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magmas

ALEXANDER BARTELSI’*, TroELs F. D. NIELSENI, SEUNG RyeoL LEE? AND BRriaN G. J. Upton®

! Department of Petrology and Economic Geology, Geological Survey of Denmark and Greenland (GEUS),

Oster Voldgade 10, DK-1350 Copenhagen, Denmark

Department of Earth and Planetary Sciences, Geological Research Division, Korea Institute of Geoscience and
Mineral Resources, Daejeon 305-350, Korea

3 University of Edinburgh, School of GeoSciences, West Mains Road, Edinburgh EH9 3JW, UK

[Received 30 October 2014; Accepted 2 March 2015; Associate Editor: R. Mitchell]

ABSTRACT

The Mesoproterozoic Gardar Province in South Greenland developed in a continental rift-related
environment. Several alkaline intrusions and associated dyke swarms were emplaced in Archaean and
Ketilidian basement rocks during two main magmatic periods at 1300—1250 Ma and 1180—1140 Ma.
The present investigation focuses on mafic dykes from the early magmatic period (‘Older Gardar’) and
the identification of their possible mantle sources.

The rocks are typically fine- to coarse-grained dolerites, transitional between tholeiitic and alkaline
compositions with a general predominance of Na over K. They crystallized from relatively evolved,
mantle-derived melts and commonly show minor degrees of crustal contamination. Selective
enrichment of the large ion lithophile elements Cs, Ba and K and the light rare-earth elements when
compared to high field-strength elements indicate significant involvement of a sub-continental
lithospheric mantle (SCLM) component in the generation of the magmas. This component was affected
by fluid-dominated supra-subduction zone metasomatism, possibly related to the Ketilidian orogeny
~500 Ma years prior to the onset of Gardar magmatism. Melt generation in the SCLM is further
documented by the inferential presence of amphibole in the source region, negative calculated exqgi)
values (—0.47 to —4.40) and slightly elevated 87Sr/868r(i) (0.702987 to 0.706472) ratios when
compared to bulk silicate earth as well as relatively flat heavy rare-earth element (HREE) patterns
((Gd/Yb)y = 1.4—1.9) indicating melt generation above the garnet stability field.

The dyke rocks investigated show strong geochemical and geochronological similarities to pene-
contemporaneous mafic dyke swarms in North America and Central Scandinavia and a petrogenetic
link is hypothesized. Considering recent plate reconstructions, it is further suggested that magmatism
was formed behind a long-lived orogenic belt in response to back-arc basin formation in the time
interval between 1290—1235 Ma.

Kevworbs: dyke petrogeny, Mesoproterozoic, North Atlantic craton, Gardar Province, South Greenland.
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Introduction

THE identification of mantle sources of mafic and
ultramafic magmatism is essential for the under-
standing of mantle dynamics and crustal evolu-
tion. In continental settings, the fundamental
question is whether melts were derived from the
sub-continental lithospheric mantle (SCLM), the
sub-lithospheric upper mantle, upwelling plume
material, or represent mixtures of these individual
mantle components. Some workers argue that the
lithospheric mantle is too refractory to produce
large volumes of basaltic melts and favour a
predominantly asthenospheric origin for conti-
nental mafic magmatism (White and McKenzie,
1989; Arndt and Christensen, 1992). Others
suggest that metasomatically enriched SCLM is
sufficiently fertile to facilitate basaltic magma
generation (Jordan, 1988; Gallagher and
Hawkesworth, 1992; Turner et al., 1996).

A second major debate focuses on whether
mantle melting in continental settings is predo-
minantly triggered by ‘active’ (plume-related) or
‘passive’ (plate-driven) rifting. In the light of
these contrasting views it is important to consider
carefully plate reconstruction models in the
discussion of intracontinental magmatism.

The Mesoproterozoic Gardar Province of South
Greenland formed in a rift-related intra-conti-
nental environment between 1300 and 1140 Ma
(Upton et al., 2003) along the southern part of the
Greenlandic North Atlantic craton (NAC). A more
recent geochronological compilation (Upton,
2013) restricts the magmatism to two separated
episodes around ~1280 Ma and ~1160 Ma. In
terms of the debate of lithospheric vs. sub-
lithospheric mantle sources described above, it is
important to note that the Gardar underlying
mantle was influenced by supra-subduction zone
metasomatism during the Palacoproterozoic
Ketilidian orogeny (Garde er al., 2002) and
several authors have proposed that the magma
generation came about through partial melting of
the SCLM (Upton and Emeleus, 1987; Upton et
al., 2003; Kohler et al., 2009; Upton, 2013). A
contrasting interpretation is given by Halama et al.
(2002, 2004 and 2007) who suggested an
increasing dominance of an enriched plume
component during the younger Gardar magmatic
period with trace-element characteristics similar to
common ocean-island basalts (OIB).

This is in agreement with findings from
Coulson e al. (2003) on minor occurrences of
lamprophyric and carbonatitic rocks, emplaced
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during the younger as well as the older Gardar
magmatism. These rocks show significant
geochemical and isotopic similarities to typical
OIB and a two-step model is suggested by
Coulson et al. (2003) where small-degree
volatile-rich partial melts from the asthenosphere
were frozen in as metasomatites in the SCLM, but
rapidly remobilized during the magmatism of the
Gardar rift.

These studies give evidence that different
mantle sources might have been involved in the
magmatism. Thus, it is crucial that mafic and
ultramafic rocks of the two magmatic periods will
be investigated separately to provide as detailed
information as possible on the potential mantle
reservoirs involved in the Gardar magmatism.

In the present study, mafic dyke swarms of the
Older Gardar magmatic activity are investigated
geochemically. Isotopic and trace-element data
are used to identify possible mantle sources and,
together with previously published data, new
constraints on the time-dependent evolution of
the Gardar magmatic period are made. In
addition, possible implications for the early
Gardar rift dynamics are discussed in the light
of recent plate reconstruction models (Evans and
Mitchell, 2011; Johansson, 2013).

Geological setting
The Gardar Province

The geology of southern Greenland can be
subdivided into three major units, the Archaean
North Atlantic craton (NAC) in the north, the
Palaeo-Proterozoic Ketilidian in the south and the
geographically and volumetrically much more
restricted intrusions and contemporaneous lavas
and sediments of the Mesoproterozoic Gardar
Province. Gardar magmas formed in an exten-
sional environment around 500 Ma after the
Ketilidian orogeny. Their intrusion was concen-
trated along the boundary between the NAC and
the Ketilidian mobile belt into Archaean as well
as the Ketilidian basement rocks during two main
magmatic events around ~1280 Ma and
~1160 Ma. Considering their age, the Gardar
rocks are remarkably well preserved. They
comprise un-metamorphosed and un-deformed
intrusive rocks as well as a succession of
sediments with interbedded lavas, belonging to
the Eriksfjord Formation. The intrusions are
principally dykes as well as 14 plutons or plutonic
complexes ranging from ~300 m up to 50 km in
diameter (Upton et al., 2003). The plutons are
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dominated by alkaline and peralkaline rocks, with
syenites and nepheline syenites as the most
abundant rock types.

The associated dyke swarms show a significant
petrographic range from olivine gabbros and
dolerites to quartz syenites and alkali granites
(Upton et al. 2003; Kohler et al., 2009).
Lamprophyric and carbonatitic dykes are less
common but occur in several areas of the province
(Coulson et al., 2003; Upton et al., 2006).

Brown Dykes (BD,, BD; and BD)

During the early period of magmatism
(~1280 Ma) the largest group of dykes in
number, volume and extent are the ‘Brown
Dykes’ (BD) which are the subject of this study.
Wegmann (1938) referred to them by this name on
account of their typical brown weathering colour.
They can be observed throughout the province,
intruding both the Archaean and the Ketilidian
basement rocks. Based on a large number of cross-
cutting relationships, three suites have been

distinguished. In the literature they are identified
by suffixes indicative of their relative ages (BD,,
BD; and BD, (Berthelsen and Henriksen, 1975)).
The abundance of BD is greatest in the area
around and north of Ivittuut within the Archaean
basement rocks (Fig. 1). A general change of
strike from SW—NE strike in the north, to E-W
and WNW—ESE strike towards the south can be
observed for all three dyke generations throughout
the whole rift. Other dykes commonly related to
the BDy generation include WNW—ESE trending
olivine dolerites in Johan Dahl Land north of
Narsarsuaq and in the area south of Igaliku town
(Fig. 1; Allaart, 1969). Within the Isortoq and
Julianehab regions, only the BD, dyke generation
is described and represented by three major and
several smaller dykes with a general coast-parallel
NW-—SE trend. From north to south they can be
traced for more than 200 km and curve into an
E—W direction before they die out in the area
southeast of Qaqortoq (Fig. 1). The U-Pb
baddeleyite ages of BD, dykes range from
1279+1.3 to 1284+3.0 Ma (Upton, 2013).
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Fic. 1. Simplified geological map showing sample localities and the distribution of ‘brown dykes’ (BD) in the Gardar
Igneous Province, South Greenland based on the work of Berthelsen and Henriksen (1975). Indicated dykes are not
to scale. The area marked with a square is enlarged in Fig. 2.
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Methods
Sampling

Igaliku town and from Johan Dahl Land (Figs 1
and 2). Sample numbers, classification and

A\

K

In this study, sample localities were identified
based on maps of Berthelsen and Henriksen
(1975) and various field maps (Berthelsen, 1958;
Bondesen, 1957, 1958; Walton, 1963) from the
initial mapping period of the area.

Ninety dyke samples and three samples of
basement rocks are included in the present study.
Forty-nine of the samples were collected by J. H.
Allaart, S. N. Ayrton, C. J. Emeleus and B. G. J.
Upton during earlier field investigations between
1958 and 1969 and made available for this study
by Asger Ken Pedersen (Natural History Museum
of Denmark). In addition, 44 samples from a
broad area of the Gardar Province were collected
by the first author during two field investigations
in 2013. At most localities, samples were
collected from both the margin and the centre of
the dykes. The complete sample set includes
representative samples of all three dyke genera-
tions (BDy, BD; and BD,) which intruded the
Archaean basement in the northwest of the
Province as well as the described BD, dykes in
the area from Ivittuut to Qaqortoq, south of

?
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coordinates for samples collected during field
investigations in 2013 are given in Table 1.

Analytical methods

Prior to the analyses the samples were cut and
weathered surfaces were removed. Thin-sections
(~30—100 pm thick) were prepared by the
Vancouver GeoTech Labs in British Columbia,
Canada. Samples were analysed for major and
trace elements at ACTLabs in Ontario, Canada
(whole-rock geochemistry, analytical packages
4Lithoresearch and 4B2 research). Prior to
analysis the samples were crushed using the
mild-steel method. The analytical procedure
includes dilution of lithium metaborate/tetrabo-
rate fused samples followed by analysis on a
Perkin Elmer SCIEX ELAN 6000, 6100 or 9000
inductively coupled plasma mass spectrometer.
The major oxide components and trace elements
of 32 samples were previously determined at the
University of Edinburgh using X-ray fluorescence
(XRF) analysis (samples are marked with a star
on electronic Table 2, which has been deposited

101427
101428
542659
542660

FiG. 2. Sketch map showing sample localities at the SW coast of Tornarssuk and N coast of Sermersut. Brown dykes
of the different generations identified by Berthelsen and Henriksen (1975) are indicated by given numbering (0, 1
and 2).
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TaBLE 1. Samples collected during field investigations in 2013.

Sample Generation Latitude Longitude

540413 BDoarch 61.217717° —48.375167°
542659 BDoarch 61.315067° —48.703333°
542660 BDoarch 61.315067° —48.703333°
542665 BDoarch 61.200183° —48.201817°
542666 BDoarch 61.200183° —48.201817°
542648 BD, 61.325217° —48.737033°
542649 BD;, 61.325217° —48.737033°
542650 BD, 61.328867° —48.742533°
542651 BD; 61.328867° —48.742533°
542652 BD, 61.328867° —48.742533°
542657 BD; 61.324733° —48.714850°
542658 BD, 61.324733° —48.714850°
542667 BD, 61.188983° —48.212150°
542668 BD, 61.188983° —48.212150°
542669 BD, 61.188983° —48.212150°
542655 BD, 61.339000° —48.762383°
542656 BD, 61.339000° —48.762383°
542661 BD, 61.299083° —48.816117°
542662 BD, 61.299083° —48.816117°
542663 BD, 61.298433° —48.808483°
542664 BD, 61.298433° —48.808483°
522106 BD 60.718983° —46.036217°
522136 BD 61.349667° —45.730183°
522137 BD 61.349667° —45.730183°
522138 BD 61.349667° —45.730183°
540434 BDgxet 60.702133° —46.462467°
540437 BDoket 60.702367° —46.463833°
540438 BDyxet 60.702367° —46.463833°
540439 BDgxet 60.702367° —46.463833°
540440 BDoket 60.702367° —46.463833°
540441 BDgxet 60.702367° —46.463833°
540442 BDgket 60.702367° —46.463833°
540444 BDgxet 60.703917° —46.468033°
540447 BDgket 60.705567° —46.441117°
540448 BDoxet 60.706133° —46.442617°
540449 BDgket 60.706000° —46.441167°
540450 BDgxet 60.705250° —46.439550°
542624 BDgket 60.696833° —46.408933°
542625 BDgket 60.696833° —46.408933°
542626 BDoket 60.696833° —46.408933°
542627 BDgket 60.696833° —46.408933°

with the Principal Editor of Mineralogical
Magazine and 1is available from
www.minersoc.org/pages/e_journals/dep mat
mm.html). For 20 of these samples, the major-
element compositions are reported here together
with new trace-element determinations using the
above mentioned method (4B2-research).
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Scandium (Sc) and lead (Pb) are not included in
the commercial package offered by ACTLabs and
the concentrations of these two elements are taken
from the XRF analyses.

For Rb-Sr and Sm-Nd isotope analyses, sample
powders of ~100 mg were spiked with mixed
87Rb-*Sr and '"*’Sm-">°Nd tracers and dissolved

https://doi.org/10.1180/minmag.2015.079.4.04 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.4.04

ALEXANDER BARTELS ET AL.

in PFA Teflon vessels at a sub-boiling temp-
erature for two or three days with HF + HCIO4
acid. After complete dissolution, the solution was
dried, dissolved in 0.5 ml of 2.5 M HCI and then
centrifuged before loading into the column. The
Rb, Sr and the REE were separated by
conventional cation-exchange techniques
(DOWEX 50WX8 resin) with 2.5 M and 6 M
HCI as eluant. The separation of Nd and Sm from
the bulk REE was performed on quartz-glass
columns using EICHROM LN resin with 0.25 m
and 0.5 M HCI as eluant. Rubidium, Sr, Sm and
Nd isotopic compositions were measured using a
TRITON-plus thermal ionization mass spectro-
meter at the Korea Institute of Geoscience and
Mineral Resources. For Sr and Nd isotopic ratios,
the mass fractionation corrections were based on
$08r/*¥Sr = 0.1194 and "*°Nd/'*'Nd = 0.7219,
respectively. Replicate analyses of NBS-987 Sr
and JNdi-1 Nd standards gave *’Sr/*°Sr =
0.710242 + 0.000004 (26, n = 5) and
9N d/MNd = 0.512102 + 0.000002 (26, n = 5),
respectively, during this analytical session. Total
procedural blanks were <200 pg for Rb, Sm and
Nd, and 4.5 ng for Sr. Analytical uncertainties
(two standard errors measured or calculated) are
estimated approximately to be 0.002% or better
for '"Nd/'*'Nd, 0.3% or better for *'Rb/*’Sr,
except for samples 542625 (<0.8%), 101331
(<0.6%) and 101429 (<0.5%), and 0.2% or
better for '*’Sm/'**Nd, except for samples
542625 (<1%) and 542648 (<0.5%). Because of
the relatively high blank level for Sr, approxi-
mately half of the analytical uncertainties on
8731/%Sr ratios reported here are contributed from
the blank correction (Table 3).

Results

In the presentation of the analytical results, the
classic subdivision of the dykes in generations
BDy, BD, and BD, (Berthelsen and Henriksen,
1975) has been maintained. Based on their strike
direction and host rocks, the BD, generation was
grouped further into dykes intruding the Archaean
basement in the northern parts of the Province
(BDoaren) and dykes intruding the Proterozoic
Ketilidian basement in the south of the Province
(BDOKCI)'

Field observations and petrography

All the dykes investigated are sub-vertical and
their widths vary from a few cm up to hundreds of
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metres but are commonly between 5 and 20 m.
Within all three generations, small sub-swarms
and apophyses can be observed, which are, on
close inspection, commonly related to the
terminations of dykes. The crustal dilation in the
Ivittuut region is, on the basis of the accumulated
widths of the dykes, estimated to have been ~3%
(Berthelsen and Henriksen (1975).

The dykes typically have very fine-grained
chilled margins and a symmetrical increase in
grain-size towards the dyke centre can be observed.
Within some of the bigger dykes (>20 m wide),
there are pegmatitic pockets and veins. In some of
the marginal facies, granitic veins indicate melting
and back-veining of basement rocks during dyke-
emplacement. A more detailed description of
emplacement and field characteristics of the BD
is given by Ayrton (1963) and Berthelsen and
Henriksen (1975).

All the samples investigated are holocrystalline
and textures typically range from aphyric to
porphyritic. Porphyritic samples are characterized
by poikilitic to sub-poikilitic clinopyroxene
enclosing plagioclase with or without olivine
and Fe-Ti-oxides (Fig. 3a). Flow lamination of
the major mineral assemblage as well as
accumulation of olivine and plagioclase within
dyke margins can be observed in some samples
(Fig. 3b,d). Large (up to 1.5 cm) plagioclase
pheno- or xenocrysts occur occasionally (Fig. 3c).
Samples from chilled margins indicate addition-
ally the occurrence of two generations of plagio-
clase pheno- and/or xenocrysts (Fig. 3d).

In order of abundance, the major magmatic
phases are idiomorphic plagioclase
(40—60 vol.%), interstitial clinopyroxene
(15—35 vol.%), subhedral olivine (15—25 vol.%)
and Fe-Ti oxides (5—15 vol.%). Biotite and
euhedral apatite are minor components and most
likely crystallized at a late stage. Small (typically
~10—200 um) crystallized sulfide globules can be
found in most of the samples. Additional
accessory phases are identified as titanite, zircon,
baddeleyite and monazite. Secondary alteration
results in sericitization of plagioclase and chlorite
replacing pyroxenes and/or interstitial glass.
Mineral abbreviations used in the following are
based on the classification of Kretz (1983).

Whole-rock geochemistry

Despite the occurrence of phenocrysts or xeno-
crysts in some of the samples, whole-rock data
listed in electronic Table 2 (deposited with the
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Fi6. 3. Photomicrographs showing typical textures observable in the dyke rocks investigated. (a) Large poikilitic
clinopyroxene hosting plagioclase, olivine and Fe-Ti-oxides (101427). (b) Flow lamination in marginal sample
(542655). Olivine and plagioclase are accumulated in the lower parts and the latter is clearly flow oriented. (c)
Typical dolerite texture in a medium grained dyke with a large (~1.5 cm) plagioclase pheno-/xenocryst (542667). (d)
Chilled margin against Archaean basement (lower part). The rock is very fine grained and hosts abundant plagioclase
phenocrysts. Along the margin, the phenocrysts are oriented showing flow lamination. A second generation of
phenocrysts is represented by a larger plagioclase (542649b). Key — pl: plagioclase, ol: olivine, cpx: clinopyroxene,
ox: oxides. The images are taken from thick sections (~100 pm).

Principal Editor of Mineralogical Magazine and
available from

www.minersoc.org/pages/e_journals/
dep mat mm.html) may be regarded as close
approximations to the parental melt of the dykes
investigated. Loss on ignition (LOI) values of the
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analyses vary between 0 and 3.7 with a median
(m) value of 0.2 wt.%. The common major- and
trace-element characteristics described in the
following are based on the sum of all the
analytical data and individual trends for the
specific dyke swarms (BDga.n, BD;, BD, and
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BDgkey) are mentioned only when they deviate
significantly from the observed major trends. An
attempt to discriminate between the individual
BD swarms based on whole-rock geochemistry is
presented below.

The dykes have SiO, contents between 42 and
52 wt.% and alkali contents (Na,O + K,0) vary
between 2.89 and 6.12 wt.% with a general
predominance of Na over K. In the revised (after
Pearce, 1996) chemical classification diagram
after Winchester and Floyd (1977), the majority
of the samples investigated plot in the field of
basalts and follow a vertical trend towards the
field of andesites and basaltic andestites (Fig. 4)
consistent with the fractionation of plagioclase +
olivine + augite + magnetite. Five samples which
were collected from chilled margins plot in the
fields of andesite and basaltic andesite. In the
FeO)—Na,0+K,0-MgO ternary plot after
Irvine and Baragar (1971), the majority of the
samples follow a trend towards larger iron
concentrations similar to that of tholeiites.
However, the compositions are close to the
boundary lines between calc-alkaline and
tholeiitic trends and even some of the samples
show affinities towards a calk-alkaline trend with
increased alkali concentrations (Fig. 5).

Calculated magnesium numbers (Mg# =
100*Mg/(Mg+Fe"); with total iron expressed as
Fez+) vary between 22 and 60. Variation diagrams
of major oxides, selected trace elements and
element ratios, plotted against Mg#, used as a
proxy for melt evolution, are illustrated in Figs 6
and 7 and are used in the discussion to identify
possible fractionation trends. Primitive mantle-
normalized multi-element diagrams of incompa-
tible elements are shown in Fig. 8a—d for the
individual dyke swarms (BDgaren, BD1, BD, and
BDoker). For simplicity, some of the data, mainly
of marginal samples, are excluded in the multi-
element plots and will be discussed separately.
Also excluded are two samples that show
extremely negative Nb anomalies (522137 and
522138) as well as sample 101398 which is highly
enriched in all of the incompatible elements. All
of the patterns shown have remarkable negative
anomalies of high field-strength elements (HFSE)
such as Th, U, Ta, Nb and to a minor extent Hf
and Y when compared to some of the large ion
lithophile elements (LILE), e.g. Cs, Ba and K
which tend to be enriched. Strontium exhibits
positive anomalies for the most primitive samples
which decrease with increasing fractionation and
turn into negative anomalies for the middle to

0Arch

0.1} 2

Zr/Ti
xS
\ g o
| %
=
\ ©

0.001 e

LI
N, A
N/

alkali
basalt

0.01 0.1

1 10

Nb/Y
Fic. 4. Zr/Ti vs. Nb/Y discrimination diagram of Winchester and Floyd (1977) with revised fields after Pearce
(1996). Fractionation vectors: POA = plagioclase + olivine + augite, POAM = plagioclase + olivine + augite +
magnetite, POAHM = plagioclase + olivine + augite + hornblende + magnetite.
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FeO,

thq[qiitic

s,
0‘ .,

Na,0 + K,0 50

MgO

FiG. 5. An AFM discrimination diagram for whole-rock data of the dyke rocks investigated. The solid line after
Irvine and Baragar (1971) (I&B71) discriminates between the tholeiitic and calc-alkaline trends (dashed lines).
A: (Na,O + K,0); F: FeO, (FeO, = FeO + 0.8998 * Fe,03); M: MgO.

highly fractionated samples. Commonly, the BD,
dykes exhibit a higher enrichment in incompatible
elements and their negative Sr anomalies are more
pronounced than in all other BD compositions
(Fig. 8a,d). Sample 540448 from a chilled margin
of a BDgke: displays an extreme depleted
character compared to the other samples
(Fig. 8d), but with selective enrichment of the
LILE and Ti.

Chondrite-normalized REE plots display a
significant enrichment of REE which is more
pronounced for the light rare-earth elements
(LREE) with La abundances between 11—167
times chondritic values (Fig. 9a—d). From La to
Ho a constantly decreasing trend for the normal-
ized values is observed. The HREE show a
comparable flat pattern with similar enrichment
factors for Ho to Lu between 4 and 31 times
chondritic values. All samples show a small
decrease in normalized Sm values. The most
primitive samples always display a positive Eu-
anomaly, which decreases with increasing abun-
dance of REE. Negative Eu anomalies occur only
in some of the most fractionated samples of the
BD, generation (Fig. 9a,d). Sample 540448
shows constant LREE enrichment with ~11
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times chondritic values for La to Sm, a positive
Eu anomaly and a decreasing trend of normalized
REE values from Gd to Lu (Fig. 9d).

Radiogenic Isotopes

Based on whole-rock geochemistry, a sub-set
of 14 samples was selected for isotopic determi-
nations. The sub-set includes the most primitive
samples (with Mg# > 52) of the three main dyke
generations described by Ayrton (1963). In
addition, and for evaluation of the extent of
crustal contamination, four mafic dyke samples
with elevated (Th/Nb)y (used as an indicator for
crustal contamination) and one representative
sample from the Archaean and one from the
Ketilidian basement have been selected.

Strontium and Nd isotopic compositions and
related parent-daughter element concentrations of
the samples investigated are given in Table 3.
Initial Sr and Nd isotopic compositions along with
end(i) values were calculated for an emplacement
age of 1285 Ma (Upton et al., 2003). exqg) values
for chondritic uniform reservoir (CHUR) and the
initial *’Sr/%°Sr ratio for bulk silicate Earth (BSE)
were calculated using present day ratios of
MBNd/*Nd = 0.512638 (Goldstein et al., 1984)
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Fi1G. 6. Major-element variation diagrams for whole-rock data of the dyke rocks investigated with Mg# = 100*Mg/
(Mg+Fe*") (with total iron expressed as Fe*") used as fractionation index.
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of REE against Mg#. Most of the samples which are deviating significantly from the trends described in the text can

be attributed to marginal samples and contamination with basement material (e.g. the four negative outliers in
Fig. 7a as well as the three positive outliers in Fig. 7k of the BDgk.; generation).
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FiG. 9. Rare-earth element plot for whole-rock samples of the dykes investigated, normalized to chondrite values
from Boynton (1984).
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and '"’Sm/'**Nd = 0.1967 (Jacobsen and
Wasserburg, 1980) and ¥’Sr/%°Sr = 0.745 and
87Rb/2®Sr = 0.0827 (DePaolo, 1988), respectively.

All the dyke samples have negative exq) values
(—0.47 to —4.40) and 87Sr/86Sr(i) ratios between
0.702987 and 0.706472 (Fig. 10). In the exqg) Vs
87Sr/868r(i) diagram, the majority of the samples
describe a narrow isotopic range with slightly
larger *’St/**St;, values (0.702987 to 0.703737)
when compared to the calculated BSE value of
0.702978. However, samples with higher (Th/
Nb)y ratios show a clear tendency towards a larger
87Sr/86Sr(i) value and describe a trend towards

measured values for the respective basement rocks
(Fig. 10). Thus the (Th/Nb)y ratio can, as
assumed, be used as a measure for crustal
contamination of samples, where isotope data is
lacking.

Initial Nd and Sr isotopic compositions from
various rock types of the older Gardar magmatic
period, taken from previous studies, were
calculated for an emplacement age of 1285 Ma
and are shown for comparison. These include
lower basaltic lavas of the Eriksfjord Formation
(Halama et al., 2003), lamprophyres and basalts
from the Ivittuut region (Goodenough et al.,

8 T T T T T T T
I [ BDOArch
6 - O BD1 —
I ©  BD, 1
4 i ® BDy
2 r i
= | i CHUR 1
T 0
Z | ew O d
W[ ' 4 - _
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(*’Sr/*Sr),
Fi. 10. Diagram of exq() vs. (87Sr/86Sr)i for whole-rock samples of the dykes as well as samples from the Ketilidian
(Ket) and Archaean (Arch) basement. (Th/Nb)y ratios (normalized to primitive mantle values from McDonough and
Sun, 1995) are given by small numbers attached to the symbols. The value for the initial %’Sr/*®Sr ratio for bulk
silicate Earth (BSE) is calculated using present-day ratios of ’St/*°Sr = 0.745 and *’Rb/*®Sr = 0.0827 (DePaolo,
1988). Additional data are given for comparison: EF: Eriksfjord Formation (Halama et al., 2003); Iv: lamprophyres
and basalts from the Ivittuut region (Goodenough et al, 2002); Ku: gabbros from the Kangnat ring dyke

(Goodenough, unpublished); Gr(sy) and Gr(ca): syenites and carbonatites from the Grennedal Ika intrusion (Halama
et al., 2005 (Nd data) and Taubald ef al., 2004 (Sr data)).
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2002), gabbros from the Kiingnat ring-dyke
(Goodenough, 1997) as well as syenites and
carbonatites from the Grennedal-lka intrusion
(Nd data from Halama et al., 2005; Sr data from
Taubald et al., 2004). Two separate groups can be
distinguished based on the isotopic characteris-
tics. Lamprophyres and basalts from the Ivittuut
region as well as carbonatites and syenites from
the Grennedal Ika intrusion have eyqgi) between
1.8 and 5.0 and 87Sr/868r(i) values scattering
around BSE. In comparison, gabbros from the
Kingnat complex as well as the lower lavas from
the Eriksfjord Formation together with the BD of
the present study have significantly lower engg)
between —0.1 and —4.4.

Geochemical classification of the individual
swarms

The BD are, on the basis of temporal relation-
ships and orientation, divided into BDy, BD; and
BD,. It is not evident from either the geochemical
diagrams or any other respect that they represent
three distinct suites. To test if the generations of
BD can be fingerprinted, dykes that were
emplaced into Archaean crust have been selected.

This is assumed to minimize biases in incompa-
tible element ratios between dykes emplaced in
Archaean and Ketilidian basement. Based on Zr/Y
and Layn/Smy ratios, two geochemical groups can
be identified: One hosting the majority of the BD,
samples, and one the majority of BD; and BD,
samples (Fig. 11). The increase in Zr/Y is related
to the generally greater Zr contents in the BDg
dykes (see positive Zr anomalies in Fig. 8) and
the larger (La/Sm)y ratio reflects the steeper
LREE spectrum for BD, dykes illustrated in
Fig. 9. Although the geochemical grouping is
broadly in accord with the cross-cutting relation-
ships (Berthelsen and Henriksen, 1975), several
exceptions are obvious. One BD, sample seems to
be related to the geochemical group of BD, and
BD, and five samples of BD; and BD, appear to
be related to the BD, samples.

Tectonic environment

The Gardar dykes have been emplaced in a
continental rift-related environment. However,
based on the Ta-Hf/3-Th diagram after Wood
(1980) (Fig. 12), no clear classification as within-
plate basalts (WPB) is possible. Instead, the

10
® BD,,
9—_ (@) BD1

[ ~ BD

2

Zr/Y
[e)}
T

2

(La/Sm)
Fic. 11. Discrimination diagram for the individual dyke generations intruding Archaean basement using Zr/Y and
(La/Sm)y whole-rock data. The concentrations of La and Sm are normalized to chondrite values from Boynton
(1984).
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F1G. 12. Discrimination diagram for Ta-Hf-Th after Wood (1980) with fields indicated for possible tectonic settings:
MORB = mid-ocean ridge basalts, WPB = within-plate basalts, VAB = volcanic arc basalts. Red arrows indicate
subduction zone enrichment and crust-magma interaction, respectively.

majority of samples scatter between the field of
enriched mid-ocean ridge basalts (MORB) and
WPB and volcanic arc basalts (VAB). This could
be related to modification of the used trace-
element parameters during fractionation processes
(Rollinson, 1993) or may indicate mantle source
modification caused by subduction zone enrich-
ment or crust-magma interaction as illustrated by
the arrows given in Fig. 12 (Dudas, 1992; Pearce,
1996).

Discussion

Fractional crystallization
Minimum and maximum MgO values of 1.85 and
11.89 wt.% and calculated Mg# of 21.72—59.49
indicate a broad spectrum of compositions.
However, the majority of the investigated
samples have an MgO concentration and Mg#
close to calculated median values of 6.14 wt.%
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and 45.25, respectively. These values suggest that
the samples do not represent primary magmas, but
originated from geochemically evolved melts and
represent fractionated basalts with densities close
to a minimum.

In general, an increasing abundance of REFE
with a slightly more pronounced LREE enrich-
ment with decreasing Mg# (Fig. 9) is consistent
with progressive crystallization from a differ-
entiating melt (Blaxland and Upton, 1978). The
major- and trace-element trends given in Fig. 6
and 7 can be used to identify fractional crystal-
lization trends which governed the chemical
evolution of the melts. In the following, the
fractionating phases will be discussed in order of
their typical appearance on the solidus.

The strong negative trend of Cr at large Mg#
values indicates fractionation of Cr-spinel in the
carly evolution of melts or accumulation of
chromite within the samples although no
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accumulation is seen in the petrographic investi-
gations. However, this trend is only observable for
the oldest generation of dykes (BDy).
Significantly lower Cr concentrations
(<100 ppm) for the most primitive samples of
the younger dyke generations (BD; and BD,)
suggest that Cr-spinel had already fractionated
from these melts during an earlier stage.

Fractionation of olivine is indicated by positive
correlation of MgO, Co and Ni with Mg#. The
low initial Ni and Co contents (<150 and
<60 ppm, respectively) for the majority of the
samples suggests additionally, that earlier fractio-
nation of olivine influenced the melt evolution.
Four outliers with low Co concentrations can be
linked to marginal samples and possible contam-
ination with basement rocks.

A slightly decreasing trend for Sr with
decreasing Mg# can be observed for the
BDgarcn, BD; and BD,. In contrast, samples of
the BDgker dykes show a broad scatter of Sr
against Mg# and a clear trend is absent. However,
all dyke generations show positive Sr and Eu
anomalies in the most primitive samples which
decreases with increasing fractionation and turn
into negative anomalies for the most fractionated
samples (Figs 8 and 9). This indicates plagioclase
accumulation during an earlier stage of melt
evolution followed by normal fractional crystal-
lization of plagioclase during dyke emplacement.
The positive correlation of CaO and the negative
correlation of Na,O with Mg# indicate that the
fractionating plagioclase crystals were rich in
anorthite. A possible source for early plagioclase
accumulation could be related to the anorthositic
bodies, which are assumed to underly the province
as described by several authors (e.g. Bridgwater,
1967; Bridgwater and Harry, 1968; Upton et al.,
2003; Upton, 2013).

The majority of the samples display maximum
values for Cr, Sc, V and Ca/Al between Mg# of
45—50 indicating the start of clinopyroxene
fractionation in this range of Mg#. This is
further supported by stronger decreasing trends
of MgO and CaO as well as flattening of the
curves for Fe,O3 and MnO below a Mg# of 45.
Another indication for clinopyroxene fractiona-
tion is a positive correlation of Sc/Y and Mg# as
suggested by Mattsson and Oskarsson (2005).

The curved trends for TiO,, Fe,O; and MnO
with maximum values around Mg# ~35 and the
strong decrease of Co and V below Mg# ~35
indicate fractionation of Fe-Ti-oxides in the late-
stage of magma evolution. A negative correlation
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of Zn and Mg# suggests that the formation of
magmatic ilmenite was negligible and the
dominant Fe-Ti-oxide during fractionation was
titanomagnetite. Accordingly, ilmenite crystals
observed in the samples probably formed due to
late-stage oxy-exsolution of primary titanomag-
netite. It is only in the most evolved samples that
fractionation of magmatic ilmenite might have
occurred, as suggested by decreasing Zn concen-
trations. The fractionating mineral assemblage of
plagioclase + olivine + augite + magnetite is
consistent with the observed trend in the Zr/Ti vs.
Nb/Y diagram (Fig. 4).

A decrease of P,Os, CaO and XREE concentra-
tions as well as Ca/Al ratios at low Mg# values
(<35) give evidence for late-stage apatite fraction-
ation. The decreasing contents of K,O less than
Mg# of ~35 additionally indicate the formation of
K-rich feldspar which has been fractionated from
the melt. However, K-feldspar was not observed in
thin sections of highly fractionated samples and
possible K-feldspar components probably formed
due to contamination with the K-rich basement.
Most of the samples which deviate significantly
from the above described trends can be attributed
to marginal contamination.

Crustal contamination

A complicating factor in a continental setting is
the role of crustal contamination which often
masks mantle source signatures and complicates
petrogenetic interpretations. It can influence an
initial melt composition at various stages during
its evolution. Accordingly, mixing as well as
assimilation accompanying fractional crystalliza-
tion (AFC) processes may occur. In particular, at
the margins of an intrusion, remobilization and
partial melting of host rock could lead to
progressive back-veining. This significantly
changes the melt composition dependent on the
composition of the host rock. In the following, the
different possible crustal contamination processes
are discussed, in an attempt to constrain the
composition of primary melt(s) prior to reaction
with crustal material.

Major-element compositions can be used as a
first proxy to identify crustal contamination.
Large SiO, and K,O (Fig. 6) concentrations at
comparable primitive Mg# in some samples from
the margins of dykes are taken as evidence for
back-veining processes or host-rock interaction
during the final emplacement of dykes. This is
supported by field observations of granitic veins
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in some of the dyke margins, representing
remobilized basement rocks. A higher scatter in
major and trace elements vs. Mg# is observed,
especially in the wider BDy dykes and may be
explained by a higher potential heat transfer at the
margins of wider dykes and subsequent crustal
contamination.

In order to provide further constraints on the
contamination processes, AFC as well as mixing
processes were modelled using the formulated
spreadsheet from Ersoy and Helvaci (2010).
Powell (1984) noted that a strong contrast in
trace-element concentration between the sample
and the contaminant is required before contam-
ination can be recognized and in this study AFC
processes were modelled using Th, U and La
against Zr as a proxy for melt evolution. The
starting composition in the models always
represents the most primitive composition of the
individual BD generations based on Mg# and
mantle-normalized multi-element plots. The
compositions of samples of Ketilidian and
Archaean basement were used as contaminant.

The percentage of fractionating minerals was
chosen to represent a typical low-pressure
assemblage, consisting of 50% plagioclase, 30%
clinopyroxene and 20% olivine (Halama et al.,
2007). This is consistent with the mineral
proportions observed in the samples of this
study. However, even major changes in the
fractionating mineral assemblage will not influ-
ence the results significantly due to the use of
highly incompatible elements in the modelling.
Different rates of assimilation to fractionation (» =
0.1, 0.2 and 0.3) were tested in the calculation.
The methodology used does not account for
individual AFC processes which might have
affected specific dykes, but gives an approximate
value for the importance of crustal assimilation
for a suite of dyke rocks.

The modelling indicates that crustal assimilation
during crystal fractionation played only a minor
role in the genesis of the BD, e.g. as exemplified in
the Th vs. Zr plots (Fig. 13a—d). In most cases an
assimilation rate <10% is indicated for the
samples, although trends for La and U may
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FiG. 13. Plots of Th vs. Zr for the individual dyke generation BDgacn (@), BDy (b), BD, (¢) and BDgk. (d). fc:
modelled trend for fractional crystallization; solid lines: modelled trends for assimilation during fractional
crystallization (AFC) processes with » = assimilation to fractionation rate. Modelling was conducted using Archaean
(A) and Ketilidian (K) basement rock samples as contaminant and a fractionating mineral assemblage of 50% pl,
30% cpx and 20% ol; dashed lines: modelled mixing lines with Archaean (b and ¢) and Ketilidian (<) basement
rocks.
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suggest as much as 20%. Irrespectively, assimila-
tion can effectively model the observed composi-
tional trend of the investigated dykes. Binary
mixing lines between dyke and basement rocks
support the suggested contamination of some of the
marginal dyke samples by back-veining and
mixing processes (Fig. 13b—d). Some extreme
outliers are thought to be related to local
mineralogical or chemical heterogeneities of the
contaminating basement rocks. A comparison of
(Th/Nb)y;, used as an index for crustal contamina-
tion with increasing fractionation (decreasing Mg#)
further supports the importance of AFC processes.

As even the most primitive parental melt
sample is already evolved with regards to its
MgO concentration (11.89 wt.%) and the majority
of samples are in the range of ~6 wt.% MgO,
crustal contamination during prior melt evolution
has to be considered. In the Th/Yb vs. Nb/Yb
diagram (Fig. 14, Pearce and Peate, 1995; Pearce,
2008), the majority of the samples plot in the
range comparable to enriched mid-ocean ridge
basalts (E-MORB) and describe a steep trend

towards larger Th/Yb values. Following Pearce
(2008), this indicates progressive melt-crust
interaction due to selective enrichment of Th
and is consistent with the modelled AFC
processes as well as elevated *’St/*°Srg;, and
lowered engg) values for samples with high
(Th/Nb)y ratios (Fig. 10).

However, the typical features of HFSE deple-
tion as well as enrichment of LILE and LREE can
be observed even in the most primitive samples
which plot within the mantle array in Fig. 14,
defined by N-MORB, E-MORB and OIB
compositions (Sun and McDonough, 1989).
Therefore, it is considered that these melts were
not significantly influenced by prior crustal
contamination processes and developed their
characteristic trace-element patterns before
emplacement into the crust.

Assessment of secondary remobilization

During weathering and metamorphism certain
elements tend to be mobile, including the alkali
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Fi16. 14. Diagram of Th/Yb vs. Nb/Yb for whole-rock samples of the samples investigated. Normal mid-ocean ridge
basalts (N-MORB), enriched mid-ocean ridge basalts (E-MORB) and ocean island basalt (OIB) values are taken
from Sun and McDonough (1989). SZ: subduction zone enrichment; CC: crustal contamination; WPE: within-plate

enrichment; f: fractional crystallization.
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and alkali-earth metals (Pearce, 1996). As some
samples show increased LOI values (electronic
Table 2, deposited at www.minersoc.org/pages/
e journals/dep mat mm.html), taken as a first
indication of secondary alteration, remobilization
of elements is constrained before interpretation of
the dataset using the approach given by Cann
(1970). Good correlations of the possible mobile
elements K, Ba, Sr and U with Zr, taken to be
immobile during basalt fractionation, are evidence
that these elements were not affected significantly
by secondary alteration processes. In contrast, the
concentrations of Cs and Rb in some of the
samples do not show good correlation with Zr and
should be considered carefully in the geochemical
interpretation.

Mantle sources

The geochemical data are used to constrain
whether melts parental to the Gardar BD were
generated in an upwelling plume, the sub-
continental lithospheric mantle (SCLM), the
sub-lithospheric upper mantle, or represent
mixtures of these individual mantle components.
In order to exclude the described effects of
fractional crystallization and crustal contamina-
tion in the identification of these possible mantle
sources, the dataset is restricted to samples with
large Mg# (> 50) and low (Th/Nb)y ratios (< 1.6).

Plume origin

Involvement of a mantle plume within the
younger period of Gardar magmatism is suggested
by Halama et al. (2002, 2004 and 2007) and thus,
should also be considered as a possible mantle
source for the BD of the ‘Older Gardar’. The
HFSE contents and HFSE/HFSE ratios are useful
tools to characterize the depletion and enrichment
processes of the mantle source (McCulloch and
Gamble, 1991; Pearce and Parkinson, 1993;
Woodhead et al, 1993; Pearce et al., 2000;
Pearce, 2008; Manikyamba et al., 2009; Ray et
al., 2013). Niobium contents of 3—13 ppm and
Zr/Nb ratios between 9-22, for the samples
investigated, argue strongly against the influence
of an enriched plume-related component in the
generation of melts with geochemical character-
istics comparable to modern OIB with Nb
contents of 45 ppm and Zr/Nb ratios of ~6 (Sun
and McDonough, 1989). In contrast, they indicate
an only mildly-enriched source with a composi-
tion comparable to Archaean upper mantle (Polat
and Kerrich, 1999 and 2002; Wyman et al., 1999;
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Hollings and Kerrich, 2004 and 2006; Polat and
Munker, 2004; Manikyamba et al., 2009 and
Wyman and Kerrich, 2009). A plume scenario is
further unrealistic, assuming that the depth of
melting was shallower than the garnet stability
field. This is indicated by (Gd/Yb)y and (Sm/
Yb)y ratios between 1.4—1.9 and 1.6-3.2
combined with almost constant chondrite-normal-
ized HREE concentrations from Ho to Lu
(Rollinson, 1993).

Evidence for a major SCLM component
Characteristic negative Hf anomalies as shown
in Fig. 8 as well as similar Nb/Ta (13—29) and
slightly higher Zr/Hf (37—51) ratios relative to
MORB values of 18 and 36 (Sun and
McDonough, 1989), suggest the presence of
residual amphibole in the source (Moine et al.,
2001). This could be related to hydrous
metasomatism and fertilization of a depleted
source caused by, e.g. a preceding subduction
event (Munker et al., 2004; Davidson et al., 2007;
Manikyamba et al., 2009) which is consistent
with the observed enrichment of LILE and LREE
(Figs 8 and 9). However, Kohler et al. (2009)
proposed that the metasomatism introduced fluor-
apatite and fluor-phlogopite into the SCLM,
which could equally account for the raised LILE
and LREE. Considering subduction-induced meta-
somatism, Th and REE systematics as well as the
comparison of Ba/La and Th/Yb ratios are useful
tools to further discriminate between metasoma-
tism caused either by fluid or sedimentary input
(Hawkesworth et al., 1997; Woodhead et al.,
2001). The Th/Ce ratios of mantle derived rocks
are typically in the range of 0.016—0.050
(average of MORB and OIB, Sun and
McDonough, 1989) but they are much higher in
sediments with a continental crust component. In
an arc setting, Th appears to be preferentially
mobilized from the sedimentary component
(Pearce, 2008; Hawkesworth et al., 1997) and
any input from sediments would significantly
increase the Th/Ce ratio. However, measured
ratios of 0.021—0.035 (m = 0.026), together with
small total Th contents (0.33—1.21, m =
0.64 ppm) indicate a fluid-dominated metasoma-
tism of the mantle source. The wide range of Ba/
La (18—30) ratios at relatively constant Th/Yb
ratios (0.2—0.5) strengthens the case for the
magmas being derived from a previously depleted
source, subsequently enriched by fluids.
Light-REE systematics can be used for the
identification of possible source heterogeneities or
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different degrees of partial melting in the source
region. In a La/Sm vs. Nb/La plot, a positive
correlation would be consistent with different
degrees of partial melting from a homogeneous
mantle source. This is attributed to the decreasing
incompatibility from Nb to La to Sm (Ray et al.,
2013). Accordingly, high La/Sm and Nb/La ratios
represent the lowest degree of partial melting.
However, since no positive trend is observable in
Fig. 15, the differences in the La/Sm ratios are
more likely to be attributed to a heterogeneous
source or to variable degrees of mixing of a melt
from a primitive asthenospheric upper mantle and
melts from a metasomatized SCLM component
(see discussion below).

The combination of constraints from the trace
element concentrations and ratios provide strong
evidence for the involvement of a major SCLM
component in the generation of melts and the
following possible scenarios are suggested:
(1) mixing or assimilation of melts from primitive
asthenospheric upper mantle with a SCLM
component; (2) direct melting of the SCLM
which had previously experienced extensive
melt extraction and subsequent fertilization by
fluids; or (3) significant crustal assimilation of
melts from the asthenospheric mantle. As
discussed above, crustal contamination was
generally negligible and accordingly the third
scenario cannot account for the trace-element
characteristics observed for the data.
Consequently, a strong contribution of a SCLM

component in the evolution of the BD parental
magmas is suggested. This component could have
been the SCLM that had been modified by fluids
from a subducting oceanic slab dating back to the
Palaco-Proterozoic Ketilidian orogeny (Garde et
al., 2002; Goodenough et al., 2002; Upton, 2013).
To account for the high Al/Ca ratios of the Gardar
basic rocks throughout the Province, inferred to
have been a primitive characteristic acquired
during mantle melting, the latter was inferred to
have originally had a depleted, possibly harzbur-
gitic composition with low clinopyroxeme/garnet
or clinopyroxene/spinel content. Metasomatism
introduced LILE as well as inferentially F and ClI
rendering the refractory SCLM fusible (Upton and
Emeleus, 1987). Since the Ketilidian orogeny, the
Gardar region remained stable and unaffected by
tectonic or magmatic activity and the subduction-
related signature was most likely preserved in the
source regions of the Gardar magmas
(Goodenough et al., 2002). Indications for a
veined SCLM are given by the occurrence of
small mela-aillikitic intrusions (Upton et al.,
2006) and veined peridotitic mantle xenoliths
(Upton, 1991) of Gardar age.

Sub-lithospheric or lithospheric sources

Two remaining scenarios are envisaged for the
formation of the BD magmas. The first is based on
the assumption that the lithospheric mantle was
characterized by abundant veins, rich in clino-
pyroxene, phlogopite and amphibole which could

5 i T T T ) ¥ ’ T ]

AL :

[ c® O ]

3L © ]

S - J
G | g % o ]
© L ]
= 2t ® BDOArch @ T
. @ BD, 1

1L © BD, ]

: . BDOKet :

0 I 1 L 1 | f L L | L L 1 L L ! i 1 ]

0.0 0.2 0.4 0.6 0.8 1.0

Nb/La

FiG. 15. Whole-rock La/Sm vs. Nb/La plot for samples with large Mg# (>50) and low (Th/Nb)y ratios (<1.6). The
grey field illustrates the compositional range of the complete sample set of dyke rocks investigated.
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be melted readily and the resultant melts
intermixed with uprising asthenospheric upper
mantle magmas. Cadman et al. (1995) success-
fully modelled the enrichment of Rb, Ba and K in
Proterozoic dykes from Labrador, using the
composition of N-type MORB asthenospheric
material and veined xenoliths from metasoma-
tized peridotites (O'Reilly ez al., 1991). Although
this model could explain the enriched LILE
characteristics observed in the rocks of the
present study, it does not explain the observed
enrichment of LREE in the samples studied.
Luttinen et al., (1998) and Luttinen and Furnes
(2000) suggested a composition close to
lamproites as a hypothetical composition for
enriched veins in the SCLM. Following their
approach, different lamproitic compositions
(Rock, 1991; Cullers and Berendsen, 2011) have
been tested in a mixing model with an N-MORB
component from Sun and McDonough (1989)
taken as reference material for primitive astheno-
spheric upper mantle melts. A mixing model
between N-MORB and 5-10% lamproitic
component give the best results for the dataset
of the present study (Fig. 16). However, some
characteristics of the samples argue against such a
model. In particular, the HREE concentrations
deviate significantly from the modelled composi-

tion and an unrealistic high degree of mixing with
vein-melt would be necessary to explain the
HREE systematics with the proposed model.

The second scenario envisaged is direct melt
generation within the lithospheric mantle. The
probable presence of amphibole or fluor-phlogo-
pite + fluorapatite (K6hler et al., 2009) supports a
source restricted to the lithospheric mantle rather
than a derivation from sub-lithospheric primitive
upper mantle intermixed with lithospheric mantle
components. This is supported by La/Ba vs. La/
Nb systematic of the BD (Fig. 17) which shows
significant overlap with the low-Ti Karoo basalts,
the Umkondo low-Ti dykes as well as the
Sudbury dykes each of which have also been
attributed to a metasomatized lithospheric mantle
source (Jourdan et al., 2007, 2009; Shellnutt and
MacRae, 2012).

The general isotopic variation of the early
Gardar magmatic rocks (Fig. 10) may indicate a
broadly similar but heterogeneous SCLM source,
affected by variable degrees of metasomatism as
proposed formerly by Goodenough ez al. (2002)
and Upton et al. (2003). However, the available
data, especially those for the lamprophyric and
basaltic dykes in the Grennedal-lIka and Ivittuut
regions that have higher eyqg), provide evidence
for a different, more primitive source. One
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steps.
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explanation is given by Goodenough et al. (2002)
who interpreted the lamprophyres in the Ivittuut
area as small-degree melts of an asthenospheric
source which became frozen in as metasomatites
in the SCLM during initiation of the Gardar rift
and re-melted easily during rifting. This is also
supported by their Pb isotope systematics which
are substantially different from those of other
Gardar basic rocks (Upton et al., 2003). Another
possibility could be related to modifications of the
isotopic signature by fluids associated with the
emplacement of the Ivigtut and Grennedal-lka
intrusions. However, it has to be mentioned that
both scenarios are highly speculative and remain
to be tested in future investigations.

Evolution of the early Gardar plumbing
system

The overall geochemical characteristics of the
BD within the Gardar Province can be explained
by postulating large deep crustal magma
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chambers underplated near the crust-mantle
boundary in which magma was stored long
enough to efficiently homogenize. This is
consistent with the consensus view that the
Older Gardar syenitic magmas within the
Gronnedal-lka, Kingnat, Motzfeldt and North
Qoroq complexes were largely fractional crystal-
lization products from basaltic parents.
Accordingly their genesis certainly required
large volumes of the parental magmas many
times their collective volumes. The evolved
character of the melts in the dykes was probably
caused by previous loss of olivine and Cr-rich
spinel. Progressive crustal thinning during back-
arc basin induced rifting (see discussion below)
resulted in opening magma conduits and the
formation of smaller magma chambers in which
further fractional crystallization and assimilation
processes took place. Thereby, the individual
dyke generations (BD,, BD; and BD,) experi-
enced very similar crystallization histories.
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However, distinctive trace-element characteristics
of the oldest BD, dyke generation when compared
to those of the BD; and BD, dykes indicate a
heterogeneous source region as proposed by
Kohler et al. (2009). Additionally, the general,
more enriched character of the first BD,
generation, indicates a greater degree of fractional
crystallization prior to emplacement.

Dyke swarm correlation and Mesoproterozoic
rifting

The magmatism in the Gardar Province can be
correlated to near-contemporaneous and transat-
lantic dyke emplacement. During the
Mesoproterozoic, the Columbia supercontinent
was affected by numerous rift-related tectono-
magmatic events involving the emplacement of
mafic dykes, sills and the eruption of volcanic
rocks. Most of the major events, including the
world’s largest radiating dyke swarm, the
1270 Ma Mackenzie swarm, have been linked
to mantle plume activity and the separation of
Siberia from the supercontinent (Evans and
Mitchell, 2011 and references therein).
However, the relationships between several
dyke swarms (Sudbury, Mealy, Harp, Nain,
Gardar) emplaced between 1235 and 1290 Ma
(Cadman et al, 1993; Buchan et al, 1996;

Hamilton et al.,

2010; Shellnutt and MacRae,

2012; Upton, 2013) within a corridor from south-
eastern Ontario to southwest Greenland, are still
a matter of debate.

Recent geochemical and geochronological data
from mafic dykes within the Timmiarmiit area in
South East Greenland (Bartels et al., 2014) show
that early Gardar magmatism was far more
widespread than previously thought. In addition,
the geochemical characteristics, as well as the
geochronological record of the Gardar BD and the
Timmiarmiit dykes, are very similar to those of the
dyke swarms located in the above mentioned
corridor in central to eastern Canada (Fig. 18).
The Nain and Harp dyke swarms in Labrador were
investigated by Buchan et al. (1996) and Hamilton
et al. (2010) who proposed a possible link to the
Older Gardar intrusions. On the basis of whole-
rock and mineral geochemistry, the suggestion that
the Sudbury dykes were not directly related to
mantle plume activity but to melts from a mantle
source that had been modified by a subduction
event (Shellnutt and MacRae, 2012), is consistent
with the proposed formation of the Gardar BD and
also accords with previous conclusions relating to
Gardar basic magmas in general (Goodenough et
al., 2002; Upton et al. 2003). In the 1270 Ma plate
reconstruction model (Evans and Mitchell, 2011),
the above-mentioned pene-contemporaneous
magmatic provinces occur behind a long-lived
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FiG. 18. Primitive mantle normalized multi-element pattern of incompatible elements comparing the geochemical
characteristics of whole-rock samples of the dyke rocks investigated from the Gardar Igneous Province, South
Greenland, with dykes in Labrador (Harp: data provided by Jean Goutier from the Quebec Geological Survey) and
Central Canada (Sudbury: data from Shellnutt and MacRae, 2012 (SandM12)). Normalizing factors are taken from
McDonough and Sun (1995)
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accretionary margin wrapped around the southern
margin of the Columbia supercontinent (Fig. 19)
(Karlstrom et al., 2001). The reconstruction also
suggests the possibility that the Central
Scandinavian Dolerite Group (CSDG) emplaced
between 1290 to 1240 Ma (compilation from
Brander et al., 2011) represents an extension of the
North American and South Greenlandic magma-
tism. Based on geochronological and Lu-Hf
isotopic data, Soderlund ez al. (2006) suggested
that the CSDG could be explained by prolonged
hotspot activity or, alternatively, by discrete
extensional events in a back-arc setting behind
an active continental margin to the west.

From the available geochemical and geochro-
nological data as well as plate reconstructions
(Evans and Mitchell, 2011; Johansson, 2013), a
petrogenetic link between the Sudbury, Nain,
Harp, Timmiarmiit dykes and the CSDG intru-
sions with the Older Gardar BD is hypothesized.
Following the alternative suggestion of Soderlund
et al. (20006), it is suggested that the above
mentioned dyke swarms formed behind a long-
lived orogenic belt in response to back-arc basin

formation between 1290—1235 Ma. Direct
evidence for the accretionary orogeny during
this time is lacking in South Greenland, but
comes from the Grenville Province of southern
Labrador and eastern Quebec where several arc-
related terranes amalgamated against the south-
eastern Laurentian margin during the Elzevirian
orogeny between 1300 and 1200 Ma (Moore and
Thompson, 1980). This amalgamation culminated
in the so-called Grenvillian orogeny (Rivers,
1997) from 1200 to 980 Ma. Equivalents of
these accretionary processes can also be traced in
southern Scandinavia where they are linked to the
Sveconorwegian (Grenvillian) orogeny
(Karlstrom et al. (2001).

Conclusion

The comprehensive geochemical dataset
presented here, including a wide range of HFSE,
enables precise determination of fractional crys-
tallization as well as crustal contamination
processes and thus allows characterization of the
mantle melt composition, parental to the Gardar

Wyoming

Hearne

Superio r

Rae

Slave

Baltica

F1G. 19. Plate reconstruction of the Columbia super-continent at 1270 Ma, modified after Evans and Mitchell (2011).

Indicated are names of cratons (black) and mafic dyke swarms emplaced between 1235—1290 Ma (red). The sample

localities for the geochemical data shown in Fig. 18 are indicated by underlined locality names. CSDG: Central
Scandinavian Dolerite Group.
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BD. This melt composition was influenced by a
major SCLM component as also proposed by
previous studies (Upton and Emeleus, 1987,
Upton et al., 2003; Kohler et al., 2009; Upton,
2013). This component developed during the
Ketilidian orogeny ~500 Ma years prior to the
genesis of the BD, where intensive magmatism
left a depleted underlying mantle which was
contemporaneously metasomatized by fluids from
the subducting plate.

The detailed geochemical data of the present
study also allows a comparison and correlation of
the geochemical fingerprint of the early Gardar
BD to pene-contemporaneous dyke swarms in
North America and Central Scandinavia. Together
with recent plate reconstruction models (Evans
and Mitchell, 2011; Johansson, 2013), these
correlations give strong evidence for a petrogentic
link between the different dyke swarms and their
generation in response to back-arc basin forma-
tion in the time interval between 1235—1290 Ma.
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