostly as basalts in a
TAS diagram (Fig. 7; Le Maitre et al. 1989), and an AFM
diagram (Fig. 9; Irvine & Baragar 1971) reveals that they
belong to a tholeiitic series. This, together with their
spectacularly flat REE pattern at about 10 times chon-
dritic values (Fig. 8), is consistent with the amphibolites
corresponding to former MORB basalts, possibly formed
as part of an oceanic crust. Many discriminant diagrams
for basaltic rocks have been proposed on geochemical
grounds (e.g. Pearce 1982; Shervais 1982; Mullen 1983).
However, some caution should be exercised when using
such diagrams for the Archaean, since the existence of
modern-style tectonic settings in the Archaean is not cer-
tain, and the palaeogeodynamical contexts might not be
similar to those of modern settings (Hamilton 1998;
McCall 2003; van Kranendonk 2003). Nevertheless, in

Fig. 8. REE patterns (chondrite normalised, Boynton 1984) for the
lithologies in and around the Kangaatsiaq synform.

41



A Supracrustal amphibolite
v Amphibolite enclave
> Ultramafic rocks

Tholeiite Series
A

VS

A

e

-~
/////./// g
b pd }
.~~~ Orthogneiss
Vv
/4' - . .
& . Calc-alkaline Series
s
)/ Vs
(26 i
~-"Granite
A M

Fig. 9. AFM diagram (Irvine & Baragar 1971) showing the tholeiitic
affinity of both the supracrustal amphibolites and the enclaves in the
gneisses. A, Na,O + K,O; F, FeO, . M, MgO. The fields of the base-
ment orthogneisses and the Kangaatsiaq granite are also shown for
comparison.

such diagrams, the amphibolites plot either as MORB or
as rocks originated in oceanic arcs (arc tholeiites), leaving
some ambiguity about their original setting.

Origin of the aluminous metapelites

The geochemistry of metasedimentary rocks is common-
ly used to discuss their source, in terms of (1) the nature
of the original sediments, (2) the nature of the weathered/
eroded source material, and (3) the degree of weathering
of the source (see e.g. Taylor & McLennan 1985; Herron
1988; Roser & Korsch 1988; Nesbhitt & Young 1989;
Bohlar et al. 2005). While several authors also use the
geochemistry of sediments to discuss their geodynamical
setting (Bhatia 1983; Bhatia & Crook 1986; Roser &
Korsch 1988), some caution should be exercised when
dealing with Archaean environments, as mentioned above.
In terms of classification, the metasedimentary rocks from
the Kangaatsiaq area plot mostly as shales or greywackes,
using either of the two schemes proposed by Herron
(1988). One of these is shown on Fig. 10A; the ambiguity
and possible (chemical) confusion between the two groups,
shales and greywackes, which are poorly separated by this
diagram, has been outlined by these authors. Neverthe-
less, the conclusion points to relatively immature sediments
which have undergone limited transport from their source.
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The nature of the source itself can be discussed using major
or trace elements. Roser & Korsch (1988) proposed a
scheme for source determination of clastic sediments on
the basis of major elements. In this instance, the studied
samples straddle the P2—P3 boundary (Fig. 10B), suggest-
ing a felsic to intermediate source. Also trace elements
can be used to refine this conclusion. As pointed out by
Taylor & McLennan (1985), some elements (high field
strength elements, rare earth elements (REE), Y, Sc, Th)
only undergo limited fractionation during sedimentary
processes; thus, their ratios reflect the signature of their
source. Plotting these elements against each other shows
that the Kangaatsiaq metasedimentary rocks (Fig. 10E-
H) have element ratios that are generally consistent with
derivation from an orthogneissic source (amphibolites
generally have too low trace element contents and incor-
rect ratios to be a possible source). The only exception is
for heavy REE (Figs 8, 10G). Indeed, the relatively high
Yb contents of the metasedimentary rocks precludes their
derivation solely from a low-Yb gneissic basement, and
implies that they must, at least in part, have been derived
from higher-Yb rocks such as the amphibolites; this is
hardly a surprise, since amphibolite occurs as enclaves in-
tercalated within the orthogneisses. Modelling the REE
contents of such a mixture shows that mixing of ortho-

Facing page:

Fig. 10. Major and trace element geochemistry (A-D and E-H) of
the metasedimentary rocks (paragneisses, and layered biotite gneiss-
es). Dotted fields show the compositions of the major regional lithol-
ogies (orthogneiss and high-K orthogneiss, Moyen et al. 2003a; Steen-
felt et al. 2005; amphibolite; Kangaatsiaq granite). A: Log(SiO,/AlLO,)
vs. log(Fe,0,/K,0), from Herron (1988). B: Discriminant diagrams
for the metapelites, from Roser and Korsch (1988). The sources for
each group are P1, mafic to intermediate volcanic rocks; P2, interme-
diate (andesitic, dacitic, occasionally rhyolitic) volcanic rocks; P3, fel-
sic volcanic rocks; P4, evolved sediments, sandstones, etc. The discri-
minant functions are: F1=-1.773TiO, + 0.607 Al,O, + 0.760 Fe,O,
—1.500 MgO + 0.616 CaO + 0.509 Na,0 - 1.224 K,O - 9.090; F2
= 0.445 TiO, + 0.070 ALO, - 0.250 Fe,O, -1.142 MgO + 0.438
CaO +1.475 Na,0 +1.426 K,O - 6.861. C, D: Triangular diagrams
(from Neshitt & Young 1989). Stars: theoretical mineral composi-
tions; il, illite; ms, muscovite; pg, plagioclase; ksp, K-feldspar; cpx,
clinopyroxene; hbl, hornblende; chl, chlorite; bt, biotite; sm, smec-
tite. Dashed arrows: trends for (1) weathering and (2) K-metasoma-
tism, after Nesbitt & Young (1989) and Bohlar et al. (2005). E, F: U
vs. Thand Ti vs. Zr (log scale) diagrams, showing that the metasedi-
mentary rocks have trace elements ratios comparable to the gneisses,
but mostly different from the amphibolites. G, H: La/Yb vs. Yb and
Ti/Zr vs. Ni (log scale) diagrams displaying the same relationships as
E-F, also showing the mixing between an amphibolite-like and an
orthogneiss-like source (ticks at 10% increments).
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gneisses with amphibolite (Fig. 10G, H) can explain the
Yb contents of the sediments; since the amphibolites are,
collectively, less enriched in trace elements than the gneiss-
es, their involvement would only have little effect on the
other incompatible elements in the metasedimentary rocks.
In contrast, the latter display higher Ni and Cr contents
than the orthogneisses, also consistent with a contribu-
tion from amphibolite or its precursor rocks in their for-
mation (Fig. 10H). Finally, the degree of alteration of the
source can be discussed. The metasedimentary rocks dis-
play C.I.A. values (Chemical Index of Alteration, Nesbitt
& Young 1989) of c. 60-70 (Table 1), slightly lower than
for shales or similar rocks (70-75, Taylor & McLennan
1985). In the triangular diagrams proposed by Nesbitt &
Young (1989; Fig. 10C, D), they also depart only moder-
ately from their protoliths, suggesting a relatively unweath-
ered source. Very little or no evidence for secondary K-
enrichment is observed.

Taking the above-mentioned limitations into account,
the geoynamic setting inferred from the geochemistry gives
consistent results regardless of the classification scheme
used. Both the major elements classifications of Bhatia
(1983) and Roser & Korsch (1988) and the trace element
systems of Bhatia & Crook (1986) suggest an oceanic or
continental island-arc setting. However, this only reflects
the characteristics outlined above: relatively immature sed-
iment derived from poorly weathered felsic to intermedi-
ate magmatic rocks, with a possible mafic component.

Orrigin of the layered biotite gneiss
(felsic volcanic rocks?)

The two samples analysed of the layered biotite gneisses
give ambiguous geochemical signatures and can be inter-
preted either as sedimentary or igneous (Figs 7-10). In
general, they seem to share more similarities with the gran-
ite or the orthogneisses than with any other member of
the supracrustal group. In particular, Fig. 10 (C, D) shows
that if these rocks are of sedimentary origin, they are in-
deed very similar to their source and were derived from a
largely unweathered protolith. This implies that the lay-
ered biotite gneiss can be interpreted in two ways. It may
represent very immature sediment derived from a mostly
unweathered protolith with a very similar bulk composi-
tion, such as a conglomerate made of pebbles of unweath-
ered orthogneiss, in which case the banding could be a
trace of the transposed pebbles. Alternatively the layered
biotite gneiss represents calc-alkali or TTG-type felsic la-
vas, whose composition would of course be very similar
to that of their plutonic counterparts.

Origin of the supracrustal sequence as a whole

Based on the foregoing discussion two interpretations can
be proposed for the supracrustal sequence.

1. The succession could represent a dismembered ophio-
lite sequence intermingled with clastic sediments erod-
ed from a nearby continent. The combined sequence
could then be interpreted as an accretionary prism. The
likely tectonic nature of the contact between members
of the sequence (see above and Figs 4, 5) supports this
hypothesis.

2. The whole supracrustal pile consists of a bimodal, calc-
alkaline, probably subduction-related volcanic suite
associated with immature terrigeneous sediments di-
rectly derived from their weathering. This is consistent
with an arc situation, in which a back- or fore-arc ba-
sin is being filled with both volcanic products and de-
trital sediments largely derived from the weathering of
these lavas. At the same time, tonalitic plutons are
emplaced at depth from the same magmas. The plu-
tonic rocks are quickly uplifted and eroded, and, be-
sides intruding into the supracrustal pile, may in some
cases also represent the basement for subsequent volca-
no-detritic basin fill.

In both cases, the rocks were formed in a convergent set-
ting, probably above or close to an active subductions
margin. In general, arc- or subduction-related origins for
Archaean volcanic suites are preferred by most workers
(e.g. Card 1990; Lowe 1994; Windley 1995; Chadwick et
al. 1996), although the issue remains controversial (Ham-
ilton 1998; McCall 2003; van Kranendonk 2003).

Nature and origin of the Kangaatsiaq
granite

The Kangaatsiaq granite is pink, porphyritic, and displays
a distinct rodding (Fig. 11A) showing that it has been
intensely deformed (see below). While YZ sections (per-
pendicular to the main stretching direction) display a pre-
served magmatic texture, sections parallel to X clearly show
the gneissic texture of the rock. The mineralogical para-
genesis is K-feldspar + quartz + sodic plagioclase + biotite,
with accessory zircon, titanite, apatite and oxides.

The granite has moderate K/Na ratios (0.67-0.86), is
slightly metaluminous with A/CNK ratios of 1.00-1.04,
and has low Mg# of 32— 41 (Table 1). Ni and Cr contents
are also low, while Rb, Sr and Ba contents are moderate;
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 Poles to foliation
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Total data: 70 Equal area, lower hemisphere

B. Within the granite

this composition corresponds to the biotite-bearing gran-
ites of Moyenet al. (2003b), which are interpreted to have
been derived from partial melting of TTG gneisses. This
conclusion is consistent with the highly migmatitic na-
ture of the surrounding gneissic basement (van Gool et al.
2002a).

Structure and deformation history

As mentioned above, the granite displays a strong rod-
ding and L > S fabrics (Fig. 11A). The strain pattern in
the granite (Fig. 11B) is consistent with highly constric-
tional deformation, with foliation poles plotting on a great
circle, and lineations clustered near the pole of this great
circle. This corresponds to subhorizontal, ENE-WSW
stretching, consistent with the general orientation of the
structures in Kangaatsiaq area (Fig. 1), and more general-
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Fig. 11. A: Macroscopic view of the
Kangaatsiaqg granite at loc. 75 (correspond-
ing to sample 485529), showing strong
rodding. Hammer shaft about 4 cm wide. B,
C: Stereograms of poles to foliation (circles)
and lineations (squares) within and outside
the granitic intrusion. The strain patterns are
similar in both units and define a highly
constrictional, NE-SW-trending and
subhorizontal deformation.

Total data: 42

C. Outside the granite

ly with the structural grain of the region (van Gool et al.
2002a; Piazolo et al. 2004; Mazur et al. 2006, this vol-
ume). The surrounding gneissic basement and supracrus-
tal rocks show the same strain pattern when plotted (Fig.
11C), although in the field, the rocks commonly have a
LS or S> L fabric. This suggests that pre-existing folia-
tions have been reoriented during the latest constrictional
deformation event, leading to their present distribution.
The fact that intense constriction (rather than shorten-
ing) can produce folded structures has previously been
demonstrated by e.g. Leloup et al. (1995) in the Red Riv-
er shear zone in Yunnan, China, where the ductile defor-
mation ingneisses resulted inthe development ofelongate
synclinesandanticlines with axes parallel to the shear zone
and the X-axis of deformation.

The study of deformation-related textures allows the
conditions of deformation to be roughly constrained. In
the granite and felsic components of the supracrustal se-



Fig. 12. Deformation textures either related to the latest, constrictional deformation (A-C) or not compatible with low-T deformation (D, E).
See comments in the main text. A: Quartz ribbons in the Kangaatsiaq granite (sample 485527). B: Quartz subgrains in felsic supracrustal gneiss
(sample 485531). C: Poikiloblastic garnet in metapelite cutting across an earlier foliation (sample 485535). D, E: High-temperature recrystalli-
sation with 120° triple junctions in amphibolite (sample 485540) and felsic rocks (sample 485530). In E, the quartz also shows low-temperature
deformational features such as undulating extinction and quartz subgrains, indicating that this rock witnessed two successive deformation events.
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Fig. 13. Summary of the deformation history of the Kangaatsiaq synform and Kangaatsiaq granite. See comments in the main text. Photos from

Fig. 12.

ries (Fig. 12A, B), the deformation led to the develop-
ment of quartz subgrains and recrystallised quartz rib-
bons. This corresponds to deformation under lower am-
phibolite facies conditions (4001 50°C; Bouchez & Pécher
1976; Gapais & Barbarin 1986; Gapais 1989; Hirth &
Tullis 1992; Vernon 2000). Under these conditions, only
the quartz is ductile, such that all deformation is accom-
modated by quartz recrystallisation or deformation. In the
Al-rich lithologies, deformation-related textures are mostly
seen in the formation of poikiloblastic, syn- to post-tec-
tonic garnets (Fig. 12C). Piazolo (2002) estimated that
the chemistry of garnet in similar pelites nearby is com-
patible with a long duration of temperature conditions at
around 500°C, which is in broad agreement with the above
estimate. Willigers et al. (2002) described the cooling his-
tory of the NNO close to our study area from Ar-Ar dat-
ing of various minerals, and likewise concluded that the
cooling history of the NNO was slow, from 400°C (mus-
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covite closure) at 1.7 Ga to 200°C (K-feldspar closure) at
1.5 Ga. Therefore, it can be considered that a constric-
tional deformation event post-dating the granite emplace-
ment occurred during cooling to lower amphibolite facies
conditions. Since this event is apparently responsible for
the regional-scale structures (Mazur 2002; van Gool et al.
2002Db; Piazolo et al. 2004), and is of lower Proterozoic
age (Willigers et al. 2002), we propose that it corresponds
essentially to the Nagssugtogidian deformation proper.
However, some textures are not compatible with the
above conditions. In amphibolites, high-temperature fab-
rics with polygonal textures and 120° triple junctions are
preserved (Fig. 12D). In some of the felsic supracrustal
rocks or basement gneisses (but never in the granite), ev-
idence is preserved for a similar high-temperature fabric,
overprinted by later quartz recrystallisation (Fig. 12E).
According to Kretz (1969), Gower & Simpson (1992),
Kretz (1994) and Martelat et al. (1999), such fabrics are



likely to develop under granulite facies conditions (600-
800°C). This points to the existence of one or more older
(D1?) deformation event(s). Since no evidence for this
deformation is found in the granite, we suggest that it
was pre-granite, and therefore likely corresponds to late
Archaean deformation. P-T estimates for metapelites and
metabasites in the Kangaatsiaq area by Piazolo (2002) al-
so indicated the existence of an early metamorphic phase
with P-T conditions between 650°C, 3-5 kbar and 780°C,
P unknown. This estimate is in good agreement with the
textural evidence for D1 deformation under lower granu-
lite facies conditions. The pre-granite deformation is also
evidenced by the early isoclinal folds, the existence of a
foliation within the supracrustal rocks that does not exist
in the granite, and the fact that the granite apparently
cuts earlier structures (Fig. 5). At loc. 80, the granite is
clearly observed cutting across the foliation and shear bands
in the amphibolite; these shear bands are injected by peg-
matites that might also be cut by the granite. This sug-
gests that there were actually two pre-granite events, the
first of which corresponds to the granulite facies forma-
tion of the foliation and isoclinal folds, and the second
one to the pegmatite-injected shear bands. However, the
floor of the granitic intrusion is also apparently offset by
the shear bands (Fig. 5B). Furthermore, the geometry of
theshearbandsand the foliation suggests extensional defor-
mation; since the cliff face studied here almost corresponds
to a YZ section relative to the regional constrictional de-
formation, this geometry is likely to correspond to the
original, preserved pre-constriction geometry. Finally, the
fact that the granite both cuts across, and is offset by the
shear bands, suggests that the granite emplacement may
actually have been syn-extension as sketched in Fig. 5C.

Altogether, the simplest possible deformation history
(with the smallest number of episodes) can be summa-
rised as follows (Fig. 13).

1. A first deformation event (D1) under lower granulite
facies conditions (c. 5 kb, 600-800°C), resulted in the
development of granulitic (polygonal) textures in all
the existing lithologies, the formation of a main folia-
tion, and isoclinal folding. It probably corresponds to
compression of the original, likely accretionaly wedge
or arc sequence.

2. This may have been followed by a second event (D1b)
of probably extensional deformation, maybe associat-
ed with (or shortly followed by) the emplacement of
the granite sheet. This event, only witnessed by the shear
zones cutting the D1 foliation, e.g. at locality 80, is
poorly recorded and probably just represents the final

stage of D1 deformation. Assuming the granite has a
late Archaean age, which is very likely in the regional
context, this deformation could correspond to the lat-
er stages of the evolution of an arc or active continental
margin, with strain relaxation and syn-extension gran-
ite emplacement.

3. Afinal event of constrictional deformation under low-
er amphibolite conditions (D2). Due to the relatively
low-temperature conditions, only the quartz-bearing
lithologies were affected. Therefore, the granite shows
strong recrystallisation, the felsic supracrustal rocks dis-
play overprinting of the D1/D1b fabric by this event,
and the quartz-free amphibolites were essentially unaf-
fected by this event. The D2 event corresponds to the
purely constrictional, regional structures which have
been interpreted by Piazolo et al. (2004) and Mazur et
al. (2006, this volume) as resulting from the indenta-
tion of the NNO by a solid, north-moving block im-
mediately north of the Arfersiorfik shear zone (for the
latter, see e.g. Sgrensen et al. 2006, this volume). This
Palaeoproterozoic deformation gave the studied area its
present synformal structure.

Conclusions

While the present-day synclinal structure of the Kangaat-
siaq area essentially results from N60 constriction related
to the Palaeoproterozoic Nagssugtogidian deformation,
the lithologies together with early preserved structures give
insight into the late Archaean crustal evolution. The base-
ment gneisses genetically belong to the TTG suite (Moy-
en et al. 2003a; Steenfelt et al. 2005), which is generally
interpreted as generated by partial melting of a subduct-
ing slab (e.g. Martin 1994). Some components of the base-
ment display implications of mantle wedge involvement
in their genesis (Steenfelt et al. 2005), which is unusual in
the Archaean but nevertheless consistent with an active
margin setting. The supracrustal succession is composed
of discontinuous layers of mafic MORB-like or arc tho-
leiite lavas, and together with immature, terrigeneous
shales or greywackes derived from erosion of the basement
TTG gneisses or volcanic counterparts to them, with a
likely small contribution from tholeiitic lavas. Part of the
succession could also have been felsic rocks derived from
erosion of the basement TTG gneisses or volcanic coun-
terparts to the latter, with a likely small contribution from
tholeiitic lavas. The whole series is capped by a layer c.
100 m thick of mafic volcanic rocks likewise of tholeiitic
affinity. All these lithological components are in good
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agreement with either an arc-related setting, with a plu-
tonic arc developing simultaneously with the filling of
volcano-detritic basins with lavas of similar affinities and
immature sediments; or with an accretionary wedge envi-
ronment involving ocean floor juxtaposed together with
similar sediments. In both cases, they correspond to an
active subduction margin. Intense migmatisation of the
basement is probably associated with the emplacement of
the anatectic, likely synkinematic Kangaatsiaqg granite. This
was apparently synchronous with an early, lower granu-
lite facies (D1/D1b) deformation event that may have
ended with strain relaxation and exhumation of the rocks
from the active margin at the end of the Archaean cycle.

The supracrustal association and the sequence of events
in the Kangaatsiaqg area are comparable to the evolution
of many Archaean greenstone belts (e.g. Card 1990; Chad-
wick et al. 1996; Hunter et al. 1998). On the other hand,
classical Archaean components such as orthochemical sed-
iments and plume-related komatiites (Arndt 1994) or or-
thochemical components (Lowe 1994) are completely
missing from the Kangaatsiag area. However, this appar-
ently rather uncommon absence is known from other mid-
to late Archaean greenstones, also in West Greenland (e.g.
Garde 1997). The setting is sometimes interpreted as be-
ing arc-related (Card 1990; Lowe 1994). In contrast, wide-
spread melting and granite emplacement at the end of the
Archaean is a very common situation, which has been
described in many studies (among others, e.g. Gorman et
al. 1978; Card 1990; Sylvester 1994; Windley 1995;
Chadwick et al. 1996; Moyen et al. 2003b).
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A lead isotope study of an Archaean gold prospect in the
Attu region, Nagssugtogidian orogen,West Greenland

Henrik Stendal, Robert Frei and Bo Mgller Stensgaard

This paper presents a lead isotope investigation of a gold prospect south of the village Attu in the
northern part of the Nagssugtogidian orogen in central West Greenland. The Attu gold prospect is a
replacement gold occurrence, related to a shear/mylonite zone along a contact between orthogneiss
and amphibolite within the Nagssugtogidian orogenic belt. The mineral occurrence is small, less than
0.5 m wide, and can be followed along strike for several hundred metres. The mineral assemblage is
pyrite, chalcopyrite, magnetite and gold. The host rocks to the gold prospect are granulite facies
‘brown gneisses’ and amphibolites. Pb-isotopic data on magnetite from the host rocks yield an iso-
chron in a 2"Ph/2Pb vs. 25Ph/2Ph diagram, giving a date of 3162 + 43 Ma (MSWD = 0.5). This
date is interpreted to represent the age of the rocks in question, and is older than dates obtained from
rocks elsewhere within the Nagssugtogidian orogen. Pb-isotopic data on cataclastic magnetite from
the shear zone lie close to this isochron, indicating a similar origin. The Pb-isotopic compositions of
the ore minerals are similar to those previously obtained from the close-by ~2650 Ma Rifkol granite,
and suggest a genetic link between the emplacement of this granite and the formation of the ore
minerals in the shear/mylonite zone. Consequently, the age of the gold mineralisation is interpreted to

be late Archaean.
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Discovery of the gold prospect described in this study was
due to the find of a mineralised sample, which Karl
Markussen from Attu submitted to the Bureau of Mine-
rals and Petroleum in Greenland. The Geological Survey
of Denmark and Greenland (GEUS) visited the locality
in 2001 and in 2002 (Stendal et al. 2002, 2004), and the
present paper reports Pb-isotopic data for minerals from
the prospect and its surroundings.

The Attu gold prospect lies within the Nagssugtogidian
orogen of West Greenland (Fig. 1), where geological map-
ping and exploration has been carried out for decades by
the Geological Survey, the Danish Lithosphere Centre,
university research groups and exploration companies (e.g.

Kalsbeek et al. 1987; Connelly et al. 2000; van Gool et al.
2002). In addition to the general investigations, Steenfelt
(2001) has summarised geochemical signatures from
stream sediments, Rasmussen & van Gool (2000) have
described geophysical aspects, and Steenfelt et al. (2002),
Stendal & Schgnwandt (2003) and Stendal et al. (2004)
have described mineral occurrences and their economic
potential. An overview of the mineral occurrences in the
entire region has been presented by Stendal et al. (2004).

Detailed, mainly zircon U-Pb geochronological data
from the Nagssugtogidian orogen have been presented by
Kalsbeek & Nutman (1996), Connelly & Mengel (2000)
and Connelly et al. (2000), and Pb-Pb, Rb-Sr and Sm-
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Fig. 1. A: Geological map of the Attu region with index map of Greenland. CNO, central Nagssugtogidian orogen; NNO, northern Nagssugto-
gidian orogen; NSSZ, Nordre Stramfjord shear zone. B: Geological map of the Attu gold prospect area (modified from Olesen 1984).

Nd whole-rock isotope data from the region have been
reported by Kalsbeek et al. (1984, 1987), Taylor & Kals-
beek (1990) and Whitehouse et al. (1998). In addition,
some Pb-isotopic work has been carried out on sulphide
separates, mainly pyrite, from mineral occurrences in the
Disko Bugt region (Stendal 1998).

Geological setting

The Palaeoproterozoic Nagssugtogidian orogen of West
Greenland (van Gool et al. 2002) is located between the
Archaean North Atlantic craton to the south and a lesser-
known continental mass to the north that includes the
Palaeoproterozoic Rinkian fold belt. Most of the orogen
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consists of variably reworked Archaean orthogneisses.
Several thin belts of supracrustal and intrusive igneous
rocks occur within this gneiss terrain. Granitoid rocks and
numerous pegmatites intrude the gneisses. Formations of
Palaeoproterozoic age are limited to the Arfersiorfik and
Sisimiut igneous suites and minor supracrustal sequences
(Connelly et al. 2000).

The Attu area itself is located in the southern part of
the northern Nagssugtogidian orogen (NNO; Fig. 1). The
metamorphic grade is granulite facies; metamorphism and
deformation of the Archaean granitoid rocks in the NNO
gradually decrease northwards, from granulite to amphi-
bolite facies, and from high strain to lower strain with
more open structures. Steeply and shallowly dipping shear
and fault zones are common in contact zones between



Fig. 2. The site of the Attu gold prospect.
Gold values are given for rock samples.

Red circles are sample sites with gold values
obtained from fine-grained stream sediments
(see Fig. 1 for geographical location). The
red line shows the approximate position of
the gold-bearing zone in the shear/mylonite
zone. The black line shows the approximate
position of a stream.

different lithologies. Major fault zones generally strike
NNE to NE. The major Nordre Strgmfjord shear zone
(van Gool 2002) is located ¢. 20 km south of the study
area. The shear zone is traceable from the coast to the
Inland Ice and forms the southern boundary of the NNO.
The gneisses of the NNO are late Archaean, with ages
between 2870 and 2700 Ma (Kalsbeek & Nutman 1996;
Connelly & Mengel 2000; Hollis et al. 2006, this volume;
Thrane & Connelly 2006, this volume). Discordant sheets
of granitoid rocks of Archaean age occur in the centre of
the NNO and large charnockite/granite bodies including
the Rifkol granite are situated 20 km to the northwest
and just south of the study area (Fig. 1; Hansen 1979;
Kalsbeek et al. 1984). Only a few younger Palagoproter-
o0zoic ages have been obtained from the NNO: Thrane &

Fig. 3. Layered brown gneiss with black
bands of amphibolite. The hammer shaft is
50 cm long.

Connelly (2006, this volume) have obtained an approxi-
mate depositional age of the Naternaq supracrustal belt
some 80 km north-east of Attu of ¢. 1950-1900 Ma, and
an undeformed pegmatite between Attu and Aasiaat has
yielded an age of ¢. 1790 Ma (Connelly & Mengel 2000).

The Attu gold prospect

The Attu gold prospect is located south of the village At-
tu within a 100-330 m wide, complex tract hosting sev-
eral parallel shear/mylonite zones and faults that strike
NNE to NE and dip 60-70°W (Figs 1, 2). The fault zone
can be followed along strike in a north-easterly direction
for several kilometres. The host rocks are layered, brown
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weathering gneiss and amphibolite (Fig. 3). At the west-
ern border of the tract a gold-bearing shear/mylonite zone
follows the contact between brown gneisses and amphib-
olites. The gold-bearing shear/mylonite zone (Fig. 4) is
invaded by pegmatite sheets as well as centimetre-wide
veins consisting of red alkali-feldspar and quartz with oc-
casional pyrite and magnetite. The estimated relative vol-
ume of pegmatite in the tract varies from 1 to 10% (Sten-
dal et al. 2002, 2004).

The most promising gold showings are found in a coast-
al profile along the shear/mylonite zone, which can be
followed along strike for several hundreds of metres (Figs
1, 2). The studied site is a cliff exposure consisting of
mylonite (Fig. 4) and a rusty weathered band (10-20 cm

Fig. 4. The gold bearing mylonite zone. K-
feldspar occurs on the right side of the
yellow magnet pen (10 cm long). The zone
also contains pyrite, chalcopyrite and
magnetite.

in width) mineralised with pyrite, magnetite and some
chalcopyrite (Fig. 5). Pyrite and chalcopyrite replace
magnetite. The magnetite is predominantly cataclastic in
nature, but recrystallised ore also occurs. The gold is found
within pyrite and chalcopyrite. The gangue mineralogy
comprises quartz, K-feldspar, muscovite, biotite and car-
bonates (calcite, dolomite and/or ankerite).

The mylonite zone is silicified at the contact with the
mineralised zone, and sulphide-rich parts are weathered.
Secondarygoethite and malachite arecommon (Fig. 5). The
ore is structurally controlled by and confined to favour-
able sites (sulphide-bearing zones) within the mylonite/
shear/fault zone.

The Attu gold prospect has returned reproducable gold

Table 1. Pb-isotopic ratios of magnetite, pyrite
and K-feldspar from the Attu gold prospect and its host rocks

Sample number Mineral 206pp/204pp +206"  207pph/204ph +20c  208pph/204pp + 26 ry r2f
Amphibolite and orthogneiss (host rocks)
446601 magnetite 14.631 0.007 14.642 0.009 44.688 0.033 0.961 0.939
446602 magnetite 15.051 0.014 14.752 0.015 36.702 0.040 0.969 0.942
446610 magnetite 17.540 0.051 15.361 0.046 37.613 0.112 0.977 0.988
446614 magnetite 17.002 0.025 15.225 0.024 38.086 0.061 0.976 0.967
Shear zone and mineralised rock
446616 magnetite 15.423 0.023 14.844 0.023 41,598 0.068 0.979 0.957
2000368 magnetite 15.286 0.009 14.832 0.010 41.201 0.034 0.962 0.936
481093 magnetite 14.247 0.042 14.625 0.044 41.821 0.130 0.982 0.960
446615 pyrite 14.241 0.009 14.587 0.010 42.001 0.035 0.963 0.934
481078 pyrite 14.447 0.011 14.633 0.012 40.805 0.039 0.967 0.925
446616 K-feldspar 15.123 0.008 14.893 0.010 36.451 0.029 0.958 0.932

* Errors are two standard deviations absolute (Ludwig 1990).
**r] = 206Pp/204Ph versus 207Pb/204Ph error correlation (Ludwig 1990).
T r2 = 206pp/204ph versus 208Pb/204Ph error correlation (Ludwig 1990).
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Fig. 5. The gold bearing zone (10 cm wide)
within the mylonite zone, with malachite
and rusty weathered sulphides.

concentrations in the range 2.3-5.8 ppm. Other localities
in the same fault structure yielded 2.24 ppm and 124 ppb
Au (Fig. 2). The gold concentrations are positively corre-
lated with concentrations of copper, and gold-bearing sam-
ples often contain magnetite. Two stream sediment sam-
ples yielded anomalous gold concentrations of 12 ppb and
17 ppb Au, respectively (Fig. 2).

The host gneisses are brownish in colour and comprise
orthopyroxene, amphibole, biotite and feldspar, but little

quartz. Magnetite is in equilibrium with the rock form-
ing minerals and has the same granular texture. In the
amphibolites magnetite forms up to millimetre-thick lay-
ers, and also occurs in disseminated form. Within the
mylonite zone, magnetite occurs as a primary phase in
the host gneiss as cataclastic grains with cracks filled with
pyrite and chalcopyrite, and as a residual phase resulting
from sulphide replacement. Ten samples were analysed for
Pb-isotopic compositions.

158
156 [~
154 |-
Mt brown gneiss
g 15.2 Mt amphibolite
3
X
o . Rifkol granite - trend line ¢. 2650 Ma
Fig. 6. 2°Ph/?Pb—2"Ph/2%Ph diagram for § 15.0 ¢
minerals from the Attu area listed in Table
1. Open squares, mineral separates from
the gold-bearing mylonite zone. 148
Red squares, host rock data.
Black diamonds, whole-rock samples from
. ) samp 146 Age = 3162 + 43 Ma
the Rifkol granite for comparison (data MSWD = 0.50
from Kalsbeek et al. 1984). Mt, magnetite; ) -
. Lower intercept 3143 Ma
Py, pyrite; Kfsp, K-feldspar. 14.4 ‘ ! ‘ ! ! !
Blue curve, the Pb-isotopic growth curve 14 15 16 17 18 19

from Stacey & Kramers (1975).

206py/204pp
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Analytical methods

The Pb-isotopic study was carried out on magnetite from
host gneisses and amphibolites, and on K-feldspar, magne-
tite and pyrite from the shear zone-hosted mineralised zone
(Table 1). The isotope analyses were carried out at the
Danish Centre for Isotope Geology, Geological Institute,
University of Copenhagen. Near-pure mineral fractions
were separated from dry split aliquots of crushed and sieved
(100-200 pm) rock powders using a hand magnet, a
Frantz isodynamic separator and heavy liquid techniques.
Ore minerals were dissolved in concentrated aqua regia.
Total procedural blanks for Pb amounted to <120 pg
which is considered insignificant for the measured Pb-iso-
topic results, relative to the amount of sample Pb estimat-
ed from the mass spectrometer signal intensities. Isotope
analyses were carried out on a VG Sector 54-IT instru-
ment in static collection mode. Fractionation for Pb was
controlled by repetitive analysis of the NBS 981 standard
(values of Todt et al. 1993) and amounted to 0.103 +
0.007% /amu (2c; n=11).All results are quoted with2 ¢
precisions.

Results

The Pb-isotopic compositions of mineral separates from
thegold-bearing mylonitezone anditshost rocks are listed
in Table 1. In the 27Ph/2%Pb vs. 25Ph/2*Ph diagram shown
in Fig. 6, the Pb-isotopic compositions of magnetite from
the four host rock samples of brown gneiss and amphibo-
lite (red squares) define a straight line with a slope corre-
sponding to 3162 + 43 Ma (MSWD = 0.50). This line
has intercepts with the Stacey & Kramers (1975) Pb-iso-
topic growth curve at 3143 and 60 Ma. Based on the good
fit of the data points on the isochron, and the agreement
of the isochron age with the intercepts of the growth curve,
we interpret the 3162 Ma date as the age of the rocks in
question. However, farther south, in the central part of
the Nagssugtogidian orogen, Palaeoproterozoic granulite
facies metamorphism has led to U loss in Archaean rocks,
resulting in Pb-isotopic compositions plotting above and
to the left of an 2800 Ma reference isochron (Whitehouse
et. al. 1998). If this process had also taken place in the
area of the present study, the 3162 Ma date might give a
false impression of the age of the rocks. However, the good
fit of the data points on the isochron and the agreement
of the intercepts with the Stacey & Kramers (1975) growth
curve with the isochron age would then be accidental, a
coincidence which we regard as very unlikely.

Six mineral separates from the gold-bearing mylonite

58

zone (Fig. 6, open squares) lie close to or slightly above
the isochron obtained for magnetite from the host rocks.
The most primitive 2%Pb/2Ph and 27Ph/?*Pb ratios have
been measured in pyrite and magnetite from the ore-bear-
ing zone, whereas the two primary magnetites with cat-
aclastic texture from within the shear zone plot very close
to the host rock magnetite isochron. This suggests that
their crystallisation took place at about the same time as
the magnetites from outside the shear zone. Whole-rock
Pb-isotopic ratios from the Rifkol granite (Kalsbeek et al.
1984) are also plotted on Fig. 6 for comparison, and the
isotopic values are listed in Table 1. The errorchron de-
fined by these samples has a slope corresponding to an age
of 2653 + 110 Ma, which has been interpreted as emplace-
ment age of the granite (Kalsbeek et al. 1984). This er-
rorchron is oblique and discordant to the isochron ob-
tained for magnetite from the host rocks, but the three
least radiogenic data points from ore minerals associated
with native gold from within the shear zone are conform-
able with this younger trend. This suggests that the fluids
in the shear zone from which the gold mineralisation was
deposited were somehow genetically linked to the intru-
sion of the Rifkol granite. Alkali feldspar from the shear
zone has its own Pb-isotopic signature, which is neither
compatible with a ‘Rifkol’ source nor with a source typi-
cal of the immediate host rocks.

The uranogenic vs. thorogenic isotopic pattern (not
shown in a figure) is more disperse than the uranogenic
patternanddoesnot add to the understanding of the urano-
genic Pb-isotopic data; as expected, it mostly reflects the
differences in U and Th concentrations in the different
analysed minerals.

Summary, discussion and conclusions

The Attu gold prospect is small. The gold mineralised zone
does not exceed 0.5 m in width, and its length is now
known to be only a few hundred metres. Gold has also
been detected along strike several kilometres away, but
the mineralisation does not show a continuous outcrop
pattern. However, the fact that gold is present indicates
that the NE-striking shear/mylonite zone is mineralised
and that hydrothermal activity seems to have occurred in
most of the prominent lineaments in the region. The gold-
bearing sulphide deposit is of replacement type, where
pyrite and chalcopyrite grew at the expense of e.g. magne-
tite. Itis envisaged that gold was introduced contempora-
neously with the replacement processes.

Reworked Archaean orthogneisses dominate all seg-
ments of the Nagssugtogidian orogen. Published age deter-



minations range from 2870-2700 Ma (e.g. Kalsheek &
Nutman 1996; Connelly & Mengel 2000), but no chrono-
logical information has yet been available from the Attu
region. The 3162 +43 Ma magnetite age obtained from
the Attu host rocks suggests that the rocks in this part of
the Nagssugtogidian orogen may be significantly older
than similar rocks elsewhere in the orogen. However, Sm-
Nd isotope data from Archaean gneisses in the central part
of the orogen suggest the involvement of pre-2800 Ma
crustal material (possibly 3100 Ma or older) in their source
(Whitehouse et al. 1998). Large parts of the Nagssugto-
gidian orogen underwent Palaeoproterozoic granulite
facies metamorphism around 1850 Ma (e.g. Willigers et
al. 2001), which resulted in severe disturbance of the Pb-
isotopic evolution of the rocks (Whitehouse et al. 1998).
In view of the well-preserved 3162 Ma isochron relation-
ships for the Attu gneisses it appears possible that these
rocks escaped high-grade Nagssugtogidian metamorphism
and that granulite facies metamorphism here is of Archae-
an age, in agreement with the conclusions of Mazur et al.
(20086, this volume) and Thrane & Connelly (2006, this
volume).

The Pb-isotopic data of the gold bearing samples (Fig.
6) suggest a genetic link between the Rifkol granite intru-
sion and the fluids percolating through the shear zone,
implying an Archaean age of the mineralisation. Without
further analytical work we are unable to elaborate and
comment on a possible source of the Pb that has been
incorporated into the K-feldspar in the shear zone.
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Origin and evolution of the Kangamiut mafic dyke swarm,

West Greenland

Kyle R. Mayborn and Charles E. Lesher

The Kangamiut dyke swarm in West Greenland intruded Archaean terrains at 2.04 Ga, and its north-
ern portion was subsequently metamorphosed to granulite facies during the Nagssugtogidian orogeny
(c. 1.8 Ga). Mineral and whole-rock major and trace element compositions show that the parental
magmas for the dyke swarm differentiated by the fractionation of olivine, clinopyroxene, plagioclase
and late stage Fe-Ti oxides. Petrographical observations and the enrichment of K, O during differenti-
ation argue that hornblende was not an important fractionating phase. Field observations suggest
emplacement at crustal levels above the brittle—ductile transition, and clinopyroxene geothermobaro-
metry constrains dyke emplacement depths to less than 10 km. Granulite facies metamorphism of the
Kangamiut dykes and their host rocks in the northern portion of the swarm requires subsequent
burial to ¢. 30 km, related to roughly 20 km of crustal thickening between the time of dyke emplace-
ment and peak metamorphism during the Nagssugtogidian orogeny. Kangadmiut dykes are character-
ised by low Ba/La ratios (12 £5), and high Nb/La ratios (0.8 £0.2), compared to subduction related
basalts (Ba/La ¢. 25; Nb/La c. 0.35). These geochemical characteristics argue that the Kangdmiut
dykes are not related to subduction processes. Forward modelling of rare-earth element data requires
that primitive magmas for the Kangamiut dykes originated from a moderately depleted mantle source
with a mantle potential temperature of ¢. 1420°C. The inferred potential temperature is consistent
with potential temperature estimates for ambient mantle at 2.0 Ga derived from secular cooling
models and continental freeboard constraints. The geochemistry and petrology of the Kangamiut
dykes support a model that relates the dyke activity to passive rifting of the proposed Kenorland
supercontinent rather than to mantle plume activity or subduction.

Keywords: dyke swarm, Laurentia, Palaeoproterozoic, rifting
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The 2.04 Ga Kangamiut dyke swarm of West Greenland
has been the subject of numerous investigations over the
past 35 years (Windley 1970; Escher et al. 1976; Bridg-
water et al. 1995; Cadman et al. 1999), yet there is still
considerable disagreement over many aspects of the swarm’s
history. Since the work of Escher et al. (1976), who asso-
ciated the dykes with synkinematic shearing during N-S
compression, the swarm has often been cited as a type
example of dykes that are emplaced into crustal regions

undergoing shear deformation (Cadman etal. 1999). The
proposed compressional setting led Cadman et al. (2001)
to speculate that the swarm formed in a subduction-relat-
ed environment. Nevertheless, recent geochronology has
shown that many of the shear zones originally thought to
be consanguineous with the dykes are actually significantly
older or younger than the dykes themselves (Connelly &
Mengel 2000). The field area for Escher et al.’s (1976)
investigations is now known to contain Archaean shear
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zones and post-Kangamiut dyke shearing associated with
the Nagssugtogidian orogeny. Despite these complications,
the Kangamiut dyke swarm offers a unique opportunity
to constrain the magmatic and tectonic evolution of the
province spanning the period from dyke emplacement to
the Nagssugtogidian orogeny (2.04 to c. 1.8 Ga). The
present work discusses the constraints on the magmatic
and metamorphic history of the Kangamiut dykesprovided
by field observations, petrology, geochemistry, and geo-
chronology andcritically evaluates previousand newly pro-
posed models for their origin and subsequent metamor-
phism during the Nagssugtogidian orogeny.

Regional geology

Figure 1 is a geological map of central West Greenland
showing the Nagssugtogidian orogen and the Kangamiut
dykes. The Nagssugtogidian orogen is bounded to the
north by the Palaeoproterozoic Rinkian orogen (Escher
& Pulvertaft 1976) and to the south by the Archaean Nain
craton (Nutman & Bridgwater 1986; Nutman & Coller-
son 1991; Friend & Nutman 1994). The orogen is divid-
ed into four parts based on lithology, structure, stream
sediment geochemistry, and aeromagnetic data. From
north to south, these are the northern Nagssugtogidian
orogen (NNO), the central Nagssugtogidian orogen
(CNO), the southern Nagssugtogidian orogen (SNO), and
the southern Nagssugtogidian foreland (SNF). These ter-
rains are separated by three shear zones. The Nordre Stram-
fjord shear zone separates the NNO from the CNO, the
Ikertdq shear zone separates the CNO from the SNO,
andtheNagssugtogidian Frontseparatesthe SNO from the
SNFE

The NNO contains Archaean granitic gneisses and
supracrustal rocks (van Gool et al. 2002), whereas the
CNO is characterised by reworked Archaean granitic and
tonalitic gneisses, the 1.92 Ga Arfersiorfik quartz diorite,
the 1.92 Ga Sisimiut charnockite, and supracrustal rocks
(Bak et al. 1975; Kalsheek et al. 1987; Manatschal et al.
1998; Kalsheek & Manatschal 1999; Nutman et al. 1999;
van Gool et al. 1999). The SNO and SNF are composed
of Archaean granitic and tonalitic gneisses and the
Kangamiut dykes. In the SNO the dykes are metamor-
phosed to amphibolite facies in the south and granulite
facies in the extreme north. The transition from amphi-
bolite facies to granulite facies occurs within the Ikertoq
shear zone (Korstgard 1979). In the SNF, most of the
Kangamiutdykesretain igneoustexturesand mineralogies.

Figure 1 shows that the Ikertq shear zone is the most
continuous structure within the Nagssugtogidian orogenic
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belt and represents an important lithological boundary
between the SNO and the CNO. It is traceable from the
western shoreline, just south of the village of Sisimiut, to
the inland icecap. The shear zone contains panels of
Kangamiut dyke-bearing tonalitic gneiss alternating with
layers of garnet-sillimanite-kyanite-bearing metapelites,
marbles, and quartzites that dip steeply NNW. The repe-
tition of lithological units, the presence of down-dip line-
ations and S-vergent kinematic indicators show that this
structure is a reverse fault (Grocott 1979). Deformed
Kangamiut dykes are restricted to the southern footwall,
while Palaeoproterozoic felsic igneous rocks, including the
1.92 Ga Sisimiut charnockite and the 1.92 Ga Arfersior-
fik quartz diorite, are found only north of the shear zone.
U/Pb dates for detrital zircons from the supracrustal rocks
of the region require that these units were deposited after
2.10 Ga (Nutman et al. 1999), while “Ar/**Ar dating of
hornblende from metamorphosed Kangamiut dykes and
orthogneisses from within the shear zone gives cooling
ages of ¢. 1.73 Ga (Willigers et al. 1999).

The Itivdleq shear zone is located to the south of the
Ikertdq shear zone within the SNO and is ¢. 6 km wide
with E-W-trending lineations (Hanmer et al. 1997). It
contains multiple bands of sheared Kangadmiut dykes and
Archaean orthogneisses that Connelly & Mengel (2000)
used to document shearing during the Archaean and the
Palaeoproterozoic Nagssugtogidian orogeny. For example,
some of the shear bands are cut by weakly deformed to-
nalites that yield a magmatic age of 2498 +4 Ma with a
metamorphic overprint at 1782 + 12 Ma (Connelly &
Mengel 2000). This shows that some of the shear bands
near Itilleq fjord developed prior to c. 2.5 Ga and were
subsequently intruded by tonalite. The metamorphic over-
print age of 1782 Ma and the presence of shear bands
that cut the Kangamiut dykes indicate reactivation dur-
ing the Nagssugtogidian orogeny. Metamorphic horn-
blende from a recrystallised Kangamiut dyke within the
Itivdleq shear zone gives an “Ar/Ar age of 1873+ 13
Ma, consistent with the age of Nagssugtogidian metamor-
phism (Willigers et al. 1999).

The Nagssugtogidian Front is the southernmost struc-
tural expression of the Nagssugtogidian orogenic event
(Fig. 1). Hageskov (1995) showed that it is a discontinu-
ous, en échelon array of NW-dipping, low-angle thrust

Facing page:

Fig. 1. Geological map of the Nagssugtogidian orogen and its south-
ern foreland in West Greenland. NNO, northern Nagssugtogidian
orogen; CNO, central Nagssugtogidian orogen; SNO, southern Nags-
sugtogidian orogen; SNF, southern Nagssugtogidian foreland. Modi-
fied from van Gool et al. (2002).
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faults that deformed the Kangamiut dykes in this region.
The Nagssugtogidian Front is well defined in the eastern
portion of the orogen but is difficult to trace to the west
approaching the Sukkertoppen Iskappe. It is not known
whether the Nagssugtogidian Front dies out beneath the
icecap or swings to the NNW merging with the Itivdleq
shear zone (Hageskov 1995).

Geological history

ThePrecambrianhistory of central\WestGreenland involves
five majorevents: (1) genesisand metamorphismof Archae-
an crust; (2) emplacement of the Kangamiut dykes (2.04
Ga); (3) deposition of sediments (c. 2.00-1.92 Ga); (4)
emplacement of the Sisimiut and Arfersiorfik intrusions
(c. 1.92-1.87 Ga); and (5) metamorphism and deforma-
tion accompanying the Nagssugtogidian orogeny (c. 1.82—
1.77 Ga).

Genesis and metamorphism of Archaean crust

Connelly & Mengel (2000) and Kalsbeek & Nutman
(1996) present U/Pb dates and field observations that
document the genesis and metamorphism of a large por-
tion of the central West Greenland crust during the Late
Archaean. Igneous zircons from foliated granulite facies
gneisses give ages between 2.87 and 2.81 Ga. Granitoids
that cut the foliation in these gneisses give ages between
2.81 and 2.72 Ga. These cross-cutting relationships and
dates indicate widespread genesis of granitic crust between
2.87 and 2.81 Ga, immediately followed by metamor-
phism at 2.81-2.72 Ga.

Emplacement of the Kangamiut dykes

The emplacement of the Kangamiut dykes occurred after
the formation of the Archaean host rocks and before the
Nagssugtogidian orogeny. U/Pb geochronology on igne-
ous zircons from three dykes gives ages of 2036 + 5 Ma,
2046 + 8 Ma (Nutman et al. 1999), and 2048 + 4 Ma
(Connelly et al. 2000). The analysed zircons come from
dioritic centres in wide composite dykes and cover most
of the NS extent of the dyke swarm. “Ar/*Ar dating of
hornblende from the Kangamiut dykes from the SNF by
Willigers et al. (1999) gives emplacement related ages of
2.05-2.02 Ga.
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Deposition of sediments

Dating of detrital zircons from metasedimentary units just
south of the Nordre Stramfjord shear zone and within
the lkertdqg shear zone (Fig. 1) yields ages between 3.4
and 1.95 Ga (Nutman et al. 1999). Some metasediments
containing 1.95 Ga zircons are cut by 1.92 Ga quartz-
diorites, requiring that deposition of the sediments oc-
curred between 1.95 and 1.92 Ga. Metasediments found
within thrust-bounded panels in the Ikertdq shear zone
contain zircons that yield ages between 2.1 and 2.0 Ga.
There are no known granitic intrusive rocks with ages
between 2.5 and 1.92 Ga within the central West Green-
land field area, suggesting that the sediments originated
from a distal source. Nutman et al. (1999) propose that
the Archaean and Palaeoproterozoic terranes of eastern
Canada are possible source regions. Sediments derived
from these terranes would support the existence of the
supercontinent Kenorland (Williams et al. 1991; Aspler
& Chiarenzelli 1998). Additionally, the deposition of sed-
iments suggests the presence of basins that may have de-
veloped during the rifting and break-up of Kenorland (van
Gool et al. 2002).

The Nagssugtogidian orogeny and
emplacement of Sisimiut and Arfersiorfik
intrusions

Ramberg (1949) and Noe-Nygaard (1952) first recognised
the Nagssugtogidian orogen based on the deformation and
metamorphism of the Kangadmiut dykes and the occur-
rence of shear zones with steeply dipping foliations. Geo-
chronological datashow that the Nagssugtogidianorogen-
ic event occurred between 1.91 and 1.77 Ga (Connelly et
al. 2000) and resulted in granulite to amphibolite grade
metamorphism and the development of discrete shear
zones. Pre-orogenic magmatism includes the emplacement
of the 1.92 Ga Arfersiorfik quartz diorite (Kalsbeek et al.
1987) and the 1.92 Ga Sisimiut charnockite. The oro-
genic event is proposed to be the result of continental col-
lision that produced thrust stacking, folding and associat-
ed metamorphism (van Gool et al. 2002). The suture
between the two continents is not easily identifiable, but
Kalsheek et al. (1987) proposed that the suture is located
in what is now the boundary between the NNO and the
CNO.



Previous work on the origin of the
Kangamiut dykes

Many early workerssuggested that the emplacement of the
Kangamiut dykes was directly related to the Nagssugto-
gidian orogeny. Escher et al. (1976) stated that the dykes
were emplaced into conjugate sets of active shear zones
duringNNW-SSE compression. They based this hypothesis
on their observations of conjugate sets of dykes that show
a variety of cross-cutting relationships. They, and Han-
meretal. (1997), proposed that the emplacement of both
dyke sets occurred during shearing. Bridgwater et al.
(1995) expanded on the Escher et al. (1976) hypothesis
by proposing that the dykes formed during thrusting of
amphibolite facies crust from the north under the granu-
lite facies terrain in the southern Nagssugtogidian oro-
gen. They invoked this hypothesis because the Kangamiut
dykes contain hornblende suggesting they crystallised from
a hydrous magma. Bridgwater et al.’s (1995) hypothesis
seeks to explain the hydrous nature of the Kangdmiut dyke
magmas by placing a hydrous source beneath the granu-
lite facies host rocks. A potential problem with the Escher
et al. (1976) and Bridgwater et al. (1995) hypotheses is
that neither easily explains how partial melting of hydrous
lower crust would directly produce melt of basaltic com-
position. If the Escher et al. (1976) and Bridgwater et al.
(1995) hypotheses of dyke emplacement during compres-
sion are correct, then subduction related magmatism be-
comes a possibility. Cadman et al. (2001) explicitly con-
sider this possibility and proposed that the Kangamiut
dyke swarm formed by adiabatic decompression of meta-
somatised mantle during passage of a slab window.

The recent work of Kalsbeek & Manatschal (1999),
Connelly & Mengel (2000) and van Gool et al. (2002),
offer alternatives to the subduction hypothesis and sug-
gest that the swarm was emplaced during continental rift-
ing. Van Gool et al. (2002) cite evidence of 2.0 Ga rift
related sediments in support for the rifting hypothesis.
Kalsbeek & Manatschal (1999) speculate that the
Kangamiut dykes are the product of mantle plume-relat-
ed rifting based on the presence of ultramafic rocks found
within the Nagssugtogidian orogeny. Although these au-
thors discuss the origin of the Kangamiut dykes, they do
so only briefly, because their primary focus is on the Nags-
sugtogidian orogeny.

Field setting

The Kangémiut dyke swarm intruded granulite facies
Archaean orthogneisses and is exposed over an 18 000 km?

area. Figure 1 shows that the swarm extends for 150 km
from just south of the village of Maniitsoq towards Sis-
imiut in the north and from the coast eastward to the ice
cap. The dykes are most abundant near the coast and less
so towards the ice cap. Dyke widths range from a few
centimetres to greater than 140 m. Escher et al. (1975)
estimated that dyke emplacement was accommodated by
2—3% crustal extension. Appendix A provides locality and
field characteristics of all the dykes examined in this study.

Field observations show that there are three dyke suites
(Mengel et al. 1996). Two of these trend east—west, while
the third has a NE trend. The NE-trending suite of dykes
represents the vast majority of the dykes in the area and is
the only suite that contains dykes with dioritic centres.
The three sets of zircon populations used to date three
separate dykes all come from these dioritic centres (Nut-
man et al. 1999; Connelly et al. 2000). Thus, the NE-
trending suite is dated at 2.04 Ga and will be referred to
as the ‘Kangamiut dykes’ proper as suggested by Mengel
et al. (1996).

Although the Kangamiut dykes have an overall NE
trend, there are some systematic deviations. Figure 1 shows
that the southern portion of the swarm trends NNE.
Moving northward, the orientation gradually changes to
ENE. Changes in the orientation of the swarm correlate
with increased dyke deformation and recrystallisation.
Escher et al. (1975) suggested that the bend in the swarm
resulted from deformation during the Nagssugtogidian.
Hanmer et al. (1997) argue that this change in orienta-
tion is a primary feature related to the regional stress field
during dyke emplacement.

The majority of dykes south of the Nagssugtogidian
Front retain igneous mineralogies and textures with the
exception of a small number of composite dykes with
sheared dioritic centres. Shearing was parallel to the dyke
contacts, and mostly affected the large composite dykes.
Windley (1970) worked in an area just north of Maniit-
soq village where he observed cross-cutting dykes. He de-
scribed a set of cross-cutting dykes where a younger dyke
cuts the internal foliation of an older dyke. Not all of the
composite dykes show internal deformation. Some dykes
show irregular intrusive contacts between the dioritic cen-
tre and mafic host dyke showing that they formed by suc-
cessive injections, closely spaced in time.

Large composite dykes show structural and petrologi-
cal features not seen in the smaller non-composite dykes.
For example, a 140 m wide dyke in Kangerluarsussuaq
fjord has fine-grained (c. 0.1-0.5 mm) equigranular ma-
fic contacts. Twelve metres from the contact the grain size
is c. 1 mm with some contact-parallel primary layering.
Halfway towards the dyke centre the grain size increases
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Fig. 2. Kangamiut dyke with angular bridges within the chilled mar-
gin (Photo: David Bridgwater).

to ¢. 3 mm with primary clinopyroxene mostly replaced
by hornblende. Near its centre the dyke is slightly foliated
and recrystallised to a garnet amphibolite. The centre of
the dyke is a strongly foliated garnet-plagioclase-horn-
blende schist with a dioritic composition. A 10 cm wide
epidote-calcite-quartz vein originates from the sheared
centre and cuts the non-sheared mafic portion of the dyke.

There are a variety of intrusive relationships between
dykes and host rocks including en échelon steps, bridges,
and forks. Figure 2 shows bridges with sharp, angular edges
contained within the chilled margin of a Kangamiut dyke.
Some dykes have chilled margins up to 40 cm thick, while
others have no chilled margins. Chilled margins contain
fine-grained plagioclase and clinopyroxene phenocrysts in
amicrocrystalline groundmass. Some chilled margins con-
tain dismembered bridges of host rock, whereas dyke in-
teriors contain no bridges or xenoliths.

In the northern portion of the dyke swarm, metamor-
phic minerals and deformation features replace igneous
minerals and primary intrusive features. In the Itilleq fjord
region, most of the dykes are partly to completely altered
during static or shear-related recrystallisation. Some dykes
show penetrative foliation, whereas other dykes are de-
formed only at the contacts and form boudins within the
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deformed country rock. The central portions of these bou-
dins are partially recrystallised. On the south shore of Itilleq
fjord, away from most of the Nagssugtogidian deforma-
tion, the dykes preserve primary emplacement structures,
but are statically recrystallised to garnet amphibolites.
Dykes at the northern extent of the swarm within Iker-
tooq fjord are completely recrystallised to granulite facies.

Petrography

The chilled margins of the Kangamiut dykes contain 0.2—
0.8 mm phenocrysts of clinopyroxene and plagioclase in a
microcrystalline groundmass of plagioclase, clinopyrox-
ene, hornblende, quartz, and Fe-Ti oxides. Plagioclase
phenocrysts are euhedral to subhedral and weakly zoned,
whereas the clinopyroxene phenocrysts are subhedral to
anhedral. Some chilled margins contain 0.2-1.5 mm horn-
blende crystals. Figure 3A shows that these hornblende
crystals contain abundant inclusions of Fe-Ti oxides, which
are absent from the clinopyroxene and plagioclase phen-
ocrysts. These hornblende crystals also enclose plagiocla-
se and clinopyroxene phenocrysts suggesting they are a
later phase that crystallised in situ.

The interiors of most Kangdmiut dykes are fine- to
medium-grained with subophitic textures. Subhedral to
anhedral clinopyroxene, plagioclase, and Fe-Ti oxides are
the primary constituents along with interstitial quartz,
hornblende, and trace amounts of apatite. In some of the
dykes, anhedral clinopyroxene fills interstitial areas between
subhedral to euhedral plagioclase. Clinopyroxene displays
two types of exsolution. The first type is laminar exsolu-
tion of low-Ca pyroxene. The second type appears to be
granular exsolution of low-Ca pyroxene around the outer
parts of the original clinopyroxene crystal. Additionally,
most clinopyroxene grains have rims of hornblende (Fig.
3B).

Kangamiut dyke samples from ltilleq fjord are variably
metamorphosed to fine-grained (0.2-1.0 mm) amphibo-
lites with well-developed foliations. Metamorphic assem-
blages include hornblende, plagioclase, quartz, garnet, ti-
tanite, and biotite. Hornblende replaces clinopyroxene,
whereas plagioclase and garnet form at contacts between
hornblende and plagioclase (see also Mengel et al. 1996).
Titanite replaces Fe-Ti oxides.

Metamorphic orthopyroxene occurs within Kangamiut
dykes in lkertooq fjord near the northern extent of the
swarm (Fig. 1), marking the transition from amphibolite
to granulite facies. The typical assemblage in these granu-
lite facies dykes is plagioclase + hornblende + orthopyrox-
ene + clinopyroxene + garnet + titanite (see also Korstgard



Fig. 3. A: Photomicrograph of a chilled
margin of a Kangdmiut dyke with clinopy-
roxene (CPX) and plagioclase (PLAG)
phenocrysts in a groundmass of the same
plus Fe-Ti oxides. The large crystal in the
centre is hornblende (HBL) with inclusions
of a plagioclase phenocryst and groundmass
plagioclase and Fe-Ti oxides. Sample GGU
430267, plane polarised light. B: Photomi-
crograph of a sample from the interior of a
Kangamiut dyke showing hornblende
(HBL) rims on clinopyroxene (CPX).
Sample GGU 430999, plane polarised light.

1979). These dykes are weakly foliated and fine-grained
(0.1-1.0 mm).

Petrology and geochemistry

Whole-rock major and trace elements

A total of 122 dyke samples were analysed for most major
and minor elements on fused glass discs using a wave-

length dispersive x-ray fluorescence (XRF) spectrometer
at the Geological Survey of Denmark and Greenland
(GEUS) in Copenhagen. Na,O was determined by atom-
ic absorption spectrometry. Kystol & Larsen (1999) de-
scribe the analytical methods, precision, and accuracy of
the GEUS lab and report that the standard error for all
major and minor elements is less than 0.25 wt%, based
on multiple analyses of international standards.

Trace element concentrations for 73 dyke samples were
measured at the University of California-Davis using a
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Table 1. Major and trace element data for representative Kangédmiut dykes

Sample 430904 430923 430926 430931 430952 430970 430981 430988 430997 432102 432108 432115 432118 432122 432133 432138 432143 432158

Dyke 5 13 14 16 27 37 42 45 54 86 60 64 64 64 71 70 76 75
SiO, 50.87 5278 5064 50.73 5219 4890 50.71 4930 56.06 57.18 4897 5101 5684 5025 5100 4946 5057 5048
TiO, 2.47 231 194 0.88 1.62 1.66 1.02 1.45 079 165 1.69 1.92 212 1.82 1.64 2.70 133 134
AlbO; 1262 1365 1329 1257 1319 1314 1409 1334 2146 1437 1375 1297 1307 1367 1396 1557 1314 1359
FepO5 427 3.53 4.26 174 4.14 252 155 191 124 215 4.73 221 1.98 217 2.06 2.54 1.26 175
FeO 1167 1134 9.99 910 1105 1198 9.89 11.40 434 894 948 1273 1099 1222 1159 1151 1199 1184
MnO 0.24 0.20 0.22 0.21 0.24 0.24 0.21 0.22 0.08 0.16 0.23 0.24 0.19 0.23 0.21 0.20 0.23 0.23
MgO 4.27 351 5.55 8.90 4.57 6.40 743 6.60 092 234 6.12 5.08 2.14 5.81 4.78 3.44 6.98 6.12
CaO 8.93 8.24 986 1231 848 1085 1127 11.39 9.07 611 1072 9.46 6.17 1012 9.53 8.61 1140 1059
Na,O 2.47 291 2.55 2.27 2.80 2.28 2.15 2.25 419  3.69 2.44 2.57 3.37 2.45 2.46 2.99 211 2.07
K,O 0.69 113 0.58 0.18 0.87 0.28 0.18 0.30 051 114 0.39 0.52 143 0.33 0.47 1.02 0.22 0.35
P,Og 0.26 0.29 0.19 0.07 0.19 0.13 0.09 0.13 016 0.35 0.15 0.19 0.39 0.10 0.18 0.44 0.10 0.13
LOI 0.84 0.63 0.94 091 1.07 134 0.79 131 079 143 141 101 117 0.91 1.64 135 111 1.06
Sum 99.60 100.52 100.03 99.88 10040 99.72 99.39 9958 99.61 9950 100.08 99.90 99.86 100.07 9953 99.83 100.44 99.55
Sc 38 30 36 58 44 46 47 45 14 20 38 41 22 41 36 29 49 45

" 368 355 333 389 318 381 296 362 29 155 348 393 207 558 303 259 390 336
Cr 47 14 63 145 43 63 153 98 5 33 134 83 22 94 61 33 174 103
Ni 40 28 65 113 40 74 88 60 1 17 82 54 15 66 49 23 78 74
Co 46 44 47 52 44 61 51 56 14 28 53 46 32 54 49 32 53 52

Rb 22 33 16 39 25 5.6 43 6.1 10 31 74 13 45 8.0 12 28 4.6 8.5
Sr 171 201 241 117 207 160 136 160 290 306 235 164 247 164 200 213 138 142

Y 47 34 29 19 35 27 18 27 34 35 26.2 37 48 23 30 53 24 28
Zr 182 168 139 47 133 99 46 92 157 194 106 133 326 78 110 200 58 84
Nb 147 10.9 118 33 9.2 9.2 3.2 8.2 113 181 9.3 10.0 23.9 6.2 73 158 4.6 52
Ba 204 321 156 50 306 90 50 95 192 392 104 145 454 98 156 366 69 106

La 175 205 171 4.4 127 9.2 4.4 8.4 123 278 1086 129 42.0 74 114 18.2 5.8 7.6
Ce 43.8 46.0 40.2 10.6 319 218 10.7 20.7 320 639 2628 30.6 94.4 181 26.7 40.4 141 18.0
Pr 6.07 6.13 541 1.49 4.43 3.10 170 3.00 454  8.66 3.73 436 1196 2.58 3.83 5.58 2.07 2.67
Nd 27.8 271 22.7 737 188 142 731 139 206 362 1693 191 49.7 116 173 25.7 990 122
Sm 7.14 6.11 5.44 2.45 4.58 3.93 2.32 3.71 509 812 4.35 505 10.85 3.02 471 6.91 2.72 3.24
Eu 2.08 184 1.66 0.82 1.56 133 0.89 122 188 249 145 1.68 2.93 1.10 147 2.20 1.02 1.20
Gd 7.52 6.84 5.55 3.01 5.42 451 2.76 4.16 541 6.98 4.46 527 10.02 351 4.86 7.39 3.27 3.99
Th 133 112 0.87 0.51 0.95 0.79 0.50 0.73 090 111 0.75 0.99 147 0.60 0.82 132 0.57 0.68
Dy 8.17 6.80 5.22 312 5.63 4.61 3.10 437 544 631 4.47 6.23 8.26 3.75 501 8.56 3.68 451
Ho 1.62 1.28 1.06 0.68 122 0.99 0.69 0.93 115 120 0.98 124 1.60 0.81 1.08 1.88 0.82 1.04
Er 4.76 3.73 2.96 1.90 3.39 2.75 212 2.56 323 319 2.44 371 4.22 2.28 2.92 5.03 2.36 2.89
Tm 0.70 0.52 0.42 0.30 0.52 0.42 0.29 0.38 048 045 0.34 0.57 0.61 0.34 0.41 0.70 0.36 0.41
Yb 452 3.34 2.67 197 3.53 261 1.96 2.54 311 289 231 345 3.90 2.20 2.67 4.97 231 281
Lu 0.63 0.49 0.39 0.29 0.54 0.42 0.29 0.37 045 044 0.35 0.55 0.55 0.32 0.43 0.74 0.35 0.41
Hf 4.78 4.60 3.68 127 3.54 277 1.44 247 413 468 2.83 349 7.64 2.10 2.78 5.19 1.59 2.36
Ta 1.03 0.76 0.82 0.26 0.64 0.54 0.24 0.52 072 127 0.64 0.66 155 0.41 0.50 0.98 0.30 0.34
Pb 4.04 5.81 3.26 1.49 6.50 184 1.08 3.35 3.78  3.65 1.92 2.63 4.89 173 3.07 6.66 1.03 1.88
Th 2.83 3.80 212 0.50 3.47 0.90 0.42 0.90 188 452 119 173 7.92 1.00 161 3.88 0.60 1.04
U 0.71 0.93 0.54 0.14 0.79 0.24 011 0.24 049 110 0.29 0.46 1.92 0.28 0.40 0.87 0.16 0.29

Major element oxides in wt%; trace elements in ppm. Sample numbers refer to GEUS databases. Dyke localities shown in Fig. A1 (appendix).

Perkin-Elmer ELAN 500 inductively coupled plasma mass
spectrometer (ICP-MS). Samples were prepared for anal-
yses using the method described by Jenner et al. (1990)
with the exception that we utilised microwave digestion
bombs to insure total dissolution.

Table 1 presents representative major and trace element
data for the Kangamiut dykes, and Figs 4 and 5 show
these data in covariation diagrams. The full data set is
available uponrequest from thefirstauthor. The Kangamiut
dykes cover a range from 9.0-0.9 wt% MgO and the
majority of the dykes would be classified as medium-K
basalts or low-K basalts based on their KO and SiO, con-
tents (Le Maitre 2002). First order observations of the
major and compatible trace element data, as described
below, indicate that the differentiation of the parental
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magma(s) of the Kangadmiut dykes was influenced by the
fractionation of plagioclase, clinopyroxene, late stage Fe-
Ti oxides and possibly olivine. First order observations
based on covariation diagrams neither support nor refute
the involvement of hornblende as a fractionating phase.
Figure 4C shows Al,O, concentrations that range
between 11.4 and 15.8 wt%. The highest MgO sample
has a low Al,O, concentration, whereas the next group of
dykes at c. 7.0-7.5 wt% MgO have higher concentrations
of Al,O,. This increase of Al,O, between c. 9 and 7 wt%
MgO likely reflects olivine and/or clinopyroxene fraction-
ation. Clustering of data between 7.5 and 4.5 wt% MgO
defines a trend of decreasing Al,O, with decreasing MgO,
indicative of plagioclase fractionation. The initial increase
in total FeO (FeO + 0.9 x Fe,0,) between ¢. 8.0 and 4.5



Fig. 4. Variations of SiO,, TiO,, Al,O,,
FeO, Ca0, Na,0, K,0, P,O, with MgO
(in wt%) for the Kangamiut dykes. All
analyses are recalculated on an anhydrous
basis with all iron as FeO.
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wt% MgO is also indicative of plagioclase fractionation

(Fig. 4D).

Figure 4E shows that CaO ranges from 12.4 to 6.0
wt% and correlates positively with MgO, indicating that
clinopyroxene and/or plagioclase was part of the fraction-
ating assemblage. Figure 6 shows the CaO/AlO, ratio
for the Kangamiut dykes decreases with decreasing MgO,
and Fig. 5A shows decreasing Sc with increasing Zr. Both

of these observations further indicate that clinopyroxene
was a fractionating phase. The decrease in nickel with in-
creasing zirconium, shown in Fig. 5C, is related to clinopy-
roxene and/or olivine fractionation.

Figure 4B shows TiO, concentrations that range from
0.9-3.5 wt% with trends that show increasing TiO, from
9-4.5 wt% MgO that changes to decreasing TiO, below
¢. 4.5 wt% MgO. Figure 4D shows that a similar trend is
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observed for total FeO. Additionally, vanadium (Fig. 5D)
shows an initial increase, then decrease with increasing
zirconium. These changes from increasing to decreasing
TiO,, FeO and vanadium concentrations suggest Fe-Ti
oxides fractionated when the magmas reached c. 4.5 wt%
MgO.

Mineral chemistry

Major element compositions of pyroxenes, plagioclase, and
hornblende were acquired using a Cameca SX-50 micro-
probe at the University of California-Davis. Analyses were
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Fig. 6. Variation of CaO/Al,O, with MgO. Arrows show path caused
by fractionation of olivine, clinopyroxene, or plagioclase from a start-
ing composition with 9 wt% MgO and Ca/Al,O, = 1.0.
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made using a 15 kV accelerating voltage, a 10 nA beam
current, and a 1 um beam. Elements were calibrated us-
ing mineral standards. The data in Tables 2—4 give the
compositions of clinopyroxene, plagioclase, and horn-
blende phenocrysts from chilled margins.

Table 2 presents major and minor element composi-
tions of clinopyroxene phenocrysts from chilled margins
based on the average of 2—4 spot analyses of 4—7 grains
per sample. The proportions of enstatite, ferrosilite, and
wollastonite components are 0.48-0.52, 0.13-0.23, and
0.28-0.35, respectively. Al,O, concentrations range from
3.93-2.75 wt%, while Na,O varies from 0.36-0.26 wt%.

Table 3 presents plagioclase phenocryst compositions
from chilled margins. Plagioclase phenocryst cores have
an anorthite (An) component range of An_—An_. Table
4 presents compositions of the hornblendes found in the
chilled margins of some Kangamiut dykes. They would
be classified as ferrohornblende and ferrotschermakite
based on the classification of Leake et al. (1997).

Whole-rock and mineral compositions in
projection space

Figure 7 shows pseudo-ternary projections of whole-rock
and mineral data for the Kangamiut dykes. The compo-
nents CPX, PLAG, OL, and QTZ were calculated using
major and minor elements and the scheme of Tormey et
al. (1987). In the projection from QTZ (Fig. 7A), the
dyke data form a cluster that is displaced from the centre



Table 2. Microprobe analyses of clinopyroxene
phenocrysts from chilled margins

Table 3. Microprobe analyses of plagioclase

phenocrysts from chilled margins

Sample 430988 432108 432145 432148 432158 430211 430267 430283 Sample 430988 432108 432145 432148 432158 430211
Dyke 45 60 76 7 75 82 84 85 Dyke 45 60 76 7 75 82
n=7 n=8 n=6 n=8 n=8 n=8 n=10 n=10 n=8 n=8 n=8 n=28 n=7 n=8

Sio, 52.34 5068 5188 5117 5201 5136 5185 5159 Sio, 52.18 49.74 53.36 53.79 51.23 54.13

TiO, 047 065 044 061 045 034 044 060 AR20, 3045 3149 2965 2965 3091 2903

Al,O4 3.17 3.93 314 321 3.34 2.75 3.63 2.68 FeO 0.65 0.57 0.59 0.74 0.96 0.92

Cr,0, 011 019 018 021 022 008 018 007 cao 1311 1413 1243 1223 1334 1124

FeO 8.29 9.83 8.76 12.45 943 1379 972 1294 Na,O 4.02 3.36 4.33 4.64 3.89 4.84

MgO 1646 1518 1570 1562 1554 1694 1562 15.37 K,O 0.05 0.05 0.09 0.07 0.09 0.17

CaO 1959 1918 1896 1616 19.01 1432 1801 16.52 Sum 100.46 99.34 100.45 101.12 100.41 100.34

Na,0O 029 032 026 029 028 036 031 026

Sum 100.72 9996 99.31 99.72 100.28 99.94 99.76 100.03 Ab 35 30 38 40 34 43

An 64 69 61 59 65 55

Si 1917 1886 1927 1913 1920 1922 1920 1.928 Or 0.3 0.3 0.5 04 05 1.0

AlV) 0083 0114 0073 0087 0080 0078 0080 0.072 — : — —

Al(VI) 0053 0058 0065 0055 0065 0074 0079 0.046 Oxides in wt%; n = number of grains. Dyke localities shown in Fig. Al

Ti 0013 0018 0012 0017 0012 0011 0012 0017 (appendix).

Cr 0.003 0.006 0.005 0.006 0.007 0.001 0.005 0.002

Fe** 0022 0039 0000 0013 0004 0016 0000 0.010

Fe2+ 0232 0.266 0274 0377 0.287 0401 0308 0.395 ) .

Mn 0000 0000 0000 0000 0000 0000 0000 0000  Incompatible trace element behaviour

Mg 0.899 0.842 0870 0871 0.855 0.858 0.862 0.856 ) i i )

Ca 0.768 0765 0755 0647 0752 0611 0715 0.661 Figure 8 shows representative chondrite normalised rare-

Na 00210025 0020 0021 0020 0036 0022 0019 earth element (REE) patterns for the Kangamiut dykes.

K 0.000 0000 0000 0000 0000 0.000 0000 0.000 ) X

Total 4011 4020 4001 4006 4002 4008 3996 4.005 The dykes are slightly light rare-earth element (LREE)

ot 05 073 076 060 075 067 074 068 enriched with a La/Sm ratio ranging from 1.16 to 2.50,
g ' ' ' ' ' ' ' ' with an average of 1.50. The heavy rare-earth (HREE)

Wo 035 034 035 029 034 028 033 030 patterns have shallow slopes with a Dy/Yb range of 1.05

En 052 051 050 050 049 049 050 048

Fs 0.13 0.16 0.16 0.22 0.17 0.23 0.18 0.22

Oxides in wt%; n = number of grains. Fe3** calculated using the method of
Papike et al. (1974). Dyke localities shown in Fig. Al (appendix).

of the ternary plot towards the PLAG apex. In this pro-
jection all the dykes lie within the phase volumes defined
by the joins between olivine, clinopyroxene and plagioclase
(Ol:Cpx:PI) or hornblende, clinopyroxene and plagiocla-
se (Hbl:Cpx:PI). In the projection from the CPX compo-
nent (Fig. 7B), the dykes define an array that projects away
from both the PI:Ol and the Pl:Hbl joins. Similarly, in
the projection from the PLAG component (Fig. 7C), the
dykes form an array that intersects both the Cpx:Ol and
Cpx:Hbl joins. These observations show that plagioclase,
clinopyroxene and either olivine or hornblende were co-
fractionating phases.

Aand CinFig. 7 also show experimentally determined
1atmand 0.8 GPa Ol:Cpx:PI cotectics derived from melt-
ing experiments using a primitive Kangadmiut dyke (dyke
#45) as the starting material (Mayborn 2000). The whole-
rock data form a cluster near the low pressure Ol:Cpx:Pl
cotectic in the projection from the QTZ component. Sim-
ilarly, in the projection from the PLAG component the
whole-rock data also plot close to the low-pressure cotec-
tic.

Table 4. Microprobe analyses of
amphiboles from chilled margins

Sample 432158 430267 430283
Dyke 75 84 85
n=12 n=14 n==6
Sio, 43.90 42.63 40.88
TiO, 1.04 1.92 1.64
A|203 10.69 10.05 9.98
FeO 21.09 21.73 24.02
MnO 0.22 0.19 0.21
MgO 8.09 8.05 6.44
CaO 10.93 10.78 10.58
Na,O 1.18 1.63 1.58
K,0O 0.99 0.90 0.90
Cl 0.57 0.67 0.65
F 0.09 0.05 0.14
Sum 98.79 98.60 97.02
Si 6.549 6.425 6.346
Ti 0.117 0.218 0.192
Al(IV) 1.451 1575 1.654
Al(VI) 0.427 0.209 0.172
Fe3+ 0.767 0.799 0.922
Fe2+ 1.864 1.940 2.196
Mn 0.027 0.025 0.027
Mg 1.798 1.809 1.491
Ca 1.747 1.741 1.760
Na(M4) 0.253 0.259 0.240
Na(a) 0.089 0.217 0.237
K(a) 0.189 0.172 0.178
Total 15.28 15.39 15.41

Oxides, Cl and F in wt%. Dyke localities shown in Fig. Al (appendix).
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Fig. 7. Pseudo-ternary projections of whole-rock and mineral compositions from the Kangamiut dykes using the projection scheme of Tormey et
al. (1987). Dashed lines connect possible crystallisation assemblages. Solid lines through data show the trend of Kangdmiut dykes where this is
well defined, and the locations of the olivine:clinopyroxene:plagioclase cotectics at 0.8 GPa and 1 atm. A: Projection from the QTZ component.
B: Projection from the CPX component. C: Projection from the PLAG component. D: Projection from the OL component.

to 1.46 and an average of 1.15. The two most LREE-
enriched samples come from sheared dioritic centres and
have Dy/Yb, ratios of 1.46 and 1.42, respectively. The
patterns for the sheared dioritic centres cross-cut the pat-
terns for non-sheared dykes.

Figure 9A shows incompatible trace elements for the
Kangamiut dykes on primitive mantle normalised com-
patibility diagrams (Thompson 1982). The elements on
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the right hand side of Fig. 9A are moderately incompati-
ble, with incompatibility increasing towards the left using
the element order from Sun & McDonough (1989). The
most primitive Kangamiut dykes have the lowest concen-
tration of incompatible elements and have flat patterns
with small negative Nb and Zr anomalies. The negative
Sranomaly seen in the more evolved samples reflects pla-
gioclase fractionation. The two most evolved samples
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Fig. 8. Rare-earth element compositions of representative Kangamiut
dykes normalised to C1 chondrite. Chondrite normalising values from
Sun & McDonough (1989).

(432102 and 432118) are sheared dioritic centres and dis-
play negative Ti anomalies. They also show a depletion of
HREE, as noted in Fig. 8.

Figure 9B shows representative patterns for basalts from
a variety of tectonic settings and a pattern representing
the average of Kangamiut dykes with MgO > 6 wt%.
Notable features in the Kangamiut pattern are a smooth,
slightly increasing trend from right to left through the
moderately incompatible elements (Lu to Sm), small neg-
ative anomalies of Nb, Sr, and Zr, and a relatively flat
trend for Th, Ba and Rb. The Kangamiut dyke pattern is
distinct relative to the ocean island basalt (OIB), mid-
ocean ridge basalt (MORB), island arc basalt (IAB), and
continental arc basalt (CAB) patterns. For example, the
Kangamiut dykes do not display the enrichment of high-
ly incompatible elements, or the positive Nb anomaly seen
in the OIB pattern, or depletions seen in the MORB pat-
tern. Relative to IAB and CAB, the Kangamiut dyke pat-
terns do not exhibit the large negative Nb anomaly or the
positive Sr anomaly. Overall, the Kangamiut dyke pat-
tern most closely resembles the pattern for continental
flood basalts (CFB), including the shallow slope of the
pattern, and the small negative Nb and Sr anomalies.

Discussion

Tectonic setting

One of the primary goals of this study is to constrain the
tectonic environment during emplacement of the Kan-
gamiut dykes. Experimental melting studies over the past
40 years have shown that basalts are products of partial
melting of peridotite (Reay & Harris 1964; Takahashi
1986; Baker & Stolper 1994). Since the dominant source

of peridotite is the mantle, then the basaltic nature of the
Kangamiut dykes indicates that they resulted from par-
tial melting of mantle peridotite followed by intracrustal
differentiation. Three settings where mantle melting oc-
curs beneath continental crust are (1) subduction zones,
(2) active rifts associated with mantle plumes, and (3)
passive rift settings. Each of these settings can have dis-
tinctive mantle compositions and conditions for melting

—&— 430931
—— 432143
—A— 430988
—e— 432115
—+— 432138
—A— 432102
—6— 432118

10

Rb Ba Th U Nb La Ce Sr Nd Zr Sm Eu Ti Dy Y Yb Lu

100 B Sample/primitive mantle

—&— Primitive K-dykes
—a— N-MORB

—— OIB

—A— Island arcs

—%— CFB

—e— Continental arcs

10

0.5 T N A SO Y
Rb Ba Th U Nb La Ce Sr Nd Zr Sm Eu Ti Dy Y Yb Lu

Fig. 9. A: Normalised incompatible trace element compositions of rep-
resentative Kangamiut dykes. B: Comparison of the Kangamiut dykes
with normal mid-ocean ridge basalts (N-MORB), ocean-island ba-
salts (OIB), island arc hasalts, continental flood basalts (CFB), and
continental arcs. Representative ‘Primitive Kangamiut dykes' is the
average composition of 18 Kangamiut dykes with a MgO range of
8.9-6.1 wt%. Data for N-MORB and OIB are from Sun & Mc-
Donough (1989). Island arc data compiled from Bailey et al. (1989),
Pearce et al. (1995), and Gust et al. (1997). CFB data compiled from
Hooper & Hawkesworth (1993), Lightfoot et al. (1993), Wooden et
al. (1993), Peate & Hawkesworth (1996) and Storey et al. (1997).
Continental arc data compiled from Tormey et al. (1991) and Bacon
et al. (1997).
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Fig. 10. Ba/La versus Nb/La showing the differences between arc ba-
salts, the Kangdmiut dykes, and basalts from the Clear Lake Volcanic
Field. Data for the arc field are from Bailey et al. (1989), Tormey et al.
(1991), Francalanci et al. (1993), Pearce et al. (1995), Bacon et al.
1997), Gust et al. (1997), and Kelemen et al. (2003). Data for the
continental flood basalt field are from Hooper & Hawkesworth (1993),
Lightfoot et al. (1993), Wooden et al. (1993), Peate & Hawkesworth
(1996), and Storey et al. (1997). Data for the Clear Lake Volcanic
Field are from Charles Lesher (unpublished data).

that are reflected in the trace element compositions of the
associated basalts.

The Kangdmiut dykes have evolved compositions with
a Mg-number (defined as 100Mg/(Mg + Fe) on a molec-
ular basis) range of 0.60-0.21. Magmas in equilibrium
with mantle peridotite will have a Mg-number close to
0.71 (Roeder & Emslie 1970; Langmuir et al. 1992) show-
ing that even the most primitive Kangamiut dykes repre-
sent somewhat evolved magmas. Thus, the major elements
reflect both the fractionation and mantle melting histo-
ries. However, most incompatible trace element ratios re-
main relatively constant during crystallisation and can be
used to constrain primary source characteristics. The fol-
lowing discussion examines some characteristics of the
mantle source and the conditions of mantle melting re-
vealed by examining incompatible trace elements from the
more primitive dyke samples (with MgO > 4.5 wt%).

Subduction hypothesis for generation of Kangamiut
dykes

Subduction environments generate basaltic melts by two
different mechanisms of partial melting. The first is melt-
ing induced by lowering the solidus temperature of the
peridotite by the introduction of volatiles from the sub-
ducting slab and subsequent decompression melting within
the mantle wedge (Jakes & Gill 1970; Tatsumi 1989; Ar-
culus 1994). The second is decompression melting associ-
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ated with back-arc spreading (Tatsumi et al. 1989; Grib-
ble et al. 1998). Although the mechanisms of melting in
these settings are different from each other, they both pro-
duce magmas with a compositional ‘subduction compo-
nent’ that is indicative of a hydrated and metasomatised
mantle. Some important characteristics of subduction zone
basalts are HFSE depletions, LILE enrichment, and high
AlLO,. The available data can be used to evaluate the sub-
duction hypothesis for the Kangamiut dyke swarm im-
plied by Escher et al. (1976) and Bridgwater et al. (1995),
and explicitly proposed by Cadman et al. (2001).

As shown in Fig. 9B, arc basalts have distinctive deple-
tions in HFSE. These HFSE depletions occur in Palaeo-
zoic, Proterozoic, and Archaean arc-related basalts, sug-
gesting that modern style subduction occurred in the Ar-
chaean (Stern et al. 1994; Blichert-Toft et al. 1995). In
addition to HFSE depletions, arc basalts are enriched in
LILE (e.g. Pb, K, Ba, Rb, and Cs) relative to basalts from
other tectonic settings. This enrichment is proposed to
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Fig. 11. Chondrite-normalised DyYb versus La/Sm ratios for the
Kangamiut dykes and mantle melting models using the algorithm of
Fram & Lesher (1993) based on a 0.5% depleted PM source compo-
sition, where F is the melt proportion. The model assumes partial
melting proceeds by incremental non-modal batch melting at 1% per
kbar of decompression in a corner flow melting regime. Melts are pooled
after each kbar of decompression. REE distribution coefficients are
taken from Green (1994). The garnet-spinel transition is modelled as
agradual change between 30 and 25 kbar. The spinel-plagioclase tran-
sition is modelled as a gradual change between 14 and 10 kbar. Resi-
dues are recalculated after each melting increment and adjusted for
pressure dependent phase transitions using melting reactions as given
by Fram & Lesher (1993). Model curves, for melting starting at 3.0,
2.9,2.8,2.7,2.6 and 2.5 GPa and ending at 0.5 GPa, define a melt-
ing grid, where solid subvertical lines contour constant mean melt
fraction, whereas the dashed subvertical lines contour final pooled
melt segregation pressure (i.e. the top of the melting column). Slight-
ly modified from Mayborn & Lesher (2004).



occurduring the flux of fluids from the slab into the mantle
wedge (Miller et al. 1994; Pearce et al. 1995; Becker et al.
1999). Mafic rock suites in volcanic arc settings also typ-
ically contain a large proportion of high-alumina basalts
(Perfit et al. 1980; Brophy & Marsh 1986; Kelemen et al.
2003).

If the Kangadmiut dykes are arc-related, they should
show LILE enrichment, HFSE depletions, and high ALO,.
Figure 10 shows a comparison of the Nb/La and Ba/La
ratios for the Kangamiut dykes, island arcs, continental
arcs, and continental flood basalts. Relative to arc basalts,
the Kangamiut dykes have lower Ba/La and Nb/La ratios
—unlike arc-related basalts. Additionally, subduction zone
basalts typically have Al,O, contents of 19-15 wt% (Plank
& Langmuir 1988, 1992; Kelemen et al. 2003), whereas
all of the Kangamiut dykes have lower ALO, concentra-
tions (16—-12 wt%). Thus, the Kangamiut dykes have none
of the geochemical characteristics of subduction related
basalts, contrary to previous conjecture (Cadman et al.
2001).

A more detailed analysis of the Cadman et al. (2001)
hypothesis also raises significant questions about its via-
bility. Cadman et al. (2001) propose that the Kangamiut
dykes formed after ridge subduction resulting in a ‘slab
window’ passing beneath metasomatised mantle. The re-
sulting mantle upwelling lead to melting within hydrated
mantle wedge material. Although Cadmanet al.’s hypoth-
esis would explain elevated water contents postulated for
Kangamiut dyke magmas, such an origin would also be
expected to impart an arc geochemical signature to the
magmas. It is instructive to directly compare the compo-
sition of the Kangamiut dykes with those from the Clear
Lake Volcanic Field located in the coastal region of north-
ern California and associated with the development of a
slab window after passage of the Mendocino Triple Junc-
tion (Furlong & Schwartz 2004). Figure 10 compares the
Ba/La and Nb/La ratios for Clear Lake basalts, with typi-
cal arc basalts, the Kangamiut dykes and continental flood
basalts. It is evident from these, among other, geochemi-
cal indices that the Kangamiut dykes lack the expected
arc signature postulated by Cadman et al. (2001). Rather
the Kangamiut dykes have compositions consistent with
their derivation from asthenospheric mantle supplying
normal continental flood basalts.

Active rifting, plume and passive rifting hypotheses

The temperature of the mantle is an important difference
between plume associated rifting and passive rifting. May-
born & Lesher (2004) presented a detailed analysis of the
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Fig. 12. Plot showing the fertile peridotite solidus and adiabats for
modern mantle, 2.0 Ga mantle, and plume mantle associated with
potential temperatures of 100 to 300°C greater than 2.0 Ga mantle.
Pressures and temperatures for the fertile peridotite from Hirschmann
(2000). Slightly modified from Mayborn & Lesher (2004).

temperature of the mantle during Kangamiut dyke mag-
ma genesis as constrained by REE systematics. They used
the algorithm of Fram & Lesher (1993), as shown in Fig.
11, to propose that the Kangamiut dykes are the results of
mantle melting with a mean solidus pressure of c. 2.75
GPa and a mean extent of melting of 5%. When com-
pared to the solidus for nominally anhydrous mantle (Fig.
12), this mean solidus temperature would correspond with
a potential mantle temperature of 1420°C. This temper-
ature estimate falls at the lower end of potential tempera-
tures estimated for c. 2.0 Ga mantle by Richter (1984,
1420-1600°C) and Abbott et al. (1994, 1380-1680°C)
based on secular cooling models and geochemical data for
Precambrian MORB-type basalts, respectively. Addition-
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Fig. 13. Variation of K, O (in wt%) with Zr (in ppm) for the Kangamiut
dykes. Solid lines show results of fractional crystallisation models us-
ing mineral proportions of 10:50:40 OI:PI:Cpx and 40:40:20
HbI:P1:Cpx. The model starting composition is the sample with low-
est K,O and Zr, which are 0.19 wt% K,O and 47 ppm Zr. Based on
Cadman et al. (2001).
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ally, an ambient mantle potential temperature of 1420°C
at 2.0 Ga. is consistent with constraints from continental
freeboard that suggests that mantle temperatures were
below 1430°C by the mid-Archaean (Galer 1991). Thus,
the 1420°C mantle temperature for the Kangamiut dykes
is consistent with ambient mantle temperatures for that
time, reducing the need for anomalously high potential
temperatures commonly associated with plume magma-
tism. The explanation that best fits both the geochemical
and field data is that the Kangamiut dykes formed by de-
compression melting in a rift environment under ambi-
ent mantle conditions. This conclusion implies that the
dykes are the products of rifting of Kenorland supercon-
tinent between 2.1 and 2.0 Ga (Williams et al. 1991).
The implications of these findings for the temperature of
the Palaeoproterozoic mantle, the occurrence of Palaeo-
proterozoic mantle plumes, and for Palaeoproterozoic con-
tinental crustal growth are discussed in Mayborn & Lesher
(2004).

Fractionation of the Kangamiut dykes

As noted previously, the range in Mg-number (0.60-0.21)
of the Kangamiut dykes shows that they are not in equi-
librium with mantle peridotite and do not represent di-
rect mantle melts. Thus, even the most primitive sampled
Kangamiut dyke represents an evolved magma. First or-
der observations of the whole-rock and mineral data show
that the dykes evolved by OIl:Cpx:Pl or Hbl:Cpx:PI frac-
tionation with the late-stage introduction of Fe-Ti oxides
into the fractionating assemblage. Windley (1970) and
Bridgwater et al. (1995) proposed that hornblende was a
primary crystallising phase from the Kangamiut dyke mag-
mas partly based on the occurrence of large hornblende
crystals in chilled margins. However, our petrographical
studies of the chilled margins show that these amphiboles
grew in situ during the final stage of solidification (see
Fig. 3). This does not preclude the possibility that horn-
blende was a stable and fractionating phase at depth and
thus influenced the composition of evolved Kangamiut
dyke magmas prior to their emplacement.

The maindifference between Hbl:Cpx:Pland OI:Cpx:PI
crystallisation to explain the magmatic evolution of the
dykes is the relative cotectic proportions of hornblende
and olivine. In the projection from QTZ (Fig. 6A) the
dyke compositions lie within both the Hbl:Cpx:Pl and
OI:Cpx:PI phase volumes. If hornblende is a fractionat-
ing phase its cotectic proportion would be ¢. 0.40 (based
on the projections from QTZ, CPX, and PLAG), with
plagioclase and clinopyroxene at 0.40 and 0.20, respec-
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tively. If olivine, and not hornblende, is a fractionating
phase, the cotectic proportions would be ¢. 0.10 olivine,
0.50 plagioclase, and 0.40 clinopyroxene.

These different cotectic proportions can be used to de-
termine if hornblende or olivine was a fractionating phase
by examining the partitioning behaviour of potassium.
Experimentally determined amphibole-basaltic melt Kds
for potassium range between 1 and 2 (Green 1994). In
contrast, the olivine-basaltic melt Kd is ¢. 0.0005 (Green
1994) for potassium between olivine and basaltic liquid.
Figure 13 shows the results of fractional crystallisation
modelling for K.O and Zr. The cotectic assemblage
40:40:20 Hbl:Cpx:PI gives a bulk distribution coefficient
(D) of 0.52 for K and 0.094 for Zr. The olivine-bearing
assemblage, 10:50:40 OI:Cpx:Pl, gives a bulk D of 0.16
for K and 0.026 for Zr. As shown in Fig. 13, the horn-
blende-bearing assemblage underestimates the concentra-
tion of K,O and is not consistent with the trend defined
by the dyke data, whereas the olivine-bearing assemblage
provides a better fit to the data. Thus, these relationships
show that the Kangamiut dykes evolved by the fractiona-
tion of olivine, clinopyroxene, plagioclase and late stage
Fe-Ti oxides, and that hornblende was not a significant
fractionating phase at any stage of their evolution. Sup-
port for this conclusion comes from the 0.8 GPa melting
experiments of Mayborn (2000) showing that the cotec-
tic assemblage for a water-bearing Kangamiut dyke start-
ing material is olivine, clinopyroxene, and plagioclase, but
no hornblende.
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Fig. 14. Variation of Ce with Zr (in ppm) showing the results of a
fractional crystallisation model where F is the melt proportion. Tic
marks on model curve are drawn at 0.1 intervals of F.



Origin of water in the Kangamiut dykes

Based on the presence of hornblende in the Kangamiut
dykes, Bridgwater et al. (1995) speculated that the paren-
tal magmas for the dykes were derived from a hydrous
protolith during thrusting of an amphibolite facies ter-
rain beneath the granulite facies terrain in the southern
Nagssugtogidian orogen. Although this model does offer
an explanation for the proposed high water contents of
the dykes, the presence of hornblende itself, often as reac-
tion rims on clinopyroxene or poikilitic grains enclosing
plagioclase and clinopyroxene, only argues for elevated
water contents during final stages of crystallisation of the
dykes. It is, therefore, possible that the high water con-
tents sufficient to stabilise hornblende resulted solely from
its enrichment during crystal fractionation.

The modal abundance of hornblende in dykes not af-
fected by Nagssugtogidian deformation is c¢. 5-20% for
dolerites and 10-35% for dioritic centres. Since amphi-
boles contain c. 2 wt% water, these modes would indicate
awhole-rock water concentration of 0.1 wt% in the prim-
itive dolerites and 0.7 wt% in the more evolved dioritic
centres. Whether these differences in concentrations
between the primitive and evolved samples are related to
enrichment during crystal-liquid fractionation can be eval-
uated using the following equation for fractional crystal-
lisation:

C =C,xFOD (1)

where C is the initial concentration, C_is the liquid con-
centration, F is the proportion of liquid, and D is the
bulk distribution coefficient. Danyuschevsky et al. (2000)
showed that in mafic systems water will have a bulk dis-
tribution coefficient of ¢. 0.01. Starting with a magma
with 0.1 wt% (C ) H,O, representing the primitive dol-
erites, and ending with 0.7 wt% (C ) H,O, representing
the evolved dioritic centres, requires 86% crystallisation
(F = 0.14) of the primitive magma. Figure 14 shows the
relative enrichment of highly incompatible elements Zr
and Ce during fractional crystallisation, where Ce is used
as a proxy for water given their similar incompatibilities
(Danyuschevsky et al. 2000). The amount of fractiona-
tion required to relate the primitive samples to dioritic
centres is 0.3-0.13, corresponding to 70-87% crystalli-
sation. Thus, the evolved dykes reflect sufficient fraction-
ation to explain the difference in water concentrations
between the primitive dykes and dioritic centres.

The origin of the water in the primitive dykes can also
beaddressed using equation 1. Themost primitive Kanga-
miut dykes (MgO > 6 wt%) have a modal hornblende

content of 5-10% indicating a maximum of 0.1-0.2 wt%
water content in the rocks. This suggests that the amount
of water in the parental magma derived from the mantle
is less than 0.2 wt%. Equation 1 can also approximate
fractional mantle melting and can help constrain the
amount of water in the mantle source needed to produce
a primitive magma containing 0.2 wt% H,O. In this case,
the unknown variable is C,, the initial concentration in
the mantle. The concentration in the liquid (C) is 0.2
wt%, and D is equal to 0.01. The evaluation of REE sys-
tematics, presented by Mayborn & Lesher (2004) and il-
lustrated in Fig. 11, shows that the average F value for
mantle melting leading to the Kangamiut dykes was 0.05.
Thus, using these values in equation 1 results in a con-
centration in the mantle source (C) of 0.01 wt% (100
ppm). This is well within the range of 28-300 ppm H,O
given by Bell & Rossman (1992) for the upper mantle
containing nominally anhydrous phases. As such, the wa-
ter present in the hornblende within the Kangamiut dykes
can be reasonably accounted for given estimates of its orig-
inal concentration in primary melts and enrichment
through subsequent differentiation. Although these con-
siderations do not rule out Bridgwater et al.’s (1995) model
for the Kangamiut dykes derived from an amphibolite
facies protolith, we show that differentiation of partial
melts derived from depleted upper mantle can readily ex-
plain the occurrence of late crystallising hornblende in
the evolved Kangdmiut magmas.

The Kangamiut dykes and the
Nagssugtogidian orogeny

The preservation of both igneous and metamorphic fea-
tures in the Kangamiut dyke swarm provides an excellent
opportunity to evaluate the amount of crustal thickening
that likely occurred during the Nagssugtogidian orogeny.
Determining the amount of thickening requires know-
ledge of the depths associated with emplacement and peak
metamorphism for currently exposed dykes.

Field relationships show brittle deformation of host
rocks and segmentation of the Kangamiut dykes into en
échelon arrays during emplacement. Reches & Fink (1988)
proposed that the segmentation of dykes into en échelon
arrays occurs when they cross from the ductile into the
brittle regime. In modern continental crust the brittle-
ductile transition is observed as the seismic to aseismic
transition at depths of 10-15 km (Chen & Molnar 1983).
Chen & Molnar (1983) and Williams (1996) give tem-
perature estimatesfor thebrittle—ductile transition between
450 and 250°C.
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Fahrig & Bridgwater (1976) presented Palaecomagnet-
ic data from dykes and host rocks unaffected by Nagssug-
togidian metamorphism, and showed that the host rocks
and dykes record different declinations. These differences
in declination show that the host rocks were below their
Curie temperature during dyke emplacement. Fahrig &
Bridgwater (1976) do not discuss the magnetic carrier in
the host rocks, but an examination of host rock samples
suggests that the magnetic carrier(s) are magnetite and/or
ilmenite. The Curie temperatures of these minerals vary
due to solid solutions amongst magnetite-ulvdspinel and
hematite-ilmenite, but the upper limit is 580°C if the
magnetic carrier is pure magnetite.

Additional support for dyke emplacement into host
rocks with temperatures below 580°C comes from “Ar/
®Ar dating of dykes and host rocks. Willigers et al. (1999)
presented ®Ar/®Ar cooling ages from dykes in the south-
ern foreland that gave a mean age of 2.02 Ga. This age is
within error of the 2.04 Ga emplacement age determined
by dating of igneous zircons (Nutman et al. 1999). The
“Ar/*Ar cooling age of a regional granitic host rock is 2.5
Ga (Willigers et al. 1999). This older age indicates that
the host rocks have remained below 480°C, the closure
temperature of argon in hornblende (Harrison 1981), since
2.5 Ga.

Field evidence of brittle deformation, Palacomagnetic
data, and “Ar/®*Ar cooling ages all indicates that the peak
crustal temperatures of exposed basement hosting the Kan-
gamiut dykes were less than ¢. 450°C at the time of dyke
emplacement. Estimates of the geothermal gradient ap-
propriate for continental crust at 2.0 Ga can help to con-
strain the depth of the 450°C isotherm and thus the depth
of dyke emplacement. The geotherm is computed from

Depth (km)

3 —————— — - - = -1 10

06 ‘ : : 20

0 200 400 600 800

Fig. 15. Model continental geotherm constructed using the heat flow
equation shown in text (equation 2). Solid vertical line represents the
450°C isotherm that intersects the geotherm at ¢. 0.3 GPa (10 km) as
shown by dashed horizontal line.
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Fig. 16. Pressure versus temperature diagram showing the intersec-
tion of the amphibolite/granulite facies transition with the kyanite—
sillimanite transition. The black rectangle around the intersection
shows possible temperature and pressure ranges of peak metamorphism
of the Kangamiut dykes and metasediments in Ikertooq fjord. The
AlSIO, phase diagram is from Holdaway (1971) and the amphibo-
lite to granulite transition is based on the first occurrence of orthopy-
roxene in experiments on mafic rocks by Spear (1981).

the heat flow equation assuming an exponential distribu-
tion of heat producing elements that includes contribu-
tions from heat conduction, advection, and production
(Carslaw & Jaeger 1959):

Q A’D* e
kZ p (1—@ /H) (2)

where T is temperature in °C, Q* is the reduced heat flow
at the crust-mantle boundary in m\Wm=, z is the depth in
km, k is the thermal conductivity of the crust in Wm=K-
1 A is the concentration of heat producing elements at
the earth’s surface in pWm=, D is crustal thickness in km,
and Hr is the length scale for the decrease in heat produc-
ing elements with depth in km. Current average values
are Q = 30 mMWm=2, k = 2.25 Wm=K, A°=0.75 u\Wm-~
8 D =35 km, and Hr = 15 km. The model geotherm
shown in Fig. 15 uses these values with the exception of
A°=1.2 to account for higher heat production during the
Palaeoproterozoic and Archaean (Stein 1995). Using the
geotherm in Fig. 15 and a maximum host rock tempera-



ture of 450°C require that the dykes intruded to a mini-
mum depth of 10 km corresponding to a lithostatic pres-
sure of ¢. 0.3 GPa. This estimate of a shallow emplace-
ment level for the dykes is also supported by the cluster-
ing of whole-rock data near the low-pressure Ol.Cpx:PI
cotectics as previously shown in Fig. 7.

Application of the clinopyroxene geothermobarome-
try developed by Putirka et al. (1996) provides another
independent estimate of the depth of dyke emplacement.
This geothermobarometer uses compositions of clinopy-
roxenes and their host rocks to estimate the pressure and
temperature of clinopyroxene crystallisation. There are two
important assumptions when applying this geothermo-
barometer to chilled margins in the Kangamiut dykes.
First, we assume that the whole-rock composition is a close
approximation of the original liquid composition. Second,
we assume that the cores of the clinopyroxene phenoc-
rysts were once in equilibrium with this liquid. One test
ofequilibrium between thewhole-rock and clinopyroxene
phenocrysts is given by the FeO/MgO ratios in the whole
rocks and pyroxenes. The FeO/MgO ratios in the clinopy-
roxenes from eight chilled margins and the FeO/MgO
ratio in their host rocks yield an average K 7" for clinopy-
roxene and liquid of 0.32 + 4. Based on experimental work,
KM for basaltic systems between 1 atm and 1.5 GPa
ranges from 0.22-0.36 (Baker & Eggler 1987; Putirka et
al. 1996). Our estimates for the Kangamiut dykes fall
within this range.

Applyingthe Putirkaetal. (1996) geothermobarometer
to clinopyroxene phenocrysts cores and whole-rock com-
positions from chilled margins of eight Kangamiut dykes
gives temperatures of 1199-1170°C and pressures of 0.75—
0.35 GPa. The upper pressure limit of 0.75 GPa indicates
a maximum recorded depth of fractionation recorded by
clinopyroxene phenocrysts of ¢. 25 km. The lower pres-
sure estimate of 0.35 GPa constrains a maximum emplace-
ment depth of ¢. 12 km, since the clinopyroxene pheno-
crysts in the chilled margins must have formed at a depth
greater or equal to the final depth of dyke emplacement.
Thisis consistent with the preceding results from temper-
ature estimates of the host rocks during emplacement that
indicate amaximumofc. 0.3 GPa oradepth ofc. 10 km.

If these independent estimates of the Kangdmiut dyke
emplacement depths are taken as representative of the dyke
swarm in general, then a consideration of peak metamor-
phic conditions during the Nagssugtogidian orogeny can
be used to constrain the amount of crustal thickening
during orogenesis. The majority of the metamorphism of
the northern portion of the swarm during the Nagssugto-
gidian orogeny occurred at amphibolite facies, with the
exception of the northernmost portion within Ikertooq

fjord where the transition to granulite facies metamor-
phism occurs. The amphibolite to granulite facies transi-
tion is marked by the first appearance of orthopyroxene
in mafic rocks and is known to occur at ¢. 800°C (Spear
1981). The constraint on the pressure of the granulite facies
metamorphism comes from the presence of kyanite-silli-
manite paragneisses that are interleaved with sheets of
dyke-bearing orthogneisses. The presence of granulite facies
metamorphosed Kangamiut dykes and the alumina-sili-
cate-bearing gneisses indicates that peak metamorphism
occurred at conditions corresponding to both the amphi-
bolite to granulite and kyanite to sillimanite transitions.
Figure 16 shows that these transitions indicate a peak
metamorphic pressure of ¢. 0.9 GPa. This pressure is con-
sistent with the results of Mengel et al. (1995) who deter-
mined metamorphic pressures on the Kangamiut dykes
in the Ikertooq region using TWEEQU geothermobaro-
metry (Berman 1991).

Knowing the approximate depth of emplacement and
the pressure of peak metamorphism provides constraints
on the amount and style of burial during the Nagssugto-
gidian orogeny. Emplacement at 0.3 GPa of pressure fol-
lowed by peak metamorphism at 0.9 GPa requires an in-
crease of 0.6 GPa. This indicates a minimum of 20 km of
crustal thickening between dyke emplacement and peak
metamorphism. A probable mechanism of crustal thick-
ening in this case is thrust imbrication and crustal load-
ing of material from north to south. The structural fea-
ture associated with this imbrication is most likely the
Ikertdq shear zone (Fig. 1). The imbrication of rock types,
the lithostratigraphic changes, including the disappear-
ance of the Kangamiut dykes, and the lateral continuity
of the Ikertdq shear zone suggest that it is a major struc-
ture capable of accommodating displacement of material
that buried the northern portion of the dyke swarm with
20 km of overburden. Crustal thickening must have oc-
curred over a minimum map distance of 50 km extending
from the lIkertdq shear zone to at least the Itivdleq shear
zone (Fig. 1) and farther to the south approaching the
Nagssugtogidian front where the last significant metamor-
phism occurs.

Summary and conclusions

The 2.04 Ga Kangamiut dyke swarm in West Greenland
is composed of tholeiitic dykes that intruded during pas-
sive rifting of Archaean continental crust. The current level
of exposure corresponds to emplacement depths less than
10 km based on estimated host rock temperatures less than
450°C during emplacement and geothermobarometry for
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Kangamiut dyke clinopyroxenes. Major and trace element
systematics show that the parental magmas for the
Kangamiut dykes differentiated by fractionation of plagi-
oclase, clinopyroxene, olivine, and late state Fe-Ti oxides.
The rare-earth element systematics of the dykes indicate
initiation of mantle melting at c. 2.75 GPa, correspond-
ing to a potential mantle temperature of ¢. 1420°C. This
temperature is consistent with ambient mantle tempera-
ture estimates for 2.0 Ga and shows that the Kangamiut
dyke swarm formed during passive rifting of the Kenor-
land supercontinent. Anomalously hot plume mantle is
not required for their generation. Subsequent metamor-
phism of the northern portion of the swarm reached gran-
ulite facies, with an estimated temperature of 800°C and
pressure of 0.9 GPa. The emplacement pressure of less
than 0.3 GPa and peak metamorphism at 0.9 GPa indi-
cate a minimum of 20 km of crustal thickening associat-
ed with the Nagssugtogidian orogeny. Crustal thickening
likely occurred during thrusting of material from the cen-
tral Nagssugtogidian orogen southward over the south-
ern Nagssugtogidian orogen along the Ikertdq shear zone.
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Appendix

Table Al. Field data for Kangdmiut dykes examined for this study

Dyke Location Latitude Longitude Trend  Thickness (m) Samples

1 Sgndre Strgmfjord 66°05.266'N 053°33.211'W 010 2 430901 middle of dyke,
430902 near contact

2 Sgndre Strgmfjord 66°05.26'N 053°33.5'W 080 20 430903 ~7 m from dyke contact

3 Sgndre Strgmfjord 66°05.26'N 053°33.5'W 010 04 none

4 Sgndre Strgmfjord 66°05.26'N 053°33.7"W 020 ? none

5 Itilleq 66°33.3'N 053°02.5'W 086 6 430904 ~2 m from contact

6 Itilleq 66°33.3'N 053°02.5'W ? 15 430905 middle of dyke

7 Ikertooq 66°58.1'N 052°28.9'W 079 0.3 none

8 Ikertooq 66°58.1'N 052°28.9'W 123 0.15 none

9 Ikertooq 66°57.55'N 052°31.7'W 010 2 430910 0.5 m from dyke margin

10 Ikertooq 66°58.95'N 052°26.8'W 080 2 430915 middle of dyke

11 Ikertooq 66°49.7'N 052°16.7'W 054 0.3 430917 middle of dyke

12 Ikertooq 66°50.1'N 052°19.2'W ? ? 430919 middle of dyke

13 Itilleq 66°32.25'N 052°45.0'W 080 8 430923 middle of dyke

14 Itilleq 66°32.85'N 052°47.15'W ? 0.1 430926 whole width of dyke

15 Itilleq 66°33.3'N 052°51.3'W 095 1 430929 middle of dyke

16 Itilleq 66°33.03'N 052°53.54'W 035 8 430930 ~2.5 m from contact,
430931 dyke contact

17 Itilleq 66°33.5'N 052°56.0'W 080 2 430933 0.3 m from contact

18 Itilleq 66°34.7'N 052°56.0'W 062 10 430935 middle of dyke

19 Itilleq 66°34.7'N 052°56.0'W 090 14 430936 middle of dyke

20 Itilleq 66°35.1'N 052°49.0'W 090 8 430939 middle of dyke

21 Itilleq 66°35.1'N 052°47.5'W 079 8 430940 middle of dyke

22 Itilleq 66°34.75'N 052°48.5'W ? ? 430942 middle of dyke

23 Itilleq 66°34.75'N 052°48.5'W ? ? 430943 middle of dyke

24 Itilleq 66°33.1'N 053°04.0'W ? 25 430946 middle of dyke

25 Itilleq 66°33.7'N 052°55.1'W 087 16 430948 middle of dyke,
430950 dyke contact

26 Itilleq 66°33.25'N 052°38.5'W 100 1 430951 middle of dyke

27 Itilleq 66°33.25'N 052°33.0'W 096 20 430952 middle of dyke

28 Itilleq 66°32.6'N 052°27.0'W 057 30 430953 middle of dyke

29 Itilleq 66°31.8'N 052°41.0'W 061 5 430955 ~1.5 m from contact,
430956 ~5 m from contact

30 Itilleq 66°31.9'N 052°38.5'W 085 15 430957 dyke contact,
430959 ~5 m from contact

31 Itilleq 66°31.8'N 052°36.2'W 065 18 430960 middle of dyke

32 Itilleq 66°31.7'N 052°34.0'W 078 22 430961 middle of dyke

33 Mouth of Itilleq 66°29.9'N 053°33.5'W 022 20 430965 middle of dyke

34 Mouth of Itilleq 66°30'N 053°34.8'W 065 25 430966 ~7 m from contact

35 Mouth of Itilleq 66°30.05'N 053°35.8'W 117 40 430967 ~7 m from contact

36 Mouth of Itilleq 66°30.5'N 053°36.4'W 006 10 430969 middle of dyke

37 South of Maniitsoq 65°22.7'N 052°47.3'W 345 45 430970 middle of dyke

38 East of Maniitsoq 65°25.5'N 052°24.0'W ? 15 430972 middle of dyke

39 East of Maniitsoq 65°25.4'N 052°23.0'W 054 0.4 430973 middle of dyke

40 East of Maniitsoq 65°25.5'N 052°18.0'W 117 12 430974 middle of dyke

41 East of Maniitsoq 65°26.0'N 052°14.8'W 354 7 430975 middle of dyke

42 East of Maniitsoq 65°35.15'N 052°46.0'W 002 49 430977 dyke contact,
430979 1 m from contact,
430981 5 m from contact,
430982 17 m from contact

43 North of Maniitsoq 65°39.85'N 052°37.0'W 003 25 430983 middle of dyke,
430984 dyke contact

44 North of Maniitsoq 65°44.4'N 052°38.5'W 344 0.5 430986 middle of dyke

45 North of Maniitsoq 65°38.75'N 052°37.5'W 002 16 430987 middle of dyke,
430988 ~6 cm from contact

46 North of Maniitsoq 65°36.9'N 052°43.5'W 005 10 430990 ~4 m from contact,

430991 ~0.5 m from contact
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Table Al (continued)

65
66
67
68
70
71
72
73

75

76

77

78
80
81
82
84
85

86

Location

North of Maniitsoq

North-east of Kangaamiut
North-east of Kangaamiut
North-east of Kangaamiut
North-east of Kangaamiut
North-east of Kangaamiut
North-east of Kangaamiut
North-east of Kangaamiut

North-east of Kangaamiut
North-east of Kangaamiut
Sgndre Strgmfjord
Kangerluarsussuaq

Kangerluarsussuaq
Kangerluarsussuaq
Kangerluarsussuaq

Kangerluarsussuaq
Kangerluarsussuaq
Kangerluarsussuaq

Kangerluarsussuaq
East of Itilleq
East of Itilleq
East of Itilleq
East of Itilleq
East of Itilleq
East of Itilleq
East of Itilleq
East of Itilleq
Kangerluarsussuaq
Kangerluarsussuaq

Kangerluarsussuaq

Kangerluarsussuaq

Kangerluarsussuaq

Mouth of Itilleq

Mouth of Itilleq

Mouth of Itilleq

Mouth of Itilleq

Sgndre Strgmfjord
North-east of Kangaamiut

North-east of Kangaamiut

North-west of Kangaamiut

Latitude

65°40.1'N
65°54.9'N
65°53.95'N
65°53.4'N
65°53.4'N
65°53.4'N
65°53.4'N
65°52.6'N

65°50.8'N
65°50.8'N
66°01.4'N
66°17.5'N

66°17.5'N
66°17.25'N
66°17.25'N

66°17.15'N
66°17.05'N
66°16.9'N

66°39.5'N
66°29.3'N
66°29.1'N
66°33.1'N
66°31.75'N
66°30.5'N
66°27.9'N
66°26.0'N
66°27.45'N
66°16.6'N
66°15.3'N

66°14.6'N

66°14.7'N

66°15.15'N
66°30.05'N
66°30.05'N
66°30.05'N
66°30.05'N
66°01.4'N

65°52.6'N

65°53.6'N

65°56.6'N

Longitude

052°49.0'W
053°14.5'W
053°16.0'W
053°14.95'W
053°14.95'W
053°14.95'W
053°14.95'W
053°14.0'W

053°13.0'W
053°13.0'W
053°28.65'W
053°05.65'W

053°05.8'W
053°07.5'W
053°07.5'W

053°08.5'W
053°11.25'W
053°09.7'W

053°03.0'W
052°25.0'W
052°24.0'W
052°07.5'W
052°18.0'W
052°27.5'W
052°27.0'W
052°40.5'W
052°45.5'W
053°17.0'W
053°22.5'W

053°33.0'W

053°31L.7'W

053°29.0'W
053°35.8'W
053°35.8'W
053°35.8'W
053°35.8'W
053°28.65'W
053°14.9'W

053°14.9'W

053°28.0'W

Trend

010
050
045
033
110
030
110
063

064
015
028
065

057
022
145

045
028
031

065
065
050
072
050
090
022
080
055
032
036

020

044

086
090
090
090
090

022

045

25

Thickness (m)

17
12
27
1
0.2
15
2
60

15
15
60
40
40
1
45
21

40
140

50
15

25
70

17
18

25

0.4

50
15

0.1
30
30

60

Samples

430992 middle of dyke

430993 ~2 m from contact
430994 middle of dyke

none

none

430995 middle of dyke

430996 middle of dyke

430997 andesitic portion of dyke,
430998 mafic portion of dyke
432101 middle of dyke

430999 middle of dyke

432103 middle of dyke

432104 dyke contact,

432105 middle of dyke

432107 middle of dyke

432108 middle of dyke

432106 1 m from contact,
432108 middle of dyke

432111 middle of dyke

432112 ~7 m from contact
432115 dyke contact,

432116 ~2.5 m from W contact,
432118 ~45 m from W contact,
432119 ~70 m from W contact,
432120 ~95 m from W contact,
432121 ~19 m from E contact,
432122 ~18 m from W contact,
432136 ~40 m from W contact,
432137 middle of dyke

432123 middle of dyke

432125 middle of dyke

432128 middle of dyke

432129 middle of dyke

432130 middle of dyke

432138 middle of dyke

432133 middle of dyke

432134 middle of dyke

432135 middle of dyke

432139 middle of dyke

432140 middle of dyke,

432151 9 m from N contact,
432152 6 m from N contact,
432153 4 m from N contact,
432154 2 m from N contact,
432155 1 m from N contact,
432156 0.5 m from N contact,
432157 0.25 m from N contact,
432158 dyke contact, highly jointed
432143 middle of dyke,

432144 5 m from E contact,
432145 E contact

432147 NW contact,

432148 middle of dyke

432149 SE contact

432150 middle of dyke

430206 and 430207 middle of dyke
430208 and 430209 middle of dyke
430210 middle of dyke

430211 whole width of dyke
430258 dyke contact

430267 dyke contact,

430265 middle of dyke

430283 dyke contact,

430284 middle of dyke

158074 and 430288 dyke contact,
432102 and 158077 middle of dyke
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Fig. Al. Map showing the locations of dykes examined in this study.
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Zircon geochronology from the Kangaatsiag-
Qasigiannguit region, the northern part of the 1.9-1.8 Ga
Nagssugtogidian orogen,West Greenland

Kristine Thrane and James N. Connelly

The Kangaatsiag—Qasigiannguit region in the northern part of the Palaeoproterozoic Nagssugto-
gidian orogen of West Greenland consists of poly-deformed orthogneisses and minor occurrences of
interleaved, discontinuous supracrustal belts. Laser ablation ICP-MS 207Ph/2%Ph analyses of detrital
zircons from four metasedimentary rocks (supplemented by ion probe analysis of one sample) and
igneous zircons from six granitoid rocks cutting metasedimentary units indicate that the supracrustal
rocks in the Kangaatsiag—Qasigiannguit (Christianshab) region are predominantly Archaean in age.
Four occurrences of metasedimentary rocks are clearly Archaean, two have equivocal ages, and only
one metasedimentary unit, from within the Naternaq (Lersletten) supracrustal belt, is demonstrably
Palaeoproterozoic and readily defines a large fold complex of this age at Naternag. The 2.9-2.8 Ga
ages of detrital Archaean grains are compatible with derivation from the local basement orthogneisses
within the Nagssugtogidian orogen. The detrital age patterns are similar to those of metasediments
within the central Nagssugtogidian orogen but distinct from age patterns in metasediments of the
Rinkian belt to the north, where there is an additional component of pre-2.9 Ga zircons. Synkine-
matic intrusive granitoid rocks constrain the ages of some Archaean deformation at 2748 + 19 Ma

and some Palaeoproterozoic deformation at 1837 + 12 Ma.

Keywords: Nagssugtogidian orogen, deformation, LA-ICP-MS, zircon, metasediment

K.T., Geological Institute, University of Copenhagen, @ster Voldgade 10, DK-1350 Copenhagen K, Denmark.

E-mail: kthrane@geol .ku.dk

J.N.C., Department of Geological Science, University of Texas at Austin, Austin, TX 78712, USA.

The Kangaatsiag—Qasigiannguit area that is the focus of
this paper (Fig. 1) forms a large part of the northern Nags-
sugtogidian orogen, which is interpreted as the southern
part of a major collisional orogenic system that crops out
in central and northern West Greenland and adjacent parts
of eastern Canada (Connelly et al. 2006). The northern
Nagssugtogidian orogen, which was re-investigated in
2001-2003 by the Geological Survey of Denmark and
Greenland (GEUS) in co-operation with external part-
ners, is underlain by poly-deformed, variably reworked
grey Archaean orthogneiss interleaved with dismembered

Archaean and Palaeoproterozoic supracrustal rocks of vol-
canic and sedimentary origin. Only few significant time
marker horizons (such as distinct suites of mafic dykes or
one or more groups of characteristic supracrustal rocks
with known ages) are present. The primary objectives of
this geochronological study were therefore to determine
the extent of Palaeoproterozoic metasedimentary rocks and
attempt to directly date different phases of deformation
and metamorphism.

A number of lithological, structural and metamorphic
features, especiallyinthe Kangaatsiag—Aasiaat area (Fig. 1),

© GEUS, 2006. Geological Survey of Denmark and Greenland Bulletin 11, 87-99. Available at: www.geus.dk/publications/bull 87
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provide some immediate constraints on the Archaean and
Palaeoproterozoic geological evolution of the northern
Nagssugtogidian orogen, and are outlined here as an intro-
duction to the geochronological study. The study area may
be divided into two different tracts based on metamor-
phism and structural style (Piazolo et al. 2004; Mazur et
al. 2006, this volume). The tract south-west and south-
east of Kangaatsiaqg is metamorphosed at granulite facies
grade and is characterised by a general WSW-ENE-trend-
ing structural grain with large, moderately to steeply
plunging fold structures and undeformed to weakly defor-
med, synkinematic granitic neosome (van Gool et al. 2002;
Garde 2004). Several E-W-trending mafic dykes occur
south of Kangaatsiaq around 68°N. They are undeformed
anddiscordanttothemainstructuresand lithological boun-
daries, but variably metamorphosed (Glassley & Sgren-
sen 1980; Arting 2004). These dykes are presumed to be
of Palaeoproterozoic age and perhaps related to pre-Nags-
sugtogidian rifting (Arting 2004), and if so would con-
strain the deformation and granulite facies metamorphism
south of Kangaatsiaq to be Archaean in age, whereas the
thermal event recorded by the dykes themselves would be
Palaeoproterozoic.

The remainder of the study area, to the north and east
of Kangaatsiaq, is at amphibolite grade (e.g. Hollis et al.
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2006, this volume), and does not display any signs of retro-
gression from granulite facies except within a ¢. 10 km
thick transition zone adjacent to the granulite facies ter-
rain. These northern and eastern areas generally possess a
much more intense planar and linear tectonic fabric than
in the south, commonly including a strong subhorizontal
extension lineation that also penetrates the late granitic
neosome. Furthermore, a structural discordance occurs
in the Naternag area (Fig. 1) between WNW-ESE-trend-
ing amphibolite to the west and the structurally overlying,
NE-SW-trending Naternag supracrustal belt in the east,
suggesting that the respective structures of the two supra-
crustal units are unrelated to each other and of different
age (Mazur et al. 2006, this volume). In addition, the
northern and eastern areas also host occasional mafic dykes
on islands north-east of Aasiaat and on the southern coast
of Sydostbugten (Fig. 1). Although these dykes are still
largely coherent and unmigmatised, they are intensely
deformed, almost concordant with their host rocks, and
tectonically thinned to about 1-2 m thick. Both the gra-
nitic neosome, the Naternaq supracrustal rocks, and the
deformed dykes provide relative age constraints on the
intense deformation in the northern and eastern parts of
the study area. If it is again assumed that the deformed
dykes in the north are Palaeoproterozoic, it would follow



Table 1. Zircon LA-ICP-MS 207Pp-206pfy data

spot 206ph (cps) 207pp/206pp Age (Ma) 26 %

spot 206ph (cps) 207ph/208pp Age (Ma) 26 %

spot 206ph (cps) 207pp/206pp Age (Ma) 26 %

448004 Metasediment NE of Kangaatsiaq

1 22419 0.21046

2 30428 0.20444

3 27946 0.20011

4 41739 0.20405

5 66864 0.20548

6 52963 0.20846

7 70422 0.18216

8 46147 0.20058

9 73807 0.20449
10 41046 0.20919
11 75396 0.20183
12 84403 0.20242
13 27932 0.20390
14 102678 0.20107
15 129026 0.18972
16 46526 0.20716
17 71802 0.20579
18 659551 0.20033
19 165828 0.19242
20 73874 0.19895
21 20371 0.18508
22 21982 0.17386
23 33164 0.21021
24 86486 0.18406
25 99148 0.20434
26 54554 0.20049
27 52435 0.17947
28 45325 0.20018
29 75391 0.18983
30 77047 0.20775
31 32181 0.19856
32 50218 0.19811
33 28491 0.20148
34 21801 0.19768
35 22466 0.20144
36 48990 0.20013
37 26535 0.20445
38 114112 0.18364
39 41973 0.20083
40 57549 0.20210
41 26869 0.25312
42 49986 0.19811
43 20567 0.19924
44 5467 0.19417
45 29042 0.20106
46 9255 0.18565
47 18597 0.20277
48 112700 0.17900
49 84858 0.19285
50 14867 0.17617
51 24908 0.19765
52 11178 0.19419
53 91255 0.17807
54 28338 0.20395
55 24855 0.18937
56 7761 0.18757
57 12436 0.19563
58 12571 0.19849
448392 Granite, Kangersuneq

1 318831 0.19069

2 361175 0.18986

3 406129 0.19945

4 163666 0.18800

5 205935 0.19380

6 227282 0.19148

7 123658 0.18830

8 294942 0.18738

9 407109 0.19415
10 481882 0.19342
11 212302 0.18706
12 407464 0.19766
13 491512 0.19950
14 94032 0.18905

2909
2862
2827
2859
2870
2894
2673
2831
2862
2899
2841
2846
2858
2835
2740
2883
2873
2829
2763
2818
2699
2595
2907
2690
2861
2830
2648
2828
2741
2888
2814
2811
2838
2807
2838
2827
2862
2686
2833

7.7
4.9
59

15 173984 0.18392 2689
16 109933 0.18320 2682
17 50994 0.19030 2745
18 13465 0.18864 2730
19 21101 0.17697 2625
20 99478 0.18431 2692
21 108982 0.18687 2715
22 33255 0.18969 2739
23 192965 0.18985 2741
24 280376 0.18859 2730
25 287725 0.18761 2721
26 101087 0.18975 2740
27 85412 0.18695 2716
28 125421 0.18639 2711
29 45496 0.18854 2730
30 75470 0.18108 2663
31 40021 0.18483 2697
32 48564 0.19087 2750
33 101631 0.18754 2721
34 117730 0.18292 2679
35 49211 0.18807 2725
36 112930 0.18847 2729
37 202637 0.18826 2727
38 102831 0.18893 2733
39 55266 0.19174 2757
40 45349 0.18639 2711
41 104416 0.18742 2720
42 188642 0.18481 2696
43 97849 0.18797 2724
44 145946 0.17859 2640

448394 Metasediment, Kangersuneq

1 695411 0.16006 2456

2 52863 0.20417 2860

3 443404 0.11180 1829

4 1104248 0.11717 1913

5 579803 0.11532 1885

6 231966 0.12351 2008

7 362937 0.10979 1796

8 303451 0.11334 1854

9 277637 0.11090 1814
10 380962 0.12251 1993
11 115636 0.16115 2468
12 461330 0.11598 1895
13 493717 0.19532 2787
14 207687 0.17408 2597
15 393460 0.11112 1818
16 242631 0.10929 1788
17 132013 0.19838 2813
18 178574 0.10859 1776
19 303683 0.10774 1762
20 241139 0.15569 2409
21 51484 0.12627 2047
22 53211 0.12080 1968
23 53531 0.11660 1905
24 23896 0.19593 2793
25 79706 0.11458 1873
26 89308 0.11277 1845
27 63147 0.11176 1828
28 12586 0.19431 2779
29 100961 0.13800 2202
30 12592 0.16853 2543
31 57066 0.11124 1820
32 51764 0.11438 1870
33 218430 0.11295 1847
34 78169 0.10868 1777
35 96773 0.11345 1855
36 143102 0.11037 1806
37 33237 0.13986 2225
38 92186 0.10819 1769
39 80332 0.12802 2071
40 35510 0.19386 2775
41 11684 0.18283 2679
42 21389 0.19620 2795

43 14702 0.19528 2787

4.9

44 19762 0.19659 2798
45 36375 0.11197 1832
46 17548 0.18024 2655
47 9064 0.19962 2823
48 11530 0.19199 2759
49 64234 0.11111 1818
50 7566 0.16671 2525
51 38371 0.10619 1735
52 15464 0.18496 2698
53 15534 0.14855 2329
54 27618 0.11461 1874
55 15853 0.19890 2817
56 10902 0.18316 2682
57 8905 0.20952 2902
58 6493 0.18680 2714
59 16248 0.19267 2765
60 43736 0.14480 2285
61 48133 0.11266 1843
62 52656 0.12037 1962
63 88558 0.11566 1890
64 65717 0.10988 1797
65 14964 0.15276 2377
66 59777 0.11635 1901
67 23849 0.16781 2536
68 16825 0.19548 2789
69 17260 0.14321 2266
70 28538 0.19178 2757
71 65355 0.11192 1831
72 58939 0.12654 2050
73 69509 0.11151 1824
74 49893 0.13319 2140
75 76541 0.11448 1872
76 67611 0.11351 1856
77 58817 0.10691 1747
78 69641 0.11468 1875
79 57943 0.11116 1818
463129 Synkinematic granite, Saqgarput
1 2283739 0.18759 2721
2 1266859 0.19890 2817
3 344375 0.18904 2734
4 531257 0.18883 2732
5 565174 0.19441 2780
6 247679 0.18844 2729
7 460352 0.20656 2879
8 1058356 0.19510 2786
9 405853 0.18296 2680
10 554081 0.17660 2621
11 1363965 0.20876 2896
12 935603 0.19609 2794
13 605520 0.18625 2709
14 516471 0.17880 2642
15 822166 0.18954 2738
16 655511 0.20436 2861
17 755390 0.19587 2792
18 127005 0.18594 2707
19 422927 0.19261 2765
20 653950 0.19183 2758
21 1135912 0.19679 2800
22 1096015 0.19497 2785
23 653314 0.19170 2757
24 228993 0.20892 2897
25 221510 0.21878 2972
26 346159 0.20045 2830
27 37048 0.16944 2552
28 97269 0.17974 2650
29 85210 0.18521 2700
30 172975 0.18213 2672
31 171017 0.17446 2601
32 165639 0.18002 2653
33 133709 0.18851 2729
34 182742 0.18315 2682
35 125199 0.18194 2671
36 169034 0.19244 2763
37 85182 0.16778 2536

6.5
9.0
117
10.9
78
10.3
11.0
9.1
9.1
9.3
8.4
9.4
11.0
9.4
10.5
8.7
6.4
12.3
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Table 1 (continued)

spot 206pp (cps) 207pp/208ph Age (Ma) 26 %

spot 206ph (cps) 207pp/206pp Age (Ma) 26 %

spot 206ph (cps) 207ph/208ph Age (Ma) 26 %

38 101924 0.18113
39 178145 0.20233
40 35771 0.18557
41 23866 0.19033
42 78620 0.22740
43 88660 0.20740
44 264622 0.18784
45 219347 0.19029
46 215885 0.18648
47 117234 0.17897
48 29425 0.18849
49 59458 0.18317
50 44706 0.19343
51 47511 0.20920
52 52220 0.18199
53 58597 0.17855
54 47047 0.18403
55 85100 0.19408
56 150838 0.18512
57 42220 0.18152
58 182300 0.17444
59 181857 0.19158
60 656182 0.18446
61 1625878 0.19433
62 1033362 0.19004
463257 Metasediment, Amitsoq
1 94060 0.20316
2 126332 0.19611
3 245874 0.21538
4 154787 0.20172
5 68216 0.19982
6 428099 0.18536
7 100464 0.18737
8 106081 0.19619
9 178863 0.20711
10 72018 0.19715
11 102336 0.18203
12 218440 0.21010
13 144435 0.20135
14 73200 0.20617
15 103837 0.17190
16 100257 0.15132
17 120574 0.20468
18 88636 0.20786
19 129707 0.20434
20 133092 0.21288
21 176443 0.20885
22 48385 0.19377
23 61486 0.19210
24 60275 0.22028
25 44550 0.20247
26 30952 0.20191
27 7392 0.18113
28 20571 0.19351
29 15357 0.19909
30 31747 0.20691
31 22596 0.20038
32 35613 0.20326
33 15204 0.20568
34 24804 0.19424
35 17027 0.19728
36 21866 0.19494
37 13148 0.20815
38 27502 0.20821
39 26648 0.20452
40 27263 0.18701
41 46499 0.14869
42 36471 0.20245
43 64587 0.20102
44 31986 0.20332
45 46174 0.21292
46 61284 0.20775
47 41436 0.20439
48 72510 0.20430
49 67124 0.20347
50 37221 0.19866

2663
2845
2703
2745
3034
2885
2723
2745
2711
2643
2729
2682
2772
2899
2671
2639
2690
2777
2699
2667
2601
2756
2693
2779
2742

2852
2795
2946
2840
2825
2701
2719
2794
2883
2808
2671
2907
2837
2875
2575
2361
2864
2889
2861
2928
2897
2774
2760
2983
2846
2842
2663
2772
2819
2881
2829
2853
2872
2778
2804
2784
2891
2892
2863
2716
2331
2846
2834
2853
2928
2888
2862
2861
2854
2815

7.6
8.9
8.3

464435 Metasediment, Naternaq

1 620630 0.12031 1961

2 184109 0.14293 2261

3 177844 0.12013 1959

4 508546 0.12356 2019

5 521502 0.11208 1833

6 560514 0.11545 1887

7 455565 0.10976 1795

8 294092 0.11916 1944

9 407244 0.12342 2006
10 217026 0.11556 1889
11 240050 0.11948 1948
12 285058 0.12258 1995
13 651523 0.11831 1938
14 367681 0.12552 2036
15 337595 0.12582 2041
16 465635 0.11732 1917
17 321964 0.12267 1995
18 1150971 0.11774 1922
19 266990 0.12383 2013
20 374761 0.12502 2030
21 297903 0.12321 2002
22 87395 0.11806 1927
23 88706 0.12335 2005
24 53359 0.13734 2194
25 72472 0.11727 1915
26 16174 0.13058 2106
27 125924 0.11860 1935
28 81398 0.11940 1947
29 93208 0.11402 1864
30 131504 0.12001 1956
31 107212 0.12410 2016
32 66177 0.12687 2055
33 72338 0.11608 1897
34 163168 0.11450 1872
35 92298 0.12172 1982
36 220614 0.12305 2001
37 112247 0.12249 1993
38 76097 0.11662 1905
39 76847 0.11907 1942
40 39338 0.11918 1944
41 51130 0.11856 1935
42 86970 0.12690 2055
43 128237 0.11865 1936
44 47126 0.12236 1991
45 84328 0.11894 1940
46 307611 0.12127 1975
47 115975 0.11797 1926
48 149629 0.12005 1957
49 385671 0.11759 1920
50 454534 0.12076 1967
51 245715 0.11875 1937
52 320479 0.12160 1980
53 1098422 0.10860 1776
54 578352 0.12047 1963
55 186864 0.11804 1927
56 79299 0.11614 1898
57 255968 0.10900 1783
58 707747 0.11876 1938
59 97872 0.12173 1982
60 109798 0.11649 1903
61 489175 0.12003 1957
470515 Pegmatite NE of Kangaatsiaq

1 149998 0.11231 1837

2 114249 0.11111 1818

3 128681 0.11066 1810

4 249115 0.11405 1865

5 174468 0.11307 1849

6 188664 0.11253 1841

7 118304 0.11223 1836

8 69708 0.11414 1866

9 107108 0.11379 1861
10 57749 0.11019 1803
11 255076 0.11091 1814
12 112190 0.11350 1856
13 145495 0.11459 1873
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33
23
25
25
22

3.0
4.3
35
5.2
27

3.2

14 162431 0.11214 1834 4.2
15 42424 0.11157 1825 55
16 109374 0.11367 1859 4.3
17 52552 0.11218 1835 6.4
18 67018 0.11372 1860 5.2
19 38574 0.11173 1828 53
20 184531 0.11162 1826 25
21 420598 0.11279 1845 25
22 675700 0.11206 1833 17

480041 Quartz diorite, Qasigiannguit

1 130744 0.19864 2815 5.2
2 127784 0.19639 2796 4.7
3 30286 0.19684 2800 4.6
4 28769 0.20120 2836 4.7
5 41484 0.19738 2805 4.7
6 19837 0.20222 2844 7.0
7 35270 0.19516 2786 55
8 48190 0.20117 2836 5.6
9 35231 0.19155 2756 5.0
10 93023 0.19849 2814 4.8
11 36116 0.19465 2782 4.8
12 82370 0.19490 2784 104
13 58322 0.19959 2823 7.2
14 61328 0.19932 2821 6.7
15 58943 0.19951 2822 116
16 25024 0.19642 2797 37
17 61436 0.19260 2765 5.7
18 56976 0.19778 2808 7.2
19 43379 0.19673 2799 53

20 68466 0.19216 2761 7.7

480054 Tonalite intruding mafic complex

1 8174 0.20380 2857 103
2 10419 0.19353 2772 74
3 18592 0.20474 2864 55
4 213185 0.15919 2447 5.9
5 17238 0.19681 2800 53
6 11204 0.20444 2862 6.4
7 17603 0.20266 2848 7.2
8 36568 0.20791 2889 9.5
9 42107 0.20580 2873 6.5
10 30492 0.19888 2817 7.1
11 25591 0.20251 2847 7.2
12 14106 0.20374 2856 6.4
13 18218 0.20025 2828 4.4
14 20117 0.19869 2816 58
15 42704 0.20836 2893 6.8
16 29583 0.20336 2853 7.6
17 23900 0.19738 2805 9.0

483631 Granite intruding metasediment

1 259347 0.19195 2759 31
2 155094 0.19256 2764 24
3 94380 0.19393 2776 33
4 33706 0.18539 2702 37
5 57040 0.18930 2736 32
6 42007 0.19204 2760 35
7 71104 0.19592 2793 3.8
8 33803 0.19616 2794 4.1
9 79316 0.19110 2752 39
10 13550 0.18486 2697 7.3
11 57313 0.19407 2777 4.3
12 56128 0.19155 2756 31
13 56620 0.19591 2792 34
14 101430 0.19250 2764 3.6
15 41779 0.19211 2760 34
16 367814 0.19593 2793 20
17 118779 0.18771 2722 2.7
18 26473 0.16345 2492 139
19 45218 0.19626 2795 3.6
20 76399 0.19586 2792 3.6
21 24409 0.18865 2730 4.7




Table 2. Zircon ion probe U-Th-Pb data from sample 464435, Naternaq

Ages (Ma)

spot U Th  Pb TWU (p,  2Pb . 27D 200p . Disc.% 27Pb - 207Ph - 206ph
# ppm ppm  ppm measured 206ph 235y 238y (conv.) 206pp 235y 238

1 404 161 167 0.40 0.37 0.1160 0.36 5390 181 03370 177 -14 1898 6 1935 16 1970 30
2 384 170 170 0.44 0.02 0.1162 0.33 5.727 1.80 0.3575 1.77 44 1894 13 1875 17 1858 29
3 235 121 101 0.51 1.34 0.1159 0.75 5338 1.93 0.3341 178 -2.2 1911 6 1898 16 1886 29
4 411 178 173 0.43 0.24 0.1170 0.33 5483 181 03398 177 -15 1892 6 1906 16 1918 29
5 489 195 208 0.40 0.24 0.1158 0.32 5534 1.80 0.3466 1.77 16 1916 6 1902 16 1890 29
6 360 123 149 0.34 0.02 0.1174 0.33 5511 1.80 0.3406 177 -16 1895 6 1906 16 1917 29
7 416 163 176 0.39 0.04 0.1160 0.31 5537 1.80 0.3463 1.77 13 1909 6 1921 16 1932 30
8 413 178 178 0.43 0.03 0.1169 0.31 5629 1.80 0.3494 1.77 14 1860 7 1775 15 1704 27
9 653 281 239 0.43 0.70 0.1137 0.40 4743 1.82 0.3025 177 -95 1901 7 1901 16 1900 29
10 237 88 99 0.37 0.04 0.1163 0.39 5500 1.81 0.3429 1.77 0.0 1896 7 1883 16 1872 29
11 239 108 101 0.45 0.05 0.1174 0.39 5521 181 0.3410 177 -16 1918 7 1904 16 1891 29
12 448 224 194 0.50 0.03 0.1170 0.39 5539 181 03434 177 -05 1911 7 1907 16 1903 29
13 2192 1713 975 0.78 0.15 0.1165 0.17 5337 1.78 0.3323 177 -33 1903 3 1875 15 1849 2

Errors on ratios and ages are quoted at 1c level.

206 99: The fraction of common 206Pb, estimated from the measured 204Ph.

Disc. % (conv.): Degree of discordance of the zircon analysis (at the centre of the error ellipse).

that the northern and eastern parts of the study area are
strongly reworked by Nagssugtogidian deformation and
amphibolite facies metamorphism.

Geochronological targets and methods

Both Archaean and Palaeoproterozoic supracrustal sequ-
encesare knowntoexist within the Nagssugtogidian orogen
(Marker et al. 1999; Nutman et al. 1999). Depositional
ages of such supracrustal belts may be constrained by the
ages of detrital zircons in their sedimentary components,
since the youngest grains define their maximum age of
deposition; conversely, the age of a magmatic rock that
has intruded the supracrustal sequence may serve to de-
fine a lower depositional age limit. Ideally, both metasedi-
ment and cross-cutting magmatic rocks from the same
outcrop should be analysed to best constrain the timing
of deposition. However, cross-cutting intrusive rocks of
appropriate age (i.e. other than late Palaeoproterozoic peg-
matites) were not generally present. The direct dating of
Archaean or Palaeoproterozoic deformation by dating e.g.
synkinematic granitoids requires the rather scarce occur-
rence of an intrusive rock that unequivocally both cuts
and is affected by a single fabric.

Ten samples from the Kangaatsiag—Qasigiannguit area,
mainlyprovidedby members of the GEUS mapping groups
in2001-2002, have beenanalysed by quadrupole laser abla-
tioninductively coupled mass spectrometry (LA-1CP-MS)
atthe University of Texasat Austin(zircon Pb-Ph data, Table
1); additional ion probe U-Pb zircon data from one meta-

sedimentary rock were obtained at the NORDSIM labo-
ratory, NaturhistoriskaRiksmuseet, Stockholm (Table 2).
Analytical detailsaregivenintheappendix. Thesampleswere
collected fromsevendifferent, dismembered metasedimen-
tarysequences (four samples of metasedimentand four sam-
ples of cross-cutting granitoid rocks), and from intrusive
granite and orthogneiss that constrain the timing of defor-
mation (two samples). All ages of rocks presented in this
manuscript have been calculated using Isoplot/Ex (Ludwig
1999) and are reported with 2-sigma uncertainties.

The main advantage of using the LA-ICP-MS tech-
nique for zircon geochronology is that each analysis only
lasts about two minutes, whereas the analytical time on
an ion microprobe is typically around 15-20 minutes. This
becomes an important factor when analysing detrital rocks,
where analysis of a large number of detrital grains is essen-
tial to achieve good statistics. The major limitation of the
LA-ICP-MS technique employed is that U-Pb ratios could
not be measured, and only 2"Pb/?Pb ages are obtained.
A direct indication of concordance therefore is not avail-
able, and all the ages obtained should be interpreted con-
servatively to represent minimum ages of crystallisation
or metamorphism. Furthermore, common Pb corrections
cannot be carried out due to interference in the plasma of
24Hg from the carrier gases. A test of the LA-ICP-MS
instrument used in this study was carried out by Con-
nelly et al. (2006), who analysed zircons from the Itilli
diorite, Disko Bugt, West Greenland using both LA-ICP-
MS and ID-TIMS methods and found that the 2’Ph/>*Ph
age of 3019 + 23 Ma obtained with the laser instrument
compared well with its ID-TIMS age of 3030 +8/-5 Ma.
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Fig. 2. Zircon age data from the Kangaatsiag—Qasigiannguit region. A, C, D, G, J, K: Weighted average plots of LA-ICP-MS #7Ph/2®Ph age data
of igneous rocks. B, E, H, I. Probability density plots of LA-ICP-MS 27Ph/?®Ph age data of metasediments. F: lon probe U-Pb age data
(concordia plot), sample 464435.
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Geochronological age constraints of
metasedimentary belts

The study area contains numerous, dismembered, discon-
tinuous belts of metasedimentary rocks that may be ei-
ther Archaean or Palaeoproterozoic in age. While the main
focus of this work was to constrain their timing of deposi-
tion, provenance information gained through the detrital
zircons permits regional correlation of these metasedimen-
tary belts. The analysed samples are presented in Tables
1-2 and Fig. 2 and discussed below from north to south.

Sample 480041, quartz diorite intruding
metasedimentary and metavolcanic rocks at
Qasigiannguit

Sample 480041 of a homogeneous, grey, medium-grai-
ned quartz diorite was collected 3 km east of Qasigiannguit
at 68°48.83’N, 51°08.05"W (Fig. 1). The rock consists of
plagioclase, quartz, hornblende and biotite and has a strong
linear fabric. The quartz diorite forms a 3—-4 km long elon-
gate body exposed on the top of the ridge facing Qasi-
giannguit. Its contact relationships are generally equivo-
cal due to deformation, but at the south-western margin
the contact appears to be intrusive into a metasedimen-
tary-metavolcanic sequence.

The zircons from this sample are clear and stubby.
Twenty grains were analysed, which yield consistent 27Pb/
206p ratios corresponding to a weighted mean age of 2801
+ 34 Ma (MSWD = 0.094, Fig. 2A). The age is interpre-
ted as the crystallisation age of the quartz diorite, imply-
ing that the supracrustal sequence it cuts must also be
Archaean.

Samples 448394, metasediment and 448392,
intruding granite on the south coast of
Kangersuneq

Sample 448394 (68°46.24’N, 50°52.16’"W) from a pelitic
metasedimentary rock and sample 448392 (68°46.20°N,
50°51.55’W) of a granite that cuts the metasedimentary
belt, were collected ¢. 200 m apart on the south coast of
Kangersuneq (Fig. 1). After the analytical results were
obtained, the locality was revisited in 2003 and the previ-
ously reported field relations confirmed (Jeroen van Gool,
personal communication 2003).

The zircons from the metasediment are brownish, elon-
gate, 100-200 um long, and in many cases cracked and
showing clear signs of dissolution. The least altered and,
presumably, least disturbed zircons were chosen for anal-
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yses. In several cases it was possible to distinguish broad
rims containing more U than the cores, and in such cases
both core and rimwere analysed. Seventy-nine spots were
analysed and yield an age spectrum with a large peak at
1850 Ma and a smaller one at 2800 Ma (Fig. 2B). A range
of intermediate ages (2500-2100 Ma) between the two
peaks are also present (see below). The Archaean peak com-
prises only analyses from cores, whereas the 1850 Ma peak
consists of analyses from both cores and rims.

The zircons from the granite are typically brown, and
larger than those in the metasediment. In size they range
from 100-350 um and occur both as slender and some-
what stubby crystals. Core—rim zonation is observed in
the majority of the zircons. Of 44 grains analysed from
the granite, 41 yielded a consistent pattern of 27Pb/2¢Ph
ratios corresponding to an average age of 2723 +15 Ma
(MSWD = 0.33) (Fig. 2C); both cores and rims were an-
alysed in several grains without observing any age varia-
tions. The remaining three grains yield ages from 2822 to
2807 Ma and are most likely inherited. Due to the homo-
geneity of the zircon population it is highly unlikely that
the zircons are detrital grains inherited from the meta-
sediment. They are also unlikely to have been inherited
from the orthogneisses adjacent to the metasediment, as
these do not generally contain such young zircons. There-
fore, the age of 2723 + 15 Ma is interpreted as the emplace-
ment age of the granite, and the metasediment must also
be of Archaean age. The 1850 Ma peak for the zircons in
the metasediment is therefore interpreted to date Nags-
sugtogidian metamorphism, and the 2500-2100 Ma ag-
es most likely represent Archaean zircons that have suf-
fered Pb-loss; alternatively the latter analyses might rep-
resent accidental mixtures of cores and rims.

Sample 480054, tonalite intruding mafic
complex c. 25 km south-east of Kangersuneq

Sample 480054, a biotite-hornblende tonalite, was collec-
ted from a relatively undeformed tonalitic body ¢. 2 km?
in size at 68°35.53’N, 50°30.28"W within a large mafic
supracrustal complex near the Inland Ice about 25 km
south-east of Kangersuneq (Fig. 1). The tonalite is light
grey in colour, medium- to coarse-grained, homogeneous,
and has a weak linear fabric. It is feldspar-phyric with
phenocrysts up to 2 cm in diameter. Near the contacts
with the surrounding mafic rocks the tonalite contains
xenoliths of the mafic supracrustal rocks, and its intrusive
nature is unequivocal. Dykes of tonalite, 50 cm to 2 m
wide, extend from the main tonalite body into rocks of the
surrounding large mafic complex.
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The tonalite sample yielded a population of large, euhe-
dral, mostly prismatic, clear to yellow zircons. Seventeen
spots on zircon grains were analysed, and sixteen of them
generated a consistent spectrum of 2/Pb/2%Ph ratios cor-
responding to an average age of 2839 + 46 Ma (MSWD =
0.117) (Fig. 2D). The consistent 2’Pb/?Pb ratios indi-
cate that little or no Pb-loss has occurred. The age result
is therefore interpreted to closely reflect the crystallisa-
tion age of the tonalite, and the mafic complex intruded
by the tonalite must consequently also be Archaean.

Sample 464435, metasedimentary rock from
the Naternaq supracrustal belt

Naternaq (Lersletten) is an extensive Quaternary outwash
plain with scattered outcrops of Precambrian basement
gneisses and supracrustal rocks (Dstergaard et al. 2002).
Asampleof very fine-grained mica schist was collected from
the extensive Naternaq supracrustal belt at 68°24.10°N,
51°56.70’'W (Fig. 1). Thezirconsareelongate, 50-150 um
long, and vary in colour from clear to slightly brown. All
61 analyses carried out yield Palagoproterozoic 2°7Ph/2%Ph
ages ranging from 2261 to 1776 Ma, with the main peak
of 27Pb/%®Ph ages around 1950 Ma (Fig. 2E). While it is
possible that some of the younger grains may be metamor-
phic, we interpret the majority of the grains to be detrital
because of the igneous appearance of the zircons and
because they are older than any metamorphic event so far
described in the Nagssugtogidian orogen (e.g. Connelly
et al. 2000, earliest metamorphism at ¢. 1870 Ma).
Furthermore, it seems unlikely that a zircon population
from a metasedimentary rock would only comprise meta-
morphic grains and not contain a single detrital grain.
Consequently this requires a Palaeoproterozoic deposition
age for the metasedimentary unit at Naternag.

In order to confirm the obtained 2"Pb/?®Pb LA-ICP-
MS ages, zircons from this sample were also analysed on
the CAMECA IMS 1270 ion microprobe at the NORD-
SIM Laboratory, Swedish Museum of Natural History,
Stockholm. The thirteen ion probe analyses yield a clus-
ter of ages on the concordia diagram of Fig. 2F (Table 2),
with an upper intercept isochron age of 1904 + 8 Ma
(MSWD =1.9). The ion probe age is thus slightly young-
er than the ¢. 1950 Ma peak obtained by LA-ICP-MS,
but the two data sets overlap within the large analytical
error of the latter method, and the apparent older LA-
ICP-MS age could be due to common Pb for which we
were unable to correct. In conclusion, the ion probe data
clearly demonstrate that the zircons are older than any
metamorphic ages hitherto obtained from the Nagssug-



togidian orogen. The most likely interpretation is that the
sediment at Naternaq was derived from the magmatic arc
that formed in the central part of the orogen between 1920
and 1870 Ma (Kalsbeek et al. 1987; Kalsheek & Nutman
1996; Whitehouse et al. 1998; Connelly et al. 2000). The
new age data from the Naternag supracrustal belt have
important consequences for the structural interpretation
of the Naternaq area, documenting the existence of large
Palaeoproterozoic folds.

Sample 483631, granite vein intruding
metasediment on strike with the Naternag
supracrustal sequence

A sample (483631) of an 8 cm wide vein of muscovite-
biotite granite vein was collected east of Naternaq at
68°31.04'N, 51°17.87"W (Fig. 1). The granite vein is
deformed but clearly intrudes mica schist on strike with
the eastern part of the Naternaq supracrustal belt.

Most of the zircons in sample 483631 are long, pris-
matic grains with a distinct core-rim zonation and range
from clear to brownish in colour. Twenty-two analyses were
carried out, mostly on cores, but also on a few rims. All
except one analysis yielded consistent 27Pb/2%Ph ratios
corresponding to an average age of 2763+20 Ma (MSWD
=0.47, Fig. 2G). One core analysis yielded a 27Ph/?%Ph
age of 2467 + 158 Ma, which may be due to Pb-loss. The
analyses demonstrate that the granite is Archaean. The
regional basement does not generally contain orthogneisses
with such young ages and, therefore, limits the possibility
that the zircons in the granite were inherited. It follows
that the supracrustal rocks east of Naternaq on strike with
the Naternaq supracrustal belt must also be of Archaean
age.

Sample 448004, metasedimentary belt near
Kangaatsiaq

Sample 448004 of a quartz-rich metasedimentary rock
was collected north-east of Kangaatsiaq at 68°21.15"N,
53°13.18'W (Fig. 1). The zircons vary from elongate to
stubby but all have been rounded during transport. They
are clear and between 50 to 200 um in length. A weak
igneous zonation is present in the majority of the grains.
Fifty-eight spots were analysed, and both core and rim
were analysed in several grains. The age population ranges
from 2909 to 2595 Ma, with a single grain yielding an
age of 3200 Ma (Fig. 2H). A peak is present around 2850
Ma, which is a common age for polyphase orthogneisses

within the Nagssugtogidian orogen (Kalsbeek et al. 1987;
Kalsbeek & Nutman 1996; Whitehouse et al. 1998; Con-
nelly & Mengel 2000; Hollis et al. 2006, this volume).
The scatter of younger ages from 2800 to 2595 Ma most
likely results from variable degrees of Pb loss. We cannot
with certainty assign an age of deposition to this sediment,
as the data are compatible with both Archaean and Palaeo-
proterozoic sedimentation.

Sample 463257, quartz-rich metasedimentary
sequence at Amitsoq

Sample 463257 of a medium- to fine-grained, quartz-rich
metasedimentary rock with abundant small garnets was
collected at the head of the fjord Amitsoq at 68°05.78’N,
52°30.99'W (Fig. 1). It is part of an extensive metasedi-
mentary sequence, which is significantly more quartz-rich
than all other metasedimentary rocks reported from the
Kangaatsiaqg map area, although similar rocks have been
observed in the central Nagssugtogidian orogen (Jeroen
van Gool, personal communication 2003).

The zircons are clear, 50-250 um in length and vary
from elongate to stubby, and have been rounded during
transport. Most zircons show clear igneous zonation, and
some contain a high-U metamorphic rim. This rim was
unfortunately too thin to analyse with the LA-ICP-MS.
All except two of the 50 analysed grains yield Archaean
ages, with two exceptions interpreted to have suffered Pb-
loss. The zircons show very little age variation, with a major
peak of 207Ph/2%Ph ages at around 2850 Ma (Fig. 21). This
age is comparable to that of the surrounding regional or-
thogneisses, and indicates that the detritus may be locally
derived. However, it is only possible to conclude that the
sediment was deposited after 2850 Ma.

Dating of deformation using
synkinematic granitic rocks

Sample 463129, synkinematic granite vein at
Saqgqgarput

A sample of synkinematic granite (463129) was collected
at Saqgarput at 68°09.22’'N, 52°42.65'W (Fig. 1). The
granite occurs as fine- to medium-grained, subconcordant
veins in the orthogneiss. Sixty-two analyses yielded 2’Pb/
26pp ratios corresponding to an average 2’Pb/2%Ph age of
2748+ 19 Ma (MSWD =1.14; Fig. 2J). This is interpre-
ted to be the crystallisation age of the granite since, as in
sample 483631 described above, it is unlikely that zircons
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of this age are inherited. Some of the observed deforma-
tion in the host basement orthogneisses must, therefore,
also be Archaean in age.

Sample 470515, pegmatite north-east of
Kangaatsiaq

A sample of pegmatite (470515) was collected north-east
of Kangaatsiaq at 68°20.23’N, 59°00.17'W (Fig. 1). The
pegmatite forms a 020° trending vertical sheet cutting
orthogneiss. The pegmatite is a member of a conjugate
set of pegmatites within the Kangaatsiag map area that
indicate late, regional N-S orientated compression (lan
Alsop, personal communication 2002), and itself contains
evidence of ductile sinistral shear along its margins; the
regional foliation is deflected into sinistral shear fabrics,
indicating that the pegmatite emplacement took place later
than the foliation formation in the gneisses, but while the
host rock was still hot enough to behave in a ductile man-
ner.

The sample contains large, brownish, prismatic zircons
that vary from slender to short and stubby in shape. Twen-
ty-two spots were analysed on thirteen grains. Both rims
and cores were analysed on several grains, but no age var-
iation was documented between the two. All analyses yield
the same result within uncertainties; the average 2’Pb/
206Ph ratio corresponds to an age of 1837 + 12 Ma (MSWD
= 0.44) (Fig. 2K). This is interpreted to be the emplace-
ment age of the pegmatite, and is considered to date the
late Nagssugtogidian N-S compression.

Discussion and conclusions

The zircon ages obtained from this study show that meta-
sedimentary rocks in the Kangaatsiag-Qasigiannguit re-
gion are predominately Archaean in age. The best age con-
straints come from the four Archaean granitoid rocks that
cut four different supracrustal belts. Only one metasedi-
ment was analysed from these belts and yields an Archa-
ean detrital peak of c. 2800 Ma and a Palaeoproterozoic
peak of ¢. 1850 Ma. The Palaeoproterozoic peak is attri-
buted to the growth of metamorphic zircon during Nags-
sugtogidian metamorphism. Similarly, the occurrences of
ages between 2800-1850 Ma are attributed to Pb-loss from
detrital grains and/or mixed analysis of detrital and meta-
morphic zircon. Two of the three remaining metasedimen-
tary rocks yield only Archaean detrital ages with peaks
between 2800 and 2900 Ma, which are similar to the ages
of the basement orthogneisses in the Nagssugtogidian

96

orogen (Kalsbeek et al. 1987; Kalsheek & Nutman 1996;
Whitehouse et al. 1998; Connelly & Mengel 2000) and
may indicate that the sedimentary sequences were derived
from local sources. While it is tempting to conclude that
these metasediments might also themselves be of Archa-
ean age, the lack of cross-cutting granites from these loca-
tions only permits the conclusion that they must be young-
er than 2850 Ma. Thus, the sediments could have been
deposited either in the Archaean at around 2850-2750
Ma (i.e., before the regional 2.75 Ga metamorphism doc-
umented within the Nagssugtogidian orogen), or during
the Palaeoproterozoic (most likely before the formation
of the Arfersiorfik—Sisimiut arc; Kalsbeek et al. 1987;
Kalsbeek & Nutman 1996; Whitehouse et al. 1998; Con-
nelly et al. 2000).

The remaining sample of metasediment (464435), col-
lected from the Naternaq supracrustal belt, is the only
metasediment in this study which is interpreted to be of
Palaeoproterozoic age. Similar rocks which crop out south
of Sydostbugten to the north-east have previously been
interpreted as along-strike equivalents of the Naternaq
supracrustal belt, although the intervening area is partly
concealed by Quaternary deposits (Fig. 1). However, the
discordant Archaean granitic vein (483631) that cuts the
metasedimentary rocks south of Sydostbugten requires that
the two belts contain rocks of different age.

It is interesting to note that all the Archaean detrital
ages obtained match the ages between 2850 and 2800 Ma
of the Archaean basement gneisses in the central Nags-
sugtogidian orogen. This distinguishes the metasedimen-
tary rocks of the study area from metasedimentary rocks
in the Rinkian belt to the north, which include detrital
zircons that are as old as 3600 Ma (Thrane et al. 2003).

The predominance of Archaean metasedimentary rocks
unfortunately precludes them from being useful marker
horizonsto partition Archaean and Palaeoproterozoic defor-
mation. Nevertheless, the2748+ 19 Masynkinematic gran-
ite (463129) from Saqgarput south-east of Kangaatsiaq
dates large fold structures in the northern Nagssugtogidian
basement at around this age, which overlaps with the pre-
viously defined age of Archaean deformation and meta-
morphism in the central part of the orogen (e.g. Connelly
& Mengel 2000).

The new age data place several constraints on the tim-
ing and style of Palaeoproterozoic metamorphism and
deformation in the region. The Palaeoproterozoic sedi-
ment at Naternaq (sample 464435) was probably meta-
morphosed and deformed shortly after its deposition, in
line with the significant c. 1850 Ma metamorphic peak in
the Archaean sediment from Kangersuneq (sample
448394). The metamorphic zircon age from this sample



is not very precise, and TIMS analyses would be necessary
to obtain an exact age of the metamorphism. However, it
correlates with previous estimates for the timing of defor-
mation and metamorphism both north and south of the
studyarea (Kalsbeeket al. 1987; Kalsbeek & Nutman 1996;
Whitehouseetal. 1998; Connellyet al. 2000; Thraneet al.
2003; Connelly et al. 2006). Furthermore, a late phase of
N-S-directed shortening is dated at 1837+ 12 Ma by a
synkinematic pegmatite (470515). The age of this pegm-
atite may correlate with the 1821 Ma D2 deformation
event defined in the central Nagssugtogidian orogen by
Connelly et al. (2000), and with 1821-1823 Ma defor-
mation east of llulissat in the north (Connelly et al. 2006).
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Appendix

Analytical methods

Rock samples were crushed to mineral size under clean
conditions using a jaw crusher and a disc pulveriser, and
initial mineral separation was made using a Wilfley table
at the University of Copenhagen or the University of Tex-
as at Austin. All subsequent procedures, including siev-
ing, heavy liquids and magnetic separation, were conduct-
ed at the University of Texas at Austin. Mineral fractions
were characterised using a binocular reflected light mi-
croscope, a transmitted light petrographic microscope
(with condenser lens inserted to minimise edge refraction),
and a scanning cathodoluminescence (CL) imaging sys-
tem on a JEOL 730 scanning electron microscope. Se-
lected zircons of comparable size were hand picked and
placed on two-sided tape, collared, and covered with epoxy.
The zircons in the resulting mount were ground to ap-
proximately two thirds of their original thickness and pol-
ished. CL imaging was used to characterise the zircons
before analysis.

Laser ablation analysis utilised a Merchantek 213nm
YAG-laser connected to a Micromass quadrupole mass
spectrometer (Platform). Fractionation and inherent de-
tector non-linearity were accounted for by analysing zir-
cons already well characterised by TIMS. Corrections nec-
essary to obtain the correct 27Pb/2%Pb ratios for these in-
ternal laboratory standards, covering a range of intensi-
ties and isotopic ratios, were applied to unknowns. Stand-
ards were run throughout each session. Blanks and off-
peak baselines were also determined throughout each an-
alytical session. Selecting and analysing only the highest
quality zircons minimised the need for common Pb cor-
rections using measured 2*Pb, a procedure made impos-
sible by high 2*Hg counts. A single zircon analysis com-
prises approximately 450 ten-microsecond scans of 2’Pb/
206ph, Ratios reflecting the moving average of twenty 2Pb
and 2%Pb measurements are first plotted on a graph to
check for anomalous ratios throughout a run. Those with
high ratios at the beginning are presumed to reflect com-

mon Pb and are removed from further consideration. A
jump from one ratio plateau to another during one anal-
ysis is interpreted to reflect piercing a core or rim of dif-
ferent age. Only data from one plateau at a time were
considered. In cases where the beam pierces the grain too
deeply and ejecta are not effectively emitted towards the
end of an analysis, the signal intensity and commonly also
isotope ratios change dramatically. Data from the late part
of such runs were also rejected.

With this first assessment of data complete, the ?’Ph
and ?°Pb data were then passed through a 4-sigma filter
to remove highly anomalous counts before being passed
through a more rigorous 2-sigma filter. The averages of
the remaining individual measurements (typically < 5%
rejection) of 27Pb and 2%Pb provided the final 2’Pb/?*Ph
ratio and consequent age. Given the transient signal in-
herent in LA-ICP-MS and sequential acquisition required
by the single collector, standard statistics on multiple
blocks of scans is not applicable.

A major limitation of our LA-1ICP-MS protocol is that
U abundances are not measured; instead only 2’Pb/2%Ph
ratios are obtained. A direct indication of concordance is,
therefore, not available and all the ages obtained should
conservatively be interpreted to represent minimum ages
for crystallisation.

Assingle sample was analysed using the CAMECA IMS
1270 ion microprobe at the NORDSIM laboratory,
Naturhistoriska Riksmuseet, Stockholm. The sample was
prepared in the same way as the samples analysed by LA-
ICP-MS. Reference zircon 91500 from Ontario, Canada,
with a weighted average 2’Pb/?%Pb age of 1065 Ma
(Wiedenbeck et al. 1995), was included in the mount and
used as standard. Analytical procedures and common lead
corrections are similar to those described by Schuhmach-
er et al. (1994) and Whitehouse et al. (1997). Calibra-
tions of Pb/U ratios are based on the observed relation-
ship between Pb/U and UO,/U and follow procedures
similar to those used by the SHRIMP group at the Aus-
tralian National University (Williams 1998).
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207Pp-2%Pp dating of magnetite, monazite and allanite in
the central and northern Nagssugtogidian orogen,\West

Greenland

Henrik Stendal, Karsten Secher and Robert Frei

Pb-isotopic data for magnetite from amphibolites in the Nagssugtogidian orogen, central \West Green-
land, have been used to trace their source characteristics and the timing of metamorphism. Analyses
of the magnetite define a Pb-Pb isochron age of 1726 + 7 Ma. The magnetite is metamorphic in
origin, and the 1726 Ma age is interpreted as a cooling age through the closing temperature of magne-
tite at ~600°C. Some of the amphibolites in this study come from the Naternaq supracrustal rocks in
the northern Nagssugtogidian orogen, which host the Naternaq sulphide deposit and may be part of
the Nordre Stremfjord supracrustal suite, which was deposited at around 1950 Ma ago.

Pb-isotopic signatures of magnetite from the Arfersiorfik quartz diorite in the central Nagssugto-
gidian orogen are compatible with published whole-rock Pb-isotopic data from this suite; previous
work has shown that it is a product of subduction-related calc-alkaline magmatism between 1920 and
1870 Ma. Intrusion of pegmatites occurred at around 1800 Ma in both the central and the northern
parts of the orogen. Pegmatite ages have been determined by Pb stepwise leaching analyses of allanite
and monazite, and source characteristics of Pb point to an origin of the pegmatites by melting of the
surrounding late Archaean and Palaeoproterozoic country rocks. Hydrothermal activity took place
after pegmatite emplacement and continued below the closure temperature of magnetite at 1800—
1650 Ma. Because of the relatively inert and refractory nature of magnetite, Pb-isotopic measure-
ments from this mineral may be of help to understand the metamorphic evolution of geologically
complex terrains.

Keywords: Pb isotopes, magnetite, Nagssugtogidian orogen, Palaeoproterozoic, pegmatites, Pb stepwise leaching, supra-
crustal rocks

H.S. & K.S., Geological Survey of Denmark and Greenland, @ster Voldgade 10, DK-1350 Copenhagen K, Denmark.
E-mail: hst@geus.dk
R.F., Geological Institute, University of Copenhagen, @ster Voldgade 10, DK-1350 Copenhagen K, Denmark.

As part of the research programme 2000-2003 in the
Nagssugtogidian orogen of West Greenland by the Geo-
logical Survey of Denmark and Greenland (GEUS), an
assessment was made of the mineral resource potential of
the region between Maniitsoq (Sukkertoppen; 66°N) and
the southern part of Nuussuag (70°15°N; Stendal et al.
2004). The present study comprises Pb-isotopic analyses
of magnetite from amphibolites, hydrothermally altered
amphibolites, the Arfersiorfik quartz diorite (see below),

skarn, ultramafic rocks and pegmatites. Magnetite was
chosen as a medium for analysis because of its abundance
in amphibolites, even though the concentration of Pb in
magnetite is generally low. In addition, an attempt was
made to date monazite and allanite from pegmatites by
the Pb stepwise leaching (PbSL) technique (Frei & Kam-
ber 1995). The Pb-isotopic study of the amphibolites
covers the Attu, Kangaatsiaq and Qasigiannguit regions
(Fig. 1). The analysed pegmatites are from the Nordre

© GEUS, 2006. Geological Survey of Denmark and Greenland Bulletin 11, 101-114. Available at: www.geus.dk/publications/bull 101
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Fig. 1. Geological map of central West Greenland, modified from van Gool et al. (2002). Red dots with numbers refer to samples analysed. CNO,
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Stramfjord (Nassuttooq), Attu and Qasigiannguit areas.
The aims of the study were (1) to use Pb-isotopic signa-
tures of magnetite in an attempt to outline the metamor-
phic history of the region; (2) to characterise the hydro-
thermal overprinting in terms of its timing and Pb source;
and (3) to place the results within the evolutionary frame
of the Nagssugtogidian orogen.

Regional geological setting

The study region comprises the Palaeoproterozoic Nags-
sugtogidian orogen, a major collisional belt situated just
north of the North Atlantic Craton (van Gool et al. 2002),
as well as the southernmost part of the contemporaneous
Rinkian fold belt (Garde & Steenfelt 1999; Connelly et
al. 2006). Most of the region consists of Archaean ortho-
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gneisses, variably reworked during the Nagssugtogidian
and Rinkian tectonothermal events. Several thin belts of
supracrustal rocks occur within the reworked Archaean
gneiss terrain of the Nagssugtogidian orogen (Fig. 1).
Granitoid rocks and numerous pegmatites intrude the
gneisses. Formations of Palaeoproterozoic age are limited
to the Sisimiut igneous suite, Arfersiorfik quartz diorite,
and minor supracrustal sequences including the Nater-
naq supracrustal belt (Connelly et al. 2000; Thrane &
Connelly 2006, this volume).

The metamorphic grade is amphibolite facies, except
for an area south of Ataneq in the south-western part of
the northern Nagssugtogidian orogen (NNO; Fig. 1) and
in most of the central Nagssugtogidian orogen (CNO),
where granulite facies rocks predominate. The gneisses are
intensely folded and show a general E-W to NE-SW
strike. Deformation of the Archaean gneisses in the NNO



decreases gradually northwards, from high-strain to more
open structures in the Archaean rocks. Steeply and shal-
lowly dipping shear and fault zones are common in con-
tact zones between different rock types. Major fault and
shear zones generally strike NNE-NE. The gneisses of the
NNO are late Archaean, with ages between 2870 and 2700
Ma (Kalsheek & Nutman 1996; Connelly & Mengel 2000;
Thrane & Connelly 2006, this volume). However, older
rocks with ages ~3150 Ma appear to be present in the
Attu area (Stendal et al. 2006, this volume). Only a few
younger Palaeoproterozoic ages have been obtained from
the NNO, including an undeformed pegmatite between
Attu and Aasiaat with an intrusion age of about 1790 Ma
(Connelly & Mengel 2000).

The geological history of the study area can be sum-
marised as follows (van Gool et al. 2002):

* Deposition of supracrustal rocks: 2200-1950 Ma

» Continental breakup — the Kangamiut dyke swarm:
2040 Ma

« Drifting — sediment deposition (supracrustal rocks) in
the Nordre Stremfjord area: 2000-1920 Ma

 Subduction — calc-alkaline magmatism, giving rise to
the Sisimiut and Arfersiorfik igneous suites: 1920-1870
Ma

» Peak metamorphism during collision (D1 and D2):
1860-1840 Ma

« Large scale folding (D3): ~1825 Ma

 Shearing in steep belts (D4): ~1775 Ma

* Slow cooling following the shearing, with closing tem-
perature of rutile (420°C) at around 1670 Ma (Con-
nelly et al. 2000). Based on “°Ar-*Ar and U-Pb data
for several minerals, Willigers et al. (2001) estimated
cooling temperatures around 500°C at ~1700 Ma,
410°C at ~1640 Ma, and 200°C at ~1400 Ma.

Previous investigations

The Geological Survey, university research groups as well
as exploration companies have been working in central
West Greenland for decades and have collected signifi-
cant amounts of data on the mineral potential of the re-
gion (Stendal et al. 2002, 2004; Stendal & Schgnwandt
2003; Schjoth & Steenfelt 2004; Steenfelt et al. 2004).
Whole-rock Pb-Pb, Rb-Srand Sm-Nd isotopic data from
the study area have been presented by Kalsbeek et al. (1984,
1987, 1988), Taylor & Kalsheek (1990) and Whitehouse
etal. (1998), while e.g. Kalsheek & Nutman (1996), Con-
nelly & Mengel (2000), Connelly et al. (2000), Hollis et
al. (2006, this volume) and Thrane & Connelly (2006,

this volume) have published zircon U-Pb geochronologi-
cal data.

Pb-isotopic work has been carried out on sulphide sepa-
rates, mainly pyrite, from a mineralisation in the Disko
Bugt regionnorth of the study area (Stendal 1998). In the
latter study, two distinct mineralisation types in the Ar-
chaean rockswere identified —asyngenetic, andat leastone
epigenetic type of ore formation. Pb-isotopic data of sul-
phides from Proterozoic rocks yield a well-defined linear
trendinaPb-Phisochron diagram, with a slope correspond-
ing to an age of ~1900 Ma, and indicative of a primitive
(i.e. low ) source character of Pb in that mineralisation.

Local geology and descriptions of the
investigated rocks

During this study Pb-isotopic analyses were carried out
on magnetite from amphibolite (four samples), banded
iron formation (one sample), hydrothermally altered
amphibolite and calc-silicate skarn rock (four samples),
the Arfersiorfik quartz diorite (three samples), magnetite
skarn (one sample), ultramafic rock (one sample) and
pegmatite (one sample). In addition, one amphibolite, one
altered amphibolite and one sample of banded iron for-
mation were subjected to PbSL procedures (Frei & Kam-
ber 1995), and allanite (two samples) and monazite (three
samples) from pegmatites were analysed by PbSL in an
attempt to date their emplacement. Brief descriptions of
the investigated rocks are given below.

Amphibolitic rocks

Amphibolites occur together with garnet-mica schists/
gneisses in supracrustal sequences, interlayered with ortho-
gneiss. Some amphibolite layers in the gneiss terrain can
be followed continuously along strike for up to tens of
kilometres. They are heterogeneous in composition. They
are found in three associations: (1) rusty weathering, me-
dium-grained garnet amphibolite layers (c. 0.5 m thick)
folded together with the orthogneisses, (2) dark, fine-grai-
ned amphibolite, occurring as layers up to 10 m thick,
and (3) medium-grained, commonly garnetiferous, lay-
ered amphibolite. Layered amphibolites are the most com-
mon, and occur as units up to 200 m thick, although
layers only 10-20 m thick are more common. The three
different types of amphibolite form separate outcrops and
do not occur together. The Pb-isotopic analyses reported
in this paper refer to magnetite from the layered amphib-
olites (type 3).
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The supracrustal sequences consist of garnet-mica
schist/gneiss, together with amphibolite (Fig. 2a) and rusty
weathering layers ¢. 1 m thick of quartz-garnet rich gneiss
with some iron sulphides (1 vol.%). Within the layered
amphibolite sequences, magnetite-bearing horizons 1-10
m thick occur. The magnetite occurs in laminae 1-10 mm
thick, alternating with quartz-feldspar laminae of the same
thickness. Alteration is common within the layered am-
phibolites.
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Fig. 2. Amphibolite (A) and hydrothermally
altered amphibolite (B) from the Attu area.

Altered amphibolite

Some amphibolites have been hydrothermally altered and
sulphide mineralised and may contain calc-silicates. This
type of amphibolite is dominated by layered garnet-rich
amphibolite, interlayered with magnetite-bearing and rusty
weathering layers, with disseminated pyrite (Fig. 2b). The
layers are generally 0.5-2 m thick; in some cases layered
amphibolite is intercalated with rusty weathering layers
10-30 cm thick, consisting of quartz-bearing mica schist
with iron sulphides and staining of malachite. Within the
altered amphibolite calc-silicate minerals are found in zones
1-2 m thick or as smaller lenses, comprising hornblende,
diopside, garnet and magnetite.



Fig. 3. Banded iron formation sequence from
the Naternaq area.

Banded iron formation at Naternaq

The supracrustal belt at Naternag (Fig. 1) consists of meta-
volcanic rocks interlayered with pelitic and psammitic
schists and gneisses, marble units, exhalites and chert-rich
layers with minor quartzite and banded iron formation.
In total, these units define a supracrustal sequence up to
3 km thick, which is folded into a major shallowly dip-
ping WSW-trending antiform. The supracrustal sequence
can be traced for approximately 30 km along strike and is
intruded by granite sheets and pegmatite veins. @stergaard
et al. (2002) and Stendal et al. (2002) give detailed de-
scriptions of the stratigraphy of the supracrustal rocks.
The banded iron formation (Fig. 3) occurs locally associ-
ated with the amphibolite in zones composed of centime-
tre-thick layers of magnetite and siderite quartz and calc-
silicates. Thedepositional environmentis ofasedimentary
type comprising true sediments, submarine volcanic rocks
and exhalites. A range of variably altered conformable
horizons of very fine-grained siliceous and sulphide rich
lithologies associated with either amphibolite or marble
are interpreted as volcanogenic-exhalitic rocks (Jstergaard
et al. 2002; Stendal et al. 2002).

Arfersiorfik quartz diorite

The Arfersiorfik quartz diorite (Kalsbeek et al. 1987) is
located in the eastern part of the fjord Arfersiorfik (Fig. 1)
and covers several hundreds of square kilometres. Within
the quartz diorite body, magnetite occurs in hornblende-
rich rocks (hornblende, quartz, feldspar, and chlorite) and

often shows paragenetic relation with iron sulphides (pre-
dominantly pyrrhotite). The Arfersiorfik quartz diorite was
emplaced in the period 1920-1870 Ma (Kalsheek et al.
1987; Connelly et. al. 2000).

Ultramafic rocks near Qasigiannguit

An ultramafic body 300 x 300 m large is located on the
north side of Kangersuneg, forming rusty weathered hills.
On its eastern and western sides the ultramafic body is
bounded by fault zones, invaded by pegmatites. On its
northern and southern sides it is bordered by amphibolite
and garnet amphibolite, respectively. Because of the pen-
etrative weathering it is difficult to sample fresh material
from the ultramafic body. In its centre, an intensely rusty
weathered and eroded ‘joint’ zone cuts the ultramafic
rocks. This contains 1-10 vol.% magnetite.

Magnetite-rich skarn at Qasigiannguit

Near Qasigiannguit a skarn rock is found in the contact
zone striking 66° and dipping 77°SE between mica schist
and quartzite and a marble-calc-silicate sequence. It com-
prises magnetite skarn (0.5 m thick) in close contact with
the mica schist and quartzite. Towards the south-east the
magnetite skarn is followed by alternating layers of calc-
silicate rocks and marble (including a quartzitic, sulphide-
rich layer), followed by a pegmatite body.
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Fig. 4. Pegmatites and minerals analysed. A:
Pink discordant pegmatite and allanite
(inset) from the Attu area. B: White
pegmatite and monazite (inset) from the
Nordre Stremfjord (Nassuttooq) area.
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Pegmatites

Pink pegmatites. Throughout the study area, especially in
the outer fjord zone from south of Attu northward to
Kangaatsiaq, the country rocks are intruded by granite
and by pink pegmatites with alkali feldspar crystals com-
monly more than 10 cm in size. The pegmatites occur
mostly as discordant decimetre- to metre-thick bodies
within the gneisses, at contacts between major lithologi-
cal units, and within supracrustal rocks where they are
clearly cross-cutting. The dominant minerals in the pink
pegmatite are alkali feldspar, quartz, biotite and subordi-
nate allanite, titanite, apatite, magnetite and Fe-sulphides
(Fig. 4a). Zonation is occasionally seen with quartz-rich
centres bounded by alkali feldspar-rich parts.

White pegmatites. White pegmatites are generally concor-
dant (but locally discordant) to the foliation of the adja-
cent country rocks, typically grey gneiss and supracrustal
rocks. The pegmatites are 5-20 m wide and 50-200 m
long with a general trend of NW-SE all over the Nordre
Stremfjord and Ussuit areas. Gradational contacts to the
host rocks are common. Quartz and feldspar dominate
the white pegmatites, with garnet, biotite, monazite,
magnetite and zircon as characteristic minor constituents.

Monazite is found as 0.5-5 mm orange crystals that mainly
occur in plagioclase- and biotite-rich pegmatites (Fig. 4b).
Monazite crystals are euhedral and occur in lens-shaped
layers accompanied by biotite, set in a granoblastic ma-
trix of primarily plagioclase (Secher 1980).

Analytical methods

Pb isotope analyses for this study were carried out at the
Danish Centre for Isotope Geology, Geological Institute,
University of Copenhagen. Mineral fractions were sepa-
rated from dry split aliquots of crushed and sieved (100-
200 pm) rock powders using a hand magnet, a Frantz
isodynamic separator and heavy liquid techniques. No
further purification was carried out, and the mineral frac-
tions may contain minor proportions of foreign minerals.
Pb was separated conventionally on 0.5 ml glass columns
charged with anion exchange resin, followed by a clean
up on 200 pl Teflon columns. A standard HBr-HCI solu-
tion recipe was applied in both column steps. Total proce-
dural blanks for Pb amounted to < 120 pg which is consi-
dered insignificant for the measured Pb-isotopic results,
relative to the amount of sample Pb estimated from the
mass spectrometer signal intensities. Isotope analyses were

Table 1. Pb isotope ratios of magnetite from different rock types

206ppy

207ppy

208pp

Sample  Locality Lat',EIUde Lon\g,CUde Rock 2oapp * * woapp T woapp ry** r2t
Magnetite from amphibolite and banded iron formation

446626 Ataneq 68°.061 53°.510 Amphibolite 18.815 0.026 15.549 0.022 44971 0.068 0.973 0.953
446632  Ataneq 68°.047 53°.179 Amphibolite 28.204 0.042 16.518 0.026 38.467 0.066 0.971 0.906
446623  Attu 67°.837 53°.408 Amphibolite 17.522 0.025 15.404 0.024 38.344 0.066 0.961 0.880
481070  Attu 67°.915 53°.231 Amphibolite 17.388 0.019 15.376 0.018 41.241 0.053 0.978 0.936
484883 Naternaq 68°.398 51°.941 BIF in amphibolite 54587 0.028 19.316 0.012 36.871 0.030 0.942 0.886
Magnetite from altered amphibolite and calc-silicate rock

446633 Niagornaarsuk 68°.217 53°.028 Altered amphibolite  26.387 0.505 16.465 0.316 47.423 0.908 0.998 0.999
446603  Attu 67°.927 53°.622 Altered amphibolite  18.398 0.030 15.620 0.026 41.710 0.074 0.978 0.956
446604  Attu 67°.927 53°.622 Altered amphibolite  18.256 0.046 15.638 0.042 40.443 0.122 0.930 0.845
484890 Naternaq 68°.408 51°.935 Calc-silicates (skarn)  16.534 0.009 15.372 0.010 35.562 0.028 0.957 0.913
Magnetite from the Arfersiorfik quartz diorite

485178  Arfersiorfik 67°.970 50°.430 Quartz diorite 17.790 0.016 15.469 0.016 36.703 0.049 0.919 0.782
485179  Arfersiorfik 67°.967 50°.412 Quartz diorite 18.071 0.018 15.498 0.016 36.343 0.041 0.975 0.954
485193  Arfersiorfik 67°.956 50°.594 Hornblenditic rock 17.007 0.013 15.456 0.013 37.124 0.037 0.959 0.902
Magnetite from pegmatite

481087 Attu 67°.890 53°.517 Pegmatite 28.393 0.043 16.602 0.026 189.024 0.311 0.982 0.971
Magnetite from ultramafic rock and skarn

481049 Qasigiannguit  68°.801 50°.973 Ultramafic rock 25.827 0.039 16.103 0.025 51.334 0.084 0.979 0.949
481058 Qasigiannguit  68°.800 51°.169 Magnetite skarn 35.124 0.024 17.028 0.013 38.847 0.035 0.968 0.929

BIF: Banded iron formation.
* Errors are 26 absolute (Ludwig 1990).

*r1 = 206ph/204ph versus 207Ph/204Ph error correlation (Ludwig 1990).
T r2 = 206pp/204pp versus 208Ph/204Ph error correlation (Ludwig 1990).
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Table 2. Pb-Pb step leaching data for magnetite, allanite, and monazite
in banded iron formation, amphibolite and pegmatites in the Nagssugtoqgidian orogen

Code Acid Time 206ph/204ph + 26 * 207ph/204ph + 26 * 208pp/204pp + 26 * rl r2
Magnetite, banded iron formation within amphibolite 484883, locality 68°.398 N, 51°.941 W

[1] 1 N HBr 30' 48.234 0.030 18.615 0.014 37.418 0.032 0.968 0.919
[2] 1 N HBr 1h 120.002 0.091 26.407 0.022 3.862 0.005 0.978 0.760
[3] 4 N HBr 3h 94.120 0.363 23.247 0.090 37.841 0.149 0.995 0.987
[4] 8 N HBr 6h 30.176 0.239 16.809 0.134 35.387 0.282 0.994 0.994
[5] 8 N HBr 12 h 18.799 0.062 15.506 0.052 34534 0.116 0.991 0.987
[6] HF 12 h 18.799 0.124 15539 0.103 35.013 0.233 0.995 0.993
Magnetite, amphibolite 446632, locality 68°.047 N, 53°.179 W

[1] 1 N HBr 30' 19.932 0.026 15.621 0.021 37.462 0.055 0.970 0.920
[2] 1 N HBr 1h 38.765 0.032 17.639 0.016 39.167 0.040 0.978 0.946
[3] 4 N HBr 3h 35.439 0.060 17.098 0.030 42.830 0.079 0.982 0.948
[4] 8 N HBr 6h 37.099 0.150 17.595 0.072 36.972 0.154 0.993 0.979
[5] 8 N HBr 12 h 40.431 0.219 18.100 0.099 34544 0.189 0.994 0.994
[6] HF 12 h 28.265 0.083 16.910 0.051 34.598 0.106 0.987 0.977
Magnetite, altered amphibolite 446633, locality 68°.217 N, 53°.027 W

[1] 1 N HBr 30' 25.206 0.021 16.298 0.015 45,932 0.047 0.971 0.914
[2] 1 N HBr 1h 27.276 0.170 16.492 0.104 47.555 0.300 0.993 0.990
[3] 4 N HBr 3h 25.359 0.022 16.261 0.016 45.944 0.049 0.975 0.948
[4] 8 N HBr 6h 26.018 0.024 16.333 0.016 46.646 0.051 0.968 0.936
[5] 8 N HBr 12 h 27.705 0.073 16.539 0.046 48.236 0.138 0.965 0.937
Allanite, pegmatite 2001-736, locality 67°.883 N, 53°.523 W

[1] 1 N HBr 30' 22,579 0.029 15.860 0.021 137.787 0.193 0.982 0.960
[2] 1 N HBr 1h 21528 0.013 15.728 0.011 123978 0.101 0.971 0.939
[3] 4 N HBr 3h 79.398 1.929 22.265 0.542 1360.842 33.070 0.999 1.000
[4] 8 N HBr 6h 2527779  37.253 295.424 4391 52501990  774.512 0.992 0.999
[5] 8 N HBr 12 h 7804.112 133.916 882216  15.164 161163.864 2767.112 0.999 1.000
[6] HF 12 h 551.839 2322 74.260 0.322 11002.171 46.823 0.973 0.994
[7] HF 2d 111.336 0.543 25.175 0.136 1948.881 9.628 0.901 0.991
Allanite, pegmatite 457785, locality 68°.834 N, 51°.226 W

[1] 1 N HBr 30' 36.910 1.617 17.616 0.772 538.548 23.595 1.000 1.000
[2] 1 N HBr 1h 44614 0.389 18.318 0.160 714.245 6.237 0.998 0.999
[3] 4 N HBr 3h 26.321 0.210 16.341 0.130 270.923 2.164 0.998 0.999
[4] 8 N HBr 6h 21966.303 527.491 2410934  57.939 328786.908 7897.797 0.999 1.000
[5] 8 N HBr 12 h 26.193 0.574 17.165 0.390 161.467 3.639 0.964 0.972
[6] HF 12 h 15.058 1.448 15.006 1.443 39.562 3.805 1.000 1.000
[7] HF 2d 27.000 0.230 15.806 0.207 186.650 2.183 0.651 0.729
Monazite, pegmatite 223736, locality 67°.680 N, 52°.565 W

[1] 1 N HBr 30' 136.776 2.665 28.301 0.574 6619.883  131.103 0.960 0.984
[2] 1 N HBr 1h 222.475 3.796 37.330 0.643 12548515  214.343 0.991 0.999
[3] 4 N HBr 3h 219.227 2.039 36.918 0.346 12871.792  120.474 0.992 0.995
[4] 8 N HBr 6h 184.897 2.055 33.259 0.373 10581.910  118.035 0.993 0.997
[5] 8 N HBr 12 h 89.680 0.811 23.046 0.213 3554.756 32275 0.979 0.998
[6] HF 12 h 39.412 0.038 17.328 0.018 88.489 0.099 0.980 0.957
[7] HF 2d 261.196 1.366 41737 0.220 175.006 0.931 0.994 0.987
Monazite, pegmatite 223746, locality 67°.674 N, 52°.456 W

[1] 1 N HBr 30' 20.955 0.097 15.264 0.071 156.248 0.733 0.995 0.994
[2] 1 N HBr 1h 26.768 0.169 16.158 0.103 315.778 2.010 0.997 0.997
[3] 4 N HBr 3h 215.079 2.560 37.781 0.451 5263.963 62.733 0.997 0.999
[4] 8 N HBr 6h 2978.834 188.060 343540 21.694 75533.892  4768.946 1.000 1.000
[5] 8 N HBr 12 h 6392913  99.502 721.057 11259 157988.821 2460.811 0.997 1.000
[6] HF 12 h 468.603 5.974 66.525 0.919 10731171  137.428 0.923 0.996
[7] HF 2d 2161547  97.250 254541  11.458 51062.309 2297.561 1.000 1.000
Monazite, pegmatite 225348, locality 67°.833 N, 52°.323 W

[1] 1 N HBr 30' 139.662 2.160 29.676 0.459 1656.012 25.630 1.000 1.000
[2] 1 N HBr 1h 140.039 1.416 29.481 0.299 1544.411 15.642 0.996 0.999
[3] 4 N HBr 3h 877.104 4121 108.678 0.517 12440.807 58.889 0.990 0.997
[4] 8 N HBr 6h 25.459 0.418 16.750 0.456 225.146 4515 0.604 0.820
[5] 8 N HBr 12 h 40549.054 1970.494 4458,008 222.550 602889.998 29313.071 0.973 1.000
[6] HF 12 h 8037.949 261.731 893317  29.098 122611.734  3993.108 1.000 1.000
[7] HF 2d 4389.260  60.969 493,058 6.880 66031253  918.275 0.996 0.999

* Errors are 26 absolute (Ludwig 1990). For explanations of r1 and r2, see Table 1.
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Table 3. Pb isotope ages, pl-values, and intercepts with the Stacey & Kramers (1975) Pb-isotopic
growth curve for magnetite, allanite, and monazite from amphibolite, BIF and pegmatites

Intercept (Ma) with

Sample Rock Mineral Method Age (Ma) *2c MSWD Stacey & Kramers (1975) ul  *2¢
5 samples Amphibolite/BIF Magnetite Bulk 1726 65 1.38 2140 7.89 0.02
484883 BIF Magnetite PbSL 1756 36 8.70 2401 7.7 0.11
223736 Pegmatite Monazite PbSL 1797 13 4.44 2925 7 0.05
223746 Pegmatite Monazite PbSL 1816 16 41.7 2784 724 012
225348 Pegmatite Monazite PbSL 1787 11 76.9 2271 7.81 1.00
447783 Pegmatite Allanite PbSL 1785 9.2 12.9 2335 7.76  0.00
2001-736 Pegmatite Allanite PbSL 1818 12 53.8 2453 7.66 0.02

BIF: Banded iron formation; PbSL: Pb step leaching.

carried out on a VG Sector 54-1T instrument. Fractiona-
tion for Pb was controlled by repetitive analysis of the
NBS 981 standard (values of Todt et al. 1993) and amoun-
ted t0 0.103 £ 0.007% / amu (2 o; n = 11). Stepwise Pb
leaching (PbSL) experiments followed methods described
in Frei & Kamber (1995).

The programmes and parameters of Ludwig (1990)
were used for the isochron calculations. Model first-stage
1, values were calculated using 4.55 Ga for the age of the
earth. All age and isotope data in this paper are given with
2 G precisions.

Results

The Pb-isotopic results are given in Tables 1-3. The ura-
nogenic Pb-isotopic composition of magnetite from the

amphibolites (four samples; squares in Fig. 5) together
with the banded iron formation (Naternag; one sample
outside the range of Fig. 5) define an isochron with an age
of 1726 + 7 Ma (2 o; MSWD = 1.4; model p, = 7.89 £
0.02), which corresponds to a late stage in the metamor-
phic evolution of the Nagssugtogidian orogen (cf. Willigers
etal. 2002). This isochron intercepts the Stacey & Kram-
ers (1975) Pb-isotopic growth curve at ~2140 Ma.

Four mineral separates from altered amphibolite, rep-
resented by calc-silicate rich phases and by hydrothermal-
ly altered and mineralised samples, have Pb-isotopic com-
positions that plot above the 1726 Ma isochron (diamonds
in Fig. 5). This more radiogenic Pb-isotopic composition
indicates admixture of a more evolved Pb component in-
to the alteration fluids. The Pb-isotopic compositions of
magnetite from an ultramafic rock and a magnetite skarn
from the Qasigiannguit area plot below the isochron (out-
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Squares, Pb isotope ratios of magnetite §

from amphibolites; diamonds, magnetite
from altered amphibolites (data from
sample 446632 outside the range of Fig. 5,
see Table 1). Arfersiorfik quartz diorite:
circles, this study; crosses, data from
Kalsheek et al. 1987; filled triangles, data
from Whitehouse et al. 1998. The isochron
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side the range of Fig. 5; see Table 1), suggesting a slightly
more primitive Pb source.

The uranogenic vs. thorogenic isotopic patterns (not
shown in a figure) are complex and do not add to a better
understanding of the uranogenic Pb-isotopic data. As ex-
pected, they reflect differences in U/Th ratios among the
different samples analysed.

The Arfersiorfik quartz diorite has been dated at ~1920
Ma (Kalsheek et al. 1987). Three magnetite samples from
this igneous suite have been included in the present study.
The uranogenic Pb-isotopic compositions of these mag-
netites (circles in Fig. 5) are similar to the whole-rock Pb-
isotopic signatures (crosses in Fig. 5; data from Kalsbeek
et al. 1987). Four additional whole-rock analyses (filled
triangles in Fig. 5; data of Whitehouse et al. 1998) show
wider scatter than the data of Kalsbeek et al. (1987) and
the results of this study.

The PbSL data obtained on magnetite from three of
these samples are shown in Fig. 6. A regression for the
steps defined by the sample of banded iron formation,
484883 (excluding step 3; Table 1) yields a best-fit line
with a slope corresponding to an age of 1756 + 36 Ma
(MSWD = 8.70; model 1, = 7.70 + 0.11; lower intercept
with the Stacey & Kramers Pb-isotopic growth curve at
~2400 Ma), similar to the age obtained from the amphi-
bolites. PbSL analyses of two other samples (446632,
amphibolite and 446633, altered amphibolite) are closely
scattered around the 1756 correlation line.
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PbSL data obtained on allanite from a pink pegmatite
(sample 2001-736) resulted in a well-defined errorchron
with an age of 1818 + 12 Ma (MSWD = 53.8; model 1, =
7.66 £ 0.02; lower intercept with the Stacey & Kramers
Pb-isotopic growth curve at ~2450 Ma; Fig. 7A). The
thorogenic vs. uranogenic isotopic pattern (Fig. 7B) re-
veals that essentially only one phase has dominantly con-
tributed Pb to the leaching acids, as a nearly perfect linear
relationship is indicated by the data points. This points to
a more or less constant Th/U in the recovered Pb frac-
tions. For this reason, the age of 1818 + 12 Ma can be
interpreted with great confidence to represent the emplace-
ment age of the pegmatite. The Pb-isotopic composition
of magnetite (sample 481087, Table 1) from this pegma-
tite plots on the allanite isochron (Fig. 7A), indicating
preservation of isotopic equilibrium between these two
phases.

PbSL data on monazite from a white pegmatite (sam-
ple 223736) also yield an errorchron, the slope of which
corresponds to an age of 1797 £ 13 Ma (MSWD = 4.44;
model 1, = 7.00 £ 0.05; lower intercept with the Stacey
& Kramers Ph-isotopic growth curve at ~2925 Ma; Fig.
8A). The thorogenic vs. uranogenic isotopic pattern (Fig.
8B) again indicates a predominantly single phase that con-
tributed Pb to the leaching acids, as the data points define
a near perfect linear relationship. Consequently, with great
confidence, the age of 1797 + 13 Ma is interpreted as the
intrusion age of this pegmatite.
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Three more step-leaching experiments were performed
on allanite (1) and monazite (2) separates from other peg-
matites (Fig. 9). The ages defined by the respective er-
rorchrons are similar to the ones presented above, and are
close to 1800 Ma. Results of the isochron calculations are
listed in Table 3.

Discussion

The age defined by the Pb-isotopic compositions of magne-
tite from the amphibolites (17267 Ma) is younger than
the latest major tectonometamorphic event in the region
(D4, strike-slip shearing and granite intrusion at 1780-
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24P diagrams of monazite from white pegmatite (sample 223736).
The errorchron intercepts the Stacey & Kramers (1975) Ph-isotopic
growth curve (blue) at ~2453 Ma.

1770 Ma; see Connelly et al. 2000 and van Gool et al.
2002), and may be interpreted as a cooling age after the
D4 event. Metamorphic conditions in the CNO reached
temperatures above 650°C at 1800 Ma and approximate-
ly 540°C by ¢. 1740 Ma (Connelly & Mengel 2000; Con-
nelly et al. 2000; Willigers et al. 2001). Slow cooling fol-
lowed with closing temperatures of rutile (420°C) around
1670 Ma (Connelly et al. 2000). Based on “Ar-**Ar and
U-Pb data of several minerals, Willigers et al. (2001) esti-
mated cooling temperatures around 500°C at ~1700 Ma,
410°C at ~1640 Ma and 200°C at ~1400 Ma. A continu-
ous magnetite-ulvospinel solid solution series exists, with
exsolution taking place below 600°C (Deer et al. 1966;
Ramdohr 1969). Thus, the ages of the magnetite may date

111



19
A Allanite 457785 e
,Dl}
e
18 - L
,/l’
L 2
o e
E B .~ Age=1785%9.2 Ma
5 e MSWD = 12.9
~ - e
,D'
-
16 | e
800 OMal,/
L 4
1600| £ 206ppy/204p
15 I | | |
15 25 35 45
1000
. s
. B Monazite 225348 o
800 | /,/
. ,/'l
o e
S 600 |- e
—~ /
£ | E(* Age = 1787 + 11 Ma
e o MSWD = 77
N .
400 |- a
,/l
. //'
,/l
200 |- s
B l/D/ 206pp/204pp
0 aj ! ! ! \ \
0 2000 4000 6000 8000
0
. e
C Monazite 223746 s
300 |- o
,/"
| o
250 A
g 4
S 200 - -7
‘\{ R
S .
& 7 Age=1816+16 Ma
Q150 L MSWD = 41.7
,///
100 e
,'/
o
50- S
,lﬂ 206pb/204pb
0 | | I | I | I | I | I |

0 400 800 1200 1600 2000 2400 2800

Fig. 9. Step leaching 2°Ph/2Ph-2"Ph/2%Ph diagrams of monazite from
white pegmatite (samples 225348 and 223736) and allanite from pink
pegmatite (sample 447783). The errorchron intercepts of the Stacey
& Kramers (1975) Pb-isotopic growth curve (blue) are given.

112

the timing where exsolution in magnetite ceased (< 1800
Ma), that is, after peak metamorphic conditions.

Model first-stage p, values associated with Pb-Pb iso-
chrons have been used elsewhere in Greenland to judge
the influence of Pb from Archaean sources on the Pb-
isotopic characteristics of Palaeoproterozoic igneous rocks
(e.g. Kalsbeek & Taylor 1985). Rocks derived from Prot-
erozoic sources commonly have model W, values around
8, while contamination with Pb from Archaean sources
tends to lower the y, values. The high ., value (7.89; Ta-
ble 3) obtained for the amphibolite isochron and the lower
intercept with Stacey & Kramers (1975) Pb-isotopic
growth curve at 2140 Ma suggest a mainly Palaeoproter-
ozoic Pb source for the amphibolites. This source is pro-
bably also related to the origin of the supracrustal rocks.
Detrital zircon U-Pb ages of metasedimentary rocks of
the Nordre Strgmfjord suite (2200-1950 Ma; Nutman et
al. 1999) and the Naternaq supracrustal belt (c. 1950—
1900 Ma, Thrane & Connelly 2006, this volume) indi-
cate erosion of a predominantly Palaeoproterozoic hinter-
land. It implies that the stratabound, semi-massive sul-
phide deposits associated with banded iron formation at
Naternagq (Stendal et al. 2004) were also deposited during
Palaeoproterozoic time.

The results of allanite and monazite PbSL experiments
indicate pegmatite formation around 1800 Ma in both
the CNO (at Nordre Stramfjord) and NNO (at Attu and
Qasigiannguit). This is in agreement with ages reported
by Kalsbeek & Nutman (1996) and Connelly et al. (2000),
which are slightly younger (1780-1770 Ma) or within
error overlapping those reported here. The pegmatites were
emplaced after post-collisional deformation, large scale
folding, and shear zone formation (D3) which ended
around 1825 Ma (van Gool et al. 2002).

The wide range in model p, values (7.00-7.81) and
lower intercepts with the Stacey & Kramers (1975) Pb-
isotopic growth curve (2271-2925 Ma) indicate variable
contributions of Archaean and Palaeoproterozoic coun-
try rocks to the petrogenesis of the pegmatites: Pegmatite
sample 223736 (i, = 7.00; lower intercept at 2925 Ma)
may largely consist of remelted Archaean country rock,
whereas sample 225348 (j, = 7.81; lower intercept at 2271
Ma) appears to be mainly derived from Palaeoproterozoic
sources.

Hydrothermal activity in the region probably contin-
ued after the time of pegmatite emplacement and after
the magnetite had cooled through its closing temperature
(~600°C), which means that the temperatures of the hy-
drothermal fluids ranged from 650°C to 400°C in the
period 1800-1650 Ma.

The Pb-isotopic signatures of the ultramafic rock and



the magnetite skarn from the Qasigiannguit area do not
lend themselves to deduce whether these formations were
formed during the Palaeoproterozoic or represent rem-
nants of Archaean origin.

It has been suggested that many of the epigenetic gold
and copper occurrences in the Ataa area north-east of
Disko Bugt, about 75 km north of Jakobshavn Isfjord (Fig.
1), are contemporaneous with the peak metamorphism at
~1900 Ma in that area (Stendal 1998). This 1900 Ma
metamorphic-hydrothermal event is not reflected in the
magnetite Pb-isotopic data of the present study area.

Conclusions

Pb-isotopic data of magnetite can be related to the gener-
al geological evolution of the Nagssugtogidian orogen and
are thus a useful tool for studying the metamorphic his-
tory of Palaeoproterozoic events in West Greenland. A
drawback of magnetite Pb-isotopic analysis, however, is
the generally low Pb concentration in this mineral, which
makes analysis difficult.

Magnetite in the amphibolites was formed during sev-
eral stages of metamorphism. The isochron age of ~1726
Ma probably represents a cooling age after a prominent
late tectonometamorphic event in the region dated at
~1775 Ma. The isotopic data suggest a Palaeoproterozoic
(mantle?) source for the Pb in the amphibolites. The Nor-
dre Strgmfjord supracrustal suite, formed by erosion of a
similar juvenile Palaeoproterozoic hinterland, was depos-
ited between 2000 and 1920 Ma. It is suggested that the
Naternaq sulphide deposit is part of this supracrustal suite.

Calc-alkaline magmatism related to subduction (1920-
1870 Ma; Connelly et al. 2000) gave rise to the formation
of the Arfersiorfik quartz diorite. The Pb-isotopic signa-
ture of magnetite from these rocks is comparable with
that of whole-rock samples.

Allanite and monazite PbSL analyses yield pegmatite
formation ages of ~1800 Ma for both the Nordre Strgm-
fjord, Attu and Qasigiannguit regions. The formation of
pegmatites is therefore post-collisional. The pegmatites
were formed by melting of the local country rocks; Pb-
isotopic data indicate that variable proportions of Late
Archaean and Palaeoproterozoic age contributed to their
petrogenesis. Hydrothermal activity continued after peg-
matite emplacement and after closure of magnetite, at
1800-1650 Ma.
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New hornblende and muscovite “°Ar/*Ar cooling ages in
the central Rinkian fold belt,West Greenland

Ann-Sofie Sidgren, Laurence Page and Adam A. Garde

The Palaeoproterozoic Rinkian fold belt in West Greenland consists of reworked Archaean basement,
mainly orthogneiss, and the unconformably overlying Palaeoproterozoic Karrat Group. Both parts
were intensely deformed and metamorphosed at around 1.87 Ga, at which time the crustal anatectic
Prgven igneous complex was emplaced into the northern part of the belt. Seven new hornblende and
muscovite “Ar/®Ar cooling ages are presented from the central-northern parts of the Rinkian fold
belt. Four “Ar/*Ar hornblende ages ranging from 1795 + 3 to 1782 + 3 Ma were obtained from
amphibolite and hornblendite enclaves in the Archaean orthogneiss, and two from relict dyke frag-
ments in the latter that may be of Palaeoproterozoic age. Three “Ar/°Ar muscovite ages of 1681 + 6
Ma, 1686 + 3 Ma and 1676 + 3 Ma were obtained from samples of Karrat Group metagreywacke,
andalusite schist and metasiltstone. The new “Ar/**Ar ages, from hornblende and muscovite respec-
tively, are very uniform and probably unrelated to local metamorphic grade and structural history,
and are interpreted as regional late orogenic cooling ages. The new hornblende ages are significantly
older than those previously obtained from the central and northern parts of the adjacent Nagssugto-
gidian orogen to the south, and point to different uplift histories, which may suggest that the orogeny
was not synchronous in the two regions.

Keywords: Ar-Ar, geochronology, Rinkian, Palaeoproterozoic, West Greenland
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This paper presents seven new hornblende and muscovite
OAr/*Ar cooling ages from the central part of the Palaeo-
proterozoic Rinkian fold belt in West Greenland. The new
data set provides insight into the cooling history of the
Rinkian fold belt and can also be used to address its tem-
poral relationship with the adjacent Nagssugtogidian oro-
gen to the south, from which other “°Ar/**Ar cooling ages
have previously been published.

Most of central and northern West Greenland consists
of Archaean continental crustwhich wasintensively rewor-
ked during the Palaeoproterozoic. This reworking was first
recognised in central West Greenland between 66°and 69°N
by Ramberg (1949), who established the Nagssugtogidian
mobile belt (now called the Nagssugtogidian orogen) in

this area. Escher & Pulvertaft (1976) subsequently pro-
posed that a separate Palaeoproterozoic mobile belt, the
Rinkian fold belt, existed in central and northern West
Greenland between 69° and 75°N (see inset map of Fig.
1). They noted that the latter region was dominated by an
overall flat-lying tectonic foliation with superimposed large
domes, and considered that these structures were of a dif-
ferent nature from the generally steep foliations and tight
folds that had previously been identified in the Nagssug-
togidian belt. In contrast to the collisional structures recog-
nised within the Nagssugtogidian orogen, it was thought
that the Rinkian deformation had taken place without
significant crustal shortening.

Furthermore, whereas the collisional Nagssugtogidian
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Fig. 1. Map of the central Rinkian fold belt showing the locations of samples collected for “°Ar/**Ar age determination. The index map shows the
position of Fig. 1 and the approximate extent of Nagssugtogidian and Rinkian reworking in West Greenland. Modified from Garde et al. (2004).

orogen was originally believed only to comprise Archaean
supracrustal and infracrustal rocks, the Rinkian fold belt
contains a widespread, metamorphosed and deformed
cover sequence, the c. 2 Ga old Karrat Group, which was
unconformably deposited on the Archaean basementgneiss-
es (Garde & Pulvertaft 1976; Henderson & Pulvertaft
1987; Kalsheek et al. 1998). The lowest parts of the Kar-
rat Group consist of quartzite, marble and minor amphi-
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bolite (the Qegertarsuaq and Marmorilik Formations),
which are overlain by a very uniform sequence of meta-
greywacke, the Nukavsak Formation, which is several kil-
ometres thick and occurs throughout most of the Rinki-
an belt (Fig. 1; Henderson & Pulvertaft 1987). The geo-
chemistry of the Karrat Group and studies of its detrital
zircons indicate that the Karrat Group was derived from
a mixed source including Palaeoproterozoic magmatic arc



rocks and Archaean basement rocks, and that it was de-
posited at around 2.0-1.9 Ga ago (Kalsheek et al. 1998;
Thrane et al. 2003).

The Rinkianfold beltalso incorporates the Pravenigne-
ous complex, a very large plutonic complex of granitic
and microdioritic crustal melts that were emplaced under
granulite facies conditions into the middle to upper crust
in the Upernavik region of the Rinkian belt and is also
found as the Cumberland batholith on adjacent Baffin
Island, Canada. The pluton has previously yielded a Rb-
Sr whole rock isochron age of 1860 + 25 Ma with a high
initial &Sr/%Sr ratio (Kalsbeek 1981) and has recently al-
so been studied by Thrane et al. (2005). The latter pro-
duced a more precise zircon U-Pb ion probe age of 1869
+ 9 Ma and obtained negative eNd values from the plu-
ton (calculated at 1870 Ma) ranging between -5.2 and
-4.3. In agreement with the previous Rb/Sr data this shows
that the plutonic complex contains a large Archaean con-
tinental crustal component. It is therefore questionable
whether the Prgven igneous complex — Cumberland
batholith is subduction-related as has been proposed by
Canadian workers. Thrane et al. (2005) suggest it repre-
sents a crustal melt, induced by upwelling hot astheno-
spheric mantle.

Pulvertaft (1986), Henderson & Pulvertaft (1987),
Grocott & Pulvertaft (1990) and Garde & Steenfelt
(1999b) have described the structural evolution in vari-
ous parts of the Rinkian fold belt, and recognised large-
scale thrusts in its southern part. Following new field work
in 2002-2003, the structural evolution in the Uumman-
naq region is at present regarded as consisting of four main
phases (briefly outlined by Gardeet al. 2003, 2004). Defor-
mation began with tight folding and possibly thrusting
(D1), which developed prior to cleavage formation. This
was followed by NE- to E-directed thrusting and ductile
tectonic transport (D2) accompanied by formation of a
penetrative schistosity, and then by NW- to W-directed
tectonic transport (D3) and intensification of the pre-ex-
isting schistosity. Lastly, very large, upright to overturned,
dome-shaped anticlines and tight synclinal cusps were
developed during continued shortening of the now strong-
ly tectonically layered crust; these large structures are on-
ly locally accompanied by a new tectonic fabric. The
Prgven igneous complex was emplaced at a late stage of
the main fabric-forming events and gave rise to a wide
metamorphic aureole that was overprinted on rocks that
were already regionally metamorphosed at high grade.

Fig. 2. “Ar/P°Ar plateau age spectra from the Rinkian fold belt. Ages
with an asterisk (*): “°Ar/*Ar plateau age representing less than 50%
of total *°Ar release. Ages without an asterisk: “°Ar/*°Ar plateau age.

Ukkusissat area

1900

483657 Hornblende
1850 - 1795 * 3 Ma
[l
1800 - D:
1750 -
Integrated age = 1797 + 3 Ma
1700 ————7——
0 20 40 60 80 100
North-eastern Uummannaq area
1800 -
483653 Muscovite
1750 - 1681 + 6 Ma*

1700 It :,:

1650 -
1600 Integrated age = 1703 + 3 Ma :
483654 Muscovite
1750 ~ 1686 + 3 Ma*
1700 -
:‘j::
1650 -
_ 1600 Integrated age = 1716 + 2 Ma .
< 483671 Muscovite
~ 1750 -
&
s 1700 - ~——1676 + 3 Ma——
c
e
< 1650 -
=
< 1600 Integrated age = 1684 + 3 Ma
483667 Hornblende
1850 -
1800 - 1782 + 2 Ma
1750 -
Integrated age = 1801 + 2 Ma
1700 T T T T
0 20 40 60 80 100
South-eastern Uummannaq area
1900
483696 Hornblende
1850 + ~——1785+3 Ma——
1800 -
1750
1700 Integrated age = 1864 + 2 Ma
483708 Hornblende
1850 -
1784 + 3 Ma
1800 - :[
1750
Integrated age = 1798 + 3 Ma
1700 T T T

20 40 60 80 100
Cumulative % %°Ar released

117



Table 1.40Ar-3%Ar analytical data for step heating experiments
on amphiboles and muscovites from the Rinkian fold belt

Step Pwr/T°C  Ca/K Cl/K 36arP9r  %BAr(Ca) “O°ArP%Ar Mol 3%Ar % Step  %FAr %OAr Age(Ma)  +Age
Cumulated (20)
483653 Muscovite (J = 0.01071 + 0.00001):
C 14 0.00001 0.001 0.00011 0 147.485 0.093 10.9 109 100 1709.6 44
D 14 0.1461 0.004 0.00008 26.5 147.544 0.306 356 46.4 100 1710 17
°E 15 1.9453 0.021 0.00097 27.6 143,552 0.011 12 47.7 99.9 1679.9 134
°F 16 2.875 0.004 0.00041 96.1 143.488 0.009 1 48.7 100 1679.4 172
G 19 0.4853 0.003 0.00010 68.7 143.739 0.187 217 703 100 1681.3 2.7
H 4 0.3402 0.004 0.00019 24.8 147.664 0.256 29.7 100 100 1710.9 16
Integrated (total fusion) age: 1703 3
() Plateau age: 239 1681 6
483654 Muscovite (J = 0.01071 + 0.00001):
A 14 0.005 0.003 0.00106 01 150.444 0.767 26.9 26.9 99.8 1731.6 1.0
B 15 0.006 0.005 0.00033 0.2 149.670 0.692 243 51.2 99.9 1725.9 12
C 16 0.0499 0.009 0.00063 11 144.382 0.265 9.3 60.5 99.9 1686.2 15
D 17 0.9006 0.020 0.00077 16.1 143.337 0.075 26 63.1 99.9 1678.2 33
°E 18 0.1521 0.007 0.00147 14 144.323 0.153 5.4 68.5 99.7 1685.7 2.2
F 19 0.357 0.009 0.00015 329 144.706 0.251 8.8 773 100 1688.6 31
G 23 0.0741 0.003 0.00003 357 148.939 0.648 227 100 100 1720.4 21
Integrated (total fusion) age: 1716 2
() Plateau age: 26.1 1686 3
483657 Hornblende (J = 0.01071 £ 0.00001):
A 18 11.847 0.123 0.04105 4 184.220 0.019 1 1 94 1965.7 114
B 19 11.642 0.027 0.00559 28.7 163.894 0.059 3.1 4.1 99.3 1828.5 33
C 2 10.312 0.013 0.00193 735 159.127 1.198 63.2 67.3 99.9 1794.7 11
D 2 10.03 0.014 0.00155 89 159.084 0.463 244 91.7 100 1794.4 13
°E 21 11.862 0.043 0.00182 90 158.317 0.028 15 93.2 100 1788.9 8.0
°F 2.6 11.62 0.018 0.00223 719 159.178 0.130 6.8 100 99.9 1795.1 2.3
Integrated (total fusion) age: 1797 3
() Plateau age: 95.9 1795 3
483667 Hornblende (J = 0.01071 £ 0.00001):
A 18 14 0.277 0.08890 2.2 501.205 0.011 05 0.5 95.1 3339.8 255
B 19 8.88 -0.010 0.01236 9.9 166.723 0.006 0.2 0.7 98.1 1848.2 27.0
C 2 8.133 0.066 0.00845 133 196.061 0.068 3 37 98.9 2041 33
D 2 8.823 0.082 0.01454 84 148.220 0.042 1.8 55 974 1715.1 6.7
E 21 5.161 0.073 0.01482 4.8 146.685 0.009 04 5.9 97.2 1703.6 17.3
°F 22 8.525 0.054 0.00482 244 157.760 0.118 5.2 11 99.3 1784.9 23
G 22 9.17 0.048 0.00241 524 157.782 0.188 8.2 19.2 99.8 1785.1 17
°H 23 8.683 0.050 0.00316 378 157.288 0.206 9 282 99.6 1781.6 16
ol 23 8.979 0.056 0.00234 53 157.382 0.328 143 425 99.8 1782.2 14
ol 24 8.623 0.055 0.00105 1134 157.274 0432 18.8 61.3 100 17815 19
K 26 8.346 0.056 0.00150 7 157.395 0.561 244 85.8 99.9 1782.3 11
oL 28 9.598 0.067 0.00374 354 156.861 0.081 35 89.3 99.5 1778.5 30
M 4 10.4 0.062 0.00273 525 157.231 0.246 10.7 100 99.8 1781.1 19
Integrated (total fusion) age: 1801 2
() Plateau age: 94.1 1782 2
483671 Muscovite (J = 0.01071 + 0.00001):
A 14 0.2482 0.005 0.00153 2.2 145.263 0.449 274 274 99.7 1692.9 12
B 15 0.7642 0.007 0.00189 5.6 145.703 0.168 10.3 376 99.6 1696.2 1.9
C 15 0.3775 0.007 0.00197 2.6 143.327 0.168 10.2 47.8 99.6 1678.2 1.6
D 16 0.4299 0.017 0.00377 16 142.856 0.089 54 533 99.2 1674.6 2.8
°E 1.6 1.5215 0.010 0.00180 11.7 142.234 0.057 35 56.7 99.7 1669.8 3.7
oF 17 0.9017 0.017 0.00144 8.7 142.377 0.093 5.7 62.4 99.7 1670.9 3.0
G 17 0.2113 0.005 0.00004 79.6 143.047 0.230 14 76.4 100 1676 17
°H 18 1.123 0.015 0.00144 10.7 142.970 0.065 4 80.4 99.7 1675.4 23.0
ol 2 0.4492 0.005 0.00121 5.1 143.638 0.152 9.3 89.7 99.8 1680.5 42
J 23 0.2898 0.004 0.00172 23 144.357 0.169 10.3 100 99.7 1686 32
Integrated (total fusion) age: 1684 3
() Plateau age: 52.1 1676 3

Jirradiation parameter. 40*Ar: radiogenic 40ar.
Steps marked with dot (¢) are included in the plateau age for each sample.
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Table 1 (continued)

Step Pwr/T°C  Ca/K CIK 36ArS9ar  %BAr(Ca) 4O"ArP%Ar Mol 3%Ar % step  %3PAr %*0"Ar  Age (Ma)  +Age
Cumulated (20)
483696 Hornblende (J = 0.01071 + 0.00001):
A 1.9 4.9568 0.167 0.02251 3 557.080 0.091 19 1.9 98.9 3501.9 4.4
B 2 5.6395 0.198 0.00248 31.3 176.447 0.447 9.5 115 99.7 1914.4 13
C 21 5.7159 0.202 0.00177 44.4 164.542 0.370 79 19.4 99.8 1833 17
D 2.2 5.9588 0.197 0.00468 175 161.233 0.042 0.9 20.3 99.3 1809.7 6.6
E 2.2 5.7368 0.198 0.00147 53.9 161.903 0.098 21 22.3 99.9 18145 25
F 2.3 5.3872 0.190 0.00107 69.3 162.278 1.212 26.4 488 99.9 1817.1 1.0
G 2.3 5.3337 0.184 0.00097 755 157.503 1.620 346 834 100 1783.1 13
°H 24 5.3052 0.209 0.00097 75.2 157.732 0.242 52 885 100 1784.7 1.6
ol 2.6 6.2547 0.255 0.00436 19.8 161.354 0.017 0.4 88.9 99.4 1810.6 134
o] 29 7.1602 0.246 0.00815 12.1 156.396 0.009 0.2 89.1 98.7 1775.1 13.0
K 4 5.4765 0.189 0.00181 41.7 158.216 0.511 10.9 100 99.8 1788.2 1.6
Integrated (total fusion) age: 1864 2
(°) Plateau age: 51.2 1785 3
483708 Hornblende (J = 0.01071 + 0.00001):
A 1.9 7.672 0.051 0.00834 12.7 181.053 0.134 8.2 8.2 98.8 1945 2.2
B 2 9.5527 0.062 0.00197 66.7 157.766 0.855 52.6 60.8 99.9 1785 1.0
C 21 9.6506 0.062 0.00317 42 157.637 0.376 232 84 99.7 1784.1 15
D 2.2 8.7213 0.062 0.00050 241.2 157.711 0.054 33 87.3 100.1 1784.6 3.8
°E 2.3 10.597 0.109 0.00836 175 157.274 0.024 15 88.7 98.7 17815 8.4
°F 24 13.824 0.144 0.00502 38 156.401 0.012 0.7 89.5 99.4 1775.2 12.1
G 2.7 10.368 0.067 0.00298 479 157.265 0.171 10.5 100 99.7 1781.4 33
Integrated (total fusion) age: 1798 3
(°) Plateau age: 91.8 1784 3

Whereas the tectonic model of Grocott & Pulvertaft
(1990) operated with four contractional and three exten-
sional events in an epicontinental marginal basin, four
main phases of deformation that developed during pro-
gressive crustal shortening are now recognised. It has been
debated in recent years whether the previous distinction
between the Rinkian and Nagssugtogidian belts in West
Greenland is meaningful in tectonic terms (e.g. Garde &
Steenfelt 1999a; van Gool et al. 2002), and it has now
been proposed that the two belts represent the northern
and southern parts of a common, more than 1100 km
wide collisional orogen, separated by a suture located in
the Disko Bugt region (Fig. 1; Connelly et al. 2005). The
continuous crustal shortening in the Rinkian fold belt
throughout its tectonic evolution is in agreement with a
setting within the northern of two colliding plates at some
distance from the suture, and thus in accordance with the
proposed tectonic linkage to the Nagssugtogidian orogen.
However, the “Ar/*Ar data presented in the following
section may be interpreted to indicate that the tectono-
metamorphic events in the Rinkian and Nagssugtogidian
belts were not contemporaneous.

Descriptions of samples and results of
WArF°Ar age determinations

Four hornblende samples and three muscovite samples
were collected at the head of Ukkusissat Fjord close to the
Prgven igneous complex, between Svartenhuk and Uum-
mannag, and close to the north coast of Nuussuaq (Fig. 1).
Sample numbers refer to the data base of the Geological
Survey of Denmark and Greenland.

Ukkusissat Fjord near the Prgven igneous
complex

A sample with hornblende was collected south of the
Prgven igneous complex, within the high-grade contact
metamorphic aureole where extensive partial melting has
been observed, particularly within the Karrat Group (Gro-
cott & Pulvertaft 1990). The sample (483657, Fig. 1)
comes from a homogeneous, medium-grained, amphib-
olitic relict dyke within the regional flat-lying tonalitic
orthogneiss basement. The amphibolite dyke is approxi-
mately one metre thick, a few metres long, and has been
isoclinally folded. The sample is mostly composed of light
to dark green hornblende between 0.5 and 1 mm in dia-
meter, together with some plagioclase and minor phases
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such as biotite, titanite and zoizite. The biotite is inter-
grown with hornblende, and the plagioclase is partly al-
tered to sericite. The obtained plateau age is 1795 + 3 Ma
(Fig 2; Table 1).

North-eastern Uummannag

Four samples were collected in the Kangilleg—Kangerlus-
suaq area, 75-100 km north of Uummannaq (Fig. 1).
This area was less intensely affected by Rinkian metamor-
phism than other areas investigated in this study, with
chlorite schist locally preserved on the north coast of
Qegertarsuag.

Samples 483653 and 483654, both from the Nukav-
sak Formation, were collected at two localities close to
each other near the southern end of Qeqertarsuaq (Fig.
1). Sample 483653 (Fig. 1) is a greywacke consisting of
biotite, sillimanite, quartz, muscovite and small amounts
of tourmaline and zircon. It is a fine-grained rock, where
biotite and muscovite together define the main tectonic
foliation. Fibrolitic sillimanite occurs in broom-shaped
clusters close to muscovite. It was difficult to obtain a
good separate from this sample because the muscovite is
very fine grained, intergrown with biotite, and sometimes
has altered rims. This sample yielded a u-shaped spectrum,
with a minimum which yields an age of 1681 + 6 Ma and
represents 24% of the total *Ar-release (Fig. 2; Table 1).

Sample 483654 (Fig. 1) is a fine-grained andalusite
schist with centimetre-sized andalusite poikiloblasts in a
matrix of biotite and quartz, minor tourmaline and mus-
covite. Partial recrystallisation of andalusite to fibrolite
was observed. The biotite shows two different orientations
implying growth both during D2 and D3 deformation.
The muscovite crystals are very small and often occur close
to biotite, but sometimes also in small separate clusters.
This sample gave a u-shaped spectrum, with a minimum
representing 26% of the total **Ar-release and yielding an
age of 1686 + 3 Ma (Fig. 2; Table 1).

Sample 483667 (Fig. 1) was collected from a decime-
tre-thick, boudinaged, homogeneous amphibolite band
in tonalitic reworked orthogneiss on Qinngusaaq (Fig. 1).
Folds, lineations, 8- and o-shaped porphyroclasts and folia-
tions representing both D2-D3 and D4 occur at the sam-
pling locality. The light to dark brownish-green hornblende
forms well-crystallised medium-grained aggregates with
interstitial plagioclase partly altered to sericite. Small grains
of pale green pyroxene, probably diopside, occur together
with the hornblende. A hornblende plateau age of 1782 +
2 Ma was obtained (Fig. 2; Table 1).

Sample 483671 (Fig. 1) consists of fine-grained meta-
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sandstone to metasiltstone from the Nukavsak Formation
with quartz, biotite, muscovite and sillimanite as main
minerals. Biotite, muscovite and sillimanite define the
main tectonic foliation, where sillimanite often occurs in
clusters containing small muscovite and biotite grains. At
this locality, quartz pods display distinct asymmetries in
two different directions. The asymmetric pods on rock
faces with SW-NE orientations suggest top-to-NE tec-
tonic transport (during D2), whereas rock faces with SE—-
NW orientations suggest transport to the NW (during
D3) and contain biotite lineations with that trend. Mus-
covite from this rock, presumably grown during D3, gave
a plateau age of 1676 = 3 Ma (Fig. 2; Table 1).

South-east of Uummannaq

Two samples with hornblende were collected from the
Archaean basement south-east of the Uummannaq area,
close to the north coast of Nuussuaq (Fig. 1). Sample
483696 (Fig. 1) comes from a hornblenditic layer in a
leucogabbro that occurs as enclaves in quartzo-feldspath-
ic orthogneiss. The sample consists almost exclusively of
light to dark green, medium- to coarse-grained horn-
blende. The hornblende plateau age is 1785 + 3 Ma (Fig.
2; Table 1).

Sample 483708 (Fig. 2) comes from an amphibolite
dyke that cuts the fabric of the surrounding augen gneiss
and is probably Palaeoproterozoic in age. Both the amphi-
bolite and the host gneiss are intensely deformed. This
sample has biotite and hornblende growing together, feld-
spars partly altered to sericite, and minor amounts of
quartz. The hornblende plateau age is 1784 + 3 Ma (Fig.
2; Table 1).

Discussion and conclusions

The results from this study provide the first published
constraints on cooling ages of hornblende and muscovite
in the central Rinkian belt. Hornblende “Ar/*Ar plateau
age spectra from samples 483657, 483667 and 483708
yield ages between 1795 and 1782 Ma. These ages all form
well-defined plateaus, and the plateaus represent more than
90% of total *Ar release. Sample 483696 yielded a pla-
teau age of 1785 Ma for 51% of the total ®°Ar release, and
is consistent with the other hornblende ages. Muscovite
samples 483653 and 483654 both yield u-shaped age spec-
tra with minima representing less than 50% of the total
¥Ar release, at 1681 and 1686 Ma respectively. Sample
483671 provides a plateau age of 1676 Ma defined by



52% of the total ®Ar release. The muscovite plateau age
spectrum for sample 483671 is consistent with the mini-
ma provided by samples 483653 and 483654. These tak-
en together suggest a relatively consistent muscovite cool-
ing age below 350°C of ¢. 1680 Ma in the central Rinkian
belt.

The obtained hornblende and muscovite ages at 1795—
1782 and 1686-1676 Ma, respectively, are remarkably
uniform, although they cover a distance of ¢. 200 km in
chlorite to sillimanite grade amphibolite facies terrain
across the entire central part of the Rinkian fold belt. This
“OAr/*Ar age study shows that the temperatures reached
during the Palaeoproterozoic tectonothermal reworking
were everywhere sufficiently high to reset the “Ar/®Ar
hornblende and muscovite systems in the rocks examined.
The ages date the cooling below the closure temperature
of Ar diffusion in hornblende and muscovite after the
Palaeoproterozoic metamorphic event, and the data sug-
gest a slow cooling rate of ¢. 1.5°C/Ma between c. 1780
and 1680 Ma, using closure temperatures of 500°C for
hornblende and 350°C for muscovite (McDougall &
Harrison 1999).

Due to recent recalculation of the primary and second-
ary standards used in “°Ar/**Ar geochronological experi-
ments (Renne et al. 1998), the previously published “Ar/
%Ar ages from the Nagssugtogidian belt (Rasmussen &
Holm 1999; Willigers et al. 2001, 2002), which use the
older standard age, have to be multiplied by 1.009 in or-
der to compare directly with the new “°Ar/**Ar ages pre-
sented here from the Rinkian belt. In the northern part of
the Nagssugtogidian orogen, Willigers et al. (2001, 2002)
obtained “Ar/*Ar hornblende ages of 1756-1733 Ma (re-
calculated from 1740-1717 Ma) and muscovite ages of c.
1715 Ma (recalculated from 1700 Ma). In the central part
of the orogen still farther south, their hornblende ages
range between c. 1750-1700 Ma and muscovite ages
between ¢. 1765-1715 Ma (recalculated from 1750-1700
Ma). In the Disko Bugt area (Fig. 1), where Connelly et
al. (2005) proposed a suture between the two belts, a set
of “Ar/Ar and K-Ar hornblende age data reported by
Rasmussen & Holm (1999) scatter between Archaean ages
and a K-Ar age of c. 1765 Ma, revealing that tempera-
tures during the Palaeoproterozoic thermal event were not
sufficiently high in all parts of this area to reset the K-Ar
isotope system (Rasmussen & Holm 1999).

The uniformity of the new “°Ar/*Ar ages from the cen-
tral and northern Rinkian fold belt suggests that the ages
are largely unrelated to the metamorphic grade and to the
structural history of the geographical locations of the sam-
ples, with the possible exception of sample 483657 from
Ukkusissat Fjord (see below). Accordingly, the “Ar/*Ar

data are interpreted as regional, late orogenic cooling ages
which are not directly related to the tectono-metamor-
phic history of the individual samples. This conclusion is
supported by (in part unpublished) U-Pb zircon ages of
syn- to late-kinematic Palaeoproterozoic pegmatites from
the same region, which are older than 1800 Ma (Thrane
etal. 2003; K. Thrane, personal communication 2004).

Willigers etal. (2002) reached the same conclusion from
their “Ar/*Ar studies of the central and northern Nags-
sugtogidian orogen reported above, pointing out that their
study area represents a section of middle to lower crust
that was only slowly exhumed by erosion.

In preserved upper crustal levels of younger orogens it
is commonly possible to date specific tectonic events us-
ing the “Ar/*Ar method, because the dated units were
either transported rapidly to these crustal levels and are
not yet eroded away, or the minerals grew at temperatures
near or below their closing temperature and thus con-
strain the age of the prograde tectonothermal event itself.
The 1795 + 3 Ma age of the hornblende from Ukkusissat
Fjord (sample 483657, about 12 Ma older than the other
hornblende ages) may point to early uplift of this particu-
lar area, which is a domain of early NE-directed D2 thrust-
ing that was not affected by the subsequent NW-directed
tectonic transport during D3.

The cooling rate of ¢. 1.5°C/Ma documented by this
study (using hornblende and muscovite closure tempera-
tures of 500°C and 350°C) is only slightly slower than
the 2-3°C/Ma reported by Willigers et al. (2001, 2002)
from the central Nagssugtogidian orogen, but considera-
bly slower than rates between 5° and 7°C/Ma reported by
the latter authors from the northern Nagssugtogidian oro-
gen. Willigers et al. (2001, 2002) used less accepted clo-
sure temperatures of 580°C and 410°C for hornblende
and muscovite, respectively, implying a difference of 170°C
between hornblende and muscovite closure temperatures.
The latter temperature gap is larger than the 150°C used
in this study, but this makes little difference to the calcu-
lation of cooling rates.

The uniform “Ar/*Ar hornblende ages resulting from
the present investigation are significantly older than those
in both the northern and central parts of the Nagssugto-
gidian orogen (Willigers et al. 2001, 2002). As regards
muscovite, the Rinkian muscovite ages are younger than
muscovite ages in the northern Nagssugtogidian belt, but
older than those in the central Nagssugtogidian orogen
(Willigers et al. 2001, 2002). The fact that Rinkian horn-
blende ages are older than those in the Nagssugtogidian
orogen shows that cooling below 500°C took place earlier
in the Rinkian fold belt than in both the central and north-
ern parts of the Nagssugtogidian orogen. It is therefore
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plausible that uplift began significantly earlier in the Rin-
kian belt but was slower than in the Nagssugtogidian oro-
gen, which may in turn suggest that the main phases of
compression and peak metamorphism in the two belts were
not synchronous.

These interpretations are consistent with the observa-
tion by Taylor & Kalsbeek (1990) that Pb-Pb whole-rock
isochron ages of marbles in the two belts (interpreted as
representing recrystallisation of the marbles during peak
metamorphism) differ significantly from each other. Mar-
bles collected on Appat island in the central Rinkian belt
(Fig. 1) yielded a Pb-Pb isochron of 1881 + 20 Ma, whereas
an age of 1845 + 23 Ma was obtained from marbles in the
central part of the Nagssugtogidian orogen. Our inter-
pretations are also consistent with the fact that the “Ar/
%Ar data reported here show no signs of having been af-
fected by a contact metamorphic aureole around the
Prgven igneous complex. The intrusion age of the latter
at 1869 + 9 Ma is coeval with the youngest members of
the Arfersiorfik complex and Sisimiut charnockite in the
central Nagssugtogidian orogen (Connellyet al. 2000; van
Gool et al. 2002). The Prgven igneous complex has in-
truded rocks belonging to the Karrat Group that were
already intensely deformed and metamorphosed prior to
the intrusion, but before the last major deformation and
peak metamorphism (Thrane et al. 2005); the Praven ig-
neous complex represents a crustal melt that was appar-
ently not related to subduction processes. In contrast, the
Arfersiorfik complex and Sisimiut charnockite in the south
represent I-type magmas that were related to precollision
subduction.

Notwithstanding the overall structural and geochrono-
logical evidence for a direct linkage between the Rinkian
fold belt and the Nagssugtogidian orogen, the age rela-
tionships outlined above may imply that collision-related
deformation, metamorphism and magmatic activity took
place in the northern Rinkian belt while subduction was
still going on south of the recently proposed suture in the
Disko Bugt region. It may be speculated that such dia-
chronism is also reflected in the dissimilar “Ar/*Ar cool-
ing ages from the Rinkian and Nagssugtogidian parts of
the entire Palaeoproterozoic orogenic complex in West
Greenland. Alternatively, the different Rinkian and Nags-
sugtogidian cooling ages might relate to different depths
of burial. However, this is not supported by the uniform
hornblende “Ar/*Ar cooling ages found within the Rin-
kian belt itself, regardless of geographical distance and
metamorphic facies; further discussion of large-scale plate-
tectonic implications is beyond the scope of the present

paper.
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Analytical procedure

Four hornblende and three muscovite separates from the
central Rinkian belt have been dated with the “Ar/*Ar-
method. The hornblende separates were obtained from
amphibolite and diorite, and muscovite from metasedi-
mentary rocks, by crushing, sieving and handpicking. The
hornblende and muscovite samples selected for “Ar/°Ar
geochronology were irradiated together with the DRA-2
sanidine standard (25.26 Ma; Wijbrans et al. 1995, recal-
culated following Renne et al. 1998), for 35 hours at the
NRG-Petten HFR RODEO facility in Petten, The Neth-
erlands. J-values (the irradiation parameter) were calcu-
lated with a precision of 0.5%.

The “Ar/*Ar geochronology laboratory at the Univer-
sity of Lund employs a Micromass 5400 mass spectrome-
ter with a Faraday cup and an electron multiplier. A met-
al extraction line, which contains two SAES C50-ST101
Zr-Al getters and a cold finger cooled to ¢. —155°C by a
Polycold P100 cryogenic refrigeration unit, is also present.
One or two grains of hornblende or muscovite were load-
ed into a copper planchette that consists of several 3 mm
holes. Samples were step-heated using a defocused 50W
CO? laser. Sample clean-up time was 5 minutes, using
the two hot Zr-Al SAES getters and the cold finger. The
laser was rastered over the samples to provide even heat-
ing of all grains. The entire analytical process is automat-
ed and runs on a Macintosh computer with software de-
veloped at the Berkeley Geochronology Center by Al Deino
and modified for the laboratory at the University of Lund.
Time zero regressions were fitted to data collected from
10 scans over the mass range of 40 to 36. Peak heights
and backgrounds were corrected for mass discrimination,
isotopic decay and interfering nucleogenic Ca-, K-, and
Cl-derived isotopes. Isotopic production values for the
cadmium lined position in the Petten reactor are *Ar/
STAr©d = 0.000270, *Ar/f’Ar€d = 0.000699, and “Ar/
$Ar = 0.00183. “Ar blanks were calculated before eve-
ry new sample and after every three sample steps. “Ar
blanks were between 5.0 and 3 x 10-6. Blank values for
masses 39 to 36 were all less than 7 x 10-%8. Blank values
were subtracted for all incremental steps from the sample
signal. The laboratory was able to produce very good in-
cremental gas splits, using a combination of increasing
time at the same laser output, followed by increasing laser
output. Age plateaus were determined using the criteria
of Dalrymple & Lanphere (1971), which specify the pres-
ence of at least three contiguous incremental heating steps
with statistically indistinguishable ages and constituting
greater than 50% of the total *°Ar released during the ex-
periment. Inverse isochrons yield ages statistically indis-



tinguishable from those given by the plateaus and are not
presented here. “°Ar/*Ar plateau age spectra are presented
in Fig. 2 and the analytical data in Table 1.
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Presentation and interpretation of structural data from
the Nagssugtogidian orogen using a GIS platform: general

trends and features

Jeroen A.M. van Gool and Sandra Piazolo

In this contribution we present data collected by more than 50 international geologists involved in
geological mapping and research projects in the Nagssugtogidian orogen of West Greenland, organ-
ised by the Geological Survey of Denmark and Greenland and the Danish Lithosphere Centre. Using
a geographical information system (GIS) as a framework for visualisation and analysis of structural
and lithological data, it is now possible to give a unique overview of thousands of data points, em-
ployed here within a study area of approximately 160 x 180 km in the central and northern Nagssug-
togidian orogen. The GIS methodology allows comparison, integration and analysis of datasets in
terms of subject, space, and scale. This is extremely helpful in the recognition of geological patterns,
such as terrain or domain boundaries and map-scale structures. Analysis of the available structural
data shows clear differences in deformation patterns between the core and the northern segment of
the Nagssugtogidian orogen. One of the most prominent features is the ENE-striking Nordre Strgm-
fjord shear zone, which transects the orogen from the coast to the Inland Ice. The data also clearly
document a change from predominantly steeply dipping, ENE-WSW-trending fabrics and large,
elongate structural domains in the core of the orogen, to large, open fold patterns and moderately to
shallowly dipping fabrics in smaller structural domains in the north.

Keywords: geographical information systems, Nagssugtogidian orogen, West Greenland, structural data, structural do-
mains
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E-mail: jvg@geus.dk

S.P,, Geological Survey of Denmark and Greenland, @ster Voldgade 10, DK-1350 Copenhagen K, Denmark. Present address:
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Over the past ten years the Nagssugtogidian orogen in
central West Greenland (Fig. 1) has been the subject of
intense geological research, involving both bedrock map-
ping and research into the Palaeoproterozoic and Archae-
an tectonic evolution of the region. This has led to a ma-
jor improvement in the understanding of the tectonic de-
velopment of the Nagssugtogidian orogen (Kalsbeek &
Nutman 1996; Connellyet al. 2000; van Gool et al. 2002).
The research was undertaken in two projects, organised
by the Danish Lithosphere Centre (DLC) from 1994 to

1999 and the Geological Survey of Denmark and Green-
land (GEUS) from 2000 to 2003, respectively. Approxi-
mately 35 international geologists from institutions on
three continents participated in the field work of these
projects, with changing teams from year to year. During
these projects a very large amount of data was collected,
including structural measurements, lithological observa-
tions, intrusive relationships, information about metamor-
phic mineral assemblages, etc. Other structural data were
collected during previous work in part of the region in
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Fig. 1. Schematic geological map of central West Greenland (modified from van Gool et al. 2002), depicting the Nagssugtogidian orogen. ITZ,
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the 1960s and 1970s by the former Geological Survey of
Greenland (GGU, now part of GEUS). Part of this was
used by the collectors in their individual research or in
small groups, and for the compilation of a published geo-
logical map, However, to date only a fraction of the total
dataset has been made accessible in publications, and most
of the original data collected prior to 2001 are only avail-
able for further analysis if extracted from the individual
geologists’ field diaries and field maps. With traditional
methods it would be highly impractical and tedious to
obtain an overview of all the structural data collected over
time from the Nagssugtogidian orogen in West Green-
land, and a rigorous conventional analysis of the com-
plete dataset would be close to impossible. Hence, alter-
native methods of data compilation and analysis were re-
quired.

Since 2001 GEUS’ mapping projects have included
systematic collection of structural data which are avail-
able digitally. The data from all participants are recorded
in field diaries and on maps, stored electronically in spread-
sheets, and subsequently entered in a geographical infor-
mation system (GIS) for further presentation and analy-
sis. In this way all data from an entire group of geologists
can be accessed as a whole and used for map production
and data analysis.

GIS methods has already proved useful in several disci-
plines including mineral exploration on local to global
scales (e.g. Bonham-Carter et al. 1990; Goodwin et al.
1996; Knox-Robinson & Wyborn 1997; Harris et al.
2001), palaeontology (e.g. Carrasco & Barnosky 2000),
and environmental assessment (e.g. True et al. 1999; Books
2000; Wilson et al. 2000).

In this paper we demonstrate the application of GIS
data management, visualisation and methods of analysis
in a large-scale and long-term international project, in-
cluding data from two previous mapping projects in the
region. We present for the first time in a digital format a
set of more than 10 000 structural orientation measure-
ments and observations collected by more than 50 geolo-
gists in the Nagssugtogidian orogen over a period of 40
years. Such a presentation can (&) provide a very helpful
overview of the data itself, (b) help to identify where fu-
ture research efforts may be scientifically interesting, and
(c) show how these together with geological and geophysi-
cal maps can define structural domains and illustrate the
large-scale structural variations through an important part
of the orogen.

The Nagssugtogidian orogen

The Nagssugtogidian orogen in West Greenland is a
Palaeoproterozoic collisional belt, dominated by Archae-
an gneisses that were reworked at amphibolite and granu-
lite facies during the Palaeoproterozoic orogeny (van Gool
etal. 2002). It forms the northern boundary of the North
Atlantic craton in southern Greenland, and is bound to
the north by the contemporaneous Rinkian fold belt. It
consists of three tectonic segments, referred to as the south-
ern, central and northern Nagssugtogidian orogen (SNO,
CNO and NNO; Fig. 1), which respectively consist of a
southern parautochthonous foreland, a high-grade core,
and a transition zone to the Rinkian fold belt. Juvenile
Palaeoproterozoic magmatic arc rocks and supracrustal
sequences occur mainly in narrow belts within the CNO.
The Nagssugtogidian orogen is characterised by a domi-
nant ENE-WSW structural trend, which culminatesin a
number of linear belts: the Ikertdq thrust zone, the Nor-
dre Isortoq steep belt, and the Nordre Strgmfjord shear
zone. These are interpreted as crustal-scale structures and
alternate with areas dominated by large fold structures.
Detailed investigations in the core of the orogen have
shown that during the Nagssugtogidian orogeny this re-
gion originally underwent a phase of NW-vergent thrust-
ing, followed by folding now recognised predominantly
as isoclinal folds (van Gool et al. 2002). A second fold
phase resulted in upright, ENE-trending folds on a scale
of tens of kilometres, with associated development of ex-
tension lineations plunging shallowly ENE. Finally, a phase
of sinistral strike-slip shearing on the steep flanks of the
large fold structures resulted in the above mentioned
prominent linear belts. It is therefore only the latest defor-
mation phases that generated the main ENE-WSW-trend-
ing tectonic fabric of the orogen (van Gool et al. 2002).

The area discussed in this study extends from 67°N in
the Nordre Stremfjord region to 69°10’N at Jakobshavn
Isfjord and covers the northern part of the CNO and most
of the NNO (Fig. 1).

Structural data

Origin of the data

The structural data have been derived from two different
sources. The data north of 68°N were collected during
recent GEUS mapping projects (2001-2003), while the
data from south of 68°N have been extracted from pub-
lished GGU and GEUS maps, collected during previous
GGU, DLC and GEUS projects. During the recent GEUS
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mapping projects, data were collected in the northern
Nagssugtogidian orogen. Structural measurements and
other geological data were noted in field diaries together
with their geographical coordinates using global position-
ing system (GPS) receivers. These data were subsequently
entered in spreadsheets and imported into ArcView®. The
geographical distribution of the structural data reflects
the way they were collected along shorelines and on in-
land traverses. There may be several measurements at any
one location, whereas no data were obtained in areas
between traverses (which were often located many kilo-
metres apart). In this study, we have restricted our analy-
sis to the structural measurements. However, a combina-
tion of these data with other information, e.g. lithologi-
cal and geophysical data, would make this GIS-based anal-
ysis tool even more powerful.

The southern part of the study area, south of 68°, is
covered by two 1:100 000 scale maps, which were com-
piled prior to the digital storage of field data. The Agto
map sheet in the west (Olesen 1984) consists of analogue
data (but was recently digitised), whereas the Ussuit map
sheet in the east was produced in digital format (Fig. 1;
van Gool & Marker 2004). The structural data from the
Agto and Ussuit map sheets are stored in GEUS’ Geogreen
map database and were extracted from this for the present
study. However, these structural data only represent a frac-
tion of the original data collected in the field. During the
map compilations, the original structural data recorded
on field maps or noted field diaries were filtered such that
only representative measurements were shown on the fi-
nal map; each measurement typically covers an area of a
few square kilometres. Thus, the southern part of the da-
ta compilation map in this paper shows an even distribu-
tion of data, and a much lower data density, compared to
the more recently compiled areas in the north. The fact
that the Agto map sheet only contains very few lineation
measurements compared to the surrounding regions also
reflects a change in focus since the 1960s and 1970s, when
measurement of lineations was not considered a high pri-
ority. A large gap in the data coverage occurs in the east,
from Arfersiorfik fjord to the north almost up to Sydost-
bugten (Fig. 1); this area was not covered by the mapping
programmes by GGU and GEUS.

Definition of terms

In the descriptions below the general orientation of a struc-
tural element is its three-dimensional orientation with
respect to true north and horizontal, as defined by the
combination of strike, dip direction and dip for planar

128

69°

T T T
53 52 510 wﬂ
% o q\ |
=
",' kS

Fig. 2. Structural domains in the central and northern Nagssugto-
gidian orogen, based on structural orientation data. Domain num-
bers refer to those used in Table 1, Fig. 8, and the main text.

structures, and plunge direction and plunge for linear
structures. the term trend is used as the direction along
the strike of a planar structure (without indication of dip
direction), or the direction of plunge of a linear structure,
without distinction between plunges up or down this di-
rection. The trend is always expressed as two opposite di-
rections (e.g. NE-SW).

Methods of data presentation

For map presentation of the data we have used ArcView®
version 3.2. In addition, stereographic projections and sta-
tistical analysis for the determination of great circles and
point maxima were prepared with StereoNett (J. Duyster,
unpublished freeware). Once the structural dataset has
been incorporated into the GIS database, the ArcView®
Geoprocessing extension can be used to easily select sub-
sets of data in areas with irregular shapes (Fig. 2), or alter-
natively functions like ArcView® Query Builder can be
used to select data with certain characteristics.

The data were plotted on a topographic map using con-
ventional structural symbols, whereas orientations and dip
angles were colour-coded. For foliations and lineations,
four maps with different colour codes were plotted (Figs
3-7). Having attempted several different ways of display-
ing variations of dip/plunge directions on maps, we found
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Fig. 3A. Foliation data, using four different colours to represent dip directions in the four quadrants of 0-90°, 90-180°, 180-270° and 270-360°.

that the regional trends were best shown using a subdivi-
sion into colour-coded quadrants. This gives a clear indi-
cation of variations on a regional scale and displays fea-
tures that conventional plots of structural data would not
have easily revealed. Other features of the data could be
highlighted with other methods of coding, or by plotting
them on a different scale. The GIS program allows the
user to change the coding criteria and colours with a lim-

ited number of key strokes, and thus forms a powerful,
user-friendly tool of analysis.

We plotted one map for each of the planar and linear
datasets (Figs 3A, 5A), using differently coloured symbols
for dip/plunge directions within each of four different
quadrants: directions between 0-90° (NE quadrant) are
shown in red, 90-180° (SE quadrant) in orange, 180-
270° (SW quadrant) in green, and 270-360° (NW quad-
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Fig. 3B. Foliation data, using colour intensity to reflect dip angle. Darker colours indicate steeper dip angles.

rant) in blue. We also plotted foliations, lineations and
fold axes, respectively, in three maps where the colour
intensity reflects the steepness of the dip/plunge (Figs 3B,
5B, 7). Here the light orange colour indicates shallow dips/
plunges, and darker brown to black colours indicate pro-
gressively steeper dips/plunges.

The data were also plotted in a third way by combin-
ing the two just described methods. The different colours
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were maintained for the dip/plunge directions within each
of the four quadrants, combined with colour intensity to
display the variations in dip. The foliation data were split
into two separate plots to show more detail and avoid clut-
ter: Fig. 4A shows the overall ENE-WSW-trending struc-
tures (blue and orange), whereas Fig. 4B contains the over-
all ESE-WNW-trending structures (red and green). A
similar method was used for the lineations, however, on
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Fig. 4A. Foliation data, using blue and orange colours for NE-SW trends with NW and SE dips, respectively, combined with colour intensity to

reflect dip angle. See Fig. 4B for NW-SE trends.

the scale of presentation many of the red and green linea-
tions (ENE-WSW-trending) would overlap. Therefore,
the green symbols were plotted separately (Fig. 6A), where-
as the red symbols were included with the blue and or-
ange ones (Fig. 6B); there are relatively few blue and or-
ange symbols and therefore less cluttering.

There are significantly less measurements of fold axes
than of other structural elements. Therefore we were not

able to use their orientations for analysis of regional trends,
and the fold axes are only colour coded for plunge angle
(Fig. 7).

In some areas the very high data density causes a satu-
ration with the colour of the main orientation on the scale
of presentation. Although the main trends can still be seen,
minor orientation components may be obscured. This
problem can be overcome by zooming in on smaller areas
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Fig. 4B. Foliation data, using red and green colours for NW-SE trends with NE and SW dips, respectively, combined with colour intensity to

reflect dip angle. See Fig. 4A for NE-SW trends.

and printing on a different scale, revealing the full range
of the data (e.g. Mazur et al. 2006, this volume).

Structural domains

Apart from the general variations in structural style, it is
apparent that there are well defined areas with distinct
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structural patterns. We therefore divided the whole study
area into 16 structural domains (Fig. 2), within each of
which the structural characteristics are largely consistent
and more or less distinct from those of adjacent domains.
this subdivision is exclusively based on visual evaluation
of the plotted data. A more rigorous approach for the def-
inition of domains would have been possible, for example
the method by Vollmer (1990) based on eigenvalue cal-



Lineation
orientations

NW NE

Fig. 5A. Lineation data, using four different colours to represent plunge directions in the four quadrants of 0-90°, 90-180°, 180-270° and 270—

360°. See also Fig. 5B.

culations of data in small subsets, but is beyond the scope
of the present study. The domains are presented schema-
tically in Fig. 2, and their outlines are also shown in Figs
3-8. The structural data for each of the domains were
extracted and plotted as equal area, lower hemisphere ste-
reographic projections (Fig. 8). Foliations were plotted as
poles to planes and contoured, and the orientation of the
maximum density of data indicated in each plot. Great

circles were calculated where visual inspection of the con-
toured data suggested that a great circle distribution ex-
ists. Calculations of great circle and fold axis orientations
are based on the orientations of the three eigenvectors of
the data. The large number of data in the contoured plots
results in an accentuation of the high concentrations, while
smaller populations that define separate structures are less
visible. However, these are included in the calculations of
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0° < dip < 15°
©16° < dip < 30°
' 31° < dip < 45°
/ 46° < dip < 60°
/ 61° < dip < 90°

Fig. 5B. Lineation data, using colour intensity to reflect steepness of plunge. See also Fig. 5A.

the great circles and fold axes, and therefore the calcula-
ted great circle may diverge from the one defined by the
maximum orientations, as in domains 7, 9 and 14 (Fig.
8). Lineations were plotted and contoured, with indica-
tion of the orientation of the maximum concentration of
data (Fig. 8B). Table 1 contains short descriptions of the
characteristics of each domain regarding foliation, linear
data and general geology.
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Results

The main variations in the structural patterns within the
study area are described in the following sections, using
structural maps and stereographic projections (Figs 3-8).
The structural variations are apparent at a first glance as
clustering of data and variations in colours; they reflect
the nature of the large-scale tectonic evolution of the oro-
gen, which is discussed in a final section.
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20 km

Lineation
Direction and plunge

SW
0° < plunge < 15°
" 16° < plunge < 30°
%l / 31° < plunge < 45°
/' 46° < plunge < 60°
/ 61° < plunge < 75°
/ 76° < plunge < 90°

Fig. 6A. Lineation data, using green colour to represent SW directions and colour intensity to reflect steepness of plunge. See Fig. 6B for NW, NE

and SE directions.

Foliations

Overviews of the orientations of the planar fabrics are
shown in Figs 3, 4. The predominant foliation trend is
ENE-WSW, shown in orange and blue colours. Linear
belts in this direction, dominated by steeply dipping folia-
tions, alternate with broader regions characterised by
strongly variable orientations. These belts and regions with
different structural characteristics have previously been

referred to as steep belts and flat belts, respectively (Mark-
er et al. 1995). The distinct alternation between such dis-
tinct linear belts and folded regions diminishes towards
the north, and the predominant general ENE-WSW trend
becomes progressively weaker, as reflected by the increase
of red- and green-coloured symbols. This is apparent es-
pecially in the north-eastern corner of the study region,
where the foliations are dominated by NE dip directions
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Lineation
Direction and plunge

NW NE

SW SE

Decreasing colour
intensity

decreasing angle
of plunge

Fig. 6B. Lineation data, using blue, red and orange colours for NW, NE and SE orientations, respectively, combined with colour intensity to

reflect steepness of plunge. See Fig. 6A for SW directions.

shown in red. Coupled with this progressive change
towards the north there is an overall decrease in the dip
angle, as expressed by an increasing amount of light or-
ange-coloured symbols.

In the south, the two main linear belts, the Nordre Iso-
rtoq steep belt in domain 1 and the Nordre Strgmfjord
shear zone in domain 4, are characterised by a near-uni-
form ENE-WSW-trending foliation, a marked absence
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of NW-SE-trending foliations, and steep dip angles. A
third linear belt in the north, the Naternag belt in domains
12 and 13 and the northern part of domain 7, is discon-
tinuous and less well defined. Smaller, discontinuous shear
zones also occur in the NNO e.g. in domains 10 and 15;
these are indicated by strong clustering and alignment of
symbols of the same colour, but not necessarily by steep
dips. Dip directions of the overall ENE-WSW-trending
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Fold axes
0° < plunge < 15°
/' 16° < plunge < 30°
/ 31° < plunge < 45°
/' 46° < plunge < 60°
/ 61° < plunge < 75°
/ 76° < plunge < 90°

Fig. 7. Fold axis data, using colour intensity to reflect steepness of plunge.

structures (in blue and orange colours, Fig. 3A) show a
clear regional pattern of alternating NW and SE dip di-
rections. In the south, switches in dip directions are asso-
ciated with the two main linear belts such that the inter-
vening area, which forms a large anticlinorium (van Gool
etal. 2002), is characterised by predominant SSE dips (in
orange), while NNW dips (in blue) prevail to the north
and south. NW-SE-trending foliations are predominant

in two distinct areas in the north-east: one in the extreme
north-eastern corner with predominating NE-dipping
foliations (in red), and another around Sydostbugten, char-
acterised by SW-dipping foliations (in green). Farther south
only twoareasofuniformdip directionsare recognised, one
around Attu with predominant SW dips (in green), and
another formingabelt north of theNordre Strgmfjord shear
zone, which has uniform NW dips (in blue).
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Fig. 8A. Characterisation of structural domains from Fig. 2 with stereographic projections of foliations within each domain. Poles to foliations
plotted on lower hemisphere, equal angle nets and contoured at 1, 2, 3, etc. times random distribution. The number of data points (n) and
orientation of maximum density are indicated for each plot. FA, calculated fold axis.
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Fig. 8B. Characterisation of structural domains from Fig. 2 with stereographic projections of lineations within each domain. Data plotted on
lower hemisphere, equal angle nets and contoured at 1, 2, 3, etc. times random distribution. The number of data points (n) and orientation of
maximum density are indicated for each plot.
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Table 1. Summary of characteristic features of the structural domains

Domain Foliation Lineation Geology Synopsis

1 Steep N-dipping foliation with Consistent, predominant Nordre Isortoq steep  High-strain strike-slip zone constrained by
consistent orientation. A sharp shallow ENE plunge. belt (shear zone), metasedimentary rocks.
transition to S-dipping foliations at predominant sinistral
the northern boundary of the belt. shear. Mainly paragneiss.

2 Foliation curved along shallowly Variable lineations, with Northern CNO flat Anticlinorium between two shear zones.
ENE-plunging folds on a scale of tens predominant shallow ENE  belt of interleaved Lineation constant in spite of intense
of kilometres. Dips variable, SE dips  plunges, parallel with fold Archaean orthogneis- folding. Only one zone where lineations
predominating over NE and less axes. Shallow, SE-plunging ~ ses and Proterozoic plunge SE, locally steeply.
common SW dips. lineations in a ¢. 10 km wide ortho- and paragneis-

zone south of the NSSZ. Ses.

3 Steep foliation. Both northerly and Lineations mainly shallowly ~ Steep belt within the  Steep zone with tight folds within the

southerly dips. Few folds on scales ENE-plunging. Some northern CNO flat larger domain 2 with large fold structures.
of 0.5-1 km. variation in fold hinges, belt; tightly interleaved Steep zone discontinuous to the east, and
especially near the eastern  ortho- and paragneis- concentrated in an area dominated by two
domain boundary. Ses. metasedimentary belts.
4 Steep foliations with consistent Subhorizontal lineations, the NSSZ. Interleaved Sinistral strike slip zone5 km wide.
orientations, slightly oblique to the ~ majority WSW-plunging in  ortho- and paragneis-  Obliquity of foliation fits with sinistral
trend of the linear belt. Northerly contrast with surrounding  ses. shear.

dips predominate. Near the southern areas.
boundary a sharp transition to
SSE-dipping foliations.

5 Gradual northward transition from  Progressive change from Archaean ortho- Region with shallow, N-dipping structures.
steep dips close to the NSSZ to shallow ENE plunges near  gneisses and horizons
shallower NNW dips.The foliation ~ the NSSZ towards steep of supracrustal
locally curves into the shear zone. NE and N plunges in the amphibolite.
NE dips are mixed with the dominant north-west.
NNW dips in most of the area. The
plentiful data points on the stereonet
(Fig. 8A)obscure orientations (mainly
NE-dipping) away from the maximum.

6 Intensely folded region with 5-10 km Mixed orientations witha  Archaean indentor, Overall W- and WSW-plunging folds.
large folds, mainly W-plunging. cluster of shallowly ortho- and paragneiss  Two sets of lineations, one variable, the
Northerly and westerly dips pre- SE-plunging lineations. In the as in domain 5. other consistently WSW-plunging, parallel
dominate in contrast to domain 5. west progressive change in  Large fold structures.  with fold axis.

orientation continues from
domain 5. More variable
orientations in the east.

Variable strike. NNW dips less Rather consistent ENE- Archaean orthogneisses Predominantly straight and steep foliations
7 predominant than in domain 5. trending lineations. ENE and metasedimentary  with ENE trends, but variable dip

Folding. Dips mainly moderate, but ~ plunges in the east become rocks define a poorly  directions, and consistently shallow

steep in the south-west. Fig. 8A shallower and mixed with ~ sampled linear zone at lineations. Misalignment of foliation girdle

displays a girdle over shallow, WSW-plunging domains in  the northern boundary and calculated great circle (Fig. 8A)

WSW-plunging fold structures. the west, followed by of the indentor block indicates complex fold pattern: along-strike

A calculated great circle is discordant moderate to steepWSW  of Piazolo et al. (2004). variation of lineations (and presumably fold
to the measured maxima, which align plunges at the coast. Locally A few kilometre-sized axes) and local folds with steep axes disturb

on a steeper great circle. steep lineations in fold fold structures. the stereographic plot. Non-consistent dip
cores. directions and dips in the northern linear
zone suggest intense folding.

8 Foliations outline the large fold Steep SW- and SE-plunging  Orthogneisses Mixed structural patterns including
structure visible on Fig. 1. Southerly  lineations around a large interleaved with supra- ENE-trending fold limbs and fold interfe-
dips predominate in the northern central fold core. Mainly crustal amphibolite. rence patterns.The core of the large fold
part (green and orange/brown, Fig. ~ E-W-trending lineations in A fold interference with the steep lineations is located along
3A).A zone with NW dips (blue) the west in transition to pattern occurs south  the southern extension of a NNE-trending
runs through the domain centre. domain 7.Variable lineations of the main fold at the belt of steep lineations on the western
Mixed dip directions in the south. in the east. Two maxima of  western end of the limb of the Naternaq supracrustal belt.
Dips moderate to steep. Irregular shallow W plunges and Naternaq belt.
stereonet pattern (Fig. 8A), with steeper SE plunges (Fig. 8B),

remnants of a great circle distribution the latter possibly with a
similar to that in domains 6 and 7. small circle distribution.

CNO: Central Nagssugtogidian orogen. NNO: Northern Nagssugtogidian orogen. NSSZ: Nordre Stremfjord shear zone.
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Table 1 (continued)

Domain

Foliation

Lineation

Geology

Synopsis

9

10

11

12

13

14

15

16

Consistent ENE trend with both
NNW and SSE dip directions. Large

Predominant subhorizontal
ENE-WSW-trending lineations,

fold structures in the east. Steep dips, gradually changing to E-W in the

shallower towards north. Great circle

distribution with shallowly NNW-
dipping and subordinate steep,
SSW-dipping flanks tentatively
interpreted as due to asymmetric
S-vergent folds (Fig. 8A).

Mainly steep S dips with consistent
trend.As in domain 9, ENE-WSW-
trending foliation in the west swings
towards E-W in the east.At the

southern boundary a linear belt with

moderate S dip. Partial great circle
distribution; no dip directions within
the NE quadrant (Fig. 8A).

Foliations outline a W-plunging

antiform c. 10 km large.The northern

part of its northern limb appears
overturned towards N. Great circle
distribution with predominant
shallow to moderate dips on
stereonet (Fig. 8A).

Foliations outline a fold with a folded,

overall moderately SE-dipping
western main limb.The high-strain
southern limb dips steeply S. Large
spread on stereonet (Fig. 8A).

Eastern continuation of steep,

high-strain southern limb of fold from

domain 12 and large E-plunging

antiform. NW dips more common in
the north, dips shallower near hinge.

The northern limb has moderate to
steep NE dip. Fig. 8A shows a
well-defined great circle and
NE-plunging calculated fold axis.

Irregular foliation in the core of the
eastern Naternaq fold, forming an
E-W-trending whaleback structure.
Fig. 8A shows a point maximum and
partial girdle which do not fit the
calculated great circle (see the main
text).

Foliations define a large, open
NE-trending synform with steepest

orientations in the core, bounded by

straight belts. An antiform occurs in

the south-east, with its southern limb

in domain 13.A well-defined great

circle on Fig. 8A indicates cylindrical,

NE-plunging folds.

The foliation defines large, open,
NE-plunging folds besides a large

antiform surrounding the synform of

domain 15.The stereonet data (Fig.
8A) display a point maximum with a
partial great circle distribution.

east, where large-scale folds
occur. Very strong preferred
ENE-WSW subhorizontal
orientation, with a tail towards
E-W trends displayed on Fig. 8B.

Consistent ENE-WSW-trending
subhorizontal lineations, with
indistinct domains of respectively
easterly and westerly plunges.
Strong point maximum on
stereonet with shallow WSW
plunges (Fig. 8B).

Shallow plunges of lineations,
mainly towards W. Subordinate
NW plunges on northern fold
limb. Fig. 8B shows strong point
maximum parallel with calculated
fold axis.

Moderately SE-plunging lineations
on the western limb, with isolated
SSW plunges in hinge zone.

Very few measurements on the
southern limb, with shallow WSW
plunges.

Lineations shallow and ENE- or
WSW-plunging on the southern
limb.Variable plunges on the
eastern limb between NE and
ESE.The latter orientation most
common in hinge areas. Fig. 8B
clearly shows these three
separate populations.

Predominant subhorizontal WSW
plunges, except ENE plunges at
the eastern domain margin along
the eastern limb of the map-scale
fold. Fig. 8B shows a single strong
point maximum.

Strong predominance of
ENE-plunging lineations along the
synform axis. Consistent SE
plunges south-east of the shear
zone. Consistent moderate NW
plunge in the antiform near head
of fjord. Fig. 8B shows a fairly well
defined point maximum close to
the calculated fold axis.

Predominant shallow, NE-plunging
lineations and a small population
of slightly steeper, E-plunging
lineations in the north-eastern
domain corner. The lineations
swing, following the folds.

Region around Kangaat-
siaq with metasedimen-
tary rocks, amphibolite
and granite within the
regional grey gneiss.

Straight zone of pre-
dominant orthogneisses
around Aasiaat, bounded
to the south by a
high-strain zone.

Ikamiut supracrustal
rocks. Large antiform with
1 km-scale parasitic folds
on its southern limb.
Northern limb poorly
exposed and undersamp-
led.

Western Naternaq belt.
Steep paragneisses folded
on 20 km-scale. Mainly
data from isoclinal fold on
western limb; less from
straight southern limb.

Steeply dipping, straight
gneisses in eastern
Naternaq belt. A large
E-plunging antiform at the
eastern end, and a
north-eastern fold limb
with only minor meta-
sedimentary rocks.

Predominantly ortho-
gneiss, cut by flat-lying
shear zones.

Synform with strongly
migmatitic paragneiss and
a core of migmatitic
orthogneiss. High-strain
zones to the north-west
and south-east.

Archaean orthogneiss
with thin sheets of pelitic
rocks and supracrustal
amphibolite. Also areas of
very weakly foliated
porphyritic granodiorite.

Transition from predominant
steep, northerly dips in the CNO
to shallower, variable dips and
large fold structures in the north.
From east to west a large swing
from ENE-SSW to E-W trends.
Lineations uniform also in the area
of large folds.

Very consistent foliation trends,
the northernmost widespread
steeply dipping foliations, and very
persistent lineations.

Data consistent with a shallowly
W-plunging antiform becoming
progressively tighter westward
(but not easily traced into domain
10).

Western limb of Naternaq supra-
crustal belt, forming a distinct
zone, apparently transecting the
overall ENE-trending fabric, and
with uncommon SE-plunging
lineations and fold axes.

Consistent lineation trend in
antiform, but opposite plunge
directions on the limbs. Steeper
lineations in the fold hinge.

Very consistent lineation trends,
also through the antiform in the
east. Direction of plunge flips over
in the east, perhaps indicating two
generations of lineations.

The south-eastern limb of the
synform, overturned to the
north-west and becoming very
tight towards north-east.
Distinctly different lineations in
the underlying, folded shear zone.

The NE-dipping orientations and
open folds are significantly
different from elsewhere in NNO.
The shear zone exposed on either
side of the synform in domain 15
does not continue in domain 16.
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The stereographic projections of the foliations clearly
reflect two trends (Fig. 8A). The plots from the southern
part of the study area define alternating point maxima
and great circle distributions, reflecting, respectively, the
linear belts and the fold-dominated regions. In contrast,
in most of the NNO the plots mainly display (partial)
great circle distributions or otherwise irregular patterns,
indicating the lack of extensive linear belts in the north.
Furthermore, the stereographic projections reflect the
northward decrease in dip angle: in the CNO the point
maxima indicate dip angles around 80°, whereas the NNO
is characterised by point maxima indicating dip angles in
the range 20-40°.

Lineations

Overviews of the linear fabrics are shown in Figs 5, 6. The
highly uneven data density in the lineation maps (Fig. 5A,
B) reflects that the southern and northern parts of these
maps have been compiled from different sources, i.e. pub-
lished maps in the south and complete field datasets in
the north. Nevertheless, it is apparent that the dominant
trend is ENE-WSW, as indicated by the predominant red
and green colours (Fig. 5). Outside the linear belts, gra-
dual changes in the lineation trends on a scale of 10-50
km or more are seen, for example between Attu and Nor-
dre Stremfjord, at western Ussuit, and in the north-east
of the study area. Several smaller areas are dominated by
E-W trends, for example east of Attu, south-east of Sydost-
bugten, and south of Jakobshavn Isfjord.

Most lineations plunge 0-30°, with markedly steeper
plunges in regions of map-scale fold interference struc-
tures and fold hinges. This is prominent west of Ataneq,
north-west of Attu, and in the eastern part of domain 13.
These regions are also characterised by orientations that
diverge from the general ENE-WSW trend.

The structural maps (Fig. 6) stereographic projections
(Fig. 8B) clearly show that WSW-plunging lineations pre-
dominate in most of the NNO (north of the Nordre
Strgmfjord shear zone) except for small clusters of NE-
plunging lineations and the area east and north-east of
Sydostbugten, where the plunge is towards ENE (domains
13, 15 and 16); there is a sharp break between these two
plunge directions east of Sydostbugten. The same pattern
is shown by the fold axes calculated from the great circle
girdles of the foliations (Fig. 8A). South of the Nordre
Stramfjord shear zone (in the CNO), the point maxima
of the lineations and calculated fold axes consistently in-
dicate shallow ENE plunges.
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Fold axes

Orientations of fold axes are shown on Fig. 7. The sym-
bols are colour-coded for plunge angle in order to facili-
tate comparison with the lineation data. The orientations
of the fold axes mimic the general characteristics of the
lineations, being generally subparallel with the latter. Their
distribution in clusters reflects a higher density of meas-
urements in areas of map-scale fold hinges, where out-
crop-scale folds are more common.

Tectonic implications

The structural data presented in this paper show that the
tectonic style changes significantly across the central and
northern parts of the Nagssugtogidian orogen. While the
CNO is dominated by steep, linear and continuous belts
separated by well-defined areas of large-scale folding, the
NNO does not contain such continuous, linear belts,
whereas 20-80 km-scale folds are abundant. The main
change in tectonic style occurs across the Nordre Stram-
fjord shear zone. More specifically, the southern part of
the study area (the CNO and the Nordre Stremfjord shear
zone) is dominated by alternating linear belts and folded
regions. The corresponding structural domains follow the
main strike of the linear belts and are continuous from
the coast to the Inland Ice. The linear belts themselves are
dominated by sinistral strike-slip deformation. In contrast,
the domains in the NNO are generally less elongate and
reflect the lack of linear belts of similar dimensions as in
the CNO. Small high-strain zones are observed locally,
e.g. along the northern and southern margins of domain
15 and with several examples in domains 7, 9 and 10.
Shear sense indicators are rare and inconsistent in the
NNO, and the overall deformation in this region seems
to be predominantly coaxial (Piazolo et al. 2004; Mazur
et al. 2006, this volume). The change in tectonic style is
interpreted to be a result of (a) differences in localisation
of strain as high-strain, steep belts, (b) different deforma-
tion kinematics (strike-slip wrench tectonics in the south,
coaxial deformation in the north), and (c) variations in
the intensity of deformation. We consider that the overall
Palaeoproterozoic strain is significantly lower in the NNO
than in the CNO. The NNO commonly preserves shal-
low dips, which presumably predominated after the origi-
nal phase of thrusting. Besides, the two latest deforma-
tion phases, which are responsible for the steep foliation
in the CNO, are less intense in the NNO (van Gool et al.
2002; Piazolo et al. 2004; Mazur et al. 2006, this vol-
ume). These observations may account for the previously



outlined differences in the mode of strain localisation. The
data presented here furthermore show that the change in
style is rather abrupt across the Nordre Strgmfjord shear
zone, and thus support the interpretation by Sgrensen
(1983) and Sarensen et al. (2006, this volume) that this
structure is of crustal scale and has a significant offset — a
notion that has previously been questioned by Hanmer et
al. (1997).

It is well established in the literature that the structural
pattern of the CNO is fully attributed to Nagssugtogidian
deformation (van Gool et al. 2002). In contrast, the NNO
is currently interpreted as having only in part been affect-
ed by Palaeoproterozoic deformation, and the Nagssugto-
gidian strain is furthermore partitioned into smaller re-
gions (Piazolo et al. 2004; Mazur et al. 2006, this vol-
ume). A significant part of the deformation in the NNO
thus seems to be of Archaean age, and its overall structur-
al style defined by interference between Archaean and
Palaeoproterozoic structures. Therefore, like Mazur et al.
(20086, this volume) we suggest that the change in tecton-
ic style from south to north reflects partitioning of Nags-
sugtogidian strain. This is clearly illustrated by the small-
er and less elongate structural domains in the NNO, and
by the significant change of the general trend of both fo-
liations and lineations towards the north-eastern corner
of the study area, where we consider that the influence of
the Palagoproterozoic deformation diminishes rapidly. This
interpretation is supported by the relatively low metamor-
phic temperatures recorded by Hollis et al. (2006, this
volume) in some parts of the NNO.

It is beyond the scope of this contribution to explore
the details of the structural domains that we have out-
lined. However, three other contributions in the present
volume of Geological Survey of Denmark and Greenland
Bulletin deal with the specific nature of some of these
domains. Sgrensen et al. (2006, this volume) investigate
the character of the Nordre Strgmfjord shear zone and
adjacent areas in domains 4 and 5, Mazur et al. (2006,
this volume) focus on the partioning of structures within
domains 6, 7 and 8, and Hollis et al. (2006, this volume)
describe structures within domains 11 and 15.

Conclusions

The application of a GIS computer program enables us
to visualise large amounts of structural data in a variety of
ways. Thus, we can rapidly obtain an overview of large
datasets that are otherwise difficult to manage, and delin-
eate areas with consistent tectonic trends. Although the
methods applied here de not reveal features that are not

present in the original geological maps, they can substan-
tially facilitate the detection and description of structural
trends and variations. In addition, stereographic plots of
each of the domains can quickly be produced and ana-
lysed. In the present case, the methods greatly helped to
subdivide the central and northern Nagssugtogidian oro-
gen into distinct structural domains with specific individ-
ual characters.

The investigation of the large-scale structural trends in
the central and northern Nagssugtogidian orogen revealed
distinct changes in the tectonic style from south to north.
In the core of the orogen, the ENE-striking Nordre Strgm-
fjord shear zone from the coast to the Inland Ice forms
the most prominent feature. The tectonic character of the
orogen changes across this structure from predominantly
ENE-tending, steep fabrics in the south to large fold pat-
terns and generally flat structures in the north, with a
marked decrease in the main dip angle from c. 80° south
of the shear zone, toc. 20-40° in the north. In addition, a
significant decrease in the intensity of deformation is ap-
parent, coupled with a decreasing proportion of the strain
localised in linear belts. We interpret these patterns as re-
flecting a general northward decrease in the Palaeoproter-
0zoic tectonic overprint on Archaean structures, as well
as strain partitioning in smaller regions. Hence, some of
the structural domains in the NNO are largely unaffect-
ed by pervasive Palaeoproterozoic deformation.
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The Nordre Strgmfjord shear zone and the Arfersiorfik
quartz diorite in Arfersiorfik, the Nagssugtoqgidian orogen,

West Greenland

Kai Sgrensen, John A. Korstgard, William E. Glassley and Bo Mgller Stensgaard

The Nordre Stramfjord shear zone in the fjord Arfersiorfik, central West Greenland, consists of alter-
nating panels of supracrustal rocks and orthogneisses which together form a vertical zone up to 7 km
wide with sinistral transcurrent, ductile deformation, which occurred under middle amphibolite facies
conditions. The pelitic and metavolcanic schists and paragneisses are all highly deformed, while the
orthogneisses appear more variably deformed, with increasing deformation evident towards the supra-
crustal units. The ¢. 1.92 Ga Arfersiorfik quartz diorite is traceable for a distance of at least 35 km
from the Inland Ice towards the west-south-west. Towards its northern contact with an intensely
deformed schist unit it shows a similar pattern of increasing strain, which is accompanied by chemical
and mineralogical changes. The metasomatic changes associated with the shear zone deformation are
superimposed on a wide range of original chemical compositions, which reflect magmatic olivine and/
or pyroxene as well as hornblende fractionation trends. The chemistry of the Arfersiorfik quartz dior-
ite suite as a whole is comparable to that of Phanerozoic plutonic and volcanic rocks of calc-alkaline
affinity.

Keywords: aeromagnetic data, Arfersiorfik quartz diorite, deformation, geochemistry, Nagssugtogidian, Nordre Strgmfjord
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The c. 1850 Ma Nagssugtogidian orogen in central West
Greenland, originally defined by Ramberg (1949), is built
up ofboth Palaeoproterozoicand reworked Archaeanrocks,
and contains several prominent shear zones of Nagssugto-
gidian age (Bak et al. 1975a; Connelly et al. 2000; van
Gool et al. 2002). These are roughly ENE-WSW-trend-
ing, approximately linear zones of intensely deformed rocks
with well-developed planar and linear tectonic fabrics. The
shear zones may be up to 20 km wide and have a strike
length of more than 150 km, the approximate width of
the ice-free coast of West Greenland. One of the most
prominent shear zones, the Nordre Strgmfjord shear zone

(Fig. 1), was described in detail by Bak et al. (1975b) and
Sgrensen (1983), and is a main subject of this paper.
The Nordre Stremfjord shear zone was recognised by
previous authors as a sinistral shear zone mainly on the
basis of deflection of fabrics and lithologies. A general
observation was that open structures outside the zone be-
come closed and brought into parallelism within the zone.
This is apparent both in the field and especially so on
regional geological maps and aerial photographs. A sys-
tematic change in the orientation of planar fabrics across
the shear zone indicated that the zone is wedge-shaped in
vertical profile, suggesting that the zone narrows upwards,
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Fig. 1. A: Simplified geological map of the
Nagssugtogidian orogen. Index map of
Greenland shows the location of Fig. 1A.
Black frames, locations of the Agto map
sheet (Olesen 1984) and the inner
Arfersiorfik region investigated during field
work in 2002 (Fig. 2). B: Aeromagnetic
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of the total magnetic field intensity, nT/
m). Anticlockwise rotation of lithologies
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and along orthogonal tielines at 5 km
intervals. n'T = nanotesla (magnetic flux
density).



and conversely widens deeper in the crust. This interpre-
tation is supported by the observation that the deepest
part of the shear zone, which is exposed in the west near
the coast, is more than twice aswide as its more high-level,
eastern end near the Inland Ice (Bak et al. 1975a, b).

The western part of the Nordre Stramfjord shear zone
was mapped in detail within the Agto map sheet (Olesen
1984). Inthispaperwe reportan investigation of itseastern
part, conducted in 2002 in the inner part of the fjord
Arfersiorfik.

Our investigations were in part intended to resolve con-
flicting interpretations of the nature of the shear zone.
Although all previous published work on the shear zone
had reached similar conclusions regarding its magnitude
and structural character, a different hypothesis was pre-
sented in a subsequent reconnaissance study by Hanmer
et al. (1997a, b), who re-interpreted the pre-existing data
and purported that the shear zone was smaller than pre-
viously mapped and accommodated less lateral displace-
ment than previously accepted. Our premise was that de-
tailed field work aimed at resolving the spatial relation-
ships of structural elements, rather than relying on pre-
viously collected data, would expand our knowledge of
the characteristics of the shear zone and would enable rig-
orous testing of the two previous hypotheses.

The early work (Bak et al. 1975a, b; Sgrensen 1983)
showed the shear zone to be a large-scale synmetamor-
phic, sinistral transcurrent zone with a distinct wedge shape
in its western, syn-granulite facies part. In that area, the
shear zone is ¢. 15 km wide. It was also suggested that the
shear zone deformation occurred simultaneously with
large-scale metasomatism (Sgrensen & Winter 1989). Pri-
or to the present study, the general outline and extent of
the Nordre Stremfjord shear zone between the Agto map
sheet and the Inland Ice was drawn by Bak et al. (1975b)
and Sgrensen (1983), based on work by Henderson (1969)
and interpretation of aerial photographs. Now, the extent
of the zone of high strain between the coast and the Inland
Ice can be demonstrated to correlate with anticlockwise
rotation of lithologies into the shear zone, which is clearly
visible on a new aeromagnetic data set (Nielsen & Ras-
mussen 2004). The age of the shear zone seems to be brack-
eted by the 1.85 Ga age of regional metamorphism (Hick-
man & Glassley 1984; Connelly et al. 2000) and postkin-
ematic pegmatite ages of 1.76 Ga (Connelly et al. 2000;
Stendal et al. 2006, this volume). Apart from the shear
zone, the area we investigated in 2002 also encompasses a
major part of the Arfersiorfik quartz diorite (AQD), first
observed by Noe-Nygaard & Ramberg (1961) and later
described by Henderson (1969). The latter author visited
the area in connection with reconnaissance work leading

to the publication of the 1:500 000 scale geological map
Nussuaq — Sgndre Strgmfjord (Escher 1971). The Arfer-
siorfik quartz diorite was subsequently studied by Kals-
beek et al. (1984, 1987) and Kalsbeek (2001), who inter-
preted it as a subduction-related calc-alkaline intrusive
suite and obtained an age of intrusion of 1.92 Ga (see also
the section on petrology).

Along its shores, the Arfersiorfik fjord system offers
excellent exposures of the shear zone and its surround-
ings. The authors spent three weeks in the region in the
summer of 2002, conducting their investigations from a
single camp with transport by inflatable dinghy, supple-
mented by half a day’s helicopter reconnaissance in the
area between inner Arfersiorfik and the Inland Ice. The
area covered during the field work is shown in Fig. 2. The
main aims of the field work were to investigate the shear
zone in the inner part of Arfersiorfik and to investigate
the relationships between the shear zone and the Arfer-
siorfik quartz diorite; as can be seen from Fig. 2, the shear
zone constitutes the northern boundary of the AQD for a
distance of at least 35 km between the Inland Ice and
inner Arfersiorfik. Laboratory investigations of the approx-
imately 110 samples collected during field work have not
yet been finalised, and this account is therefore of prelim-
inary nature.

A transect through the shear zone

The lithology and structure of the shear zone are illustrat-
ed by way of a schematic profile covering the area between
Akunnaaq and Sarfaarsuk (Fig. 3), a distance of ¢. 8 km,
corresponding to a distance of ¢. 7 km as measured per-
pendicular to the shear zone trend. The shear zone is ex-
pressed by two principal characteristics: lithological units
are all planar and vertically oriented, and the lithological
variability per unit length across strike is much more pro-
nounced than in the surrounding rocks north and south
of the zone. In the field, these features are best displayed
along the eastern shore of the small fjord Orlerfik (Fig.
2). Lithologically, the shear zone can be described as a
succession of supracrustal schist and gneiss units alternat-
ing with siliceous and intermediate orthogneisses of the
AQD. The profile of Fig. 3 is described in the following
from south to north. Further details about the AQD are
described in a later section.

To the south of the shear zone (within the area of investi-
gation, Fig. 2) the AQD is seen to rest with low-angle
boundaries on siliceous gneisses, often with an interven-
ing screen of schist. We agree with van Gool et al. (1999)
that this surface is of tectonic, probably thrust or ductile
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thrust nature. Farther to the south, in the area between  the northern limb of the northernmost synformal struc-

the heads of Nordre Stramfjord and Arfersiorfik, a thin
(up to 500 m) sheet of AQD with tectonic contacts oc-
curs with Archaean siliceous gneisses both above and be-
low the AQD sheet (the Ussuit unit; Manatschal et al.
1998; van Gool et al. 1999). The geometry of this bound-
ing surface is interpreted as outlining a series of folds. Only
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ture is contained within the composite profile of Fig. 3.
Folding of the AQD was observed by Henderson (1969)
and later elaborated upon by Passchier et al. (1997) and
van Gool et al. (1999). At the localities outside the shear
zone where the AQD can be seen in contact with the struc-
turally underlying siliceous gneisses (localities 01702,
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Fig. 3. Schematic profile A-B through the Nordre Stramfjord shear zone in the inner Arfersiorfik from Akunnaaq in the south to Sarfaarsuk in the
north (Figs 2, 7). Localities and lithologies have been projected onto the profile plane along the strike direction of the shear zone. Locality
numbers mentioned in the text appear beneath the profile. For colour code, consult caption to Fig. 2.
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Fig. 4. Siliceous gneisses between localitiess 17701 and 02702 (Figs 2-3) illustrating progressive deformation towards the first supracrustal unit.
A: Coarsely banded biotite gneiss, loc. 17701 (knife 10 cm long). B: Finely banded gneiss with generally steeply oriented foliation, but apparently
variable deformation intensity at outcrop scale, loc. 02701 (compass 10 cm long). C: Extreme planar fabric and fine-scale layering in siliceous
gneiss near the first supracrustal schist unit, loc. 02702. D: Detail from the same locality with lenticular ultramafic inclusions (knife 10 cm long).

01704, 03706, 05701, Figs 2, 3), the contacts are all tec-
tonised, and with a well-developed, folded planar fabric.
Original intrusive features have been obliterated except at
loc. 05702 (Fig. 2), where xenoliths of pelitic schist can
be seen within the AQD, clearly indicating intrusion of
the quartz diorite into a pre-existing metamorphosed sed-
imentary sequence.

From loc. 01702 (Fig. 3) and towards the north, sili-
ceous gneisses become progressively more deformed and
contain an increasing amount of granitic material. For a
distance of almost 1 km to the south of the firstsupracru-
stal schist unit, the gneisses display a subvertical planar
fabricandcontain abundantlayersof leucocratic, in places

pegmatitic, material. These gneisses appear highly strained.
The transition within these gneisses, from 01701 to 02702
(Fig. 3), is the best exposed transition zone developed in
siliceous gneisses in the area that we have visited. The struc-
tural development of these gneisses is illustrated in Fig.
4A-C.

The first supracrustal unit (Fig. 3) comprises a predom-
inant lithology of mafic schists with calc-silicate and ul-
tramafic lenses. Pelitic schists are subordinate. At locality
08703, a second thin supracrustal unit of pelitic schist
(thickness 25 m) occurs along the boundary to the AQD.
The gneisses to the north of the first supracrustal unit
contain abundant layers of homogeneous amphibolite,

149



with locally preserved discordant relationships to the host
gneiss structures. These discordant amphibolites were
undoubtedly originally dolerite dykes. Farther to the north,
the gneisses are nearly devoid of amphibolites and are char-
acterised by wavy and folded migmatitic structures with-
out the pronounced planar fabric seen in the gneisses ad-
jacent to the first supracrustal unit.

The contact between the second supracrustal unit and
the AQD is vertical. Coarse-grained segregations of gra-
nitic pegmatite in the schist appear to be smeared out and
pulled apart. The AQD near this contact is syntectonical-
ly recrystallised and displays layering on a centimetre scale.
The AQD farther to the north of the contact becomes
relatively coarse grained and in places preserves unde-
formed magmatic structures (see a later section with more
details on the petrology of the AQD). These relatively
coarse-grained AQD rocks become progressively tecton-
ised towards the north, developing a very pronounced L-
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Fig. 5. Arfersiorfik quartz diorite. A: Coarse-
grained metamorphosed quartz diorite with
pervasive linear fabric. A minor dextral shear
zone deforms the linear fabric (compass 10
cm long). B: Extreme linear fabric developed
in AQD close to its northern boundary
(‘pencil gneiss’; knife 20 cm long).

tectonite fabric. Pegmatite sheets also become abundant,
and the AQD itself becomes progressively more leuco-
cratic. Henderson (1969 p. 7) describes this transition with
these words: “In the inner part of Arfersiorfik a zone of
basic gneiss of a type not found elsewhere in the area was
encountered. This is a hornblende gneiss rich in micro-
cline. It contains numerous pegmatites”, and further, “A
large folded quartz diorite body dominates the inner part
of Arfersiorfik ... On its northern side it is in contact with
the hornblende gneiss rich in microcline mentioned pre-
viously” (Henderson 1969, p. 11). We interpret the “horn-
blende gneiss rich in microcline” as the northernmost,
most highly deformed (and most chemically altered) equi-
valent of the much less deformed and more igneous ap-
pearing AQD to the south of the shear zone. Neverthe-
less, the AQD to the south of the shear zone is in most
places also a tectonite; a mineral lineation is nearly always
present in the rock. Textures viewed on sections perpen-



Fig. 6. Pelitic and mafic schists from
supracrustal unit near the Inland Ice visited
during helicopter reconnaissance, loc. 15705
(Fig. 2). A: Two-mica sillimanite schist with
abundant ‘winged’ feldspar blasts indicating
sinistral sense of shear. Long dimension of
photo ¢. 75 cm. B: Amphibolitic schist with
boudins of garnet-bearing ultramafic rock
(hammer c. 50 cm long).

dicular to the lineation appear igneous, while a pronounced
tectonic lineation is seen in other orientations (Fig. 5).
The transition from the more magmatic appearing AQD
to the “hornblende gneiss rich in microcline” is gradual,
and the continuity of these rocks is evident on either side
of Arfersiorfik.

Between the third and fourth supracrustal units sili-
ceous gneisses of varying heterogeneity and apparent de-
gree of shear zone deformation occur, all with a vertical
planar structure. Basic inclusions are common in this
gneiss unit.

The fourth supracrustal unit as exposed on the eastern

shore of Orlerfik is a lithologically variable assemblage of
pelitic schists and gneisses, amphibolitic schists, and calc-
silicate gneiss. Overall, the rocks appear highly deformed.
The pelitic rocks typically contain numerous layers and
lenses of pegmatitic material up to 8 m thick. Cordierite
was observed in the schists, and a lens of tourmalinite was
also found. Near the Inland Ice, atloc. 15703 (Fig. 2),acen-
timetre-thick marble layer, the only occurrence of marble
seen during field work, was observed in a pelitic schist
thought to be the merged equivalent of the third and
fourth supracrustal units at Orlerfik.

The gneisses between the fourth and fifth supracrustal
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units are quartzofeldspathic. A rather homogeneous, gra-
nitic orthogneiss 1 km wide occurs immediately to the
north of the fourth supracrustal unit. It contains a few
mafic inclusions which appear to be metadolerites. This
gneiss, although foliated, has not developed the typical
shear zone fine layering, and it is clearly an orthogneiss.
Towards the north, quartzofeldspathic gneisses with nu-
merousgranitic layersand bandsform the boundary towards
the fifth supracrustal unit. The finely banded shear zone
planar structure is developed in places. The gneisses
between the fourth and fifth supracrustal unit thus ap-
pear to be progressively deformed towards the north.

The fifth supracrustal unit is well exposed at Orlerfik
and along the western shore of the Nuussuaq peninsula.
On Nuussuag, this unit forms an elongate ridge of strongly
rusty weathering rocks. In fresh exposures in the tidal zone,
the rusty weathering rock can be seen to be a fine-grained
graphite- and sulphide-bearing darkish grey gneiss. In this
unit, finely banded amphibolitic schists are prominent,
along with pelitic sillimanite-bearing schists. Calc-silicate
rocks are seen as well, as also described by Henderson
(1969). Pegmatitic layers are abundant. We were unable
to confirm the marble layer occurring on the western half
of the Nuussuaq peninsula on Henderson’s (1969) map.
We found, instead, a complex of light-coloured, in some
places greenish, anthophyllite-phlogopite-diopside-bear-
ing metamorphosed ultramafic rocks.

It appears that all the supracrustal units, although struc-
turally continuous, change lithologically along strike, con-
sisting of various combinations of pelitic schists and gneiss-
es, graphite-sulphide gneisses, calc-silicate rocks, mafic
schists and ultramafic lenses. In all the supracrustal units
deformation appears to be intense. Both pelitic and mafic
rocks are finely schistose (Fig. 6). Ultramafic and skarn
lenses may be rather massive and homogeneous, but they
are small in size and volumetrically minor. Overall, the
supracrustal units are schistose throughout, and differ in
this way from the intervening siliceous gneisses, which
are heterogeneously deformed on a 100 m scale.

To the north of the fifth supracrustal unit only scat-
tered exposures of gneiss are found at Orlerfik. Along sev-
eral localities near the northern boundary of the shear zone,
at Orlerfik and along the south coast of Tunertog, a ho-
mogeneous, hornblende-bearing orthogneiss is encoun-
tered. In places it is reminiscent of the AQD. Farther north
of the shear zone in the area around Sarfaarsuk, gneisses
with a complex history occur, as indicated by several gen-
erations of granitic and pegmatitic veins and layers, and
mafic and ultramafic layers and lenses. At locality 12702
(Fig. 2), a number of mafic layers are clearly folded meta-
dolerites, and at this locality it can be seen how new layer-
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ing develops concomitantly with deformation. Along this
layering the thin metadolerites can be seen to be displaced,
and it seems evident that new layering develops in the
siliceous gneisses at small angles to the older layering.
Without the metadolerites it would be impossible to dis-
criminate between new and old layering.

Aeromagnetic data

The entire Nordre Stremfjord shear zone and adjacent
areas are covered by regional aeromagnetic data (Figs 1B,
7) acquired during the project Aeromag 1999 (see text to
Fig. 1B and Rasmussen & van Gool 2000). The aeromag-
netic map proved very useful for delineation of lithologies
and structures in the field, and in general there is a very
clear correlation between observed surface geology and
the aeromagnetic anomaly patterns.

The Arfersiorfik quartz diorite is associated with a vari-
able magnetic signature. The best exposed part of the AQD
is located in inner Arfersiorfik just north of Polonia Glet-
scher (Fig. 7). This part is denoted the core zone of the
AQD complex and is characterised by a distinct positive
anomaly (300-490 nT). Here an unusually large amount
of magnetite was found, both as millimetre-scale magne-
tite needles and as magnetite grains 1-3 cm large. A pro-
nounced decrease in the magnetic intensity of the AQD is
observed just north-west of the core zone. The magnetic
signature of the AQD changes towards the shear zone,
where the fine-grained, pegmatite-bearing and strongly
linear AQD (the ‘pencil gneiss’) that forms the northern-
most 1-2 km of the body exhibits strong negative ano-
malies. These changes in magnetic signature appear to
reflect metamorphic and metasomatic processes associat-
ed with the shear zone development. The demagnetising
effects reflect the formation of titanite and biotite at the
expense of Fe-Ti-oxides, which is synchronous with shear
zone evolution. Detailed thin section observations show
that the modal abundances of titanite and magnetite/il-
menite are strongly negatively correlated. Comparison of
titanite-rich samples and magnetite/ilmenite-rich samples
with the vertical gradient of the magnetic anomaly field
(obtained from the map shown in Fig. 7) shows that the
titanite-rich samples consistently occur within negative
changes in the gradient, while the magnetite/ilmenite-rich
samples occur within positive gradients. Further work is
underway to evaluate the reliability of this correlation.

In general, the supracrustal schist units are associated
with negative anomalies in the total magnetic field inten-
sity. Within the shear zone, the schist units are character-
ised by pronounced, linear short-wavelength negative ano-
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Fig. 7. Total magnetic field intensity map of the study area. A, Akunnaag; KS, Kangimut Sammisog; B, magnetic high coinciding with the
orthogneisses between the fourth and fifth supracrustal units; C-D, lithological boundary between siliceous gneisses and supracrustal schists; E,
possible magnetic expression of merged fourth and fifth supracrustal units. The position of the camp site used during the field work is shown with
a tent symbol. Compare the magnetic patterns with the mapped geology on Fig. 2 (white frame), shown at the same scale. nT: nanotesla, a unit

of magnetic flux density.

malies (=150 to —300 nT). At Kangimut Sammisoq (KS
on Fig. 7) and towards the west-south-west the AQD and
juxtaposed schists form a coherent negative anomaly,
which can be traced for a considerable distance towards
west-south-west into the Agto map sheet area (Olesen
1984). Within the latter area the anomaly reflects supra-
crustal rocks only. The negative anomalies of the supra-
crustal schists probably reflect the absence of Fe-Ti oxides
and the abundance of iron sulphides and graphite, which
yields a weak magnetic response.

In general, gneiss lithologies in the area are expressed
as positive magnetic anomalies. Because of their greater
volume, the gneisses are associated with broader wave-
length anomalies than the supracrustal units. However,
the shape of the anomalies associated with the gneiss units
within the shear zone are of short wavelength and elon-
gate (Fig. 7). Where a significant strain gradient in the
siliceous gneisses is observed, e.g. northwards from Akun-
naaq along the western shore of inner Arfersiorfik (from
loc. 01702 to 02702, Fig. 3), this transition is not visible
in the magnetic field (A on Fig. 7). In general, it appears
that even large changes in strain adjacent to and within

the shear zone do not have a clear magnetic signature in
the siliceous gneisses. While the magnetic lows associated
with supracrustal units are in general persistent along
strike, the highs associated with the siliceous gneisses in
places outline lenticular structures, the most obvious ex-
ample being the magnetic high which can be seen to co-
incide with the orthogneisses between the fourth and fifth
unit (B on Fig. 7).

The general map structure

Although we have not carried out regional mapping, some
map scale observations follow from our work. From the
Inland Ice and for a distance of at least 35 km towards the
south-west (i.e. in the area between the Inland Ice and the
bend of Arfersiorfik towards south-east west of Nuussuag),
the AQD is bounded to the north by the shear zone, and
probably with a continuous screen of supracrustal schists
along its northern boundary. Towards this bounding schist,
the AQD becomes progressively deformed, developing a
pronounced linear fabric and undergoing a number of
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mineralogical changes, described below. These mineralo-
gical changes are reflected in a change in magnetic signa-
ture. The change is less dramatic to the east of Arfersior-
fik than it is to the west of the fjord, and this signature
can be followed from the fjord to the Inland Ice and be-
neath the ice for at least another 30 km. Based on aero-
magnetic data covering the entire Greenland including
the Inland Ice, Nielsen (2004) and Nielsen & Rasmussen
(2004) suggest a 125 km eastward extension of the AQD
beneath the ice.

The outcrop pattern and orientations of the boundary
between the AQD and the structurally underlying schists
and gneisses are in accord with a structural model involv-
ing relatively open folding, as marked on Fig. 2. On Hen-
derson’s (1969) map, a ‘tongue’ of siliceous gneisses projects
from the eastern shore of the fjord 20 km eastwards into
the AQD. During helicopter reconnaissance by us, this
eastward-reaching gneiss was nowhere to be seen. Along
the shores of Arfersiorfik, there is an antiformal closure of
AQD over siliceous gneisses with an intervening schist
screen, but this cannot extend inland for more than 2 km.
The entire triangular area bounded by Arfersiorfik, the
shear zone, and the Inland Ice is most likely only under-
lain by AQD. The map pattern west of inner Arfersiorfik
differs from the pattern described above. Along the shore-
line south of Kangimut Sammisoq the southern bound-
ary of the AQD is vertical, and south of the boundary,
gneisses and the schists of the first supracrustal unit are
also vertically oriented and possess a well-developed pla-
nar shear zone fabric. We interpret this difference in map
pattern as reflecting intersections with the shear zone
boundary at two different levels.

Petrology

Arfersiorfik quartz diorite

The Arfersiorfik quartz diorite was first mapped in the
study area by Henderson (1969), who noted that it varies
from a homogeneous, coarse-grained igneous rock in its
central region which lacks evidence of deformation, to a
compositionally banded gneiss near its margins. Further
work by Kalsbeek et al. (1984, 1987) and Kalsheek (2001)
supported the general descriptions of Henderson and
provided a considerable body of evidence regarding the
age and chemical composition of the body. Our observa-
tions expand on these earlier results.

Within the ‘greater AQD igneous complex’ we have
observed a number of lithologies indicative of a complex
igneous history (Fig. 8). At loc. 01703 (Fig. 2) we ob-
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served a locally developed layered cumulate sequence (Fig.
8A) in gradational igneous contact with quartz diorite that
contains blocks of more mafic igneous rocks. The cumu-
late sequence consists of numerous cycles of pyroxene-oli-
vine cumulate layers grading into plagioclase-pyroxene
anorthositic layers. This rhythmic layering grades upward
into massive dioritic and quartz-dioritic rocks that con-
tain plagioclase-porphyritic mafic xenoliths. At the same
structural level, but farther north at loc. 08704, mafic
enclaves (Fig. 8B) occur within leucocratic quartz diorite.
In places, these enclaves contain plagioclase-porphyritic
xenoliths similar to those observed at loc. 01703. We in-
terpret these enclaves to be evidence of mixing of mag-
mas, similar to that reported for other igneous bodies (e.g.
Gagnevin et al. 2004; Healy et al. 2004; Janousek et al.
2004). The presence of both cumulate rocks and mixed
mafic magmas at approximately the same structural level
suggests that these sites represent the lower levels of the
igneous complex that makes up the AQD suite.

At loc. 13705 clear evidence of at least two separate
magmas in an undeformed state is preserved, with a later
diorite exhibiting well-developed chilled margins against
an earlier quartz diorite (Fig. 8D). Whether this implies
that the AQD is actually a collection of numerous smaller
intrusions or a major igneous body with local, small and
rare later intrusive phases can only be resolved with more
detailed field work. At loc. 18702 (Fig. 2) we have also
observed a finely banded rock, apparently developed by
extreme deformation of a sequence of pillow lavas (Fig.
8D). This latter occurrence was found close to the north-
ern boundary of the AQD and may represent the upper
part of the ‘greater AQD igneous complex’. Within the
thin sheet of AQD to the south of the localities that we
examined, an occurrence of metavolcanic rocks was repor-
ted by Manatschal et al. (1998), which supports the in-
terpretation that exposures of the AQD suite represent a
variety of deep to near-surface original positions.

In thin section, the mineralogy of the AQD suite is
invariably modified by metamorphic recrystallisation. Tex-
tural features suggest that the AQD originally consisted
of hornblende and pyroxene diorites and quartz diorites.
In those rocks with primary pyroxenes, the ortho- and
clinopyroxenes are partially to completely recrystallised to
intergrowths of plagioclase, hornblende, quartz, magne-
tite, ilmenite and sometimes biotite. In instances where
the pyroxene is completely replaced by amphibole, the
amphibole is densely filled with inclusions of magnetite/
ilmenite. In the hornblende diorites and quartz diorites
the original igneous amphiboles are generally inclusion-
free and tend to have more brownish pleochroic colours.
In some cases, plagioclase crystals exhibit well-preserved



Fig. 8. Extent of lithological variation within the ‘greater Arfersiorfik quartz diorite complex’. A: Igneous layering at loc. 01703 (Fig. 2), where an
assemblage of undeformed cumulates and related rocks from the AQD suite is set in a host of tectonised (lineated) AQD (pencil ¢. 15 cm long).
B: Igneous textured AQD with hornblende-rich pods indicating fractionation or magma mingling. Observe light grey xenolith within horn-
blende rich phase immediately north-east of centre of photo (fist for scale). C: Dark coloured igneous rock (left) chilling against lighter coloured
rock (right), loc. 13705 (Fig. 2; compass 10 cm long). D: Part of a pegmatite sheet (right) within a banded amphibolitic rock (left) interpreted as
strongly deformed pillow lava (hammer handle ¢. 50 cm long).

igneous oscillatory zoning, but usually this is partially to
completely replaced by metamorphic zoning. Cumming-
tonite-hornblende intergrowths are relatively common and
are identical to similar features described from dioritic
rocks affected by amphibolite facies metamorphism in
other parts of the world, e.g., Tanzania (Haslam & Walk-
er 1971), USA (New Hampshire, Brady 1974; the Grand
Canyon, Clark 1978), and Australia (New South Wales,
Stephensen & Hensel 1979). Recrystallisation of the AQD
occurred within middle to upper amphibolite facies, as
indicated by the hornblende-biotite-plagioclase + garnet

association, the instability of ortho- and clinopyroxene
with amphibole, and the development of cummingtonite-
hornblende intergrowths.

The chemical variability of the AQD suite (Fig. 9) is
typical of that of other calc-alkaline igneous complexes,
as noted previously by Kalsbeek et al. (1987) and Kals-
beek (2001) who demonstrated similarities between these
rocks and the Sierra Nevada batholith. Including their
data, we have expanded the comparison to that of the
Cascades of Washington State, USA, the Mt Lassen com-
plex of California, and the southwest Pacific island arc
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Fig. 9. AFM diagram comparing Arfersiorfik quartz diorite chemistry
(including the large boulder samples labelled ‘LB’) to that of other
calc-alkaline systems. The trend for the Skaergaard igneous complex
is shown for comparison. Mt Stuart data from Erikson (1977). All
other trends from Best (1982). The sample labelled M-AQD is the
mylonitised quartz diorite sample mentioned in the text.

system. The compositional range of the AQD suite is large,
varying from ultramafic (within the cumulate complex)
to quartz-dioritic and quartz-monzonitic. The composi-
tional evolution of the magma appears to have been con-
trolled by crystal fractionation of olivine and/or pyroxenes
when the cumulates were forming, but eventually reach-
ing the stage where hornblende fractionation dominated
the chemical evolution of the magma (Fig. 10). The one
sample that deviates from these trends is labelled M-AQD.
This is a fine-grained biotite-plagioclase-quartz mylonite
produced by local granulation of coarse-grained AQD.
Further study of this sample is underway to understand
the controls on this alteration process.

We noted that in the near vicinity of the Nordre Strem-
fjord shear zone chemical modification of the AQD ap-
pears to be significant. Development of K-feldspar-rich
mineral assemblages is common, and often accompanied
by the association calcite-titanite. These rocks occur in
the same region in which Henderson (1969) noted the
presence of K-feldspar-rich gneisses. The magnitude, ex-
tent and significance of these chemically unusual rocks
are under investigation. Metasomatism at the AQD mar-
gin and minor shear zones within the AQD were descri-
bed by Kalsheek et al. (1987).

Included in Figs 9, 10 are four analyses (labelled LB)
from samples of large boulders in outwash from glacial
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Al-Na-K
€ AQD cumulate suite
@ AQD plutonic suite
@ AQD (Kalsbeek 2001)

Anorthite Cordierite

Hornblende
Biotite

Ca Clinopyroxene Fe + Mg

Fig. 10. ACF atomic triangular diagram showing the chemical varia-
tion in the Arfersiorfik quartz diorite based on our data (including the
boulder samples LB and data reported by Kalsheek 2001). Red sym-
bols, samples collected within cumulate localities. Blue and green sym-
bols, collected by us and Kalsbeek (respectively) from the non-layered
igneous complex. Note the kink in the trend of chemical evolution
and the overlap between the non-layered and cumulate rocks of the
Arfersiorfik quartz diorite. Red arrowed line, the trend of magmatic
evolution implied by the cumulate samples, reflecting fractionation of
some combination of olivine and/or orthopyroxene with clinopyrox-
ene in the most primitive cumulate suite. Blue arrowed line, that suite
of samples for which chemical variability can be ascribed to horn-
blende fractionation. Yellow box: outline of the range of likely horn-
blende compositions. M-AQD, mylonitised quartz diorite sample
mentioned in the text.

deposits, collected several hundred metres east of our camp
(see Fig. 2). In the field, the samples bear striking similar-
ity to AQD lithologies. As is evident from the figures,
these rocks are chemically indistinguishable from the AQD
suite, supporting evidence from aeromagnetic data dis-
cussed above that the AQD extends under the ice for some
distance.

Late garnet granite

The southernmost samples collected (loc. 13704, Fig. 2)
are from a site at which peraluminous garnet granite ex-
hibits classic intrusive relationships into granodioritic to
quartz-dioritic gneisses of the AQD. This granite contains
stoped blocks of gneisses within the upper 30 m of its
upper boundary zone (Fig. 11), and dykes and sills from
the granite invade the gneiss. The granite itself contains



Fig. 11. Peraluminous garnet- and muscovite-bearing granite at loc. 13704 (Fig. 2) intruding into Arfersiorfik quartz diorite and interpreted as
the roof zone of a pluton with rafts of country rock and sheets of granite above. Looking north-north-east. Height of section ¢. 150 m.

delicate, primary muscovite rosettes and myrmekitic inter-
growths with no evidence of deformation. The intrusive
relationships and the preservation of delicate primary
igneous structures suggest that the granite invaded post-
kinematically, and that it could provide excellent samples
for establishing a minimum age for the time of cessation
of tectonic activity in the region.

Late stage, low-grade metamorphism

A suite of samples from the AQD in the region south of
the Nordre Stremfjord shear zone contain postkinematic
mineral assemblages of the prehnite-pumpellyite and lower
greenschist facies overprinting the higher grade metamor-
phic mineral assemblages that define the amphibolite facies
metamorphism. This late-stage, low-grade metamorphism
is associated with brittle fracturing and veining, and local
piemontite and base metal mineralisation. The timing of
this low-grade metamorphism remains unresolved.

Strain variation within the Nordre
Strgmfjord shear zone

Earlier work within the Agto map sheet (Fig. 1; Bak et al.
1975b; Sgrensen 1983) concluded that the Nordre Stram-
fjord shear zone reflects sinistral transcurrent movement.
Itwasalso concluded from the fanning ofplanar structures
that the shear zone is wedge-shaped within the Agto map
sheet. The present work has shown that in the inner part
of Arfersiorfik such fanning is not obvious, perhaps because
the zone here is only half as wide as near the coast in the
Agto map sheet area. The planar structures within the
shear zone are vertical (Fig. 3) with an extremely limited
variation of dips (Fig. 12), and linear structures are hori-
zontal. The justification for drawing the schematic pro-
file (Fig. 3) with vertical lithological boundaries through-
out the shear zone is evident from the stereograms of Fig.
12.

The horizontal orientation of linear structures is also
in accordance with a horizontal movement direction and
with the orientation of linear structures in the western
part of the shear zone (Bak et al. 1975b). The sinistral
shear sense, already inferred by Bak et al. (1975b) and
further discussed and analysed by Sgrensen (1983), is ob-
vious from the large-scale anticlockwise rotation seen in
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the aeromagnetic data (Figs 1, 7). Small-scale shear sense
indicators confirm this pattern (Fig. 6). They do not oc-
cur abundantly, and as the large-scale features of the en-
tire shear zone from the coast to the Inland Ice leave no
doubt about the sinistral nature of movement, we have
made no systematic investigations of small-scale shear sense
indicators.

It was suggested by Sgrensen (1983, fig. 14) that the
shear zone between Arfersiorfik and the Inland Ice could
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Linear structures

Fig. 12. Stereograms of planar and linear
structures from within and outside the
Nordre Stramfjord shear zone. While linear
structures (D-F) outside and within the
shear zone do not differ in orientation,
planar structures (A-C) within the shear
zone are seen to be extremely concentrated
as opposed to the wider spread of planar
structures along girdles perpendicular to
the linear structures outside the zone.
Equal area lower hemisphere projections.
Contour interval = 3% of plotted points
per 1% of stereogram area.

be divided into an central part bounded by two marginal
zones. He furthermore speculated (p. 3432) that the strain
profile at the Inland Ice was suggestive of superposition of
two mechanisms, one responsible for most of the defor-
mation in the marginal zones, and another responsible
for the major part of the strain in the central part of the
shear zone. The rotation on which this suggestion was
based is also evident, for example, on the aeromagnetic
data between labels C and D on Fig. 7, and from there



farther towards the west-south-west. Our field work dem-
onstrates that this line is in fact a lithological boundary
between siliceous gneisses and supracrustal schists. A cor-
responding boundary may be placed at the boundary
between the ‘pencil type’ AQD and the schist that we have
termed the third supracrustal unit on Fig. 3, and thus like
the northern line of rotation coincides with a lithological
boundary. Throughout the shear zone all the supracrustal
units are highly and penetratively deformed, whereas the
intervening orthogneisses are heterogeneously deformed.
Furthermore, where visited by the authors, the boundaries
to the central part of the shear zone do in fact correspond
to lithological boundaries involving supracrustal schists.
In addition, the intervening siliceous gneisses, as judged
from the aeromagnetic map, may in places form augen-
like features, as for example, immediately north of E on
Fig. 7. The eastern tip of this positive magnetic anomaly
was visited by helicopter (loc. 15702). Immediately east
of this locality the fourth and fifth supracrustal units can
be seen to be separated by a few tens of metres of siliceous
gneiss, a unit which is almost 2 km wide along Orlerfik
15 km to the west. To the east of this locality, a wide neg-
ative magnetic anomaly can be seen to underlie unexposed
ground (E on Fig. 7). We interpret this as the magnetic
expression of the merged supracrustal units four and five.
Our work in Arfersiorfik therefore suggests a model for
strain variation that is fundamentally different from the
model developed by Serensen (1983) for the western, lower
crustal and most high-grade part of the shear zone. Where
the latter model suggests continuity of lithologies from
wall to wall of the shear zone, our observations in Arfer-
siorfik indicate that adiscontinuitiesy in strain may be as-
sociatedwith boundaries between schists and orthogneisses.
It is furthermore suggested by the aeromagnetic data that
the intervening siliceous gneisses may form augen-like fea-
tures. The change in deformation mechanism suggested
by Serensen (1983) may therefore reflect ductility con-
trasts between the supracrustal schist units and the sili-
ceous gneisses and not the superposition of two different
deformation mechanisms.

Mineral occurrences

Two dominating types of mineral occurrences have been
found in the inner part of Arfersiorfik: (1) occurrences of
disseminated to massive pyrrhotite in supracrustal mica
schist units and (2) occurrences of iron sulphides in the
contact/fault zones between the AQD and juxtaposed
supracrustal units. The former type is associated with
strongly foliated amphibolite, biotite + graphite * sillima-

nite schist and paragneiss. The pyrrhotite is found either
as horizons up to 0.5 m thick or as lenticular bodies or
pods up to 1 x2 m in outcrop size. This type of occur-
rence is only found in the supracrustal rock units within
the shear zone. Similar occurrences exist west of the investi-
gated area all the way to the outer coast just north of the
mouth of Nordre Stramfjord. This occurrence type is inter-
preted as syn-genetic volcanic-associated exhalative sul-
phide deposited in a volcanic arc environment. The high-
est analytical values of gold and base metals obtained from
samples of disseminated sulphides in pelitic schist are the
following figures: 38 ppb Au, 45 ppm As, 497 ppm Zn,
3813 ppm Cu and 456 ppm Ni. All samples have elevat-
ed Mn concentrations, up to 2.9 wt% Mn. The second
type of mineral occurrence is widespread in the inner part
of Arfersiorfik, both within and outside the shear zone.
The zones hosting the sulphides are often associated with
alteration, and in many cases a high degree of silicifica-
tion is observed. It is unknown if this type is strictly epi-
genetic, caused by hydrothermal activity along the con-
tact or in the fault zones between the AQD and the mi-
nor supracrustal units, or if it is a product of hydrother-
mal remobilisation of syngenetic iron sulphides in the
supracrustal rock units. For more details and description
of mineral occurrences in central West Greenland see
Steenfelt et al. (2004) and Stendal et al. (2004).

Conclusions

Our investigations of the Nordre Stramfjord shear zone
in the eastern part of Arfersiorfik suggest that deforma-
tion and displacement at this crustal level are primarily a
function of lithology, with large displacements effected
by ductile flow in the supracrustal sequences. The large
mass of Arfersiorfik quartz diorite between Arfersiorfik
and the Inland Ice is bordered to the north by the shear
zone, probably with a supracrustal schist unit along this
boundary. The latter is indicative of the extreme defor-
mation that can be taken up in the supracrustal rocks.
Towards this boundary the tectonite fabric of the AQD
becomes further accentuated, and near its northern bound-
ary the AQD differs both chemically, mineralogically and
structurally from the AQD to the south of the shear zone.
We have both found cumulate rocks originating from near
the base of the original magmatic AQD complex and
metavolcanic rocks interpreted as belonging to its top part,
whose less deformed equivalents are most probably cov-
ered by the Inland Ice. The chemical variation of the AQD
suite is wide and comparable to that of Cenozoic calc-
alkaline igneous suites.
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Structural analysis of the northern Nagssugtogidian
orogen,West Greenland: an example of complex tectonic
patterns in reworked high-grade metamorphic terrains

Stanislaw Mazur, Sandra Piazolo and G. lan Alsop

Structural analysis of the deeply eroded northern flank of the Palacoproterozoic Nagssugtogidian
orogen shows marked regional variations in both the orientation and type of fabrics, as ischaracteristic
of Precambrian high-grade terrains subjected to polyphase deformation. Here we investigate the rela-
tionship between strain, metamorphic grade, and the resulting structural patterns. The study area
south of Aasiaat in West Greenland consists of amphibolite- togranulite-grade Archaean orthogneisses
and relatively thin supracrustal units. The regional foliation displays a WSW-ENE to SW—-NE strike
associated with steep to moderate dips towards the WNW or SSE. Lineation trends are WSW-ENE
and generally plunge gently towards the WSW. Mesoscopic fold hinges are usually colinear with the
regional lineation. A systematic change in the plunge of lineations occurs across the south-western
part of the study area. Towards the south, the lineation plunge progressively increases, despite the
generally uniform strike of foliation. This southward increase of lineation pitch is typically associated
with the transition from L > S or L = S shape fabrics in rocks characterised by a low pitch, to S > L or
S fabrics in the zone of moderate to high pitch. The structural patterns point to subdivision of the
study area into a southern domain mostly characterised by S or S > L shape fabrics and a moderate to
high angle of lineation pitch, and a northern domain showing L > S or L = S fabrics and low angles of
lineation pitch. This subdivision corresponds well with the map scale boundary between granulite
facies rocks in the south and amphibolite facies rocks farther north. The observed structural pattern
may be explained by two alternative tectonic models: (1) northward indentation of the previously
cooled granulite block into the rheologically weaker amphibolite domain, and (2) strain partitioning
within a mid-crustal transpression zone. In model 2 the northern domain represents a localised zone
dominated by strike-slip kinematics, whereas the southern domain shows evidence of mostly coaxial
shortening. Recent geochronology supports the indentator model in spite of limited available data.
Despite the details and structural complexities of the two tectonic models, the granulite and amphi-
bolite facies domains seem to form autochthonous segments of a crustal section linked by a transition-
al zone that was only reactivated and reworked during indentation or transpression. The Nagssugto-
gidian compression was effectively transferred across this zone towards the northern amphibolite do-
main that suffered penetrative deformation during the Palaeoproterozoic event. The N-S shortening
was accommodated through folding, indentation and/or strike-slip displacements, rather than by
thrusting and folding as seen south of the study area.

Keywords: deformation, GIS, Nagssugtogidian orogen, transpression, indentation tectonics, West Greenland
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gidian orogen. B: Simplified geological map of most of the study area (modified from van Gool et al. 2002a).
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Thedeeply eroded northern flank of the Palaeoproterozoic
Nagssugtogidian orogen is exposed south of Aasiaat in
central West Greenland (Fig. 1). These rocks bear record
of tectono-thermal processes that operated at mid-crustal
levels in a collisional setting and controlled the distribu-
tion of strain and metamorphic facies. The area shows a
complex structural pattern that varies significantly from
south to north. The aim of this work is to describe the
regional variation of structural elements and to investi-
gate the relationship between strain, metamorphic grade
and the orientation of deformational structures. This then
leads to the consideration of two different tectonic models,
which have been developed to account for the observed
structural pattern: (1) an indentor model proposed origi-
nally by Piazolo et al. (2004), and (2) a transpression zone
model.

The study area covers the Kangaatsiaq geological map
sheet at scale 1:100 000 (Garde 2004), mapped in 2001—
2002 by the Geological Survey of Denmark and Green-
land (GEUS; van Gool et al. 2002b). The directional and
fabric type structural data sets were analysed using Geo-
graphic Information Systems (GIS) based techniques that
proved to be a powerful tool in the investigation of com-
plex structural patterns. Some of the structural data col-
lected during this field campaign were presented by Pia-
zolo et al. (2004) to illustrate the application of GIS in a
multidisciplinary approach to survey high-grade terrains.
Our present study focuses on a more detailed analysis and
interpretation of the structural relationships of the inves-
tigated area, a high-grade Precambrian terrain affected by
more than one deformation phase, and whose interpreta-
tion is not unequivocal.

Geological setting

The study area covers over 3000 km?, and extends from
68°N-68°30" N and 52°W-53°15" W, between the fjord
of Ataneq in the south and the island of Qeqgertarsuatsiaq
in the north (Fig. 1). The area comprises the northern, c.
300 km wide exposure of the roughly E-W-trending Nags-
sugtogidian orogen (Fig. 1). In the broadest sense, this
tectonic belt resulted from a continent—continent colli-
sion between the Archaean North Atlantic Craton to the
south and an Archaean continental mass to the north (e.g.
Kalsbeek et al. 1987; Connelly et al. 2000; van Gool et al.
2002a). The orogen is generally characterised by E-W-
trending kilometre-scale folds and ENE-WSW-trending
linear belts which overprint an Archaean fabric. On the
basis of the grade of metamorphic reworking, Ramberg
(1949) and later Marker et al. (1995) distinguished south-

ern, central and northern segments of the Nagssugtogidian
orogen (SNO, CNO and NNO respectively; Fig. 1). De-
tailed structural investigations within the CNO show that
deformation in this area is dominated by thrust tectonics
(Manatschal et al. 1998; van Gool et al. 1999).

The investigated area lies within the NNO and is com-
posed of amphibolite- to granulite-grade Archaean ortho-
gneissesinterlayered with relatively thin metasedimentary
units (Fig. 1). This region is transected by major fjord
systems that allow data collection along well-exposed coast-
al sections. Reconnaissance studies (Noe-Nygaard & Ram-
berg1961; Henderson 1969; Marker etal. 1995; Kalsbeek
& Nutman 1996; Mengel et al. 1998; Connellyet al. 2000)
provided initial information on the structural style of the
study area. A comprehensive description of the structural
pattern was recently presented by Piazolo et al. (2004)
and interpreted in terms of indentor tectonics with a rigid
granulite-grade domain moving northwards into a rheo-
logically weaker amphibolite facies domain.

Although quartzofeldspathic orthogneiss dominatesin
the investigated area, the overall map pattern is governed
bydiscontinuous NE-SW-trending supracrustal belts (Fig.
1). These 2-3 km thick sequences comprise several dis-
tinct lithological types: (a) monotonous, garnet-bearing
quartzofeldspathic paragneiss locally containing subordi-
nate mafic volcanic and metapelitic intercalations; (b)
pelitic to semipelitic schist with or without garnet and
sillimanite, including thin quartzofeldspathic layers and
rarely quartzite;and(c) layered mafictointermediate meta-
volcanic successions with calc-silicate bands and/or pods.

Previous studies have demonstrated that the metamor-
phic grade of the NNO decreases northwards and is pre-
dominantly amphibolite facies, with granulite facies rocks
preserved only in the south-western corner of the study
area near the boundary with the CNO (e.g. Marker et al.
1995). The contact between these two facies is transition-
al over a distance of 10-12 km and forms a zone nearly
parallel to the strike of the regional foliation (Fig. 1). The
granulite facies gneisses are typically pyroxene-bearing and
enclose frequent melt pockets and cross-cutting veins.
Thermobarometric analyses point to a peak temperature
of 800 + 30°C at medium pressures of 6-7.5 kbar (Piazo-
lo et al. 2004). The amphibolite facies gneisses are lighter
coloured and contain fewer biotite-bearing melt veins.
They reveal peak metamorphism conditions of 650 + 30°C
at 4-5 kbar (Piazolo et al. 2004). Within the supracrustal
amphibolites, crystallisation of amphibole, usually devel-
oped along foliation planes, indicates a syntectonic fluid
flux and associated metamorphism. No relics of earlier
granulite facies assemblages are preserved in these rocks.
Thrane & Connelly (2006, this volume) carried out seve-
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Fig. 2. Examples of mesoscopic folds in the orthogneisses and metasediments of the study area. A: Main foliation S, of orthogneiss developed
parallel to the axial plane of isoclinal F, fold. B: Lithological boundaries and originally cross-cutting basic dykes folded by F, isoclinal fold and
showing extensive migmatisation. C: S, foliation folded into isoclinal folds during the same progressive D, event. D: S foliation and its subse-
quent folding accompanied by pervasive migmatisation. E: S, foliation locally folded by F, folds of variable geometry with fold axes developed
subparallel to the lineation. F: S, foliation of the orthogneiss folded by the F, fold with fold axes parallel to the lineation and S-directed
asymmetry. N, north; S, south.

166



ral laser ablation and ion probe age determinations of zir-
con from within and adjacent to the present study area.
Deformation in the south-western part of the area is con-
strained by the emplacement age of 2748 + 19 Ma for a
synkinematic granite which intrudes the orthogneiss. A
Palaeoproterozoic deposition age of ¢. 1950 Ma was ob-
tained from a metasediment within the Naternaq supra-
crustal belt (Fig. 1), and broad rims of zircons from an
Archaean sediment from Kangersuneq yielded a metamor-
phic age of ¢. 1850 Ma, suggesting that major Nagssugto-
gidiandeformationand metamorphismoccurredataround
this time. Thrane & Connelly (2006, this volume) also
obtained an age of 1837 + 12 Ma for a vertical, straight
pegmatite north-east of Kangaatsiaq trending 020° and
displaying sinistral shear along its margins, that is thought
to date a late phase of overall N-S-directed Palaeoproter-
0zoic shortening.

Characteristics of directional structures

The main foliation (S,) is axial planar to rare isoclinal F,
folds that fold lithological boundaries as well as cross-cut-
ting basic dykes (Fig. 2A). These dykes have been rotated
into parallelism with the foliation on the fold limbs (Fig.
2B). The S, foliation was itself later folded into isoclinal
folds, although this refolding may reflect the same pro-
gressive D, deformation event since no overprinting fab-
ric is associated with it (Fig. 2C). A characteristic feature
of these folds is the broad parallelism of their axial planes
to the regional foliation S,. A L, mineral lineation is de-
veloped on the foliation planes and is usually defined by a
parallel alignment of amphibole crystals and/or elongat-
ed quartz-feldspar and biotite aggregates. The lineation is
well developed in the amphibolite facies rocks but rather
weak in the granulite facies gneisses. In the transition zone
between the amphibolite and granulite domains (Fig. 1B),
no mutually cross-cutting mineral lineations were detect-
ed and no evidence for fabric superimposition was ob-
served. The L lineation is only rarely associated with kin-
ematic indicators that are commonly symmetric and must
have resulted from coaxial strain and/or a finite strain com-
bining the effects of several strain increments. Asymmet-
ric fabrics have been observed only in zones of steeply dip-
ping foliation, and typically indicate a sinistral rotational
shear component in the present-day coordinates (Fig. 3).
Restoration of the steep foliation attitude to more gentle
regional dips would result in the same indicators imply-
ing a top-to-the-west or WSW sense of shear.

The S, foliation and its subsequent folding during the
presumed progressive D, event, were accompanied by a

Fig. 3. Examples of sinistral (top-to-the WSW) kinematic indicators
in the orthogneisses of the study area. The lineation is plunging to-
wards WSW on north-dipping foliation planes. A: Sheared, asym-
metric amphibolite enclave. B: Sigmoidal K-feldspar porphyroclast.

long-lasting pervasive migmatisation. Thisis demonstrated
by thecommon occurrence of migmatite layers or patches
that are variably deformed and show mutually cross-cut-
ting relationships. Some of them are parallel to the main
foliation S, (Fig. 2D) whereas others define discordant
veins or dykes oblique to the regional fabric. Between these
two end members are a range of cross-cutting veins that
are deformed and reoriented to varying degrees. In the
metasedimentary rocks of the Naternaq (Lersletten) area,
the S, regional foliation is refolded by F, folds character-
ised by steep to subvertical fold hinges. These folds are
developed at kilometre- to centimetre-scale and, in a few
cases, map scale F, folds can be seen refolding F, (A.A.
Garde & J.A. Hollis, personal communication 2003). F,
folds are found exclusively within the metasedimentary
belts and at their contacts with the adjacent gneisses. At a
mesoscopic scale, they are represented by folds plunging
steeply towards the SE and in few cases towards the north.
A moderate to strong, SE-plunging mineral lineation is
associated with the hinges of F, folds, locally deviating
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Fig. 4. Representation of foliation trends and dip directions in the study area. GB, granulite block; TZ, transition zone; AB, amphibolite block.

from its regional trend although it remains the only line-
ation present. An S, cleavage axial planar to F, is rarely,
and only weakly, developed. Beyond Naternag, the S, fo-
liation is refolded by F, folds of variable, often complex
geometry with gently plunging fold axes developed sub-
parallel to the L, lineation (Fig. 2E). The frequency of
such folds increases northwards within the amphibolite-
grade rocks. Associated F_ axial planes are locally marked
by a subtle S, cleavage, accentuated by local mica aggre-
gates and discrete joints which cut the main S, foliation.
The distinction between F, and F, folds is primarily based
on their different geometries since they both fold the re-
gional fabric S, and are not associated with penetrative
axial cleavages or intersection lineations. The hinges of F,
folds are relatively steep and oblique to the regional linea-
tion, whereas F, axes are gently inclined and run parallel
to the lineation L . The F, mesoscopic folds are frequent-
ly asymmetric with fairly uniform SSE vergence in the
area south and west of Kangaatsiaq (Fig. 2F).
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Orientation of directional structures

On the map scale, the regional foliation displays a WSW-
ENE to SW-NE strike associated with steep to moderate
dips towards the NNW or SSE (Fig. 4). Shallow-dipping
foliations (< 30°) are rare and randomly distributed
throughout the study area. Their variable directions sug-
gest that they are associated with the hinge zones of F,
folds developed at different scales (Fig. 4). Moderately and
steeply dipping foliations show a distinctly discrete group-
ing within the investigated area. The former predominate
in the south-eastern corner of the area, corresponding with
the granulite-grade block, whereas the steeply dipping
foliations are developed in its central part, forming a wide
belt along Tunorsuaq (Fig. 4). This belt coincides with a
transition zone between the granulite and amphibolite
facies domains and partly with the south-eastern margin
of the latter (see Figs 1, 4). The strike of foliation dipping
steeper than 30° remains fairly consistent throughout the
area, while the dip direction varies only in the case of sub-



Fig. 5. Attitudes of foliation S, and
stretching lineation L, in the northern
amphibolite facies block (A, C), and
southern granulite facies block (B, D). The
positions of the poles to the foliation girdles
and maximum of lineation measurements
are indicated in stereoplots A, B and C, D,
respectively.

Lineation

<4 Lineation maximum 245/05

vertical planes (> 60°). On stereoplots, the poles to folia-
tion are scattered along a regular girdle produced by the
F, folds (Fig. 5).

In the southern granulite facies block the vast majority
of foliation measurements cluster in one maximum, sug-
gesting that late folding is insignificant or absent in this
area (Fig. 5). This maximum corresponds to the foliation
dipping moderately to steeply towards the NNW, while
the axis of the foliation girdle plunges gently to the WSW
at 20°. In the northern, amphibolite facies block meas-
urements are more evenly distributed along the foliation
girdle, providing evidence for the regional importance of
F, folding (Fig. 5). In contrast to the southern block, the
stereographic girdle axis is almost subhorizontal. Although
the foliation patterns in the southern and northern blocks
are fairly similar, a striking difference occurs within the
latter between the rheologically competent orthogneisses
and relatively incompetent supracrustal formations (Fig.
6). The orthogneisses reveal a regular girdle perfectly con-
trolled by a cylindrical geometry of the F, folds. In con-
trast, the less competent supracrustal rocks display a pro-
nounced foliation scatter, reflecting a complex interfer-
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ence between the effects of the (possibly noncylindrical)
F, and F, folding.

The lineation trends WSW-ENE over the whole study
area, and frequently plunges gently towards the WSW (Fig.
7). Shallow lineations (< 15°) are concentrated in the
northern and central parts of the investigated area (Fig.
7), and commonly coincide with the subvertical foliation
within the amphibolite facies block and the associated tran-
sition zone towards the granulite facies block. Conversely,
lineations plunging steeper than 15° group largely in the
south-gastern corner of the area, corresponding with the
granulite block, and show mostly WSW-directed plung-
es. Mesoscopic F, fold hinges are usually colinear with the
regional lineation, and this is also the case at the larger
scale since the lineation maxima are located near the pole
of the foliation girdle on stereoplots (cf. Fig. 5). In the
amphibolite facies block, the lineation is shallow and rel-
atively well grouped in the maximum representing the
subhorizontal WSW-ENE trend. A significant scatter
occurs only in the Naternaq area, which is displayed on
the map by relatively steeply plunging lineations (Fig. 7)
and on stereoplots by data distribution along a small cir-
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cle (Fig. 5). A dispersal of lineation measurements is pro-
duced in that area by steeply plunging F, fold hinges whose
orientation corresponds to the centre of a small circle de-
fined by the scatter of the lineation (Fig. 5). Two different
small circles can be delineated on the stereoplot (Fig. 5)
based on the lineation scatter. One is centred at the orien-
tation of F, hinges steeply inclined to the SE that are rel-
atively frequent as mesoscopic structures. The second is
developed around the nearly vertical north-plunging F,
hinges rarely found in the outcrops but probably impor-
tant at the map scale. The lineation scatter induced by
the F, folding is very clear in the supracrustal rocks, where-
as it is almost absent in the orthogneisses (Fig. 6). This
relationship is consistent with the field observation that
the F, folds are developed almost exclusively in the meta-
sediments. In the southern block the lineation is slightly
steeper than in the north and shows a mean plunge of c.
20°. Its maximum is more diffuse than in the amphibo-
lite-grade block and more lineations are relatively steep (>
15°). Nevertheless, the average lineation trend defined by
the position of maxima on stereoplots is exactly the same
for the amphibolite and granulite facies domains (Fig. 5).

In order to better understand the geometric relation-
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SUPRACRUSTAL ROCKS

Fig. 6. Attitudes of foliation (S,) and
stretching lineation (L,) in the orthogneiss-
es (A, C) and supracrustal rocks (B, D) of
the northern amphibolite facies block. The
position of the pole to the foliation girdle
and maximum of lineation measurements
are indicated in stereoplots A and C, D,
respectively.

<4 Lineation maximum 245/05

ships between planar and linear fabric elements during
deformation, they may be directly compared on fabric
topology plots in terms of fabric trends and lineation pitch
(see Alsop & Holdsworth 2004 for a review). The angle
of pitch may be defined as the angle that a line makes
with the strike of a surface, when measured within that
plane (Fig. 8A). A significant variation in the angle of lin-
eation pitch on the regional foliation surface is observed
(Fig. 8B); this may be caused by two independent factors:
(1) variable plunge of the lineation, and (2) variable dip
direction of the foliation. The latter feature seems to be a
consequence of local folding, since a high pitch angle (>
45°) is most characteristic for SW-dipping foliations (Fig.
9) that represent the hinges of F, folds (Fig. 5). On the
other hand, a majority of measurements correspond to
foliation dipping to the NW or SE that reveals a low or
moderate pitch angle (Fig. 9). Such a foliation pattern is
consistent with the regional attitude of foliation inclined
towards the NW and only locally reoriented on limbs of
the F_ folds. Since the F, folds are only of minor signifi-
cance in the southern part of the study area characterised
by higher pitch values (Fig. 8), and the majority of linea-
tions were measured on steep to subvertical foliation sur-
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faces, the broad scatter of the pitch angles can be attribut-
ed to variations in the lineation plunge (Fig. 10). Only a
minority of measurements plot away from the line that
indicates the similarity of pitch and plunge angles (Fig.
10). Thus, the change of foliation strike plays a less im-
portant role in the distribution of pitch angles. The low
pitch angle (< 15°) is characteristic of the central and
northern parts of the study area (Fig. 8), corresponding
to the amphibolite facies block and the transition zone to
the granulite facies block. This is the area that is addition-
ally characterised by the steep foliations and shallow line-
ation plunge. The higher pitch angles (exceeding 15°) are
more common in the south-east corner of the study area
within the granulite facies gneisses, where they are related
to relatively steep lineations occurring on the moderately
to steeply inclined foliation.

A systematic change in the plunge of lineations can be
observed across the south-western part of the study area
(Fig. 7). The steep SW—-NE-striking foliation around Tu-
norsuaq is associated with the gently plunging lineation

that defines a low angle of pitch on the foliation. Towards
the south, however, the plunge of lineation becomes pro-
gressively steeper despite the generally uniform strike of
foliation (Fig. 4). A pitch versus lineation trend diagram
(Fig. 11) demonstrates that the increase in pitch is unre-
lated to the change of lineation trend. This means that
lineations are typically not reoriented on fold limbs, and
that folds, if present, are mostly colinear with lineation.
Furthermore, in the north-western part of the area the
lineations plunge gently to the SW and NE to define a
series of culminations and depressions, that are clearly il-
lustrated by the opposing plunges on the south side of
Tunorsuag and the outer islands to the west-south-west
(Fig. 7). This sinuosity of lineations and associated fold
hinges defines a large-scale whaleback pattern consistent
with a dominantly subhorizontal and approximately N-S
contractional strain (cf. Piazolo et al. 2004).

Thefinite planar (S) and linear (L) shape fabricswithin
a high-strain rock may be qualitatively described (Flinn
1978). Consequently, the relative dominance of these re-
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spective components enables a distinction to be made  block. The latter is dominated by the flattening fabric
between fabrics that are foliation dominated (S tectonite),  types, i.e. Sand S > L fabrics, which are common in rocks
lineation dominated (L tectonite) or contain a combina-  containing steeply plunging lineations.

tion of foliation and lineation (SL tectonite). The pattern
shown by the spatial distribution of fabric types in the
study area is clearly differentiated. The north-western part ) .
of the area is dominated by LS and L > S fabric types ~ DISCUSSION

whereas the south-eastern part reveals a vast preponder- ~ Three main observations can be made concerning the data
ance of Sor S > L types (Fig. 12). The southward increase ~ presented above: (1) structural elements, i.e. lineations,
of lineation pitch is typically associated with the transi-  foliations, folding and fabric type, vary with lithology, (2)
tion from L > S or LS shape fabrics in rocks characterised two broad domains with different structural patterns can
by a low pitch, to S > L or S fabrics in the zone of moder-  bedistinguished,and (3) the structural styleinthe NN O is
ate to high pitch. Constrictional fabrics, i.e. Land L >S  markedly different to that previously described from the
fabrics, are typical of rocks with shallowly plunging linea- ~ CNO, e.g. by Manatschal et al. (1998) and van Gool et al.
tions on the steep foliation belonging to the amphibolite ~ (1999).

facies block and the transition zone to the granulite facies The observed scarcity of mineral lineations in the gran-
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ulite facies gneisses could be attributed to the absence of
minerals with a high shape aspect ratio. If such minerals
are lacking, lineations of the type that forms by rigid rota-
tion or due to growth parallel to the maximum extension
direction or transport direction can hardly develop. Never-
theless, aggregate lineations that form by dynamic recrys-
tallisation and material transfer should be expected in the
granulite facies gneisses. Since even these lineations are
lacking in the southern block, it seems that the scarcity of
linear structures in this area is not only a function of li-
thology but also reflects specific features of deformation
history. In the northern block, a significant strain parti-
tioning between orthogneisses and supracrustal formations
is indicated by the effects of F, folding in metasedimenta-
ry rocks and the resultant scatter of foliation and linea-
tions in these rocks (Fig. 6). This points to the concentra-
tion of deformation in rheologically weak metasedimen-
tary belts that accommodate the bulk of strain induced
during F, folding. The competent orthogneisses experi-
enced only subsequent F, folding, when they were de-
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formed together with associated less competent supracru-
stal rocks.

At the western limb of the Naternaq supracrustal belt,
there is a structural discordance with another E-W-trend-
ing supracrustal unit farther to the west. This structural
discordance may suggest the presence of some kind of
‘stockwerke tectonics’ (Wegmann 1935), in addition to
the inferred strain partitioning between the orthogneisses
and metasedimentary rocks. The application of the ‘stock-
werke’” model to the Naternaq belt itself remains an in-
triguing problem that cannot be resolved at present, due
to the lack of sufficient information on the time relation-
ship between the structural discordance and the main
phase(s) of folding and metamorphism.

Disregarding the local complexity at Naternag, the gen-
eral structural pattern described in this paper allows sub-
division of the study area into two main domains: (1) a
southern domain mostly characterised by S or S > L shape
fabrics and a moderate to high angle of pitch, and (2) a
northern domain showing L > S or LS fabrics and low



angles of lineation pitch. This subdivision compares well
with the map scale variation of the metamorphic grade
from granulite facies in the south to amphibolite facies
further north. The contact between these two facies is tran-
sitional and forms a gently curved boundary that is sub-
parallel to the strike of the regional foliation (Piazolo et
al. 2004). This division of the study area into two con-
trasting blocks, indicated by the structural data and vari-
ation of metamorphic grade, can be explained by two
models, namely (1) an indentor model, and (2) a transpres-
sive deformation model, the relevance of which is briefly
discussed below.

The indentor model, originally developed by Piazolo et
al. (2004), invokes a twofold deformation history. Dur-
ing the first event the southern block was subjected to a
coaxial flattening under granulite facies conditions (Fig.
13B - time A). A fairly uniform strain developed at that
time and is manifested by prevailing S or S > L shape fab-
rics. During the second event (Fig. 13B — time B) the
previously cooled granulite grade block acted as an inden-
tor, with the amphibolite facies domain being plastered
and moulded around the rigid block. The structural pat-
tern and mineral assemblages of the southern domain were
only modified in a transition zone that experienced retro-
gression to the amphibolite facies. At the same time, the
amphibolite grade northern domain was subjected to
mostly coaxial strain, including an important constric-
tional component. The resultant structural grain in the
amphibolite facies rocks mimics the geometry shown by
the boundaries of the southern block.

The alternative model (Fig. 13C) explains the observed
structural relationships in terms of strain partitioning with-
in a transpression zone (for a review of transpression see
Holdsworth et al. 2002, and references therein). In this
model, the different structural patterns documented in
the northern and southern domains were produced dur-
ing a single deformation event. Consequently, the model
implies a continuity of the structural grain across the tran-
sitional zone as well as a gradual change in the orientation
of directional structures, fabric type and kinematics of
strain. The southern domain was mostly subjected to co-
axial flattening, resulting in S or S > L shape fabrics with a
moderately plunging lineation. The northern domain was
deformed in a wrench-dominated regime, characterised
by a constrictional or plane strain with a significant rota-
tional strike-slip component. Hence, the northern block
reveals L > S and LS shape fabrics and shallowly plunging
lineations. A sinistral sense of displacement assumed in
the model is consistent with rare observationsin the field
of kinematic indicators with the appropriate asymmetry.

The indentor model explains the arcuate swing of the

structural grain around the granulite facies block, the map
scale geometry of which may appear to control the folia-
tion and lineation patterns within the amphibolite facies
block further north. A serious weakness of the indentor
model is the lack of evidence for fabric overprinting in
the boundary zone between the two domains despite the
assumed twofold deformation. However, high strain in
the transitional zone could account for the obliteration of
interference patterns and the apparent continuity of struc-
tural grain. The transpression zone model accounts for
the presence of steep (F,) fold hinges in the Naternag supra-
crustal belt that are expected to develop within the wrench-
dominated part of the transpressive system. The model
also explains the contrast of structural style between the
northern and southern domain without a detectable tec-
tonic boundary or an overlap of structural patterns. Con-
sequently, it is consistent with an apparent continuous
transition linking the structural patterns within the gran-
ulite and amphibolite blocks. The somewhat steeper
plunge of lineations within the granulite facies domain
may indicate a greater component of coaxial strain in that
area. However, the potential strain partitioning, as revealed
by the lineation pattern, is relatively weak for a transpres-
sion zone. The partitioning of strain that takes place
between the orthogneisses and supracrustal rocks within
the northern amphibolite facies block is consistent with
both of the discussed models. In addition, both models
are consistent with a dominantly subhorizontal and ap-
proximately N-S contractional strain in the northern block
causing the small-scale porpoising and large-scale whale-
backing of lineations and associated fold hinges.

Thus, even a detailed structural analysis does not allow
us to determine unequivocally which of the two models is
the more appropriate. Nevertheless, the presented struc-
tural models can be indirectly verified by geochronologi-
cal data, which constrain the age of peak metamorphism
and associated deformation in the northern amphibolite
facies block as Palaeoproterozoic (Thrane & Connelly
2006, this volume). Furthermore, the late Archaean crys-
tallisation age of syndeformational granites emplaced at
Saqgarput (Fig. 1) and at the southern margin of the NNO
(Connelly & Mengel 2000; Thrane & Connelly op. cit.),
points to a lack of significant deformation in the south-
ern block from the late Archaean onwards. This is in con-
flict with the coincidence of deformation between the
northern and southern blocks required by the transpres-
sion model and, thus, supports the indentor model. This
is corroborated by the occurrence of undeformed but met-
amorphosed maficdykesoflikely Palaeoproterozoicorigin
emplaced at the southern margin of the investigated area
(Glassley & Sgrensen 1980; Arting 2004).
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The F, folding apparently postdates the juxtaposition
of the granulite and amphibolite blocks and had a rela-
tively minor influence on their contact zone. The north-
ward increase in intensity of F_ folding is readily explained
by the rheological weakness of the amphibolite facies do-
main during cooling. The origin of F, folds provides evi-
dence for prolonged, approximately N-S-directed com-
pression, the age of which is roughly constrained by the
previously mentioned 1837 + 12 Ma pegmatite (Thrane
& Connelly 2006, this volume).

Our structural data also show that compressional stress
related to the growth of the Nagssugtogidian orogen was
effectively transferred across the lower crust, and that the
amphibolite facies domain south of Aasiaat was subjected
to the penetrative Palaeoproterozoic deformation. There-
fore, this area represents an integral part of the Nagssug-
togidian orogen despite the obvious paucity of Palaeopro-
terozoic crustal components. In contrast to the southern
part of the orogen, the overall N-S shortening induced
by the Nagssugtogidian collision was accommodated in
the study area through indentation and folding, in con-
trast to the central part of the orogen that displays signif-
icant thrust tectonics.

Concluding remarks

The indentor and transpression-driven tectonic models
discussed in this paper share a number of features which
shed a new light on the evolution of the northernmost
Nagssugtogidian orogen. The granulite and amphibolite
facies blocks distinguished in the study area appear to be
(par)autochthonous, and their boundary is only reacti-
vated and reworked during indentation or transpression.

The area studied shows excellent examples of Precam-
brian deformation thatare characterised bysignificantstrain
partitioning into less competent metasedimentary rocks.
The presence or absence of lineations may be influenced
significantly by lithology and metamorphic grade. Com-
plex structural patterns may not always conclusively reveal
the structural history on their own, hence geochronological
data are essential in distinguishing between different de-
formation models such as transpression or indentation.
In addition, it is apparent that the tectonic styles of the
lower to middle crust can be highly variable within the
same orogen. Deformation may vary from thrust-domi-
nated in the central portion to folding associated with
indentation or transpression on its flanks.
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Magnetic anomalies and metamorphic boundaries in the
southern Nagssugtogidian orogen,West Greenland

John A. Korstgard, Bo Mgller Stensgaard and Thorkild M. Rasmussen

Within the southern Nagssugtogidian orogen in West Greenland metamorphic terrains of both Ar-
chaean and Palaeoproterozoic ages occur with metamorphic grade varying from low amphibolite
facies to granulite facies. The determination of the relative ages of the different metamorphic terrains
is greatly aided by the intrusion of the 2 Ga Kangamiut dyke swarm along a NNE trend. In Archaean
areas dykes cross-cut gneiss structures, and the host gneisses are in amphibolite to granulite facies.
Along Itilleq strong shearing in an E-W-oriented zone caused retrogression of surrounding gneisses to
low amphibolite facies. Within this Itivdleq shear zone Kangamiut dykes follow the E-W shear fab-
rics giving the impression that dykes were reoriented by the shearing. However, the dykes remain
largely undeformed and unmetamorphosed, indicating that the shear zone was established prior to
dyke emplacement and that the orientation of the dykes here was governed by the shear fabric. Me-
tamorphism and deformation north of Itilleq involve both dykes and host gneisses, and the metamor-
phic grade is amphibolite facies increasing to granulite facies at the northern boundary of the south-
ern Nagssugtogidian orogen. Here a zone of strong deformation, the Ikertdq thrust zone, coincides
roughly with the amphibolite—granulite facies transition. Total magnetic field intensity anomalies
from aeromagnetic data coincide spectacularly with metamorphic boundaries and reflect changes in
content of the magnetic minerals at facies transitions. Even the nature of facies transitions is apparent.
Static metamorphic boundaries are gradual whereas dynamic boundaries along deformation zones are
abrupt.

Keywords: aeromagnetic data, magnetic anomalies, metamorphic facies, Nagssugtogidian orogen, West Greenland
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The establishment of the Palaeoproterozoic Nagssugto-
gidian orogen in West Greenland (Ramberg 1949) is based
on the deformation and metamorphism of the Kangamiut
dykes, dated at 2.04 Ga by Nutman et al. (1999). South
of the southern Nagssugtogidian front (SNF in Fig. 1), in
the southern Nagssugtogidian foreland, Kangamiut dykes
are undeformed and cross-cut gneiss structures. North of
the front, gneisses and dykes have been metamorphosed
and deformed together during the Nagssugtogidian oro-
geny. Here, gneiss structures and dyke margins are con-
cordant and dykes transformed into amphibolites. This is
the simple story upon which Ramberg (1949) based his

definition of the ‘Nagssugtogides’. Ramberg also divided
the Nagssugtogidian orogen into three metamorphic com-
plexes based on the metamorphic grade of the rocks. Thus
the Egedesminde complex was the northernmost amphi-
bolite facies complex, the Isortoq complex the central gran-
ulite facies complex, and the Ikertdg complex the south-
ernmost amphibolite facies complex. The current division
of the orogen (Fig. 1) is based on structural criteria, and
division boundaries now follow major structural features
(Marker et al. 1995). The current division therefore devi-
ates considerably from Ramberg’s original division for the
northern and central Nagssugtogidian orogen, whereas the

© GEUS, 2006. Geological Survey of Denmark and Greenland Bulletin 11, 179-184. Available at: www.geus.dk/publications/bull 179
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Fig. 1. Schematic geology of the southern
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adjacent forelands (modified from Escher &
Pulvertaft 1995 and Marker et al. 1995).
SNO, southern Nagssugtogidian orogen;
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southern Nagssugtogidian orogen corresponds almost ex-
actly to Ramberg’s original Ikertdg complex.

The southern Nagssugtogidian orogen (SNO in Fig.
1) in the coastal region between Sisimiut and Itilleq con-
sists mainly of quartzofeldspathic gneisses of granodiorit-
ic to tonalitic composition. Several supracrustal layers
occur, particularly in the northern part of the SNO. The
supracrustal rocks are mainly garnet-biotite schists, rusty
weathering biotite gneisses and amphibolites. The meta-
morphic grade is low amphibolite facies to granulite facies,
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(northern parts reworked)

Orthogneiss
= (Iargely unreworked)

and due to the fortunate timing of the intrusion of the
Kangamiut dykes it is possible to assign relative ages to
the different metamorphic terrains in the region.

Pre-dyke metamorphism and
deformation

South of and immediately north of Itilleg, the Kangamiut
dykes are largely undeformed, unmetamorphosed and
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cross-cut gneiss structures. The main dyke direction is
NNE-SSW, and a subordinate direction is E-W to ESE-
WNW (Fig. 1). Upon entering the Itilleq area, the dyke
trends are E-W, parallel to the fjord. This change in trend
also corresponds to a change in foliation trend in the host
gneisses. However, the dykes are still largely undeformed
and unmetamorphosed within this E-W trend. The meta-
morphic grade of host gneisses north and south of Itilleq
is granulite facies in western parts and amphibolite facies
in eastern parts (Fig. 2A). However, all along the E-W
trend in Itilleq, gneisses are in low amphibolite facies.
The dyke behaviour in the Itilleq region led to the
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interpretation that prior to intrusion of the Kangamiut
dykes the area was stabilised in amphibolite-granulite facies
with a variable northerly trend of the foliation (Grocott
1979; Korstgard 1979). At some point prior to dyke in-
trusion an E-W zone of strong deformation was estab-
lished along Itilleg, downgrading gneisses to low amphi-
bolite facies (epidote-muscovite). Within this Itivdleq shear
zone, dykes intruded along the shear fabrics and show a
variety of primary pinch-and-swell structures (Nash 1979).
Outside the shear zone, dyke margins are straight-sided
indicating that dykes intruded along brittle fractures.
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Post-dyke metamorphism and
deformation

Farther north of Itilleq, from Kangerluarssuk and north-
wards (Fig. 2A), dykes are thoroughly deformed and par-
allel to country rock structures. Both dykes and country
rock structures are in amphibolite facies. Foliation trends
are variable ENE-WSW around west-plunging fold axes.

Continuing northwards the metamorphic grade increas-
es and reaches granulite facies north of Ikertooq fjord (Fig.
2A). In addition, gneiss structures and metamorphosed
dykes take on a pervasive E-W orientation (Ikertdq thrust
zone, Fig. 1) with a steeply N-dipping foliation and N-
plunging stretching lineations.

The interpretation of field observations in the north-
ern SNO is that the metamorphism and deformation are
post-dyke, the metamorphic transition is prograde, and
the Ikertoq thrust zone represents a zone of southward
ductile thrusting whereby deeper-seated rocks are brought
up from the north.

Facies transitions

Within the Itilleg—Ikertooq region four types of facies tran-
sitions or boundaries are recognised. Two of these are pro-
grade and two are associated with strong deformation in
ductile shear zones.

The amphibolite-granulite facies transition in the Ar-
chaean areas around Itilleq is prograde and static in the
sense that the boundary was not established as a result of
a deformational event, but reflects static equilibration of
the mineral assemblages to the conditions that prevailed
when the rocks were at their deepest crustal level. During
later uplift the rocks escaped any significant metamor-
phic changes due to the absence of deformation, and the
metamorphism reflects their initial Archaean state.

The granulite to low amphibolite facies and amphibo-
lite to low amphibolite facies transitions along Itilleq are
retrograde and dynamic in the sense that they were estab-
lished as a direct consequence of the deformation along
the Itivdleq shear zone. Mineral assemblages in the shear
zone were equilibrated to the metamorphic conditions of
a higher crustal level than reflected in the surrounding
gneisses, and the shearing triggered this re-equilibration.

The amphibolite—granulite facies transition north of
Ikertooq is both prograde and dynamic. It can be consid-
ered as a displaced prograde and static transition brought
up into a sub-vertical position by the overthrust move-
ment along the Ikertdq thrust zone (Fig. 1).
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Magnetisation

Comparing the magnetic anomaly map for the area (Fig.
2B) with the metamorphic map (Fig. 2A) a striking coin-
cidence of magnetisation and metamorphic boundaries is
evident. More information on the magnetic field data and
the geological interpretations can be found in Rasmussen
& van Gool (2000), Nielsen (2004) and Nielsen & Ras-
mussen (2004).

Strong magnetisation in pre-dyke Archaean granulite
facies areas just north of Itilleq (A in Fig. 2B) is attributed
to a higher content of magnetite or other magnetic min-
erals. A likely explanation for this is production of mag-
netite by the breakdown of hydrous (Fe, Mg)-Al-silicates
(e.g. biotite, amphibole) during the transition from am-
phibolites to granulite facies according to the general re-
action: hydrous (Fe, Mg)-Al-silicates £ SiO, + O, = K-
feldspar + (Fe, Mg)-silicates + magnetite + H,O. The low-
er magnetisation in pre-dyke Archaean amphibolite facies
areas (B in Fig. 2B) relative to pre-dyke Archaean granu-
lite facies areas indicates no additional production of mag-
netite. The gradual increase in magnetic intensity (C in
Fig. 2B) marks the gradual prograde facies transition.

The elongate low magnetic anomaly coincident with
the Itivdleq shear zone (D in Fig. 2B) is caused by exten-
sive breakdown of magnetic minerals. This may be due to
chemical breakdown during metamorphic retrogression
to pre-dyke amphibolite facies aided by circulating fluids
in the shear zone, and mechanical destruction of the mag-
netic mineral grains. The abrupt changes in anomaly pat-
terns from D to A (Fig. 2B) across the metamorphic facies
transition and deformation boundary are a response to
the dynamic nature of this boundary.

Previously suggested possible shearing south of lker-
tooq (E in Fig. 2B; Grocott 1979; Korstgard 1979) con-
temporaneous with the shearing at Itilleq (D in Fig. 2B)
is supported by similarities in the character of the anom-
aly patterns. The post-dyke amphibolite facies areas at,
and south of, Ikertooq (F in Fig. 2B) indicate the Palaeo-
proterozoic retrogression to amphibolite facies and defor-
mational reworking. The boundary between the pre-dyke
Archaean amphibolite facies and the post-dyke amphibo-
lite facies areas does not have a well-defined magnetic sig-
nature (between B and F in Fig. 2B).

The increase in magnetisation north of Ikertooq (G in
Fig. 2B) corresponds to rocks metamorphosed under gran-
ulite facies conditions after dyke intrusion and brought
up by overthrusting. The offset between the mapped facies
boundary north of Ikertooq (Fig. 2A) and the boundary
between high and low magnetisation (H in Fig. 2B) can
be explained as partially due to non-exposed post-dyke
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Fig. 3. Total intensity magnetic field anomaly map of the south-eastern part of the Nagssugtogidian orogen and its foreland, with the location of
the Itilleg-Ikertooq region (white frame, Fig. 2). Abbreviations as for Fig. 1; shadow on magnetic data as for Fig. 2. The E-W-trending thrust
zone with question marks north of Kangerlussuaq is uncertain, as this structure has not been confirmed by geological mapping.

granulite facies rocks, and partially to the effect of stacked
thrust panels of post-dyke amphibolite and granulite facies
rocks with alternating low and high magnetic intensity
anomalies (I in Fig. 2B). Isolated high intensity anoma-
lies can be correlated with distinct lithologies or intru-
sives (e.g. an anorthosite complex at J in Fig. 2B). The
presence or absence of Kangdmiut dykes is not reflected
in the aeromagnetic data.

The observed correlations between metamorphic facies,
deformation and magnetisation can be extended to other
areas of the SNO (Fig. 3) provided that the background
gneisses are lithologically fairly homogeneous, as is gener-
ally the case in the southern Nagssugtogidian orogen.
Where gneiss lithologies are more variable, such as in the
Nordre Isortoq steep belt (Fig. 1) and the Nordre Strgm-
fjord shear zone (Sgrensen et al. 2006, this volume) corre-
lations tend to depend on lithology rather than metamor-
phic grade.
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Faults and fractures in central West Greenland: onshore
expression of continental break-up and sea-floor spreading
in the Labrador — Baffin Bay Sea

Robert W.Wilson, Knud Erik S. Klint, Jeroen A.M. van Gool, Kenneth J.W. McCaffrey,

Robert E. Holdsworth and James A. Chalmers

The complex Ungava fault zone lies in the Davis Strait and separates failed spreading centres in the
Labrador Sea and Baffin Bay. This study focuses on coastal exposures east of the fault-bound Sisimiut
basin, where the onshore expressions of these fault systems and the influence of pre-existing basement
are examined. Regional lineament studies identify five main systems: N-S, NNE-SSW, ENE-WSW,
ESE-WNW and NNW-SSE. Field studies reveal that strike-slip movements predominate, and are
consistent with a ~NNE-SSW-oriented sinistral wrench system. Extensional faults trending N-S and
ENE-WSW (basement-parallel), and compressional faults trending E-W, were also identified. The
relative ages of these fault systems have been interpreted using cross-cutting relationships and by
correlation with previously identified structures. A two-phase model for fault development fits the
development of both the onshore fault systems observed in this study and regional tectonic structures
offshore. The conclusions from this study show that the fault patterns and sense of movement on
faults onshore reflect the stress fields that govern the opening of the Labrador Sea — Davis Strait —
Baffin Bay seaway, and that the wrench couple on the Ungava transform system played a dominant
role in the development of the onshore fault patterns.

Keywords: faults and fractures, extensional tectonics, wrench systems, sedimentary basins, basement reactivation, \West
Greenland
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Introduction

Pre-existing heterogeneities in the continental crust, such
as shear zones and terrain boundaries, have long been
known to influence the structure and development of later
deformation events (Butler et al. 1997; Holdsworth et al.
1997, and references therein). The sedimentary basins of
the Labrador Sea — Baffin Bay region are situated west of
Greenland (Fig. 1) and are early Cenozoic failed spreading
centres (Chalmers & Pulvertaft 2001), separated by the
Davis Strait. The orientation of the Davis Strait relative to

the proposed spreading centres in the Labrador Sea and
Baffin Bay is consistent with the geometry of an ‘exten-
sional transform zone’ (Taylor et al. 1994). Steep base-
ment fabrics of the Nagssugtogidian orogen trend highly
obliquely to these offshore structures (Fig. 1) and coin-
cide with this ‘step-over zone’ in the Davis Strait. Fault
systems fundamental to the development of sedimentary
basins in the Davis Strait are exposed onshore in West
Greenland. In this project, the onshore fault systems of
central West Greenland were studied in order to improve

© GEUS, 2006. Geological Survey of Denmark and Greenland Bulletin 11, 185-204. Available at: www.geus.dk/publications/bull 185
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Fig. 1. Regional tectonic map of the offshore geology of the Labrador Sea — Baffin Bay area between Canada and Greenland. Modified from
Chalmers & Pulvertaft (2001).
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Fig. 2. Geological map of the Nagssugtogidian orogen of central West Greenland (modified from Escher & Pulvertaft 1995). A: Outline map of
Greenland highlighting the region covered in Fig. 2B. B: Geological map of the Nagssugtogidian orogen showing main lithological units and
basement structures. C: Topographic contour map of the central coastal area showing the field camps chosen for this study (camps 0 to 4); black
dashed lines highlight major topographic escarpments. D: 3-D model view of NNE-trending coastal escarpment, constructed in ArcGIS by
draping a Landsat image onto a topographic model. Abbreviations used: SNO, CNO and NNO are the southern, central and northern Nagssug-
togidian orogen, respectively. ITZ, Ikertdq thrust zone; NISZ, Nordre Isortoq shear zone; NSSZ, Nordre Stremfjord shear zone.
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the understanding of the role played by basement reacti-
vation in offshore basin development.

In the summer of 2003 field work was carried out in
an area along the coast stretching from Nordre Strem-
fjord (Nassuttooq) in the north, to Nordre Isortoq in the
south (Figs 2, 3). This area was selected because it is be-
lieved that two ENE-striking Palaeoproterozoic shear
zones, the Nordre Strgmfjord shear zone and the Nordre
Isortoq shear zone, were reactivated and played an impor-
tant role in the development of the Mesozoic to Tertiary
sedimentary basins. The western projection of the Nordre
Isortoq shear zone appears to coincide with the southern
faulted boundary of the Sisimiut basin offshore (Figs 1, 2).
In addition, the offshore basins occur close to the coast in
this area, and the offshore extensional faults that drop the
top of the basement down to 3 km below sea level, within
10 km west of the coast, are believed to correlate with
fault escarpments onshore in this area.

Tectonic and geological setting

Offshore

The Labrador Sea and Baffin Bay formed during diver-
gentplatemotion between Greenland and North America
during the early Cenozoic (Chalmers & Pulvertaft 2001,
and referencestherein). Theextensional basins of Baffin Bay
and the Labrador Sea are separated by a bathymetric high
in the Davis Strait (Fig. 1). This transverse ridge is inter-
preted as a complex sinistral-shear transform fault zone,
known as the Ungava fault system (Fig. 1; Chalmers et al.
1995). Extensional faulting and tectonic subsidence are
thought to have commenced in the early Cretaceous, at
the same time as sea-floor spreading in the North Atlantic
southofthe Charlie Gibbs fracture zone. Opening started
during the Paleocene (Chian & Louden 1994; Chalmers
& Laursen 1995), and sea-floor spreading appears to have
ceased by the Oligocene.

Interpretation of seismic reflection data has revealed
the existence of a number of sedimentary basins offshore
western Greenland (Chalmers et al. 1995; Whittaker
1995). One such basin is the deep Sisimiut basin, located
in the Davis Strait to the west of the Nordre Stremfjord
region (Fig. 1). At about 10 km west of the coast, the top
of the basement is at ¢. 3 km depth, while there is no
cover preserved on top of basement exposed onshore.
Therefore, the eastern border of the basin must be a major
fault, but it is located too close to the coast to have been
surveyed by a seismic experiment. The orientation of this
bounding fault is likely to follow the NNE-SSW trend of
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the coastline. The western margin of the Sisimiut basin is
the NNE-SSW-trending Ikermiut fault zone (Fig. 1), a
transpressional flower structure developed along the trans-
form fault (Ungava fault zone) between the North Amer-
ican and Greenland plates (Fig. 2) formed during the Pal-
aeogene (i.e. it cuts early Eocene strata; Chalmers & Pul-
vertaft 2001). The Nukik platform lies to the south of the
Sisimiut basin and is separated from it by a line of ENE-
and E-trending faults that coincide with the offshore ex-
tension of the Nordre Isortoq shear zone onshore (Figs
1, 2). It has therefore been proposed that the faults at the
southern margin of the basin developed by reactivation of
basement shear zone structures in the central Nagssugto-
gidian orogen. These faults affect Mesozoic sediments and
are overstepped by Paleocene sediments, so that the latest
significant movement on them must have been prior to
the end of the Paleocene.

Onshore

Onshore exposuresin central WestGreenland, from Sgndre
Strgmfjord in the south to Disko Bugt in the north, com-
prise high-grade gneisses of the Palaeoproterozoic Nags-
sugtogidian orogen (Fig. 2; Ramberg 1949; van Gool et
al. 2002). The Nagssugtogidian orogen is a 300 km wide
belt of predominantly Archaean orthogneisses, Palacopro-
terozoic paragneissesand intrusive rocks, that were rewor-
ked during Palaeoproterozoic orogenesis (van Gool et al.
2002). These basement rocks form ENE-trending linear
belts of steeply dipping gneisses, some of which are crus-
tal-scale shear zones (i.e. the Nordre Strgmfjord and
Nordre Isortoq shear zones, Fig. 2), which alternate with
zones dominated by kilometre-scale fold structures (van
Gool etal. 2002). The Nagssugtogidian orogen is divided
into three tectonic segments: the southern, central and
northern Nagssugtogidian orogen (Fig. 2; Marker et al.
1995). The onshore research in this study lies entirely with-
in the granulite facies orthogneisses of the central Nags-
sugtogidian orogen, which is bound to the north by the

Facing page:

Fig. 3. Lineament map of the main study area derived from lineament
mapping of a Landsat TM image at 1:100 000 scale (total 1284 line-
aments), using ArcGIS. The main rose diagram (bottom right) shows
the distribution of lineaments for this map, while smaller rose dia-
grams (left) show results from aerial photograph analyses (at 1:20 000
scale) for each field camp. Green, system 1; blue, system 2; red, sys-
tem 3; yellow, system 4; purple, system 5. Red box shows the posi-
tion of Fig. 4.
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Nordre Stramfjord shear zone (Marker et al. 1995; van
Gool et al. 2002) and to the south by the Ikertdq thrust
zone (Fig. 2).

Indirect topographic evidence from geomorphological
investigations has suggested that late (Mesozoic or Ceno-
zoic) onshore fault movements may have occurred (Bonow
2004). For example, in some of the larger inlets and val-
leys, characteristic recentshelly marinesands canbe observed
up to 30 m above sea level. These are likely to have been
uplifted due to isostatic rebound following glacial retreat.
However, variations in elevation of these palaeoshorelines
may also result from differential vertical fault movements
or differential unloading. On the larger scale, the Nordre
Strgmfjord shear zone marks a major change between two
landscape types (Japsen et al. 2002). South of the Nordre
Stremfjord shear zone topography is planated, with flat
mountain tops forming a plateau that gradually increases
in height southwards from 500 to 1000 m (Fig. 2C, D).
In contrast, north of the Nordre Strgmfjord shear zone,
the land has a hilly relief with a relatively flat and low-
lying topography with isolated hills up to 300 m high.
Locally, the change in landscape type occurs across a more
than 500 m high, ENE-WSW-oriented escarpment that
drops down to the north (Fig. 2).

There is also a pronounced NNE-SSW-oriented escarp-
ment almost 1 km high that drops down to the west
between Nordre Strgmfjord and Nordre Isortoq (Fig. 2).
This major escarpment separates low-lying (50-150 m
high) coastal flats to the west from the much higher (500
m+) mountains to the east (Fig. 2) and can be traced for
over 80 km, from Sisimiut in the south to Nordre Strem-
fjord in the north. Similar escarpments can be observed
in the near offshore on both bathymetric and horizon maps
of depth to basement, thus supporting the theory that
onshore structures reflect those offshore.

Methods

The present study combines regional to outcrop-scale
mapping and regional studies of remotely sensed data to
determine fault-fracture geometries, distribution, relative
timing and kinematics in selected key areas of central West
Greenland.

Regional studies comprised satellite image and aerial
photographanalysisatavariety ofscales (1:500 000; 1:100
000; 1:20 000) in order to identify lineaments and other
geological structures (e.g. variations in lithology, fabric
intensity, faults, fractures).

Field investigations were carried out in the well-exposed
Precambrian basement rocks in key areas of interest that
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were identified during aerial photograph analysis prior to
departure. A number of field camps were used during the
mapping (Fig. 2C). Camp 0 was located at Inussuk, a site
visited previously in 2002 (Japsen et al. 2002). Camps 1
and 2 were located on the north and south shores of Nordre
Stremfjord, while camp was on the north shore of Nordre
Isortog. Camp 3 was farther inland, and is not analysed
further in this study.

During field work, fault and fracture systems were
mapped, and the following structural data were collected
for statistical/structural analysis:

* Fault attributes including: orientation; kinematics; fault
surface characteristics; mineralisation.

* Relative age relationships.

e Structural/statistical analyses to determine kinematic
patterns.

Over 200 pseudotachylite and mica-bearing fault-rock
samples were also collected from different fault sets at var-
ious localities in order to date the fault movements using
“OAr/*Ar geochronology (results to be discussed elsewhere).
All field data were geospatially located (to 5 m resolution)
using Global Positioning System (GPS) waypoint collec-
tion, and were subsequently stored ina computer database
with links to Geographic Information System (GIS) based
maps.

Fault and fracture characterisation

Fractures include all brittle structures such as joints, fis-
sures, cracks, veins, etc. that are not faults, bedding or
cleavage surfaces, and are larger than the grain size of the
rock. In general, fractures are defined as dominantly ten-
sile (mode 1) cracks, and as such, they are associated with
characteristic stress, strain and displacement fields. They
are distinguished from small faults by distinctive surface
textures and lack of shear displacements. Faults are mapped
where distinct offsets have been identified, often with a
development of slip striae on the surface (slickenlines).
Criteria for determining the sense of movement were based
on methods outlined in McClay (1987) and Petit (1987).
In the present study faults were classified as:

e Normal (extensional dip / oblique-slip fault).
» Reverse (compressional dip / oblique-slip fault).
» Strike-slip faults (dextral or sinistral).

The classification of faults and fractures into systems was
primarily based on the orientation of the structures (i.e.



Fig. 4. Age relationships interpreted from
cross-cutting relationships of lineament
systems derived from aerial photographs for
camp 1. Four dominant lineament trends
are apparent: N-S (system 2), NNE-SSW
(system 4), ENE-WSW (system 1), and
NNW-SSE (system 3). Through cross-
cutting relationships a relative order of fault
development is apparent, as indicated across
the bottom of the image.
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trend of lineament or strike of plane). Structures with dif-
ferent orientations can reflect different deformation phases,
butincomplexfault zonesdeveloped inthree-dimensional
(3-D) strain fields, multiple fault and fracture orienta-
tions may develop during a single event (see e.g. De Paola
et al. 2005). Therefore further classification needs to be
applied, either through systematic fracture properties (such
as surface type or mineralisation), or through kinematic
studies, in order to determine if only one or several phases
of deformation are apparent.

Fault and fracture measurement technique

In order to accurately classify the fault and fracture sys-
tems, populations of at least 50 fractures/faults were meas-
ured at most localities. Faults were classified according to

type (normal/reverse dip-slip faults or dextral/sinistral
strike-slip faults). Fault orientations and the directions of
slickenlines (when observed) were measured, and the fol-
lowing characteristics recorded:

e Surface shape: The overall fracture shape (metre-scale)
was described as listric, planar, undulating or irregular.

» Surface roughness character: The surface roughness char-
acter (millimetre scale) was described as smooth, rough
or slickenside (striae).

e Other features: Some fractures/faults have a filling of
iron oxide precipitates, quartz crystals, epidote, or pref-
erential growth of other crystals on the surface show-
ing the slip direction. Special types of fractures such as
conjugate shear fractures, en échelon fractures, plumose
jointing etc. were noted if present.
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Lineament mapping

Lineament maps for the central Nagssugtogidian orogen
(Fig. 3) were plotted from Landsat TM images and aerial
photographsatavariety of scales (1:500000and 1:100000
for Landsat images and 1:20 000 for aerial photographs).
Images were georeferenced and displayed in a GIS envi-
ronment and the lineaments picked by hand. After inter-
pretation, lineaments were then refined using digital ter-
rain model (DTM) analysis and compared to pre-existing
geological maps of the region (e.g. Henriksen et al. 2000).
As the data are stored in a GIS, attribute data for each
lineament (i.e. trend; length; offset; other features) were also
measured or calculated andstored. Spatialanalysisand rose
plotting toolsin ArcView GISwere used toanalyse the ori-
entation(Fig. 3)and spatial distribution of these structures.

A more detailed analysis of selected areas was then car-
ried out at 1:20 000 scale using aerial photographs. As
image resolutions are much higher in aerial photographs
(2 m pixel size), particular attention was paid to how the
lineaments interact with topography (e.g. V-ing into val-
leys, etc.) to gain a better understanding of their overall
geometry. Generally all lineaments picked appear to have
a steep dip as only minor interactions with topography
were observed. Attention was also paid to cross-cutting
relationships between lineaments in an attempt to deter-
mine the relative timing of structures (Fig. 4).

Lineament systems

In total 1284 lineaments have been identified from Land-
sat TM images (pixel size 30 m) at 1:100 000 scale (Fig.
3). Lineaments derived from both Landsat and aerial pho-
tographs have been grouped into systems based on their
orientation. Five main lineamentsystems (N-S, NNE—-
SSW, ENE-WSW, ESE-WNW, and NNW-SSE) have
been identified (Fig. 3; Table 1).

System 1 structures (green; Figs 3, 4) are oriented ENE-
WSW (~060-090° trend), and are pervasively distributed
across the region. This system has a trend similar to the
Nordre Strgmfjord and Nordre Isortoq fjords, and lies
parallel to the regional basement fabric (foliation, gneis-
sic banding, and shear zones; van Gool et al. 2002). Note
that as these lineaments may represent either faults or
basement fabrics, care must be taken when analysing these
quantitatively. In an attempt to minimise the amount of
oversampling, only the most pronounced lineaments (e.g.
most weathered out) that mark a distinct change in struc-
ture were mapped, while those that are clearly basement
fabrics (i.e. those showing ductile features such as folds)
were not.
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System 2 lineaments (blue; Figs 3, 4) are N-S oriented
(trend ~350-010°), and often show sinistral offsets of pre-
existing structures (basement fabrics). This system can be
traced from Nordre Isortoq to the northernmost part of
the investigated area (Fig. 3), and previous investigations
indicated that they may continue as far north as Aasiaat,
Disko and Nuussuaq (Japsen et al. 2002). The fault zones
areclosely spaced (100-500 m), and strike-slip separations
of up to 30 m have been observed.

System 3 lineaments (red; Figs 3, 4) are NNW-SSE
oriented (trend ~140-170°). They are closely spaced (50—
100 m), and offsets of marble beds show net dextral sepa-
rations in the order of 20—40 m (Fig. 4). This system is
most pronounced in the Nordre Strgmfjord shear zone,
and less dominant in the Nordre Isortoq shear zone (see
rose diagrams in Fig. 3).

System 4 lineaments (yellow; Figs 3, 4) are oriented NNE-
SSW (trend ~010-040°) and are strongly developed in
the Nordre Strgmfjord shear zone region (camps O and 1,
Fig. 3). These structures show apparent sinistral strike-
slip separations of up to 400 m in the westernmost part of
the study area. The spacing between them increases from
approximately 500 m at the coast, to approximately 2 km
fartherinland. The same lineamentdirectionswere encoun-
tered at camps 2 and 4, south of Nordre Stramfjord, where
these structures are shorter and more discontinuous, pos-
sibly due to differences in rock type and fabric between
the two areas.

System 5 lineaments (purple; Fig. 3) consist of E-W to
ESE-WNW (trend ~090-120°) -oriented structures. The
valleys that distinguish this system are generally 10-30 m
wide and have a curved trend. This system appears to be
mostly localised into two specific areas: the first of these
lies in the fold belt south of Nordre Stremfjord (Fig. 3),
and the second is located south of Sisimiut (Fig. 1).

Relative timings

Figure 4 shows an aerial photograph of an area around
camp 1 where an apparent order of lineament develop-
ment can be deduced. The oldest structures appear to be
system 1 (green), and in this area these structures appear
to be basement fabrics in the form of alternating layers of
semipelite and marble up to 200 m thick (Henriksenet al.
2000). System 2 (blue) structures show sinistral offsets of
these lithological layers, while system 3 structures (red)
show dextral displacements. In Fig. 4, system 3 structures
appear to dominantly cross-cut system 2 structures, but
this is not always the case as in some areas the reverse is
true (system 2 cross-cutting/displacing system 3). As there



Table 1. Main characteristics for each fault system, identified from remote sensing and outcrop studies

Lineament system  Orientation  Sense of movement

Comments

System 1 ENE-WSW < Normal (dip-slip) « Basement-parallel to subparallel
 Reverse (dextral oblique-slip) * Multiple phases of movement
« Dextral and sinistral strike-slip
System 2 N-S « Sinistral strike-slip « Closely spaced (100-500 m)
* Normal (dip-slip) « Displacements range between 0.2 and 30 m for
individual faults
» May show an en échelon to irregular trend
System 3 NNW-SSE  « Dextral strike-slip « Dominant fracture/joint trend is associated with this
« Normal (dip-slip and oblique-slip) system
« Closely spaced (50-100 m)
« Marble layers show displacements in the order of
20-40 m
System 4 NNE-SSW e Sinistral strike-slip * Major subvertical faults and fault zones
» Generally associated with wide (> 50 m) valleys
 Exposed fault cores show complex fracture sets
associated with strike-slip movements
System 5 E-W to « Dextral strike-slip « Localised to the fold belt south of Nordre Strgmfjord
ESE-WNW and north of the Nordre Isortoq shear zone

 Prominent structures at regional scale (i.e. from
Landsat and aerial photos) but not at outcrop

« Spatially associated with compressional faults (i.e.
system 1 reverse faults)

is evidence for systems 2 and 3 mutually cross-cutting each
other, and also because apparent movements are compat-
ible with a conjugate system of strike-slip faults, it is pos-
siblethat theyare contemporaneous. Cross-cuttingall other
systems are the NNE-trending system 4 lineaments, sug-
gesting that they are likely to be the youngest structures,
orat least have experienced the most recent movements.

Other areas show a similar pattern of events, although
some system 1 structures show evidence for younger move-
ments (reactivation?), especially in areas around camps 2
and 4. System 5 is not represented in Fig. 4 as it was not
observed at camp 1. This system is marked by quite wide
(30-50 m) valleys, thus making its displacements diffi-
cult to determine; however, as it is quite pronounced, it
may be a more recent system.

Field observations

Four key areas were chosen for detailed fracture and fault
analysis in the field (Fig. 3), based on their structural in-
terest (i.e. their potential to enable all systems to be ana-
lysed) and accessibility. The first objective of the field work
was identification of the lineaments picked from the aer-
ial photographs. In most cases field observations proved
that the lineaments correspond to major fault structures,

many of which are weathered out to leave gorges and river
valleys (Fig. 5A—C). However, whilst many of the ENE-
WSW-oriented system 1 structures are faults, others also
correspond to basement fabric features, such as strongly
foliated zones, lithological contacts and shear zones (Fig.
5D). Therefore care must be taken in any quantitative
geometric or spatial analysis of this system.

After a regional reconnaissance from each field camp,
detailed structural analysis was carried out. Ninety out-
crop locations were investigated in the four camps, dis-
tributed along the coast between Nordre Isortoq and just
north of Nordre Stramfjord (Fig. 2). In total ¢. 1700 faults
and fractures were measured and described.

Fault geometries

A wide range of fracture orientations were observed (Fig.
6A), with dominantly N-S and NNW-SSE strikes and
an overall mean fracture plane of 167/89E. Various fault
orientations can be separated out in the field (dominant
trends are N-S and ENE-WSW), showing a range of slip
movements and shear senses (Fig. 6B—F). Dominant fault
movements appear to be strike-slip (71% of faults recor-
ded showstrike-slipmovements), althoughextensionaland
compressional faults were also apparent.
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Fig. 5. Field identification of lineaments picked from Landsat and aerial photographs. A: Two major gorges/valleys trending ENE and NNE near
camp 1; these correspond to major lineament systems 1 and 4, respectively. Fault core exposed within the NNE-trending stream bed (system 4)
shows evidence for sinistral strike-slip faulting (Fig. 5B); fault movements on the ENE-trending basement-parallel valley (system 1) were not
identified. B: Photograph of subhorizontal, sinistral strike-slip slickenlines observed within the fault core of the NNE-trending fault (system 4)
identified in Fig. 5A. C: Some ENE-trending (system 1) lineaments correspond to basement fabrics such as steeply dipping (and tightly folded)
marble units. D: Other basement parallel lineaments, however, do show evidence for brittle fault movement, as identified in this ENE-trending
fault core (fault movement criteria defined by secondary fracture indicators, i.e. RM and lunate fractures, outlined in Petit 1987).

A set of ENE-WSW-oriented faults (green planes/mean
poles in Fig. 6) appear to reactivate strong basement fab-
rics in the Nordre Stremfjord and Nordre Isortoq shear
zones. These faults correspond to system 1 lineaments and
exhibit various forms of fault movement (e.g. extension-
al, compressional and strike-slip; Fig. 6B—F). Faults cor-
responding to systems 2 (N-S, blue), 3 (NNW-SSE, red)
and 4 (NNE-SSW, yellow) can also be easily distinguished
from the fault data in Fig. 6. However, lineament system
5 (E-W to ESE-WNW, purple) is not apparent. As pre-
viously discussed this system appears to be a more geo-
graphically localised system (i.e. local to areas south of
the Nordre Stremfjord and Nordre Isortoq shear zones),
and correspond to zones dominated by reverse fault move-
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ments (Fig. 6B) and a small number of ESE-trending dex-
tral strike-slip faults (Fig. 6E).

Fault systems corresponding to lineament systems 2, 3
and 4 appear to consist of parallel fault zones separated by
non-faulted, but generally strongly fractured rock. The
fault zones range typically between 1 and 50 m in width
(Fig. 5B) and consist of multiple parallel faults with vari-
able spacing. These zones are commonly located in pro-
nounced valleys and gorges (Fig. 5A), so characterisation
of fault planes was often difficult as the valley floors are
generally covered by recent sediment and vegetation.
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Fig. 6. Lower hemisphere, equal area stereographic projections of all fault and fracture data collected at camps 1, 2 and 4 (total number of
measurements = 1746). A: Fractures (i.e. planes showing no evidence for slip). B: Reverse faults. C: Normal faults. D: Strike-slip faults with
undetermined sense of movement. E: Dextral strike-slip faults. F: Sinistral strike-slip faults. Black dots, poles to planes of fault and fracture
surfaces. Red dots, slickenlines. Mean fault planes are also shown, coloured according to lineament/fault systems identified in Fig. 3. Poles to fault
and fracture surfaces are contoured using a Gaussian weighting function; n, number of measurements for each plot. In the labels, E corresponds

to the background value (calculated as number of points/100), while S = standard deviations above this value.

Fault kinematics

In addition to the characterisation of the faults and frac-
tures in terms of their trend and distribution, they can
also be described according to their movement patterns
(see Table 1). The nature and timing of tectonic events
thatare responsible for the formation of these fault-fracture
systems is quite complex. Multiple directions of slicken-
lines on several fault surfaces indicate that many faults
were either reactivated or that individual faults exhibit
curved movement trajectories consistent with complex
strain histories.

Strike-slip faulting

Strike-slip slickenlines account for 71% of those observed
and were observed on all main fault geometries or sys-
tems. Multiple orientations of strike-slip faulting are com-
mon in wrench-dominated fault systems due to the devel-
opment of Riedel, P and X shears (e.g. Woodcock & Schu-
bert 1994).

Basement parallel faults (system 1, green) show both
dextral and sinistral movements (note, RM structures —
Petit 1987 — associated with R-shears suggest dextral move-
ments on basement faults in Fig. 5D). NNW-trending
(system 3, red) faults appear to correspond to dextral
movements. N-trending faults (system 2, blue) appear to
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Fig. 7. A: Panoramic photograph showing exposures of a series of parallel ENE-dipping extensional faults, in the vicinity of camp 1. B and C:
close-up photographs showing en échelon fracturing on the footwall of normal faults and pseudotachylite fault exposure in more detail. D: Lower
hemisphere, equal area stereographic projection of poles to planes, and associated slickenlines, for faults and fractures observed at the outcrop of
Fig. 7A. Fault orientations and kinematics suggest ENE-WSW extension as indicated by stress arrows (red); n, number of measurements.
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Fig. 8. A: Exposure of a localised set of reverse faults near camp 4. B: Lower hemisphere, equal area stereographic projections of poles to structures
observed at the locality of Fig. 8A. Three dominant fault sets are apparent: basement parallel — i.e. ENE-trending — reverse and dextral strike-slip
faults, and a set of sinistral faults oriented N-S (e.g. along the large rock face in shadow). Slickenline orientations and relative fault movements
suggest ESE-WNW compression as indicated by stress arrows (red); n, number of measurements. C: Photograph of surface of reverse fault,
showing dextral-oblique slickenlines (mean slickenline orientation 45/120, see stereonet). Note that faults coloured in red here highlight thrust

faults and do not refer to system 3 faults as in other figures.

show both dextral and sinistral movements, while NNE-
trending faults (system 4, yellow) are sinistral structures
(Fig. 6D-F).

Extensional faulting

Although all five fault systems show dominantly strike-
slip movements, normal and oblique-slip components of
displacement were also recorded on some sets. These faults
appear to have two dominant orientations, N-S (system
2) and ENE-WSW (system 1; Fig. 6C). In some areas
NNW-SSE (system 3) -oriented structures also appear to
be normal faults (Fig. 7), but these are not the dominant
orientations in bulk analyses (Fig. 6). Field observations
suggest that strike-slip movements post-date dip-slip.

Compressional faulting

Reverse faults (Figs 6B, 8) appear to be confined to areas
close to camps 2 and 4, and to be spatially associated with
system 5 lineaments. These faults strike parallel or sub-
parallel to basement structures (ENE-WSW to E-W, Fig.
6B) and exhibit dextral-oblique slickenlines, which plunge
towards the ESE (Figs 6B, 8).

As these compressional or thrust faults are only found
on the southern shore of Nordre Strgmfjord and the north-
ern shore of Nordre Isortoq (i.e. abutting against major
basement shear zones) it is possible that these structures
are the result of local transpressional thrust faulting, which
may be linked to steps in the en échelon sinistral fault
system (system 4). Field observations suggest these com-
pressional faults post-date most other fault and fractures.
However, at camp 4, a N-S sinistral strike-slip fault ap-
pears to cross-cut these thrusts (Fig. 8B).
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Fractures and joints

A diverse array of fracture orientations was recorded. Dom-
inant orientations vary from NW-SE through to NNE-
SSW. The orientation of the mean plane is NNW-SSE.
All fractures recorded showed no evidence for shear move-
ment (i.e. rough surfaces and with no apparent offsets)
and are thus interpreted as opening mode 1 fractures and
suggesting extension directions varied from ¢. E-W to NE-
SW.

Interpretation and discussion

An overall summary of each of the fault systems identi-
fied through remote sensing (i.e. lineament mapping) and
field studies is presented in Table 1. In this section we
discuss the possible interpretations and implications of
these observations.

Fault development

System 1 (ENE-WSW) faults and fractures appear to be
the oldest structures, however multiple slip vectors and
apparent fault movements suggest that there has been ac-
tivity on this system during later tectonic episodes (note
that system 1 faults are apparent in all stereoplots for all
fault types, Fig. 6B—F). These lie parallel to the pre-exist-
ing Nagssugtogidian basement fabric, which dates at c.
1.8 Ga (van Gool et al. 2002).

Cross-cutting relationships interpreted from analysis of
aerial photographs suggest that the next systems to devel-
op were systems 2 and 3 (Fig. 5). It is difficult to deter-
mine if one of these systems predates the other as mutual-
ly cross-cutting relationships can be seen; however, it does
appear that system 3 is the more pervasive system and
thus may be more recent.

Strike-slip movements and offsets on systems 2 (N-S)
and 3 (NNW-SSE) suggest that, if active at the same time,
these would represent a strike-slip conjugate system. In
such cases the inferred extension vector would trend ENE-
WSW, subparallel to system 1 foliation-parallel faults. This
extension vector is also consistent with the dip-slip fault
movements seen locally on these same fault systems.

These strike-slip movements appear to be preceded by
dip-slip extensional movements. System 2 (N-S) is the
dominant extensional fault orientation in the area (Fig.
6C), while some localities showed small populations where
NNW-SSE-oriented extensional faults represent the pre-
ferred trend (e.g. Fig. 7). These faults are indicative of E-
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W to ENE-WSW extension. This extension cannot, how-
ever, explain the apparent basement-parallel (system 1)
extensional faults, which suggest an apparent NNW-SSE
extension. These ENE-trending normal faults have also
been observed in seismic interpretations and are thus im-
portant structures regionally.

These two extensional fault sets show a quadrimodal
fault distribution, i.e. four sets of fault planes (Fig. 6C).
If regarded as two separate fault sets, this geometry would
suggest two separate extension directions (E-W and
NNW-SSE); however an alternative to this is that these
faults formed contemporaneously under three-dimensional
strain (Reches 1983; Nieto-Samaniego & Alaniz-Alvarez
1997). As one set of normal faults trends parallel to a pre-
existing plane of weakness (e.g. basement fabric) it is like-
ly that basement reactivation played a role in the develop-
ment of these faults, and that this has lead to formation
of extensional faults oblique to the regional extension. The
regional tectonic setting would fit with 3-D strain as the
area borders the transfer zone between two extensional
basins, i.e. is a transtensional deformation zone (Dewey
2002; De Paola et al. 2005).

Geoffroyet al. (1998) recorded similar fault geometries
and kinematics farther north in Disko and Nuussuaq (Fig.
1). Their interpretation is that strike-slip and dip-slip fault-
ing developed during a single tectonic episode of WSW-
ENE extension,whichisinagreementwith amodel of3-D
transtensional strain.

As the stereoplots in Fig. 6 show, strike-slip faults are
the dominant fault type in the area (as mentioned above,
71% of all faults measures are strike-slip) and these ap-
pear to post-date extensional movements. All fault sys-
tems show evidence for strike-slip movements. System 1
(ENE-WSW) exhibits both dextral and sinistral senses of
shear, systems 3 (NNW-SSE) and 5 (ESE-WNW) show
dextral shear, while systems 2 (N-S) and 4 (NNE-SSW)
are dominated by sinistral shear movements. System 4
faults (NNE-SSW) appear to cross-cut all other fault sets,
and are characterised by major fault zones (Fig. 5). These
major sinistral strike-slip structures lie subparallel to the
sinistral Ikermiut and Ungava fault zones that dominate
the Davis Strait offshore (Fig. 1). Assuming a ~NNE-
trending sinistral wrench system for the study area, strike-
slip fault movements on each system appear to correlate
closely with synthetic (R) and antithetic (R’) Reidel shears,
and also with synthetic P and antithetic X shears typical
of a plane strain wrench tectonic regime (Fig. 9; Wood-
cock & Schubert 1994).

Compressional faults appear to be relatively late struc-
tures (although cross-cut by ~N-S-trending sinistral faults)
and are localised in areas of strong basement fabric (i.e.



Fig. 9. A: Diagram showing fault systems A
and their corresponding movements. B:
Strain ellipse for a NNE-SSW (~010-190°)
-oriented sinistral wrench system, showing
Riedel (R and R’), P and X shears (Wood-
cock & Schubert 1994). Also shown are the
regional stress vectors (1 and ¢3).
Systems 2 (sinistral) and 5 (dextral)
correspond to R’ and R shears, while
systems 1 (dextral) and 4 (sinistral)
correspond to P and X shears. System 3
corresponds to normal fault sets in Fig. 9B;
however, dominant movements on this
system were dextral.

2 walshs

shear zones). These faults strike parallel to basement fab-
rics and indicate an oblique compression (from the ESE
or SE; Fig. 8). Offshore there is evidence for thrusting in
a similar orientation along the Ikermiut fault zone (Fig.
1). Positive flower structures have been identified (Chalm-
ers & Pulvertaft 2001) and are interpreted as inversion
structures formed at a restraining bend during sinistral
strike-slip along the Ungava transform fault, during the
early Eocene (c. 54-49 Ma, Chalmers & Pulvertaft 2001).
If trends of basement shear zones (outlined in Fig. 2) are
continuedalongstrike offshore they appear tocoincidewith
these transpression zones within the Ikermiut fault zone.
It is possible that thrusts observed onshore have formed
in a similar way to those offshore with basement shear
zones acting as restraining bend structures, thus leading
to localised compressional zones. Furthermore, slicken-
lines on the reverse faults suggest a compression from the
ESE or SE (Figs 6B, 8), which is consistent with the com-
pressional axis for a sinistral wrench system (i.e. NE-SW
extension and NW-SE compression; Fig. 9).

Regional comparison and implications

A key prerequisite for building tectono-stratigraphic mod-
els is being able to date each tectonic event. As all onshore
exposures in this part of West Greenland are in Precam-
brian basement rocks, there are no stratigraphic markers
for constraining the timing of Phanerozoic tectonic events.
Relative timing has been inferred from various cross-cut-
ting relationships in the field and from lineament analy-
sis, but is open to different interpretations. In the absence
of age data that constrain the absolute age(s) of fault acti-
vity, comparisons with offshore models and with data col-
lected in other onshore areas are used here to infer ages for
events in ourtectonic model (see Table 2 forasummary).

» NNE-SSW (10-15°) wrench system:
55-60° extension, 145-150°compression

Regional onshore correlations

Farthernorth intheregionof Diskoand Nuussuag, onshore
faulting episodes can be dated relative to the deposition of
basaltic lavas and the sedimentary systems during Cam-
panian to Eocene times (Geoffroy et al. 1998; Storey et al.
1998; Chalmers et al. 1999; Dam et al. 2000). Dam &
Sgnderholm (1998), Dam et al. (2000) and Dam (2002)
document at least three phases of faulting recorded in the
sedimentary record prior to Paleocene volcanism. Creta-
ceous—Paleocene sediments on Nuussuag show distinctun-
conformities, with incised valleys and submarine canyons,
reflecting disturbances in early Campanian, Maastricht-
ian and early Paleocene times. These unconformities and
channels are thought to have formed in response to struc-
tural movements associated with regional NE-SW rifting
(and also the arrival of the North Atlantic plume in the
latter two cases).

“Ar/*Ar dating has revealed that volcanism com-
menced in West Greenland between 60.9 and 61.3 Ma
and that 80% of the Paleocene lava pile was erupted in
less than 1 Ma (Storey et al. 1998). These lavas show a
distinct coastal flexure (Geoffroy et al. 1998, 2001; Larsen
& Pulvertaft 2000), presently expressed by seaward dip-
ping basalt lavas. This flexure has an arcuate course, strik-
ing NW-=SE in southern Svartenhuk Halve and northern
Ubekendt Ejland, turning through N-S in south-west
Ubekendt Ejland to NE-SW in north-west Nuussuaq and
finally to N-S in north-west Disko (Fig. 1; Geoffroy et al.
1998, 2001; Larsen & Pulvertaft 2000). Numerous dykes
cut these lavas (e.g. see figs 4 and 5 in Larsen & Pulvertaft
2000), and so do various fault sets (Geoffroy et al. 1998).
Thetiming ofthe variousphasesofvolcanic eruption, dyke
emplacement, and block faulting relative to one another is
still a matter of debate. Geoffroy et al. (1998) presented
detailed structural evidence suggesting that fault and dyke
intrusion on Disko took place during tilting of lava sys-
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Table 2. Proposed event stratigraphic model and apparent correlation with offshore events

Event#  Timing and event Offshore tectonic structures

Onshore tectonic structures

5 Pliocene to * Subsidence

(Youngest) Pleistocene tilting

* Uplift?
* Possible reactivation of systems 1-4 as normal faults

4 Eocene Labrador * N- to NNE-trending sinistral * Faults consistent with NNE-oriented sinistral wrench
sea-floor spreading transverse fault system (Ungava system: NNE-trending (system 4) faults and
(Ungava system) fault zone). basement-parallel (system 1) faults active as antithetic X
* Local transpressional and and synthetic P shears
transtensional faulting (e.g. * Systems 2 (reactivation) and 5 active as Reidel shears
Ikermiut fault zone) * Local transpressional thrust faulting observed near camps
2 and 4, associated with steep basement fabrics
3 Late Cretaceous to ¢ N-trending faults in Davis Strait * Systems 1, 2 (and 3?) faults all active as extensional faults
early Paleocene (E-W extension) leading to during NE-SW to ENE-WSW extension
extension formation of the Sisimiut Basin (3D strain)?
offshore
2 Early or middle to ¢« NW-trending normal faults in the * Uncertain?

late Cretaceous
extension and
thermal subsidence

and/or 3

Labrador Sea (SW-NE extension)
* WSW-ENE faults bordering the

Sisimiut basin to the south were

active offshore during events 2

1 Proterozoic and later ¢ Uncertain?
(Oldest)  localised reactivation

* Possible system 1 ENE-WSW foliation-parallel faulting
prior to late Mesozoic?

tems. Geoffroy et al. (2001) then stated that NW-SE-
oriented, flexure-parallel dykes in southern Svartenhuk
yield dates of around 54.6 + 0.6 Ma. This suggests that
most of the coastal flexure is of Eocene age (or later?).
Further evidence for this comes from north-west Nuus-
suaq where tilted lavas (Larsen & Pulvertaft 2000) have
been dated at ~53 Ma (Storey et al. 1998).

Systems 2 (N-S) and 3 (NNW-SSE) extensional faults
in this study appear comparable to faults that cross-cut
these Paleocene basalt lavas (Geoffroy et al. 1998). Taking
the dates outlined above for dyke emplacement which is
believed to be associated with faulting, it would appear
that our system 2 and 3 faults were active during Eocene
times. Takingall these onshoretectonic timingsintoaccount
it would then appear that the faults observed may have
been active from late Cretaceous (Maastrichtian) through
toEocene times(Dam & Sgnderholm 1998; Geoffroyet al.
1998, 2001; Chalmerset al. 1999; Dam et al. 2000; Larsen
& Pulvertaft 2000; Dam 2002).

Normal fault orientations similar to systems 2 (N-S)
and 3 (NNW-SSE) occur in and around the Nuussuaq
basin (Fig. 1; Geoffroy et al. 1998; Chalmers et al. 1999)
and are consistent with either ENE-WSW (Geoffroy et
al. 1998) or E-W (Chalmers et al. 1999) extension.
Chalmers et al. (1999) proposed that the N-S faults
formed by E-W-oriented crustal extension, while associ-
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ated ESE-WNW faults formed as a consequence of reac-
tivation of shear zones in the underlying basement. Nor-
mal faults are dominantly N-S onshore (Fig. 6C), fitting
with this model proposed by Chalmerset al. (1999). How-
ever, this implies that while Baffin Bay in the north and
Labrador Sea in the south were undergoing ENE-WSW
extension (deduced from dominant fault trends and earli-
estmagnetic anomalytrends, Chalmers & Pulvertaft2001),
southern West Greenland and the Nuussuaq basin were
undergoing E-W extension. A better explanation is that
the Davis Strait at this time (i.e. prior to the onset of sea-
floor spreading) lay in a transfer/step-over zone between
two extensional basins, and that it was strongly influenced
by basement fabrics such that this region experienced com-
plex 3-D strain associated with regional ENE-WSW ex-
tension (Fig. 10). Onshore normal fault sets form a quad-
rimodal fault distribution (four sets of fault planes, Fig.
6C) consistent with 3-D strain.

This faulting is then subsequently dissected by N-S
(system 2) and NNE-SSW (system 4) -oriented faults
during the Eocene (Chalmers et al. 1999). The Itilli fault
zone (Fig. 1) is one such NNE-SSW-oriented structure
cutting through north-west Nuussuag. This fault zone
appears to be a left-lateral splay from the northern exten-
sion of the Ungava fault zone in the Davis Strait (Chal-
mers et al. 1999).



STAGE 1:

Late Cretaceous—Paleocene extension (NE-SW to ENE-SSW).
Pre-existing basement anisotropy (Nagssugtogidian

orogenic belt) appears to influence fault patterns in the
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Fig. 10. Proposed two-stage tectonic model for the tectonic evolution of upper Mesozoic — Cenozoic extension within the Nagssugtogidian
orogen. Stage 1(A): N- and ENE-trending normal faults and dextral basement reactivation due to ENE-WSW extension. Stage 2 (B): N- and
NNE-trending sinistral strike-slip faulting, and associated strike-slip wrench tectonic systems, with compressional structures (reverse faults)
forming in zones of basement anisotropy (e.g. shear zones). Block diagrams show schematic cartoons outlining fault patterns observed onshore,
while maps show the regional context, based on correlations between onshore and offshore fault structures.
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Correlation with fault structures offshore

Fault patterns offshore in the Davis Strait exhibit similar
¢. N-S and ENE-WSW dominant orientations. The south
and east bounding faults to the Sisimiut basin strike ENE-
WSW and N-S respectively (Fig. 1). Significantly, the
southern margin of the Sisimiut basin is coincident both
in orientation and location with a major basement shear
zone (the Nordre Isortoq shear zone), and is likely to have
exerted a similar structural control to that interpreted for
onshore. Block faulting has been dated via drilling as hav-
ing taken place between the late Campanian and late Pale-
ocene (Christiansen et al. 2001; Dalhoff et al. 2003), indi-
cating that these extensional faults are of similar age to
those associated with valley incision on Nuussuag and
north Disko (Dam & Sgnderholm 1998; Dam et al. 2000;
Dam 2002).

The Ungava fault zone with its associated fault systems
(e.g. the Ikermiut fault zone) is the most prominent struc-
ture in the Davis Strait (Chalmers & Pulvertaft 2001).
This NNE-SSW-oriented structure is interpreted as a
transform fault zone showing sinistral shear, and has been
linked to the Itilli fault zone (Fig. 1; Chalmers et al. 1999).
System 4 (NNE-SSW) faulting onshore, around Nordre
Stremfjord, is consistent with late sinistral strike-slip move-
ments, and it is reasonable to suggest that this system is of
similar age. As already discussed, offshore evidence for sini-
stral strike-slip movements can be seen in the Ikermiut
faultzone on thewestern margin of theSisimiutbasin (Chal-
mers & Pulvertaft 2001) where transpressional thrusts
(similar to compressional flower structures modelled in
Dooley et al. 1999) appear to have formed in the restrain-
ing bend of a strike-slip fault (see fig. 6 of Chalmers &
Pulvertaft 2001). These thrusts cut early Eocene mud-
stones, but are overlain by late Eocene sediments, provid-
ing further evidence for timing of these movements. This
sinistral shear is thus a consequence of left-lateral move-
ment of the Canadian plate relative to the Greenland plate
along the Ungava transform system during sea-floor
spreading in the Labrador Sea (Fig. 1).

Evidence for neotectonic faulting?

Chalmers (2000) presented evidence for Neogene uplift
in offshore areas of central West Greenland, while recent
onshore topographic and apatite fission-track data analy-
sis has identified similar Neogene activity (Japsen et al.
2002, 2005). A common observation in this field area is
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the presence of raised beaches and palaeoshorelines, up to
elevations 30 m above present sea levels (Fig. 5A). They
are probably the result of isostatic readjustment following
the removal of Pleistocene ice load. Topographically, the
region appears to be divided into blocks, split by ENE-
trending fjords and NNE-trending escarpments (Fig. 2C).
These must be quite recent features as they have not been
eroded during glacial activity (and may in fact be a conse-
quence of it). The trend of system 4 faults (and also local-
ly those of system 2) is generally parallel to the pronounced
NNE-trending escarpment from Nordre Isortoq to Nor-
dre Strgmfjord onshore, and also to a similarly trending
scarp near offshore (identified in bathymetry maps), and
it is possible that these faults have been reactivated as nor-
mal faults during a recent tectonic event. This conjecture
still needs to be verified, as the main escarpments were
not studied in detail during our field work.

Summary

The observed fault and fracture systems reflect a brittle
tectonic history that is ultimately related to far-field plate
movements, uplift and basin formation. The development
of Mesozoic to Cenozoic basins offshore West Greenland
appears to be strongly controlled by faults. Therefore,
knowledge of the fracture systems in the exposed Precam-
brian basement provides a valuable insight into fault ge-
ometries and kinematics during the development of off-
shore basins and potential hydrocarbon reservoirs. It also
provides insights into the possible influence of basement
reactivation.

Several possible tectonic-event models may be con-
structed for this region given the lack of definite ages for
structures. Table 2 shows a basic summary of the relative
timings of fault systems identified in this study relative to
regional offshore tectonic models, while Fig. 10 presents
a model for fault development based on the observations
and correlations made in this study. The absolute timing
of the fault activity onshore, as deduced from correlation
to other fault systems with known ages, needs to be tested
by dating of fault rock samples. A simple two-stage model
has been outlined to explain the complex fault patterns
exhibited in onshore exposures of the central Nagssugto-
gidian orogen (Fig. 10).

The brittle tectonic evolution of the region appears to
be dominated by NE-SW extension, which is consistent
with the opening of the Labrador Sea and Baffin Bay. Only
slight variations in the regional stress field are required to
account for the diversity of fault orientations. According
to Chalmers & Pulvertaft (2001) there was a 15° counter



clockwise rotation in spreading direction between the Pale-
oceneand the Eocene in the Labrador Seaasopening start-
ed between Greenland and Europe, which is consistent
with the two-stage model outlined in Fig. 10. In the early
stages of opening, faulting was dominated by extensional
structures (under 3-D strain conditions), favouring an E-
W to ENE-WSW extension (Fig. 10A); however, as the
Ungava transform fault developed, faulting became more
wrench dominated (2-D plane strain), and suggests NE—
SW extension (Fig. 10B). Variations in fault geometry re-
flect these changes in the regional stress field. However,
the influence of basement structure also appears to have
played an important role throughout (e.g. extensional
faults not normal to the extension direction, and the ap-
parent localised compressional zones associated with in-
tense basement fabrics). Although most faults observed
onshore trend highly obliquely to basement fabrics, fault
patterns do appear to vary in areas of intense pre-existing
structure (such as the Nordre Strgmfjord and Nordre Iso-
rtog shear zones) which suggest that the fabrics within
the Nagssugtogidian orogen may have had some influ-
ence on the fault complexity of the Davis Strait.

The conclusions from this study show that the fault
patterns and sense of movement on faults onshore reflect
the stress fields that govern the opening of the Labrador
Sea— Davis Strait — Baffin Bay seaway, and that the wrench
couple on the Ungava transform system played a domi-
nant role in the development of the onshore fault pat-
terns.
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