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Abstract

Themid-Proterozoic Isortoq dike swarm in theGardar Province, SouthGreenland, comprises a variety of alkaline rocks ranging

from gabbroic to syenitic in composition. Major magmatic mineral phases are olivine, clinopyroxene, Fe–Ti oxides, amphibole,

plagioclase and alkali feldspar. Quartz occurs in some samples as a late magmatic phase. Liquidus temperatures of olivine-bearing

samples range between 1120 and 1145 jC and solidus temperatures are 850–930 jC. Calculated silica activities are highly variable
between 0.53 and unity. Oxygen fugacities vary from � 3 to + 1 log units relative to the fayalite–magnetite–quartz buffer.

The rocks haveMgO contents < 6wt.%withMg# between 53 and 17. Primitivemantle-normalized trace element patterns show

a relative enrichment of LIL elements with Ba peaks andNb troughs. Clinopyroxenes show a general enrichment in REE relative to

chondritic values with variable slightly positive to prominent negative Eu anomalies. Two of the dikes were dated with Sm–Nd

three-point isochrons at 1190F 44 and 1187F 87 Ma, respectively. Initial 87Sr/86Sr ratios of mafic mineral separates range from

0.70289 to 0.70432 and initial eNd values vary from + 0.3 to � 10.7. Whole-rock initial 187Os/188Os ratios are highly variable

including very radiogenic values of up to 7.967. d18Ov-smow values of separated clinopyroxene and amphibole range from + 5.2x
to + 6.2xand fall within the range of typical mantle-derived rocks, although mixing with a lower crustal component is permitted

by the data. Using energy-constrained assimilation-fractional crystallization (EC-AFC) modeling equations, the Sr–Nd isotope

data of the more radiogenic samples can successfully be modeled by addition of up to 10% lower crustal granulite-facies Archean

gneisses as contaminants. The Os isotopic data also suggest the involvement of old radiogenic crust. In accordance with seismic

data, we conclude that a wedge of Archean crust extends fromWest Greenland further to the south below the present erosion level.
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1. Introduction

Mafic dike swarms of Proterozoic age are wide-

spread in many Precambrian cratons and their intru-
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sion indicates a considerable extension of the conti-

nental crust (Tarney and Weaver, 1987). Studies of

rift-related mafic dike swarms are essential for under-

standing generation of such extensive mafic magma-

tism, and they may be used to identify mantle plumes

(Ernst and Buchan, 1997, 2001). There is general

agreement that mafic mantle-derived magmas experi-

ence some degree of crustal contamination during

ascent and/or residence in crustal magma chambers

(Mohr, 1987). The crust is both a density filter and a

source of incompatible elements (Lightfoot et al.,

1991) and it may act as a site of extensive and

extensive partial crystallization of primitive melts

(O’Hara and Herzberg, 2002). However, there is much

debate whether the trace element and isotopic charac-

teristics of intracontinental basalts are mantle-derived

or due to crustal contamination. Crustal contamination

has been shown to be important in the petrogenesis of

flood basalts (Devey and Cox, 1987; Peng et al.,

1994; Chesley and Ruiz, 1998; Baker et al., 2000).

On the other hand, a mantle source enriched in

incompatible trace elements not influenced by a major

crustal input was postulated for some Proterozoic dike

swarms (Tarney and Weaver, 1987; Condie et al.,

1987; Boily and Ludden, 1991) and other flood

basalts (Molzahn et al., 1996). If a mantle-derived

geochemical signature can be demonstrated, it

remains difficult to locate the mantle source, i.e.,

whether the magmas are predominantly derived from

the subcontinental lithospheric mantle (SCLM) (e.g.,

Gallagher and Hawkesworth, 1992; Turner et al.,

1996), from an upwelling mantle plume (e.g., LeChe-

minant and Heaman, 1989; Walker et al., 1997;

Puchtel et al., 1999) or from a mixture of both (e.g.,

Ellam et al., 1992; Gibson et al., 1995; Thompson et

al., 1998).

Here we present new petrological, geochemical

and isotopic data of the Isortoq dike swarm in the

mid-Proterozoic igneous Gardar Province in South

Greenland. The Gardar Province represents a failed

rift and comprises numerous mafic dikes of different

generations. The Isortoq dike swarm is one major

Gardar mafic dike swarm which has not been studied

in great detail before, although the feldspathic inclu-

sions in some of the dikes were the topic of several

investigations (Bridgwater, 1967; Bridgwater and

Harry, 1968; Halama et al., 2002). Because the swarm

comprises a variety of petrographically diverse dike
rocks ranging from gabbroic to syenitic in composi-

tion, it is well suited to study the influence of crustal

assimilation processes on the composition of intra-

continental mafic magmas. For that purpose, we

combine petrological with Sr–Nd–O isotopic and

whole-rock geochemical data. Additionally, we apply

the Re–Os method which is known to have a great

potential as tracer of crustal contamination (e.g.,

Chesley and Ruiz, 1998). The olivine–gabbroic dikes

may provide information on the nature of the mantle

sources for the dikes and Gardar magmatism in

general.
2. Geological setting

The mid-Proterozoic Gardar Province in South

Greenland represents a rift-related igneous province

with magmatic activity lasting from about 1.35 to 1.14

Ga (Emeleus and Upton, 1976; Upton and Emeleus,

1987; Upton et al., 2003) (Fig. 1a). The country rocks

mainly consist of I-type calc-alkaline granitoids

(Julianehåb batholith) of Early Proterozoic age (van

Bremen et al., 1974; Allaart, 1976; Patchett and

Bridgwater, 1984; Kalsbeek and Taylor, 1985). Re-

cent work (Garde et al., 2002) indicates that the

Julianehåb batholith was emplaced mainly between

1.85 and 1.80 Ga. In the northwestern part of the

province, Archean rocks of the Border and Foreland

Zones of the craton comprise the basement (Allaart,

1976). Apart from 12 major alkaline igneous com-

plexes and a succession of supracrustal lavas and

sediments (Eriksfjord Formation), a large number of

dike rocks with variable chemical composition

intruded the basement. Two major dike swarms were

emplaced into the Julianehåb batholith along WSW–

ENE to SW–NE trends in the Tugtutôq–Ilı́maussaq

and the Nunarssuit–Isortoq zones during the late

Gardar period (f 1.20–1.14 Ga). The latter of these

is the topic of the present paper.

In the Isortoq area, several generations of gabbro-

ic to intermediate dikes with variable widths from a

few centimeters to several hundred meters occur

(Bridgwater and Coe, 1970, Fig. 1b). The earliest

generation of Gardar dikes belongs to a regional dike

swarm of early-Gardar olivine dolerites (‘‘Brown

Dikes’’ or ‘‘BD0 dikes’’) trending WNW–ESE

across the Gardar province. They are dated at



Fig. 1. (a) Map of the Gardar Province (after Upton and Emeleus, 1987). (b) Map of the Isortoq region (after Bridgwater and Coe, 1970) with

sample localities.
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1282F 5 Ma (Upton et al., 2003), predating the

main late-Gardar dike swarm of the Isortoq area.

The late-Gardar dikes of the Nunarssuit– Isortoq

region were emplaced along WSW–ENE to SW–

NE trends. The most spectacular feature of the dike

swarm is the abundance of anorthosite xenoliths and

feldspar megacrysts in some of the gabbroic dikes

(Bridgwater and Harry, 1968; Halama et al., 2002)

that are informally named ‘‘Big Feldspar Dikes’’

(BFDs). The feldspathic material varies from single

feldspar crystals ( < 1 cm to 1 m in size) to anortho-

sitic bodies up to 30 m long. It is considered as

evidence for an anorthosite body underlying South

Greenland (Bridgwater, 1967). BFD 1 can be traced

for 30 km and is one of the dikes with the greatest

volume of feldspathic material in South Greenland

(Bridgwater and Harry, 1968). BFD 2 is a composite

dike that consists of a 1–2-m-wide marginal micro-

syenite enclosing a feldspathic alkaline gabbro

(Bridgwater and Harry, 1968). The amount of feld-

spathic material is about average in BFD 3, but

relatively low in BFD 4. Olivine–gabbros without

excessive feldspathic material but with a similar

trend as the BFDs also occur. Composite dikes

comprising a gabbroic, a syenitic and an intermediate

syeno-gabbroic facies with maximum widths of up to

500 m are called ‘‘Giant Dikes’’. They postdate all

other members of the swarm (Bridgwater and Coe,

1970) and represent a connecting link between the

mafic dykes and the major intrusions of the Gardar

province. Giant Dike 3 is the least altered of the

Giant Dikes and was therefore selected for a detailed

study. Two further, petrographically distinct dikes

investigated in this study include a larvikite and a

hornblende–syenite.
3. Analytical methods

Mineral compositions were determined using a

JEOL 8900 electron microprobe at the Institut für

Geowissenschaften, Universität Tübingen, Germany.

An internal uqZ correction of the raw data was

applied (Armstrong, 1991). Both synthetic and nat-

ural standards were used. Measuring times were 16

s for major elements and 30 s for minor elements.

The emission current was 15 nA and the accelera-

tion voltage 15 kV. For feldspar analyses, a beam
diameter of 5 Am was used to avoid Na migration.

The bulk compositions of oxy-exsolved titanomag-

netite grains were reconstructed by combining image

processing (NIH Image software) of backscattered

electron images of the exsolved grains with point

analyses of exsolved ilmenite and broad beam anal-

yses of exsolved magnetite (Marks and Markl,

2001).

Rare earth element (REE) contents in clinopyrox-

enes were measured by in situ laser ablation induc-

tively coupled plasma-mass spectrometry (LA-ICP-

MS) at the EU Large-Scale Geochemical Facility

(University of Bristol) using a VG Elemental Plasma-

Quad 3 + S-Option ICP-MS equipped with a 266 nm

Nd-YAG laser (VG MicroProbe II). Details of the

method are described by Halama et al. (2002). The

precision of trace element concentrations, based on

repeated analyses of standards, is approximatelyF 5%

for element concentrations >10 ppm and F 10% for

concentrations < 10 ppm. Typical detection limits for

the REE in this study were 0.04–0.6 ppm.

Whole-rock analyses were performed by standard

X-ray fluorescence (XRF) techniques at the Universität

Mainz, using a Philips PW 1404 spectrometer and at

the Universität Freiburg, using a Philips PW 2404

spectrometer. Pressed powder pellets and fused glass

discs were prepared to measure contents of trace and

major elements, respectively. The raw data were pro-

cessed with the standard XR-55 software of Philips.

Natural standards were used for calibration. Detection

limits vary between 1 and 10 ppm, depending on the

specific trace element and on the instrument used.

For Sr and Nd isotope analyses, about 10 mg of

hand-picked mineral separate was spiked with mixed
84Sr–87Rb and 150Nd–149Sm tracers before dissolution

under high pressure in HF at 180 jC in polytetrafluor-

ethylene reaction bombs. Rb, Sr, Sm and Nd were

separated and measured as described by Marks et al.

(2003). Analyses of the Ames Nd standard (Geological

Survey of Canada, Roddick et al., 1992) gave
143Nd/144Nd = 0.512119F 10 (F 2r, n = 42) and anal-
yses of the NBS 987 Sr standard yielded 87Sr/86Sr =

0.710261F16 (F 2r, n = 30). 143Nd/144Nd ratios were
cross-checked with the La Jolla Nd standard which

gave 0.511831F 30 (F 2r, n = 12). eNd values were

calculated using present-day CHUR values of 0.1967

for 147Sm/144Nd (Jacobson and Wasserburg, 1980) and

0.512638 for 143Nd/144Nd (Goldstein et al., 1984). The
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uncertainty in eNd based on analytical errors is less than
0.5eNd units.

For Re–Os isotope analyses, 2–3 g of bulk sample

powder was dissolved and equilibrated with a
185Re–190Os mixed spike using aqua regia digestion

in sealed Carius tubes (Shirey and Walker, 1998).

Details of the further analytical procedures based on

the method of Birck et al. (1997) are described by

Puchtel et al. (2001). Re and Os isotopic compositions

were measured via negative thermal ionization mass

spectrometry at the MPI für Chemie at Mainz. Effects

of mass fractionation were eliminated by normalizing

to 192Os/188Os = 3.082678. Re isotopic ratios were not

corrected for fractionation. Analytical errors were

determined by multiple analyses of internal MPI

standards. They are F 0.5% on both Os isotopic

composition and Re/Os ratio. Initial 187Os/188Os ratios

were calculated using the 187Re decay constant of

1.666� 10�11 a�1 (Shirey and Walker, 1998).
Table 1

Sample description

Dike Type Sample

BD0 gabbro GD 37

BFD 1 gabbro GM 1680

plagioclase megacryst GM 1681

anorthosite xenolith GM 1682

gabbro GM 1729

gabbro GM 1735

BFD 2 leucogabbro from the

dike center

GM 1750

BFD 3 gabbro GM 1805

BFD 4 gabbro GD 39

Olivine–gabbro gabbro GM 1803

Giant Dike 1 syeno-gabbro GM 1712

Giant Dike 3 sample traverse from

center to margin

in gabbroic facies

GM 1759–1762

syenite GM 1768

sample traverse from

margin to margin in

syenitic facies

GM 1769–1776

syenite GM 1778

syenite GM 1780

syenite GM 1784

Larvikite larvikite from the

dike center

GM 1684

Hornblende–syenite syenite GD 38

Mineral is a major component of the sample (P), minor amounts of mine
Oxygen isotope compositions of powdered whole-

rock basement samples were determined by a conven-

tional method modified after Clayton and Mayeda

(1963) and Vennemann and O’Neil (1993), using BrF5
as reagent and converting the liberated oxygen to

CO2. The oxygen isotope composition of 0.5–2 mg

handpicked mineral separates was determined using a

laser fluorination method adapted after Sharp (1990)

and Rumble and Hoering (1994). Details of the

method are described by Marks et al. (2003). Results

are given in the standard d notation, expressed relative

to V-SMOW in per mil (x). Replicate oxygen

isotope analyses of the NBS-28 quartz standard had

an average precision of F 0.1xfor d18O. In each

run, standards were analyzed at the beginning and the

end of the sample set. A correction was applied to the

data equal to the average of the difference between the

mean measured value and the accepted value for the

standard (9.64x).
Ol Cpx Feldspar Amph Qtz Fe–Ti

oxides

P P plag mag

P P plag mag

P plag

P plag F F mag

P P plag

P P plag mag

P plag F mag

P P plag mag

P P plag ilm +mag

P P plag mag

P plag + alk mag

P P plag + alk ilm +mag

P alk F mag

P alk F mag

P alk F mag

P alk F mag

P alk F mag

P P plag + alk F F ilm +mag

alk P P mag

ral present (F ).
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4. Results

4.1. Petrography

Major mineral assemblages of the samples investi-

gated in this study are summarized in Table 1. Abbre-

viations used there and in text and figures are after

Kretz (1983).

4.1.1. Olivine–gabbro and ‘‘big feldspar dikes’’

(BFDs)

The major magmatic mineral phases in the oliv-

ine–gabbro and in BFDs 1, 3 and 4 are subhedral

olivine, plagioclase and interstitial clinopyroxene.

The excessive feldspathic material characteristic of

the BFDs is absent in the olivine–gabbro, but

otherwise, both rock types are petrographically very

similar. In BFD 2, olivine is lacking, but some quartz
Fig. 2. Backscattered electron (BSE) images of (a) euhedral clinopyroxen

sector-zoned epidote associated with titanite, biotite, albite, pumpellyite

overgrown by orthopyroxene and biotite, in the larvikite and (d) plagiocla
occurs interstitially. Minor phases are apatite, Fe–Ti

oxides and sulphides. Biotite is fairly common and

can occur either as single grain or surrounding Fe–

Ti oxides or olivine. Titanite, amphibole and chlorite

occur as secondary alteration products.

4.1.2. Giant Dikes

The Giant Dikes consist of a gabbroic and a

syenitic facies. In the gabbroic samples, primary

minerals are plagioclase, alkali feldspar, anhedral

olivine, interstitial clinopyroxene, titanomagnetite,

ilmenite, and in some samples high amounts of

apatite. In two samples (GM1761 and GM1762),

olivine is rimmed by a second clinopyroxene gen-

eration. Biotite and/or chlorite overgrow olivine,

clinopyroxene and Fe–Ti oxides, whereas amphi-

bole is absent. The transition from the gabbroic to

the syenitic facies is characterized by the disappear-
e with apatite inclusions in the gabbroic facies of Giant Dike 3, (b)

and prehnite in the syenitic facies of Giant Dike 3, (c) olivine,

se surrounded by alkali feldspar in the larvikite.
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ance of plagioclase, olivine and primary ilmenite,

and the abundant occurrence of amphibole. Addi-

tionally, clinopyroxene in syenitic samples is euhe-

dral to subhedral but never occurs as interstitial

grains (Fig. 2a). As in the gabbroic samples, pri-

mary titanomagnetite is oxy-exsolved to ilmenite

and magnetite. The exsolved ilmenite laths are

selectively altered to titanite and chlorite. Most

oxide grains are rimmed by amphibole, biotite and

chlorite. In all syenitic samples, aggregates of

sector-zoned epidote, associated with titanite, biotite

and interstitial albite can be observed (Fig. 2b). In

some places, pumpellyite and prehnite occur as

breakdown products of epidote. Sample GM1712

from the Giant Dike 1 is intermediate between the
Table 2

Representative microprobe analyses of feldspar from Isortoq dike rocks

Dike Olivine–

gabbro

BFD 2 BFD 2 GD 3

gabbro

GD 3

gabbro

GD 3

gabbro

GD 3

gabbro

Sample GM

1803

GM

1750

GM

1749

GM

1760

GM

1760

GM

1761

GM

1762

wt.%

SiO2 53.87 56.49 62.81 62.88 62.55 56.01 65.35

TiO2 0.25 0.08 0.05 0.04 0.05 0.05 0.01

Al2O3 27.78 26.46 21.92 22.50 21.98 27.66 19.10

FeO 1.66 0.51 0.24 0.25 0.27 0.17 0.13

MnO 0.04 0.00 0.01 0.00 0.00 0.00 0.02

MgO 0.56 0.08 0.01 0.03 0.00 0.02 0.00

BaO 0.00 0.05 0.41 0.17 0.23 0.04 0.08

SrO 0.23 0.25 0.20 0.31 0.29 0.32 0.12

CaO 9.88 9.86 4.09 3.94 3.55 9.47 0.57

Na2O 4.23 5.49 6.43 7.93 6.16 5.46 4.01

K2O 0.93 0.70 3.88 1.95 4.72 0.38 10.61

Total 99.42 99.97 100.04 99.99 99.79 99.60 99.99

Formulae based on eight oxygens

Si 2.46 2.55 2.82 2.81 2.83 2.53 2.97

Al 1.50 1.41 1.16 1.18 1.17 1.47 1.02

Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Fe2 + 0.06 0.02 0.01 0.01 0.01 0.01 0.00

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.04 0.01 0.00 0.00 0.00 0.00 0.00

Ba 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Sr 0.01 0.01 0.01 0.00 0.00 0.00 0.00

Ca 0.48 0.48 0.20 0.19 0.17 0.46 0.03

Na 0.38 0.48 0.56 0.69 0.54 0.48 0.35

K 0.05 0.04 0.22 0.11 0.27 0.02 0.62

Total 4.99 5.00 4.99 5.00 4.99 4.98 5.00

Xan 0.53 0.48 0.20 0.19 0.17 0.48 0.03

Xab 0.41 0.48 0.57 0.70 0.55 0.50 0.35

XOr 0.06 0.04 0.23 0.11 0.28 0.02 0.62
two abovementioned facies. Primary olivine is

strongly altered, titanomagnetite is the only primary

Fe–Ti oxide, but plagioclase is still present in this

sample.

4.1.3. Larvikite

In the larvikite, olivine is very rare, and is sur-

rounded by orthopyroxene (Fig. 2c). The major mag-

matic phases are clinopyroxene, plagioclase and alkali

feldspar. Plagioclase is less common than alkali

feldspar and is rimmed by the latter (Fig. 2d).

Accessory phases in the larvikite include euhedral

to subhedral amphibole, interstitial quartz, biotite,

apatite, Fe–Ti oxides and sulphides. Secondary talc,

titanite and chlorite are relatively rare.
GD 3

gabbroc

GD 3

gabbro

GD 3

syenite

GD 3

syenite

Larvikite Larvikite Larvikite

GM

1762

GM

1762

GM

1774

GM

1774

GM

1684

GM

1684

GM

1684

64.84 62.73 65.17 64.20 57.16 62.42 64.41

0.00 0.05 0.07 0.01 0.08 0.12 0.03

19.88 22.76 19.42 19.11 26.05 21.52 20.00

0.11 0.10 0.14 0.11 0.35 0.36 0.19

0.02 0.05 0.00 0.00 0.00 0.00 0.02

0.00 0.00 0.01 0.00 0.03 0.01 0.01

0.12 0.06 0.28 1.59 0.20 0.93 0.77

0.16 0.37 0.21 0.24 0.21 0.21 0.20

1.43 4.34 0.85 0.31 8.29 3.04 1.51

4.94 8.24 6.58 4.12 6.61 7.33 5.84

8.37 0.89 6.76 10.03 0.40 3.33 6.83

99.89 99.60 99.50 99.72 99.39 99.27 99.82

2.94 2.80 2.95 2.96 2.59 2.83 2.92

1.06 1.20 1.04 1.04 1.39 1.15 1.07

0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.01 0.00 0.01 0.01 0.01

0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.01 0.03 0.00 0.02 0.01

0.00 0.00 0.00 0.00 0.01 0.01 0.01

0.07 0.21 0.04 0.02 0.40 0.15 0.07

0.43 0.71 0.58 0.37 0.58 0.64 0.51

0.48 0.05 0.39 0.59 0.02 0.19 0.39

4.99 4.98 5.01 5.00 5.01 5.01 5.00

0.07 0.21 0.04 0.02 0.40 0.15 0.07

0.44 0.73 0.57 0.38 0.58 0.65 0.52

0.49 0.05 0.39 0.61 0.02 0.20 0.40



Fig. 3. Feldspar compositions of Isortoq dike rocks in the An–Ab–Or triangle with solvus isotherms after Elkins and Grove (1990).
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4.1.4. Hornblende–syenite

Major minerals of this dike rock are euhedral

amphibole, alkali feldspar and quartz. Accessory

phases are Fe–Ti oxides, biotite, apatite and zircon.

Occasional chlorite and titanite are probably of sec-

ondary origin.

4.2. Mineral chemistry

4.2.1. Feldspars

Representative feldspar analyses are presented in

Table 2 and illustrated in Fig. 3. In the olivine–gabbro

and the BFDs, plagioclase is normally zoned and its

composition varies between An63Ab36Or2 and An12
Ab85Or3 (Fig. 3a). Plagioclase megacryst data from

BFDs and the anorthosite xenoliths have been pre-

sented in Halama et al. (2002).

The gabbroic samples of Giant Dikes contain pla-

gioclase evolving from An59Ab36Or5 to An15Ab73Or11
and alkali feldspar with compositions between An14

R. Halama et al. / L
Table 3

Representative microprobe analyses of olivine from Isortoq dike rocks

Dike Olivine–

gabbro

Olivine–

gabbro

BFD 1 BFD 1 BFD 4

Sample GM 1803 GM 1803 GM 1735 GM 1729 GD 39

wt.%

SiO2 36.26 33.82 37.16 33.55 35.28

TiO2 0.06 0.07 0.03 0.02 0.02

Al2O3 0.01 0.01 0.10 0.05 0.02

NiO 0.03 0.03 0.06 0.03 0.03

FeO 33.23 47.09 29.32 48.71 39.67

MnO 0.44 0.91 0.25 0.84 0.71

MgO 29.92 17.84 32.67 16.82 24.00

CaO 0.25 0.51 0.24 0.19 0.36

Total 100.20 100.28 99.82 100.20 100.10

Formulae based on four oxygens

Si 1.00 1.00 1.00 1.00 1.00

Al 0.00 0.00 0.00 0.00 0.00

Ti 0.00 0.00 0.00 0.00 0.00

Mg 1.22 0.79 1.31 0.75 1.02

Fe 0.76 1.17 0.66 1.22 0.94

Mn 0.01 0.02 0.01 0.02 0.02

Ni 0.00 0.00 0.00 0.00 0.00

Ca 0.01 0.02 0.01 0.01 0.01

Sum 3.00 3.00 3.00 3.00 3.00

XFo 0.614 0.400 0.663 0.380 0.516

XFa 0.383 0.592 0.334 0.617 0.478

XLa 0.004 0.008 0.004 0.003 0.006

Not determined (– ).
Ab43Or42 and An6Ab27Or67 (Fig. 3b). Maximum an-

orthite content decreases from the margin to the center

of the Giant Dike. In the syenitic facies, plagioclase is

lacking, and alkali feldspar composition varies between

An7Ab65Or29 to An2Ab38Or61 (Fig. 3b).

The larvikite contains plagioclase (An47Ab51Or2 to

An20Ab77Or3) and alkali feldspar (An14Ab56Or30 to

An3Ab30Or67; Fig. 3c). Large areas of alkali feldspar in

the larvikite, and all feldspar in the hornblende–syenite

are completely exsolved to albite and orthoclase.

4.2.2. Olivine

Typical olivine analyses are presented in Table 3.

Olivine ranges in composition from Fo70 to Fo32,

with the most Fo-rich olivine in some BFD samples

and the most Fa-rich ones in the larvikite (Fig. 4). In

the olivine–gabbro and the BFD samples, the com-

positional variability can reach 20 mol% Fo within a

single grain and can be as large as in the whole

sample. Some grains show growth zoning patterns
Giant Dike

3 gabbro

Giant Dike

3 gabbro

Giant Dike

3 gabbro

Larvikite Larvikite

GM 1759 GM 1761 GM 1760 GM 1684 GM 1684

33.28 35.42 34.64 32.89 32.88

0.05 0.02 0.01 0.02 0.08

0.01 0.00 0.00 0.01 0.00

– – – 0.00 0.05

48.28 37.72 42.61 52.13 51.03

0.53 0.23 0.65 1.24 1.14

17.00 26.51 21.86 14.05 15.15

0.40 0.33 0.38 0.06 0.09

99.55 100.23 100.15 100.40 100.42

1.00 0.99 1.00 1.00 0.99

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.76 1.11 0.94 0.64 0.68

1.21 0.89 1.03 1.33 1.29

0.01 0.01 0.02 0.03 0.03

– – – 0.00 0.00

0.01 0.01 0.01 0.00 0.00

3.00 3.01 3.00 3.00 3.00

0.383 0.553 0.475 0.324 0.346

0.610 0.442 0.519 0.675 0.653

0.006 0.005 0.006 0.001 0.001



Fig. 4. Olivine and pyroxene compositions of Isortoq dike rocks in the enstatite– ferrosilite–hedenbergite–diopside (En–Fs–Hd–Di)

quadrilateral. Fo = forsterite, Fa = fayalite, Ks = kirschsteinite (CaFeSiO4) and Mo=monticellite (CaMgSiO4).
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with a decrease in Fo content towards the rims, but

most are irregularly zoned. Olivines from Giant Dike

3 and from the larvikite are rather homogeneous with

only minor chemical variation within one single

grain and sample. In the gabbroic samples of Giant

Dyke 3, Fo-contents of olivine decrease systemati-

cally from the margin (Fo57) to the center (Fo38) of

the dike.

4.2.3. Clinopyroxene

Clinopyroxene of the whole sample suite is sub-

calcic augite with generally >90% quadrilateral

(Di +Hed + En + Fs) components. End-member com-
ponents are calculated after Lindsley (1983) and

some typical analyses are presented in Table 4.

Aegirine contents in all samples range from 2 to

10 mol%.

Augites in the olivine–gabbro, the BFDs and the

matrix of the anorthosite xenoliths have all similar

compositions between En43Fs15Wo42 and En30Fs31
Wo39 (Fig. 4a and b). Some rare augite inclusions in

feldspar megacrysts are relatively Ca-poor with a

compositional range from En51Fs19Wo31 to En48Fs19
Wo33 (Fig. 4a).

Augite in the gabbroic samples of the two Giant

dikes is essentially unzoned and shows a relatively



Table 4

Representative microprobe analyses of pyroxene from Isortoq dike rocks

Dike Olivine–

gabbro

BFD 1 BFD 1 BFD 2 GD 1

syeno-

gabbro

GD 3

gabbro

GD 3

gabbro

GD 3

syenite

GD 3

syenite

GD 3

syenite

Larvikite Larvikite

Sample GM

1803

GM

1729

GM 1681

Ca-poor

inclusion

in feldspar

GM

1749

GM

1712

GM

1760

GM 1761

rim around

olivine

GM 1769

Fe-rich

core

GM

1769

rim

GM

1772

GM

1684

cpx

GM 1684

rim

around

olivine

wt.%

SiO2 51.21 52.49 51.11 51.09 51.18 50.90 53.36 49.92 50.13 49.16 51.59 51.57

TiO2 1.00 0.37 1.34 0.71 0.99 0.75 0.01 0.88 1.00 0.67 0.70 0.06

Al2O3 2.34 1.76 3.15 1.27 0.68 2.21 0.51 0.77 0.92 0.65 0.41 0.36

Cr2O3 0.04 0.00 0.00 0.04 0.00 0.02 – – – 0.00 0.00 0.00

FeO 9.17 9.56 11.79 17.26 12.62 10.89 8.29 18.91 17.54 22.00 17.30 28.81

MnO 0.17 0.29 0.31 0.53 0.28 0.11 0.10 0.48 0.47 0.51 0.53 0.91

MgO 12.67 13.89 16.35 9.54 11.48 12.71 13.95 6.71 8.02 4.23 11.05 17.41

CaO 22.34 20.87 16.18 19.01 21.35 21.01 22.46 21.50 21.35 21.07 18.19 1.39

Na2O 0.73 0.56 0.43 0.49 0.42 0.52 0.54 0.40 0.36 0.87 0.32 0.01

Total 99.66 99.80 100.65 99.93 99.01 99.11 99.37 99.58 99.79 99.15 100.08 100.52

Formulae based on four cations and six oxygens

Si 1.92 1.96 1.88 1.97 1.96 1.93 1.99 1.97 1.95 1.97 1.98 1.98

Al 0.10 0.08 0.14 0.06 0.03 0.10 0.02 0.04 0.04 0.03 0.02 0.02

Ti 0.03 0.01 0.04 0.02 0.03 0.02 0.00 0.03 0.03 0.02 0.02 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 – – – 0.00 0.00 0.00

Fe3 + 0.06 0.03 0.05 0.00 0.02 0.05 0.04 0.01 0.02 0.06 0.00 0.03

Mg 0.71 0.77 0.90 0.55 0.66 0.72 0.78 0.39 0.47 0.25 0.63 0.99

Fe2 + 0.23 0.27 0.31 0.56 0.38 0.30 0.22 0.61 0.56 0.68 0.56 0.89

Mn 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.02 0.02 0.02 0.02 0.03

Ca 0.90 0.83 0.64 0.79 0.88 0.85 0.90 0.91 0.89 0.90 0.75 0.06

Na 0.05 0.04 0.03 0.04 0.03 0.04 0.04 0.03 0.03 0.07 0.02 0.00

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

XWo 0.462 0.420 0.314 0.393 0.449 0.429 0.461 0.459 0.454 0.481 0.374 0.030

XEn 0.406 0.430 0.508 0.301 0.348 0.403 0.419 0.212 0.249 0.141 0.333 0.511

XFs 0.133 0.151 0.177 0.306 0.203 0.168 0.120 0.330 0.296 0.379 0.292 0.460

Not determined (– ).
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small compositional range within the sample suite

(En41Fs16Wo42 to En34Fs22Wo44) (Fig. 4c). Augite

rims around olivine are strongly zoned showing an

increase in Fs component with increasing distance

from the olivine grain (En42Fs11Wo47 to En31Fs22
Wo47). Augites of the syenitic samples span a large

range in composition (En40Fs19Wo41 to En8Fs47
Wo45), partly overlapping with augites of the gabbroic

samples. Due to strong chemical zoning, the compo-

sitional variation within one single grain may reach as

much as 20 mol% (Fig. 5). Among the investigated

syenitic samples, three different zoning patterns can

be distinguished: In most cases, XFe = Fe
2 +/(Fe2 + +

Mg), Fe3 +, Na and Si increase, and Ti and Al(4)
decrease more or less continuously from core to rim,

whereas the wollastonite component is almost con-

stant (Fig. 5a). Some samples have Mg-rich cores, and

display a stepwise increase of XFe from core to rim

(Fig. 5b). In other samples, partly resorbed inner cores

of clinopyroxene are Fe- and Si-rich, followed by a

homogeneous but significantly Fe-depleted outer rim

with a normal increase of XFe towards the rim.

Interestingly, Na, Al(4), Fe3 +and Ti contents in these

crystals is more or less constant throughout the whole

profile (Fig. 5c).

Clinopyroxene in the larvikite is relatively Ca-poor

with a compositional range between En44Fs17Wo39
and En29Fs32Wo39 (Fig. 4d).



Fig. 5. Zoning profiles in clinopyroxenes of Giant Dike 3.
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4.2.4. Orthopyroxene

Orthopyroxene is only present in the larvikite

where it occurs as small rims around olivine (Fig.

2c). It is chemically unzoned with a composition of

En52Fs47Wo1 to En50Fs49Wo1.

4.2.5. Fe–Ti oxides

Typical compositions of exsolved and reintegrated

Fe–Ti oxides are presented in Table 5. In most

samples, primary titanomagnetite is oxy-exsolved to

ilmenite and magnetite (Fig. 6a–d).

The olivine–gabbro contains a single oxy-ex-

solved titanomagnetite with very Ti-rich composi-

tions (Usp94–95Sp3–4Mag2), which is characterized
by a very fine trellis-type exsolution texture (ter-

minology after Buddington and Lindsley, 1964;

Fig. 6a).

In BFDs 1 and 3, more coarsely trellis-type oxy-

exsolved titanomagnetite is common, but there are

also Fe–Ti oxide grains where it is difficult to decide

whether they represent a single oxy-exsolved grain

with a granule exsolution texture or two coexisting

oxides. In those cases, oxides with trellis-type exso-

lution were preferentially used for reintegration result-

ing in compositions between Usp89Sp3Mag7 and

Usp65Sp4Mag31 (Fig. 6b). In BFD 4, a two-oxide

assemblage comprises Usp71–58Sp9–5Mag24–37 coex-

isting with Ilm98–96Hem2–4.



Table 5

Representative analyses of unexsolved magnetite and ilmenite, exsolved magnetite and ilmenite and calculated bulk compositions

Dike BFD 4 Larvikite BFD 1 GD 3, gabbro GD 3, gabbro

Sample GD 39 GM 1684 GM 1680 GM 1762 GM 1762

Texture Mag

unexs.

Ilm

unexs.

Mag

unexs.

Ilm

unexs.

Mag

exs.

Ilm

exs.

Bulk

calc.

Mag

exs.

Ilm

exs.

Bulk

calc.

Mag

exs.

Ilm

exs.

Bulk

calc.

wt.%

SiO2 0.02 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.02

TiO2 25.07 51.98 7.36 50.15 15.42 53.21 26.44 15.44 51.80 32.95 11.34 51.77 25.12

Al2O3 2.52 0.12 1.35 0.02 1.05 0.01 0.74 2.20 0.01 1.15 2.35 0.02 1.56

Cr2O3 0.17 0.04 0.18 0.02 0.11 0.06 0.10 0.02 0.00 0.01 0.00 0.00 0.00

ZnO 0.03 0.01 – – 0.09 0.04 0.07 0.10 0.00 0.05 0.19 0.00 0.12

FeO 68.22 44.47 84.98 47.19 78.81 45.07 68.97 77.56 46.51 62.61 80.77 46.49 69.09

MnO 0.90 0.68 0.45 1.96 0.74 2.28 1.19 0.43 1.39 0.89 0.36 1.42 0.72

MgO 1.05 2.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 0.05 0.03 – – 0.00 0.00 0.00 0.03 0.03 0.03 0.18 0.04 0.14

Total 98.02 99.63 94.37 99.33 96.22 100.67 97.51 95.77 99.74 97.65 95.22 99.76 96.63

Formulae based on three (two) cations and four (three) oxygens for mag (ilm)

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.11 0.00 0.06 0.00 0.05 0.00 0.03 0.10 0.00 0.05 0.10 0.00 0.07

Ti 0.69 0.97 0.21 0.95 0.44 1.00 0.75 0.44 0.99 0.94 0.32 0.98 0.71

Cr 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3 + 0.49 0.05 1.51 0.09 1.08 0.00 0.46 1.03 0.03 0.07 1.25 0.03 0.50

Mg 0.06 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2 + 1.61 0.87 1.20 0.91 1.41 0.95 1.71 1.42 0.95 1.91 1.30 0.95 1.68

Mn 0.03 0.01 0.01 0.04 0.02 0.05 0.04 0.01 0.03 0.03 0.01 0.03 0.02

Zn 0.00 0.00 – – 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Ca 0.00 0.00 – – 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01

Sum 3.00 2.00 3.00 2.00 3.00 2.00 3.00 3.00 2.00 3.00 3.00 2.00 3.00

mol%

Usp/Ilm 0.70 0.97 0.21 0.96 0.44 1.00 0.75 0.44 0.99 0.94 0.32 0.99 0.71

Mag/Hem 0.25 0.03 0.76 0.04 0.54 0.00 0.23 0.51 0.01 0.04 0.63 0.01 0.25

Sp 0.05 0.03 0.02 0.02 0.05 0.03 0.05 0.03

For QUILF

Nti/Nhem 0.697 0.026 0.211 0.043 0.438 0.000 0.751 0.439 0.014 0.938 0.323 0.015 0.716

NMg/NGk 0.056 0.085 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

NMn/NPy 0.28 0.014 0.015 0.042 0.024 0.049 0.038 0.014 0.030 0.029 0.012 0.030 0.023

Unexsolved (unexs.), exsolved (exs.), calculated (calc.); NTi, NMn, NMg and NHem, NPy, NGk are QUILF-specific parameters for magnetite

and ilmenite, respectively (see Andersen et al., 1993); not determined (– ).
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Gabbroic samples of Giant Dike 3 contain a two-

oxide assemblage of titanomagnetite (Usp94 – 70
Sp3Mag4 – 27) coexisting with ilmenite (Ilm99 – 96

Hem1–4). The intermediate sample of Giant Dike 1

contains a single exsolved titanomagnetite of the com-

position Usp93–83Sp3Mag5–14. In syenitic samples,

primary titanomagnetite compositions could not be

recalculated because both exsolved ilmenite and mag-

netite were strongly altered to titanite/Fe-rich chlorite

and chlorite/Fe-hydroxides, respectively (Fig. 6c).
However, relics of exsolved magnetite (Usp19–8Sp5–3
Mag78–87) still have elevated Ti contents indicating an

Usp-rich primary composition of titanomagnetite.

The larvikite contains a two-oxide assemblage, but

textural evidence suggests that ilmenite was over-

grown by later magnetite (Fig. 6d). Both have a

relatively constant composition of Ilm97–94Hem6–3

and Usp27–21Sp4–3Mag70–76, respectively. The horn-

blende–syenite contains only primary ilmenite of the

composition Ilm98–89Hem2–11.



Fig. 6. BSE images of Fe–Ti oxides in Isortoq dike rocks. (a) Fine trellis-type exsolution in the olivine–gabbro, (b) coarse trellis-type

exsolution in BFD 1, (c) alteration of Fe–Ti oxides to titanite in the syenitic facies of Giant Dike 3, (d) ilmenite overgrown by magnetite in the

larvikite.
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4.3. Calculation of intensive crystallization

parameters

Intensive crystallization parameters were calculated

because estimates of liquidus and solidus temperatures

of the dike magmas are essential for energy constrained

AFC modeling (Spera and Bohrson, 2001) and calcu-

lated values of silica activity and oxygen fugacity may

provide important constraints on the evolution of the

dikemagmas. For all calculations, pressure was fixed at

1 kbar, assuming that crystallization of the dikes took

place at approximately the same depth as of the

Ilı́maussaq complex further south in the Gardar Prov-

ince for which a crystallization pressure of f 1 kbar

was derived from fluid inclusion data (Konnerup-

Madsen and Rose-Hansen, 1984).

Liquidus temperatures were calculated for some

olivine-bearing samples, which are considered to be
close to liquid compositions (GM 1803, GM 1735,

GM 1805 and GD 39) after Sugawara (2000) based on

the MgO content in olivine-saturated liquids. They

range between 1145 and 1120 jC with an error in

calculated temperatures of F 30 jC.
Feldspar geothermometry using solvus isotherms

after Elkins and Grove (1990) indicates minimum

crystallization temperatures of f 700 jC for BFD 1

as an example for the gabbroic BFDs and the olivine–

gabbro (Fig. 3a). Plagioclase–alkali feldspar pairs in

the gabbroic samples of Giant Dike 3 and in the

larvikite are not in equilibrium. As shown in Fig.

2d, plagioclase has reacted with the liquid to produce

alkali feldspar. Ternary feldspar compositions in gab-

broic and syenitic samples of Giant Dike 3 point to

minimum temperatures of 950–1020 jC (Fig. 3b). A

zoning profile through an alkali feldspar in the larvi-

kite show continuously decreasing minimum temper-
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atures from >1000j in the core to about 700 jC in the

outermost rim (Fig. 3c).

Solidus temperatures, silica activity and oxygen

fugacity were calculated from olivine–pyroxene–Fe–

Ti oxide equilibria using the QUILF program of

Andersen et al. (1993). The theoretical background

for these calculations was given by Frost and Lindsley

(1992) and Lindsley and Frost (1992). Temperature

and silica activity were calculated based on Fe, Mg

and Ca exchange between olivine and clinopyroxene

using a range of mineral compositions. Calculated

silica activities are based on a reference state of pure

SiO2 at P and T. The oxygen fugacity was calculated

from equilibria among Fe–Mg silicates and Fe–Ti

oxides using the full range of measured and reinte-

grated Fe–Ti oxide compositions. Details of the use

of QUILF can be found in Marks and Markl (2001).

Calculated equilibrium temperatures for the oliv-

ine–gabbro, the BFDs, and for gabbroic samples of

the Giant Dike 3 range between 930 and 850 jC.
Calculated silica activities are 0.60 in the olivine–

gabbro, 0.67–0.83 in the quartz-free BFDs, and

0.53–0.68 in the Giant Dike profile. The clinopyr-

oxene rims around olivine in two gabbroic samples

of Giant Dike 3 indicate an increase in silica
Fig. 7. Oxygen fugacity vs. silica activity in Isortoq dike rocks, calculated

hornblende–syenite were omitted for QUILF calculations due of the lack
activity. In the syenitic samples, olivine has disap-

peared due to a further increase in silica activity

during progressive fractionation. Unreasonably low

calculated temperatures ( < 650 jC) for the larvikite

indicate that very rare olivine is not in chemical

equilibrium with clinopyroxene. Using a calculated

olivine equilibrium composition of Fo56 and a range

of early ilmenite compositions, the resulting silica

activity is 0.83, which is within the upper range

obtained for the gabbroic samples. The orthopyrox-

ene rim around olivine indicates increasing silica

activities during later stages. This is in accordance

with petrography, as interstitial quartz is present and

thus, final solidification of the larvikite took place

at aSiO2 = 1.

Generally, the calculated oxygen fugacity increases

with increasing silica activity from about 3 log units

below the fayalite–magnetite–quartz (FMQ) buffer in

the olivine–gabbro to values slightly above the FMQ

buffer in some BFD samples, with the gabbroic sam-

ples of Giant Dike 3 in between (Fig. 7). The absence of

primary ilmenite the syenitic samples of Giant Dike 3

indicates that oxygen fugacity in the syenitic samples

was higher than in gabbroic samples of Giant Dike 3

(Toplis and Carroll, 1995). For the larvikite, oxygen
with QUILF (Andersen et al., 1993). Please note that BFD 2 and the

of suitable mineral parageneses, but they should plot at aSiO2 = 1.
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fugacity was calculated only with ilmenite, as textural

relationships (Fig. 6d) indicate that magnetite grew

later. It varies between 0 and 0.9 log units below FMQ

at T= 853 jC. Oxygen fugacity calculated with the

assemblage Fe-rich clinopyroxene + titanomagnetite

F orthopyroxene at temperatures fixed between 850

and 700 jC to simulate gradual cooling during later

stages indicates more oxidizing conditions of 0.6–1.0

log units above the FMQ buffer.

4.4. REE data of clinopyroxenes

REE concentrations of average clinopyroxenes

from the Isortoq dike rocks are presented in Table 6

and typical chondrite-normalized REE patterns of

individual and average analyses are shown in Fig. 8.

Because closed-system fractionation can result in

considerable fractionation of the REE (Bernstein et

al., 1998), rims of clinopyroxenes were avoided for

analyses. Clinopyroxenes of all dikes are enriched in
Table 6

Average Laser-ICP-MS analyses of REEs in clinopyroxene from Isortoq

Dike Olivine–

gabbro

BFD 1 BFD 1 BFD 1 BFD 1 BFD 1 BFD

Sample GM

1803

GM

1680

GM

1729

GM

1735

GM

1681

matrix

GM 1681

high-Ca

inclusions

GM

low-

inclu

No. of cpx

analyzed

n= 7 n= 3 n= 3 n= 6 n= 2 n= 4 n= 3

REE concentrations in ppm

La 7.58 5.60 6.43 8.02 16.53 10.28 2.5

Ce 32.65 27.72 27.30 32.46 64.06 37.77 12.3

Pr 6.28 4.70 5.30 6.07 12.93 6.99 2.9

Nd 34.60 27.53 29.36 38.96 74.00 40.49 18.4

Sm 10.93 8.29 8.20 11.67 18.27 11.63 6.5

Eu 2.60 2.73 2.75 3.54 4.70 3.39 2.1

Gd 11.61 8.27 7.76 12.06 12.40 11.03 8.11

Tb 1.83 1.30 1.25 1.86 1.76 1.96 1.2

Dy 10.81 7.56 7.22 10.87 11.09 11.07 7.9

Ho 2.05 1.42 1.47 2.12 2.22 2.22 1.6

Er 5.67 3.39 3.54 5.17 6.26 5.85 4.1

Tm 0.78 0.47 0.52 0.74 1.17 0.88 0.6

Yb 5.75 3.43 3.25 5.03 9.31 5.84 4.0

Lu 0.86 0.45 0.49 0.72 1.82 0.92 0.7

LaN/YbN 0.89 1.10 1.33 1.07 1.20 1.19 0.4

Eu/Eu* 0.70 1.00 1.07 0.92 0.98 0.92 0.9

Eu/Eu*max 0.74 1.04 1.13 0.98 1.06 0.93 1.1

Eu/Eu*=EuN/(SmN�GdN)0.5; Eu/Eu*max is the maximum value of Eu/E
REE relative to chondritic values. The patterns gen-

erally show an increase in normalized REE contents

from La to Nd, followed by a gradual decrease from

Sm to Lu. Significant Eu anomalies are lacking in the

BFDs, but there is a small negative Eu anomaly in the

olivine–gabbro (Eu/Eu* = 0.70). In the Giant Dikes, a

negative Eu anomaly is increasing from Eu/Eu* = 0.81

in the relatively primitive gabbroic facies, via 0.65 in

an intermediate syenogabbro towards 0.41 in the more

fractionated syenitic rocks. A similar evolution can be

seen in the larvikite, where the extent of the negative

Eu anomaly is positively correlated with the degree of

REE enrichment, i.e., fractionation. Taking LaN/YbN
as a measure for REE fractionation, two observations

may be of importance. First, the olivine–gabbro has a

less fractionated clinopyroxene REE pattern than the

BFDs, but it has a more pronounced negative Eu

anomaly. Second, LaN/YbN in the low-Ca clinopyr-

oxene inclusions is considerably lower than in any of

the dike matrix clinopyroxenes. Clinopyroxenes from
dike rocks

1 BFD 1

anorthosite

xenolith

BFD 3 GD 1

syenogabbro

GD 3

gabbro

GD 3

syenite

Larvikite

1681

Ca

sions

GM

1682

GM

1805

GM

1712

GM

1760

GM

1772

GM

1684

n= 4 n= 4 n= 3 n= 11 n= 11 n= 4

9 4.18 10.90 10.25 11.55 18.46 13.38

0 16.84 39.26 38.52 42.36 59.64 52.13

3 3.44 7.58 7.78 8.02 11.14 9.50

0 20.40 45.97 43.07 45.54 59.32 56.88

7 7.04 13.39 13.44 13.44 16.15 14.89

6 2.46 3.90 2.72 3.43 1.85 3.41

7.73 12.50 13.35 13.35 14.01 12.70

9 1.08 2.17 2.50 2.12 2.31 1.92

5 5.83 11.94 13.72 12.02 13.17 10.63

3 1.19 2.17 2.78 2.46 2.71 2.01

9 2.75 5.55 7.09 6.18 7.19 5.48

6 0.55 0.80 0.94 0.92 1.10 0.77

4 2.78 5.72 7.03 6.18 8.99 5.83

4 0.49 0.76 1.03 0.96 1.80 0.84

3 1.01 1.28 0.98 1.26 1.38 1.55

1 1.02 0.93 0.65 0.81 0.41 0.89

3 1.08 1.16 0.80 0.96 0.78 1.20

u* in an individual clinopyroxene of the respective sample.



Fig. 8. REE patterns of clinopyroxenes from Isortoq dike rocks, normalized to chondritic values from Boynton (1984). Individual clinopyroxene

analyses are shown in Panels a and c; all other diagrams show averaged values. REE patterns of clinopyroxenes from MORB-like olivine–

gabbro (Benoit et al., 1996) and gabbro from a rifted continental margin (Bernstein et al., 1998) together with whole-rock REE data from two

Archean gneisses (Compton, 1978) are shown for comparison.

R. Halama et al. / Lithos 74 (2004) 199–232 215
all dike rocks have REE patterns similar to gabbros

from the rifted East Greenland margin (Bernstein et

al., 1998), but distinct from gabbros derived from a

MORB-like source.
4.5. Whole-rock geochemistry

XRF whole-rock data of the dike rocks are pre-

sented in Table 7 and the compositional variation with



Table 7

XRF whole-rock analyses of Isortoq dike rocks

Dike Olivine–

gabbro

BFD 1 BFD 1

anorthosite

xenolith

BFD 2 BFD 3 BFD 4 GD 1

syeno-

gabbro

GD 3

gabbro

GD 3

syenite

GD 3

syenite

Larvikite Hbl. –

syenite

Sample GM 1803 GM 1735 GM 1682 GM 1750 GM 1805 GD 39 GM 1712 GM 1760 GM 1772 GM 1778 GM 1684 GD 38

Major elements (wt.%)

SiO2 44.57 46.46 51.86 53.05 49.88 46.73 47.83 41.69 55.17 55.93 56.34 53.91

TiO2 2.95 2.25 1.76 1.83 1.93 2.67 2.12 4.19 1.55 1.55 1.28 0.97

Al2O3 16.79 16.62 19.32 17.56 15.83 16.03 18.54 14.09 15.41 15.37 16.87 16.62

Fe2O3 15.90 14.11 8.82 9.81 12.92 14.92 12.30 17.03 10.50 10.91 8.50 8.57

MnO 0.19 0.17 0.12 0.15 0.17 0.19 0.16 0.22 0.20 0.20 0.14 0.13

MgO 5.08 5.54 2.12 2.17 4.34 5.72 2.59 4.71 1.10 0.99 2.35 4.06

CaO 7.68 7.40 7.62 6.12 6.72 7.77 7.26 8.22 4.16 3.67 4.82 6.11

Na2O 3.69 3.68 4.58 4.40 4.41 3.74 4.46 3.69 5.18 5.86 4.75 4.01

K2O 1.12 1.25 1.63 2.78 1.48 1.18 1.89 1.79 4.03 3.34 3.26 2.48

P2O5 0.48 0.47 0.45 0.68 0.40 0.56 0.47 2.48 0.44 0.40 0.33 0.43

LOI 0.67 0.64 0.88 0.56 0.66 � 0.43 2.09 0.84 0.64 0.86 0.67 1.91

Total 99.12 98.59 99.16 99.11 98.74 99.08 99.71 98.95 98.38 99.08 99.31 99.20

Mg#a 43.2 48.3 36.4 34.5 44.4 47.7 33.4 39.7 19.9 17.7 39.7 53.0

Trace elements (ppm)

Sc 17 21 15 18 20 20 14 17 13 10 16 20

V 173 193 86 83 174 162 96 107 6 3 78 155

Cr 36 54 2 4 44 70 n.d. n.d. n.d. n.d. 29 45

Co 62 78 18 22 60 84 40 47 6 7 55 60

Ni 53 87 11 14 60 71 29 n.d. 3 n.d. 34 33

Cu 37 61 10 12 67 47 26 27 n.d. n.d. 46 46

Zn 92 105 76 85 109 104 86 96 130 124 101 102

Ga 18 20 20 19 21 19 21 15 19 22 23 19

Rb 19 17 15 35 25 14 33 18 32 36 33 60

Sr 411 629 753 563 510 454 558 421 417 265 535 817

Y 30 24 25 32 31 34 42 39 45 51 27 27

Zr 172 140 137 215 221 171 245 150 271 367 245 163

Nb 12 14 11 14 14 12 18 12 22 25 16 14

Ba 463 750 1022 1740 936 649 899 718 2981 2131 2513 972

Pb 4 5 7 9 7 4 15 7 8 11 15 8

La – – 24 41 – 16 – – 38 42 – 35

Ce – – 62 95 – 65 – – 96 101 – 93

Pr – – 4 8 – 6 – – 9 7 – 7

Nd – – 31 52 – 32 – – 51 49 – 44

Sm – – 4 9 – 10 – – 5 8 – 8

Characteristic normative mineralsb

ne + ol ne+ ol hy+ ol hy + ol hy+ ol ne+ ol ne+ ol ne+ ol ne + ol hy+ ol q+ hy q+ hy

Not detected (n.d.); not determined (– ).
a Mg# = 100[Mg/(Mg + Fe2 +)] with Fe2O3/FeO= 0.2.
b Calculation of normative mineral composition according to the CIPW norm.
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respect to Mg# as fractionation index is shown in Fig.

9. Mg-numbers [Mg# = 100 Mg/(Mg +Fe2 +) atomic]

were calculated using a Fe2O3/FeO ratio of 0.2 (Mid-

dlemost, 1989) for all rock types as the Ti-rich oxides

from all samples indicate relatively reducing condi-
tions even in more fractionated rocks. Mg# between

53 and 18 indicate that the samples do not represent

primary melts. SiO2 contents appear to be relatively

scattered, but there is a distinct negative correlation

within the BFD and the Giant Dike samples. The



Fig. 9. Whole-rock variation diagrams for Isortoq dike rocks with Mg# =Mg/(Mg+ Fe2 +) as fractionation index.
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positive correlation of CaO/Al2O3 with Mg# suggests

fractionation of clinopyroxene (e.g., Cox et al., 1979;

Class et al., 1994). The larvikite and the hornblende–

syenite are characterized by higher SiO2 and lower

CaO/Al2O3 values. The high P2O5 and TiO2 concen-

trations in Giant Dike sample GM 1760 (Table 7),

combined with the high modal apatite content, indi-

cates that this sample was affected by apatite and

possibly Fe–Ti oxide accumulation.

Maximum Ni and Cr contents of 87 and 70 ppm,

respectively, confirm that the dikes crystallized from

relatively fractionated melts. Other trace elements

compatible in mafic systems (e.g., Vand Sc) also have

relatively low concentrations. Ni and Sc are positively

correlated with Mg# suggesting fractionation of oliv-

ine and clinopyroxene. A positive correlation of Cr

contents with Mg# in the BFDs is a further indication

that olivine and/or clinopyroxene fractionation operat-

ed in the magmas (not shown). V, which is highly

compatible in magnetite and slightly compatible in

clinopyroxene, is also decreasing with decreasing

Mg#, indicating fractionation of Fe–Ti oxides. Incom-
patible trace elements like Zr show a weak negative

correlation with Mg# for the Giant Dike samples

consistent with increasing degrees of differentiation,

but the BFD samples are rather scattered.

Normative mineral compositions were calculated

following the CIPW scheme (Cross et al., 1903; Cox

et al., 1979) and characteristic normative minerals are

listed in Table 7. The olivine–gabbro and the BFDs

are variably ne- and hy-normative. In the Giant Dikes,

normative compositions change from ne-normative in

the gabbros to hy-normative in the syenites. The qz-

normative larvikite and hornblende–syenite both con-

tain modal quartz indicating that the normative com-

positions accurately reflect the modal mineralogy.

However, BFD 2 (GM 1750) and the anorthosite

xenolith (GM 1682) have late interstitial quartz, but

they are quartz-free in the norm calculation. This

might be due to the fact that small errors in the

assumed Fe2 +/Fe3 +ratio can lead to variable norma-

tive mineral compositions. In summary, the calcu-

lations of the normative mineral compositions

demonstrate that the least fractionated rocks are silica
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undersaturated. The most fractionated rocks, repre-

sented by the syenites of the Giant Dikes, evolved

towards hy-normative compositions. Qz-normative

compositions of the larvikite and the hornblende–

syenite are not coupled to a low Mg#.

Primitive mantle-normalized incompatible trace el-

ement diagrams for selected samples are shown in Fig.

10. The patterns are characterized by a general enrich-

ment relative to primitive mantle values and distinct Ba

peaks and Nb troughs. The Ba peak in the hornblende–

syenite is considerably smaller than in all other dikes.

Small negative P and Ti anomalies are present in the

two syenitic samples, and the GD 3 syenite has also a

negative Sr anomaly. The two BFD samples have fairly

smooth patterns from La to Y with a small positive Sr

anomaly in the anorthosite xenolith and a small nega-

tive one in BFD 4.

4.6. Sr and Nd isotopic compositions

Sr and Nd isotopic compositions of mineral sepa-

rates from the dikes and of whole-rocks from the

Julianehåb batholith are presented in Table 8. Using

the Sm–Nd system on mineral separates of clinopyr-

oxene and plagioclase and whole-rock powder (Table

8, Fig. 11), we dated sample GM 1735 from BFD 1.

The age of 1190F 44 Ma agrees well with that of the

Bangs Havn Giant Dike (1185F 22 Ma; Engell and
Fig. 10. Multielement plot of selected Isortoq samples normalized t
Pedersen, 1974) which is thought to be of the same

age. The three clinopyroxene separates from Giant

Dike 3 give an age of 1187F 87 Ma, consistent with

the BFD 1 and the Bangs Havn Giant Dike ages.

These ages also agree with field evidence, as the

Isortoq swarm is cut by the Nunarssuit syenite, which

was dated by the U/Pb method at 1171F 5 Ma (Finch

et al., 2001), and postdates the older ‘‘Brown dikes’’

dated at 1280F 5 Ma (Upton et al., 2003).
87Sr/86Sr initial ratios of the dikes at 1.19 Ga range

from 0.70289 to 0.70432 and eNd(i) values from + 0.3

to � 10.7 (Table 8). On the Sr–Nd isotope diagram,

the data define a relatively steep trend (Fig. 12) with

initial 87Sr/86Sr ratios of the isotopically more prim-

itive samples similar to Bulk Silicate Earth (BSE).

The olivine–gabbro and the Giant Dikes have eNd(i)
values clustering around 0 to � 2, whereas the BFDs

show a clear tendency towards more negative eNd(i)
values. None of the samples has eNd(i) values close to
those of the depleted MORB mantle (DMM) reser-

voir, estimated to be between eNd(i)= + 5.3 (calculated

after DePaolo, 1981) and eNd(i)= + 7.4 (calculated

after Goldstein et al., 1984).

In comparison with other Sr–Nd data from the

Gardar Province, the Isortoq dikes extend the range of

eNd(i) towards significantly more negative values than

previously reported. The isotopically more primitive

dikes overlap with data from the Eriksfjord Formation
o primitive mantle values from McDonough and Sun (1995).



Table 8

Sr, Nd and O isotopic composition of Isortoq dike rocks and adjacent Ketilidian basement rocks

Rock type Sample Material Sr

(ppm)

Rb

(ppm)

87Rb/
86Sr

87Sr/86Sr 87Sr/86Sr(i) Sm

(ppm)

Nd

(ppm)

147Sm/
144Nd

143Nd/144Nd eNd(i)d
18O (V-SMOW)

Isortoq dikes

BFD 1 GM 1682 cpx 41.60 0.800 0.0556 0.704454F 10 0.70351 13.56 47.42 0.1728 0.512165F 09 � 5.6 5.73

Anorthosite xenolith

Larvikite GM 1684 cpx 52.31 1.087 0.0601 0.705016F 10 0.70399 14.35 53.20 0.1631 0.511830F 10 � 10.7 6.20

GD 1, gabbro GM 1712 cpx 56.42 0.361 0.0185 0.703728F 10 0.70341 19.94 66.67 0.1808 0.512484F 10 � 0.6 5.30

BFD 1 GM 1735 cpx 61.40 3.085 0.1453 0.705773F 10 0.70330 16.16 58.51 0.1670 0.512223F 10 � 3.6 5.72F 0.07

BFD 1 GM 1735 whole-rock 5.64 26.06 0.1308 0.511922F 10 � 3.9

BFD 1 GM 1735 plagioclase 2.14 11.74 0.1100 0.511780F 10 � 3.5 6.61F 0.08

BFD 2 GM 1750 cpx 51.41 7.337 0.4130 0.709994F 10 0.70296 19.03 74.61 0.1542 0.511902F 09 � 7.9 5.93

GD 3, gabbro GM 1760 cpx 44.96 0.739 0.0475 0.704151F10 0.70334 14.80 51.87 0.1725 0.512357F 10 � 1.8 5.62

GD 3, syenite GM 1772 cpx 44.92 0.973 0.0627 0.704572F 10 0.70350 22.06 91.46 0.1458 0.512146F 14 � 1.8 5.41

GD 3, syenite GM 1778 cpx 32.87 1.128 0.0993 0.704920F 09 0.70323 20.03 82.24 0.1472 0.512163F 10 � 1.7

Olivine–gabbro GM 1803 cpx 49.32 1.177 0.0690 0.704069F 10 0.70289 21.09 73.19 0.1742 0.512475F 10 0.3 5.54

BFD 3 GM 1805 cpx 58.67 1.399 0.0690 0.704794F 09 0.70362 13.45 47.63 0.1706 0.512079F 10 � 6.9 5.59

Brown Dike

(BD0)

GD 37 cpx 44.61 0.218 0.0141 0.703721F 09 0.70346 5.79 16.65 0.2103 0.512619F 10 � 2.6

Hornblende–syenite GD 38 amph 101.10 5.863 0.1677 0.707176F 10 0.70432 18.99 83.46 0.1376 0.511959F 10 � 4.2 5.21

BFD 4 GD 39 cpx 67.57 0.391 0.0167 0.703431F 09 0.70315 12.62 41.66 0.1831 0.512479F 10 � 1.0

Ketilidian basement

Granitoid BT 03 whole-rock 70.58 186.9 7.8080 0.901275F 09 0.76821 8.25 54.67 0.0913 0.511341F10 � 9.3 8.2

Granitoid BT 05 whole-rock 946.4 31.96 0.0977 0.704834F 16 0.70317 1.94 10.16 0.1154 0.511785F 10 � 4.3 7.2

Granitoid BT 06 whole-rock 422.1 109.2 0.7494 0.721722F 10 0.70895 6.45 39.03 0.0999 0.511516F 10 � 7.2 7.9

87Sr/86Sr and 143Nd/144Nd initial ratios were calculated for T= 1.19 Ga except for the BD0 dike (GD 37) for which an age of 1.28 Ga (Upton et al., 2003) was assumed. Standard

deviations for d18O are given for samples which were analyzed twice.
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Fig. 11. Isochron diagrams for BFD 1 and Giant Dike 3. Error bars

indicate 2r errors. Errors used in the isochron calculations are

F 0.5% for 147Sm/144Nd and 0.002% for 143Nd/144Nd, based on

repeated standard analyses. Isochrons were calculated after Wendt

(1986).

Fig. 12. (a) eNd(i) vs. (
87Sr/86Sr)i diagram for mineral separates of

Isortoq dike rocks and whole-rock basement samples. Reference

data are from Pearce and Leng (1996), Goodenough et al. (2002)

and Halama et al. (2003). The reference line of Bulk Silicate Earth

(BSE) for the Sr isotopic composition was calculated after DePaolo

(1988) assuming present-day values of 0.0827 for 87Rb/86Sr and

0.7045 for 87Sr/86Sr. (b) Oxygen isotopic compositions vs. eNd(i) of
separated clinopyroxenes and amphiboles from Isortoq dike rocks

and whole-rock country rock samples. Oxygen isotopic composition

of clinopyroxene from a DMM source was modeled using an

average mantle olivine d18O value of 5.2x (Eiler et al., 1997) and

an average D18Ocpx-olivine fractionation of 0.4x (Mattey et al.,

1994).
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basalts (Halama et al., 2003), but they do not reach the

positive eNd(i) values of basaltic, lamprophyric and

carbonatitic dikes from Ivittuut (Goodenough et al.,

2002) and Igaliko (Pearce and Leng, 1996). The initial
87Sr/86Sr ratios of the Isortoq dikes, however, show a

broad overlap with published data.

4.7. Re–Os isotopic analyses

The Os isotopic data presented in Table 9 include

four samples from the Isortoq dike rocks together

with four samples from the Eriksfjord Formation

basalts (Halama et al., 2003) and two samples from

the Ilı́maussaq intrusion (Marks and Markl, 2001).

The EF basalt samples were added to the data set

because they represent even more primitive Gardar
melts than the Isortoq dikes and are therefore more

likely to reflect the Os isotopic composition of the

mantle source. The augite–syenites from Ilı́maussaq



Table 9

Os isotope data of Isortoq dike rocks, Eriksfjord Formation basalts and Ilı́maussaq syenites

Rock type Sample Age (Ma)a Re (ng/g) Os (ng/g) Re/Os 187Re/188Os 187Os/188Os (187Os/188Os)i

Isortoq dikes

BFD 1 GM 1735 1190 0.353 0.0153 23.13 176.44 4.6635F 89 1.131

GD 3, gabbro GM 1760 1190 0.479 0.0070 68.74 4775.09 103.58F 16 7.967

Olivine–gabbro GM 1803 1190 0.153 0.0021 71.71 2237.83 42.381F 58 � 2.428

BFD 4 GD 39 1190 0.388 0.0144 26.86 213.58 5.181F11 0.905

Eriksfjord formation basalts

Basalt, Mussartût group EF 024 1200 0.362 0.1490 2.43 11.60 0.10690F 1 � 0.127

Basalt, Ulukasik group EF 072 1200 0.343 0.0132 25.94 192.34 4.3238F 85 0.440

Basalt, Ilı́maussaq group EF 174 1200 0.207 0.0094 22.13 197.13 6.709F 21 2.729

Basalt, Ilı́maussaq group EF 168 1200 0.177 0.0123 14.45 93.49 2.8124F 61 0.925

Ilı́maussaq intrusion

Augite–syenite (center) GM 1857 1160 0.013 0.0041 3.23 17.20 0.9751F 24 0.639

Augite–syenite (border) GM 1858 1160 0.0026 0.00023 11.28 68.22 2.1395F 32 0.808

a Age determinations from Paslick et al. (2003) for the Eriksfjord Formation basalts and Waight et al. (2002) for the Ilı́maussaq intrusion.
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are the most primitive rocks of one of the major

igneous complexes of the Gardar Province. Obtain-

ing reliable geochemical information of these sam-

ples proved to be a challenging task because of the

very low Os abundances and the potential Re mo-

bility during secondary alteration, although it has

been shown that the Re–Os system can remain

resistant during low-degree metamorphism and hy-

drothermal alteration (Puchtel et al., 1999). One

sample (EF 024) was omitted from data analysis

because it was overspiked with respect to Os. The

other samples show highly variable initial
187Os/188Os ratios ranging from � 2.428 to 7.967

(Table 9). The negative (187Os/188Os)i of the oliv-

ine–gabbro is probably due to either analytical

problems or mobilization of Re. All other

(187Os/188Os)i values are much higher than those

assumed for the various mantle components

(0.105� 0.152; Shirey and Walker, 1998). The initial
187Os/188Os ratio of the two most radiogenic samples

are significantly higher than the estimated average

upper crustal value of 1.9256 (Esser and Turekian,

1993) and a range of values from 0.1652 to 1.8138

for lower crustal xenoliths (Saal et al., 1998).

4.8. Oxygen isotope measurements

Oxygen isotope analyses of mineral separates

from the dikes and whole-rock powders from the

basement rocks are listed in Table 8. d18O values of
clinopyroxene and amphibole separates from the

dikes range from 5.2xto 6.2x. The BFDs show

a restricted range in d18Ocpx from 5.6x to 5.9x
whereas the dikes without feldspathic material, i.e.,

the olivine–gabbro and the Giant Dikes, have lower

d18Ocpx values in the range 5.3–5.6x. Most of the

d18Ocpx values from the Isortoq dike swarm overlap

with d18Ocpx values of mantle peridotites (5.25–

5.90x, Mattey et al., 1994), OIBs (5.3–6.1x,

Harris et al., 2000) and the spatially associated

Eriksfjord Formation basalts (5.2–6.0x, Halama

et al., 2003).

The oxygen isotope equilibration temperature for

fractionation between plagioclase and diopside was

calculated after Zheng (1993) for sample GM 1735

(BFD 1) using D(plagioclase–diopside) = 0.89 and

XAn = 0.50. The apparent equilibration temperature

is 924 jC. Allowing an error of F 0.15x in D,
calculated temperatures range from 832 to 1035 jC.
This indicates that the equilibration of oxygen iso-

topes occurred at magmatic temperatures.

Mineral melt fractionations allow the calculation of

the magma oxygen isotopic compositions directly

from measured values of minerals (Taylor and Shep-

pard, 1986). Using a Dmelt-cpx value of 0.3, calculated

after Kalamarides (1986) for a liquidus temperature of

f 1130 jC, calculated d18Omelt values for the Isortoq

dike rocks range from 5.5x to 6.5x.

On the eNd(i)–d18O diagram (Fig. 12b), the Iso-

rtoq dike rocks define a weak trend of slightly
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increasing d18O with decreasing eNd(i). This trend

does not approach the trend defined by the Ketilidian

basement rocks. Some of the data overlap with

comparative data from the Eriksfjord Formation

basalts, but none of the Isortoq data plots close to

a modeled DMM source.
5. Discussion

5.1. Validity of calculations of intrinsic parameters

Liquidus temperatures calculated for the Isortoq

dike samples after Sugawara (2000) (1120–1145 jC)
are in agreement with experimental results from

Upton (1971) and Upton and Thomas (1980), who

obtained liquidus temperatures of about 1190 jC for

very similar gabbroic rocks from the Tugtutoq area

and assumed that the intrusion of the dike magmas

took place between 1160 and 1125 jC. Toplis and

Carroll (1995) obtained similar liquidus temperatures

for ferro-basaltic melts of f 1160 jC. Minimum

crystallization temperatures derived from ternary feld-

spars yield temperatures in the range 950–1020 jC
similar to intrusion temperatures of 1050 jC inferred

for more differentiated syenitic rock types (Upton and

Thomas, 1980).

Temperatures determined by QUILF (Andersen et

al., 1993) can be subjected to subsolidus exchange

(Markl et al., 1998) or they might reflect equilibration

with a cooler, more fractionated residual melt because

Fe/Mg silicates equilibrate fast when liquid is present

(Markl and White, 1999). Our QUILF-calculated

temperatures (930–850 jC) are slightly lower com-

pared to solidus temperatures of hawaiitic magmas

(990–965 jC, Upton, 1971). Therefore, QUILF tem-

peratures calculated here are believed to reflect partly

solidus temperatures and partly subsolidus exchange

temperatures. Thus, the crystallization interval for the

gabbroic rocks is assumed to be 1150–900 jC,
whereas the syenitic rocks probably crystallized be-

tween 1050 and 800 jC.
The calculated silica activities correlate positively

with whole-rock SiO2 contents, indicating that the

results are reliable. Oxygen fugacities indicate con-

ditions below the FMQ buffer curve within the

range of other Gardar magmas. Low oxygen fugac-

ities appear to be a general feature of the Gardar
magmas (Powell, 1978; Upton and Thomas, 1980;

Larsen and Sørensen, 1987; Marks and Markl,

2001; Marks et al., 2003). Albeit the range in

calculated logfO2 values is relatively large, there

appears to be a general tendency of increasing

oxygen fugacity with increasing silica activity

(Fig. 7), which is confirmed by magnetite over-

growths over ilmenite in the larvikite. This feature

may hint at an FMQ-type equilibrium buffering

these parameters.

5.2. Evidence for closed-system fractionation in the

giant dikes

The systematic decrease of XFo in olivine and XAn

in plagioclase parallel to the assumed crystallization

direction from the margin towards the dike center in

GD 3 is interpreted to reflect fractional crystalliza-

tion in an essentially closed system for the gabbroic

facies of the dike. For various intrusions of the

Gardar Province, in situ differentiation (e.g., Ste-

phenson and Upton, 1982; Marks and Markl, 2001)

and side-wall crystallization (e.g., Parsons and

Brown, 1988) have been proposed as crystallization

processes and it seems likely that both of those

processes governed the magmatic evolution of the

gabbroic facies of the Giant Dikes. Whole-rock

geochemical data trends and REE patterns from

clinopyroxenes are consistent with a closed-system

fractional crystallization in Giant Dike 3. The Nd

isotopic data provide evidence that fractionation

from gabbroic to syenitic rocks in GD3 took place

in a closed-system because the three samples from

GD3 do not show any change in eNd(i) at various

concentrations of SiO2 (Fig. 13) and it was demon-

strated earlier that they define an isochron age. Thus,

the syenitic rocks may represent a more differentiat-

ed member of the same parental melt as the gabbroic

rocks. However, differentiation did probably not

occur in situ as field evidence (Bridgwater and

Coe, 1970, and own observations) indicates that

stoping was an important emplacement mechanism

in the Giant Dikes. Possibly, Fe-rich and partly

resorbed cores (Fig. 5) of augites from syenitic

samples represent relics of crystals from partly

solidified gabbroic rocks which where incorporated

into the rising magma during emplacement of the

syenitic members.



Fig. 13. (a) eNd(i) vs. SiO2 (wt.%) diagram with general trends of fractional crystallization and AFC processes (solid arrows). Note the fractional

crystallization trend for the three samples of Giant Dike 3 (dashed arrow). (b) and (c) Silica activities calculated with QUILF (Andersen et al.,

1993) vs. eNd(i) and Mg# (symbols as in Fig. 12).
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5.3. Evaluation of crustal contamination and mantle

heterogeneity

Variations in the Sr–Nd isotopic composition of

magmatic rocks can principally be explained by

either crustal contamination or heterogeneous mantle

sources. Today, the different mantle components

have a wide range of isotopic compositions (Hart

et al., 1992; Hofmann, 1997), but their projection

into the Proterozoic is problematic. Generally speak-

ing, steep trends on Sr–Nd isotope plots could be

attributed to mixtures of an isotopically depleted

mantle component and an isotopically enriched man-

tle component similar to EM-1 (e.g., Milner and Le

Roex, 1996). The EM-1 component is characterized

by extremely low 143Nd/144Nd ratios and negative

eNd values (Hofmann, 1997). Based on the Sr–Nd

data alone, it seems possible that the dike magmas

were derived from a source composed of two distinct

mantle components, implying that the larvikite is

closest to the EM-1-like end-member composition.

However, mantle melts with these low initial Nd

isotopic values are usually potassic, highly enriched

in LREE and do not show any features indicative of

crustal influences (e.g., Nelson, 1992; Schmidt et al.,

1999). We will show below that there are many signs

for a crustal component in the dike compositions and

we therefore prefer the alternative view to explain

the decrease in initial eNd values by increasing

amounts of crustal contamination (e.g., Paces and

Bell, 1989).
In the Isortoq dikes, the rough negative correlation

of aSiO2 with Mg# indicates that aSiO2 was increasing

with fractionation and/or crustal contamination (Fig.

13). One possibility to explain this is that the liquid

composition for the dike rocks started on the right-

hand side of the thermal boundary in the nepheline–

albite–quartz system, and therefore differentiation

produced quartz-saturated compositions. However,

the trend towards higher aSiO2 in the Isortoq dikes is

not continuous as the most fractionated syenites of

Giant Dike 3 are still below SiO2 saturation, whereas

the less fractionated larvikite contains quartz. The

negative correlation of aSiO2 with eNd (Fig. 13) is

not compatible with simple fractionation trends, but

suggests assimilation of relatively quartz-rich partial

melts of crustal rocks that influenced the silica activ-

ities in the dikes to different degrees. Normative rock

compositions agree well with the Nd isotope and

QUILF data. Those rocks with relatively high eNd
are ne-normative, whereas the larvikite with the most

negative eNd is qz-normative, again consistent with

assimilation of a SiO2-rich partial melt. Mixing with

SiO2-rich mantle material is considered as unlikely

because typical mantle-derived melts are usually poor

in SiO2 compared to crustal melts.

Geochemical data are in agreement with the as-

similation hypothesis. High Ba contents typical of the

Isortoq dikes (Fig. 10) resemble those in basaltic-

hawaiitic lavas from Mull (Kerr et al., 1995). Based

on melting experiments (Thompson, 1981), the latter

were explained by addition partial melts derived from
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Lewisian gneisses containing alkali feldspar as a

source of the Ba (Kerr et al., 1995). This scenario is

also conceivable for the Isortoq magmas when we

consider contamination with Archean lithologies,

which are present in the craton of southern West

Greenland. There, granodioritic K-feldspar-bearing

gneisses are quite common (McGregor, 1973; O’Nions

and Pankhurst, 1974) and some of the gneisses are

relatively Ba-rich (McGregor, 1979). Small negative

Nb and Ti anomalies (Fig. 10) are consistent with

contamination by crustal material modified or gener-

ated by subduction zone magmatism. In fact, they are

typical features of Archean granulites (Rudnick and

Presper, 1990) and negative Nb anomalies in flood

basalts were previously explained by crustal contam-

ination (McDonough, 1990). However, the presence of

a negative Nb anomaly is no unequivocal evidence for

crustal contamination, as it was also proposed to be

characteristic for magmas derived from the SCLM
Fig. 14. Re–Os isotope composition correlation diagram for four Isortoq d

syenites. Typical errors of 1 % for 187Re/188Os and 0.5 % for 187Os/188O
(e.g., Hawkesworth et al., 1992; Goodenough et al.,

2002).

Recent studies have shown that the Re–Os isotopic

system can be a powerful tool to decipher crustal

assimilation (e.g., Chesley and Ruiz, 1998) as some

portions of the lower crust comprise the most radio-

genic large-scale Os reservoirs within the Earth

(Asmerom and Walker, 1998). Os concentrations in

the Isortoq dike rocks are very low, probably because

of the compatible behavior of Os during mantle

melting (Shirey and Walker, 1998), prior sulfide

separation and/or Os compatibility in olivine (Brüg-

mann et al., 1987). Therefore, small amounts of

crustal contamination may have a large impact on

the Os isotopic composition of the magmas. On the

Re–Os isochron diagram, the data points have a

tendency to scatter around the 1.2 Ga reference line

which is an approximate realistic age for all samples

(Fig. 14). Excluding the relatively most altered Eriksf-
ikes, three Eriksfjord Formation basalts and two Ilı́maussaq augite–

s are smaller than the symbol size.
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jord Formation basalt sample (EF 174), a reasonable

fit of the reference line to the data points yields an

initial 187Os/188Os ratio of f 0.8. Despite the large

uncertainty in this estimation, this ratio is much higher

than 187Os/188Os values of all known mantle reser-

voirs (Shirey and Walker, 1998). Therefore, the Os

isotopic composition does not reflect a primary mantle

composition. The only reservoir known to contain

significant radiogenic Os is old continental crust

(Chesley and Ruiz, 1998) and lower crustal xenoliths

with 187Os/188Os values as high as 3.5 have been

reported (Molzahn et al., 1996). Accordingly, several

studies postulated the assimilation of material from

the lower crust in the petrogenesis of mafic continen-

tal magmas (e.g., Asmerom and Walker, 1998;

Sproule et al., 2002). The Os isotopic data are at least

compatible with an important role of assimilation of

crustal material in the petrogenesis of the Gardar

magmas. The high initial 187Os/188Os ratio might

suggest that almost all Os was crustally derived.

Fractionation of olivine, clinopyroxene, plagio-

clase and Fe–Ti oxides is known to produce small

increases in melt d18O values ( < 0.3x) and the

increase in the Dmelt-cpx fractionation factor with

decreasing T is about 0.1x in d18O of the clinopyr-

oxene (Baker et al., 2000). Therefore, these processes

can only partly account for the increase in d18O
isotopic values in the Isortoq clinopyroxenes. Because
Fig. 15. Maximum Eu anomalies in clinopyroxenes from Isortoq dike rock

for Eu/Eu* is F 0.05.
the EM-1 mantle component does not deviate signif-

icantly from average upper mantle values (Eiler et al.,

1997), the d18Omelt in the larvikite is above typical

values for mantle melts and requires another explana-

tion than a heterogeneous mantle source. The weak

positive correlations of d18O with eNd (Fig. 12b) and

Eu/Eu*cpx (Fig. 15) are consistent with an d18O in-

crease due to crustal contamination. The Nd–O data

indicate that assimilation of Ketilidian upper crustal

basement is unlikely (Fig. 12b). This is supported by

field evidence as granitoid xenoliths in the dikes are

characterized by sharp contacts, suggesting that they

did not react much with the magmas. Lower crustal

rocks of igneous origin have an average d18O value of

+ 7.5F 1.4xwith an overall range from + 5.4xto

+ 12.5x(Fowler and Harmon, 1990) and contami-

nation with crustal material with oxygen isotopic

values of + 7.0xto + 10xand low eNd values is

in qualitative agreement with the data.

Having established that the olivine–gabbro and the

Giant Dikes are less crustally contaminated than the

BFDs, the absence of a negative Eu anomaly in the

BFDs needs to be explained. Intuitively, one would

expect that the more pronounced the influence of the

AFC process is, the larger should the negative Eu

anomaly be. However, this is not the case and alterna-

tive explanations are required. A significant difference

in the oxidation state of the magmas can be excluded
s vs. eNd(i) and d18O (symbols as in Fig. 12). The assumed 2r error



Table 10

Parameters used in energy-constrained assimilation-fractional

crystallization (EC-AFC) modeling

Thermal parameters:

Liquidus temperature

of magma (jC)
1190

Initial temperature

of magma (jC)
1140

Solidus temperature (jC) 850

Temperature of

equilibration (jC)
900

Compositional parameters: Sr Nd

Magma initial

concentration (ppm)

411 32

Magma isotope ratio 0.70289 0.51111

Magma trace element

distribution coefficient

1.5 0.25

Upper crustal assimilant

initial concentration (ppm)

480 35

Upper crustal assimilant

isotope ratio

0.70806 0.51069

Lower crustal assimilant

initial concentration (ppm)

747 63

Lower crustal assimilant

isotope ratio

0.70670 0.5099

Assimilant trace element

distribution coefficient

1.5 0.25

For the upper and lower crustal assimilants, the thermal parameters

for the ‘‘standard‘‘ upper crustal and the ‘‘standard‘‘ lower crustal

case, respectively, were taken from Bohrson and Spera (2001).
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because QUILF calculations show negative DFMQ

values for both. A more viable explanation for the lack

of negative Eu anomalies in the BFD clinopyroxenes is

resorption of plagioclase in the melt either due to a

pressure decrease or due to injection of new, hot

magma (Markl and Frost, 1999). BFD magmas could

have been mechanically enriched in plagioclase in a

magma chamber possibly close to the crust–mantle

boundary before the resorption started. Alternatively,

interaction with lower crust can even produce positive

Eu anomalies in the melts (Mitchell et al., 1995). This

explanation is also compatible with the negative cor-

relation of Eu/Eu*max with eNd (Fig. 15) because a larger
degree of assimilation as seen in the BFDs would also

lead to a relative enrichment in Eu. REE data of

amphibolite- and granulite-facies gneisses from the

Archean craton of southern West Greenland frequently

show a prominent positive Eu anomaly (Compton,

1978) and contamination of the dike magmas with

similar material is therefore in agreement with the

REE data.

5.4. Quantitative modeling of crustal contamination

processes

Mechanisms to explain contamination signatures in

mantle-derived mafic magmas include assimilation

coupled with fractional crystallization (AFC) (Bowen,

1928; Taylor, 1980; DePaolo, 1981) and assimilation

of crust by the most mafic magmas during turbulent

ascent (ATA) (Huppert and Sparks, 1985; Devey and

Cox, 1987). Correlations of isotopic ratios and param-

eters of fractionation can be used to evaluate which

process is more likely to have occurred. For the

Isortoq magmas, the eNd(i) vs. SiO2 diagram (Fig.

13) reveals a negative correlation. This indicates that

AFC processes were operating because AFC process-

es result in the most evolved rocks becoming the most

contaminated. Quantification of the AFC processes

was carried out using an energy-constrained assimila-

tion-fractional crystallization (EC-AFC) model (Spera

and Bohrson, 2001; Bohrson and Spera, 2001). Be-

cause some of the trace elements analyzed are prone

to mobilization (Rb, Ba, K) or influenced by accu-

mulation or fractionation processes (P, Ti, Sr) and the

oxygen isotope data show only a limited spread, we

constrained this modeling to the Sr–Nd isotopic

compositions.
Several studies proposed assimilation of granulite

facies gneisses by mafic magmas to explain steep

trends on Sr–Nd isotope diagrams (e.g., Carter et al.,

1978; Bernstein et al., 1998). A negative correlation

between eNd and SiO2 content was suggested as

further indication for assimilation of Archean gran-

ulite-facies lower crust (Heaman and Machado,

1992). Because our data point towards composition-

ally similar contaminants and seismic data were

interpreted to reflect the existence of a wedge of

Archean crust that extends southwards to Lindenow

Fjord (Dahl-Jensen et al., 1998), we used an average

of five granulite-facies gneisses with low Rb/Sr

ratios from the Archean craton of West Greenland

(Taylor et al., 1984) as representative for the lower

crustal composition (Table 10). The Julianehåb gran-

itoids, in which the dikes were emplaced and which

represents the most abundant country rock, are a

second possible contaminant. Thus, the weighted
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average from the three granitoid samples of the

Julianehåb batholith were used as representative for

the chemical composition of an upper crustal con-

taminant. Sr is modeled as compatible in the assimi-

lant because the assimilated material is thought to be

plagioclase-rich based on the eNd–Eu/Eu*max correla-

tion (Fig. 15). In the magma, Sr is also modeled as

slightly compatible consistent with the influence of

plagioclase on the fractionating assemblage. Follow-

ing Bohrson and Spera (2001), Nd is modeled as

incompatible both in the magma and the upper and

lower crustal assimilants.

The results indicate that AFC processes involving

upper crustal Ketilidian basement cannot explain the

steep trend on the Sr–Nd isotope diagram, although an

upper crustal component appears to be involved in the

petrogenesis of the hornblende–syenite (Fig. 16). On

the other hand, assimilation of lower crustal material is

consistent with the bulk of the data and indicates a

maximummass of assimilated anatectic melt off 10%

(Fig. 16). However, the starting composition, chosen to

be similar to the isotopically most primitive samples,

might already be contaminated by some crustal mate-

rial and therefore 10% is not a maximum value. We
Fig. 16. Sr–Nd isotope diagram showing the results of the AFC

modeling with the parameters from Table 10 (symbols as in Fig.

12). Isotopic compositions of upper crust is an weighted average

from the three basement samples and lower crust is represented by

an average of five Archean granulite facies gneisses with low Rb/Sr

ratios from Taylor et al. (1984). Numbers at EC-AFC curves

indicate the percentage of mass of assimilated partial melt.
conclude that AFC processes involving magmas isoto-

pically similar to the most primitive of the Isortoq dikes

and up to f 10% partial melts derived from lower

crustal rocks similar to Archean granulite-facies

gneisses can reasonably explain the bulk of the Sr–

Nd isotope data. The hornblende–syenite appears to be

contaminated with both upper and lower crustal mate-

rial, whereas the off-trend position of BFD 2 can be

explained by assimilation of isotopically and/or chem-

ically heterogeneous material.

5.5. Regional perspective

Contamination of Gardar magmas with crustal

rocks was demonstrated previously at several locali-

ties (e.g., Taylor and Upton, 1993; Andersen, 1997;

Stevenson et al., 1997; Marks and Markl, 2001).

However, there has been no consensus whether the

Ketilidian mobile belt, in which the Isortoq dikes are

emplaced, is underlain by Archean crust. This hy-

pothesis was rejected based on isotopic and geochem-

ical data of the Ketilidian granites (van Bremen et al.,

1974; Kalsbeek and Taylor, 1985), although field

evidence suggested the presence of older basement

in the mobile belt (van Bremen et al., 1974). On the

other hand, seismic data indicate that a wedge of

Archean crust underlies the predominant part of the

Ketilidian belt (Dahl-Jensen et al., 1998) and recent

studies on Gardar rocks suggest an involvement of

lower crustal material in their petrogenesis (Marks et

al., 2003; Halama et al., 2003). The eNd data reported

here are among the most negative for Gardar rocks

and together with petrological and Sr–O–Os isotopic

data provide compelling evidence for assimilation of

partial melts from lower crustal rocks similar to

granulite-facies gneisses from the Archean craton. A

Pb isotope study is planed to further elucidate the

extent of Archean crust below South Greenland. For

the anorthosite xenolith, it is noteworthy that the REE

patterns of the clinopyroxenes and the strongly neg-

ative eNd value are compatible with a significant input

of crustal partial melts. This is in contrast to previous

observations which concluded, based on the alkalic

character of the anorthosites and the low initial
87Sr/86Sr values, that crustal assimilation was insig-

nificant in the formation of the anorthositic rocks

(Patchett et al., 1976). On the other hand, the data

from Giant Dike 3 show that closed-system fractional
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crystallization operated at near-surface levels in mag-

mas that were contaminated prior to emplacement.
6. Conclusions

The importance of mafic rocks as probes of the

continental crust they have traversed rather than as

probes of the lithospheric mantle was recently stressed

by Baker et al. (1998). Our data of the Isortoq dikes

indicate that the assimilated material must have been

silicic because the increase in aSiO2 and SiO2 content

in some dikes is higher than expected from fractional

crystallization alone. REE and Nd isotopic data re-

quire the assimilated material to be rich in plagioclase

component. Isotopic characteristics of the crustal

component include a very low 143Nd/144Nd and a

moderately low 87Sr/86Sr ratio. Furthermore, low Nb

contents, moderate d18O values and a highly radio-

genic Os isotopic composition of the assimilant are

indicated. All these features are compatible with

assimilation of partial melts derived from Archean

granulite-facies gneisses similar to those present in the

Archean craton north of the Ketilidian mobile belt. In

agreement with seismic data (Dahl-Jensen et al.,

1998), we therefore suggest that Archean rocks occur

at depth in the Isortoq region, thus continuing further

south than at the present erosion level. Assimilation of

upper crustal material was generally insignificant, but

might have operated in the petrogenesis of the horn-

blende–syenite dike.

Due to their crustal contamination, mantle source

characteristics of the Isortoq dikes are masked. How-

ever, the general relative enrichment in incompatible

elements and the Sr–Nd isotopic compositions argue

against a significant role of depleted MORB mantle in

the magma generation. The clinopyroxene REE pat-

terns do also not show any similarity to patterns from

MORB-like gabbros, but they are very similar to

patterns from cumulus clinopyroxene in gabbroic

rocks related to postbreakup magmatism caused by

the proximity of the Iceland plume in East Greenland

(Bernstein et al., 1998). However, the importance of

crustal contamination demonstrated for the Isortoq

dikes makes it impossible to distinguish whether the

enrichment in incompatible trace elements relative to

the primitive mantle was derived from the SCLM, an

enriched plume or a mixture of both.
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Benoit, M., Polvé, M., Ceuleneer, G., 1996. Trace element and

isotopic characterization of mafic cumulates in a fossil mantle

diapir (Oman ophiolite). Chemical Geology 134, 199–214.



R. Halama et al. / Lithos 74 (2004) 199–232 229
Bernstein, S., Kelemen, P.B., Tegner, C., Kurz, M.D., Blusztajn, J.,

Kent Brooks, C., 1998. Post-breakup basaltic magmatism along

the East Greenland Tertiary rifted margin. Earth and Planetary

Science Letters 160, 845–862.

Birck, J.L., Roy Barman, M., Capmas, F., 1997. Re–Os isotopic

measurements at the femtomole level in natural samples. Geo-

standards Newsletter 20, 19–27.

Bohrson, W.A., Spera, F.J., 2001. Energy-constrained open-system

magmatic processes: II. Application of energy-constrained as-

similation-fractional crystallization (EC-AFC) model to mag-

matic systems. Journal of Petrology 42, 1019–1041.

Boily, M., Ludden, J.N., 1991. Trace-element and Nd isotopic var-

iations in Early Proterozoic dyke swarms emplaced in the vicin-

ity of the Kapuskasing structural zone: enriched mantle or

assimilation and fractional crystallization (AFC) process? Cana-

dian Journal of Earth Sciences 28, 26–36.

Bowen, N.L., 1928. The Evolution of the Igneous Rocks. Princeton

Univ. Press, Princeton 332 pp.

Boynton, W.V., 1984. Geochemistry of the rare earth elements:

meteorite studies. In: Henderson, P. (Ed.), Rare Earth Element

Geochemistry. Elsevier, Amsterdam, pp. 63–114.

Bridgwater, D., 1967. Feldspathic inclusions in the Gardar igneous

rocks of South Greenland and their relevance to the formation of

major anorthosites in the Canadian Shield. Canadian Journal of

Earth Sciences 4, 995–1014.

Bridgwater, D., Coe, K., 1970. The role of stoping in the emplace-

ment of the giant dikes of Isortoq, South Greenland. Geological

Journal 2, 67–78 (special issue).

Bridgwater, D., Harry, W.T., 1968. Anorthosite xenoliths and pla-

gioclase megacrysts in Precambrian intrusions of South Green-

land. Meddelelser om Grønland, 185.
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