
Pergamon

Geochimica et Cosmochimica Acta, Vol. 68, No. 16, pp. 3379–3395, 2004
Copyright © 2004 Elsevier Ltd

Printed in the USA. All rights reserved
0016-7037/04 $30.00� .00
doi:10.1016/j.gca.2003.12.008

Nd-, O-, and H-isotopic evidence for complex, closed-system fluid evolution of the
peralkaline Ilı́maussaq intrusion, South Greenland

MICHAEL MARKS,1 TORSTEN VENNEMANN,2 WOLFGANG SIEBEL,1 and GREGOR MARKL
1,*

1Institut für Geowissenschaften, AB Mineralogie und Geodynamik, Eberhard-Karls-Universita¨t, Wilhelmstra�e 56, D-72074 Tu¨bingen, Germany
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Abstract—Relatively homogeneous oxygen isotope compositions of amphibole, clinopyroxene, and olivine
separates (�5.2 to �5.7‰ relative to VSMOW) and neodymium isotope compositions (�Nd(T) � �0.9 to
�1.8 for primary magmatic minerals and�Nd(T) � �0.1 and�0.5 for mineral separates from late-stage
pegmatites and hydrothermal veins) from the alkaline to agpaitic Ilı´maussaq intrusion, South Greenland,
indicate a closed system evolution of this igneous complex and support a mantle derivation of the magma.

In contrast to the homogeneous oxygen and neodymium isotopic data,�D values for hand-picked amphibole
separates vary between�92 and�232‰ and are among the most deuterium-depleted values known from
igneous amphiboles. The calculated fluid phase coexisting with these amphiboles has a homogeneous oxygen
isotopic composition within the normal range of magmatic waters, but extremely heterogeneous and low D/H
ratios, implying a decoupling of the oxygen- and hydrogen isotope systems.

Of the several possibilities that can account for such unusually low�D values in amphiboles (e.g., late-stage
hydrothermal exchange with meteoric water, extensive magmatic degassing, contamination with organic
matter, and/or effects of Fe-content and pressure on amphibole-water fractionation) the most likely explana-
tion for the range in�D values is that the amphiboles have been influenced by secondary interaction and
reequilibration with D-depleted fluids obtained through late-magmatic oxidation of internally generated CH4

and/or H2. This interpretation is consistent with the known occurrence of abundant magmatic CH4 in the
Ilı́maussaq rocks and with previous studies on the isotopic compositions of the rocks and fluids.Copyright

© 2004 Elsevier Ltd
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1. INTRODUCTION

On the basis of stable and radiogenic isotope studies
petrogenesis of undersaturated and oversaturated pera
igneous rocks is believed to be different: alkaline silica-un
saturated intrusive rocks are commonly explained by fract
crystallization of mildly alkalic or transitional basalts w
negligible minor or without crustal contamination (e.g.,Larsen
and Sørensen, 1987; Perry et al., 1987; Kramm and Kog
1994; Schmitt et al., 2000). For example, the peralkaline
agpaitic silica-undersaturated rocks of the intrusive comp
of Khibina and Lovozero (Russia) are regarded as res
formed in the upper mantle by fractional crystallization fr
nephelinites, basanites or nepheline benmoreites. They
isotopic compositions similar to those of a depleted
source, but there is no sign of any assimilation of crustal m
in these rocks (Kramm and Kogarko, 1994). In contrast, alka
line to peralkaline silica-oversaturated intrusive rocks typic
show signs of contamination with crustal material during
placement (e.g.,Davies and Macdonald, 1987; Heaman
Machado, 1992; Harris, 1995; Mingram et al., 2000; Schm
al., 2000; Spa¨th et al., 2001; Marks et al., 2003). For example
studies on silica-undersaturated, oversaturated, and mixed
plexes of the Damaraland, Namibia (Harris et al., 1990, 199
Harris, 1995; Mingram et al., 2000; Schmitt et al., 2000) and
from the Gardar province of South Greenland (e.g.,Marks e
al., 2003) support the assumption ofFoland et al. (1993)that
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alkaline silica-oversaturated magmas evolved from under
rated magma via crustal contamination, or that they are
ucts of crustal anatexis.

The Gardar Igneous Province in South Greenland is ch
terized by the occurrence of a number of classic alka
igneous complexes that are exceptionally well preserved
as a result, have been examined in detail for their mineralo
and geochemical compositions (e.g.,Ferguson, 1964; Emele
and Upton, 1976; Larsen, 1976; Upton and Emeleus, 1
Bailey et al., 2001; Markl et al., 2001a; Sørensen, 2001; U
et al., 2003). However, despite the good preservation, deta
studies of the stable and radiogenic isotopic composition
these rocks to evaluate the influence and extent of cr
contamination have been relatively limited (e.g.,Blaxland e
al., 1976; Sheppard, 1986a; Stevenson et al., 1997; Marks
2003). Recent detailed mineralogical and isotopic studie
the silica-saturated to oversaturated Puklen complex in
western part of the Gardar Province indicated the importan
a crustal component for the genesis of this complex (Marks e
al., 2003). Nd isotope compositions for primary minerals w
found to be highly variable, indicating that assimilation
crustal rocks occurred to different extents. Furthermore
isotopic compositions of different minerals from the sa
sample indicate a multi-source genesis and a major late-
influx and circulation of an externally derived fluid phase in
Puklen magma chamber.

Published works on the Ilı´maussaq intrusion are more di
cult to interpret, as these studies are at odds with each oth
with the petrologic information. For example, the Sr-, O-,

H-isotope data summarized inSheppard (1986a; also given in
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Konnerup-Madsen, 1980) have been interpreted to indicate
significant crustal contamination for the complex as a whole. In
particular, the extremely low D/H ratios of the hydrous silicates
of the Ilı́maussaq peralkaline igneous rocks (Sheppard, 1986a)
have been taken to indicate a contaminant rich in organic
matter. This is in contrast to the whole rock Nd-isotope data
presented by Stevenson et al. (1997) suggesting limited crustal
contamination only in the marginal facies of the complex and in
the alkali granite, which would be in accordance with the
mineralogy and petrology of this complex (e.g., Larsen, 1976;
Bailey et al, 2001; Markl et al., 2001a; Marks and Markl, 2001;
Sørensen, 2001; Upton et al., 2003). Another complexity arises,
as the Ilı́maussaq intrusion is a classical example of a peralka-
line to agpaitic igneous complex, where molecular hydrogen,
methane and other hydrocarbons dominate the magmatic fluid
phase. Such highly reduced conditions of crystallization have
been recognized to be of importance in many alkaline, peral-
kaline and agpaitic igneous rocks (e.g., Petersilie and Sørensen,
1970; Kogarko et al., 1987; Nivin et al., 1995; Salvi and
Williams-Jones, 1997; Potter et al., 1998), but there is a matter
of controversy, with models varying between mantle-derived,
late-stage magmatic or of extraneous origin (e.g., Konnerup-
Madsen and Rose-Hansen, 1984; Salvi and Williams-Jones,
1997; Potter et al., 1998, Konnerup-Madsen, 2001). Measure-
ments of the C- and H-isotopic compositions of methane-rich
fluid inclusions in the Ilı́maussaq rocks are, however, consistent
with a magmatic origin (Konnerup-Madsen and Rose-Hansen,
1984; Konnerup-Madsen, 2001), and not with an organic
source as in the model of Sheppard (1986a).

In an attempt to resolve some of the controversial isotopic
data for the Ilı́maussaq intrusion and to determine whether or
not a relationship exists between the late-stage methane-rich
fluids and the low D/H ratios of the amphiboles, the present

Fig. 1. Geological sketch map of the alkaline Gardar Pr
Note the outcrop of Archaean rocks in the northwestern p
the dashed frame and illustrated enlarged in Figure 2. Th
Nd-, O- and H-isotopic study of mineral separates of the major
rock types (in contrast to whole rocks used in the previous
studies), and of late-stage hydrothermal veins of the Ilı́maussaq
intrusion has been initiated. In addition, oxygen and hydrogen
isotope data have the potential to characterize the late-stage
fluid evolution and to decipher the processes taking place
during late- to postmagmatic cooling (e.g., Taylor, 1986; Tay-
lor and Sheppard, 1986; Agemar et al., 1999; Harris and Ash-
wal, 2002; Dallai et al., 2003), because the hydrogen isotopic
compositions of hydrous minerals are particularly sensitive
indicators of the isotopic composition of the last fluid with
which they equilibrated due to the relatively small amounts of
hydrogen relative to the interacting fluid, they contain except at
very small fluid-rock ratios (e.g., Gregory and Criss, 1986). As
late-stage fluids at the Ilı́maussaq intrusion produced econom-
ically interesting enrichments of U, Th, REE and Be (e.g.,
Sørensen et al., 1974; Engell et al., 1971), understanding these
processes is of general interest as well.

2. GEOLOGICAL SETTING AND PREVIOUS STUDIES

The Gardar Province of South Greenland (Fig. 1) represents
a Mid-Proterozoic (1.1–1.3 Ga) failed continental rift structure
(Upton and Emeleus, 1987; Upton et al., 2003). The Early-
Proterozoic (1.80–1.85 Ga) basement rocks (I-type calc-alka-
line plutonic rocks; Julianehåb batholith; e.g., Kalsbeek and
Taylor, 1985; Garde et al., 2002) are in places overlain by a
sequence of basalts and sandstones (Eriksfjord Formation;
Poulsen, 1964). A large number of dike rocks and twelve major
alkaline to peralkaline igneous complexes intruded the base-
ment at shallow crustal levels (�5 km) and they are believed to
have had surface expressions (Emeleus and Upton, 1976; Up-
ton et al., 2003). Among these complexes, principally two
different subgroups can be distinguished: those evolving from

South Greenland (modified after Escher and Watt, 1976).
he province. The Ilı́maussaq intrusion is demonstrated in
n complex is a location referred to in the text.
ovince,
art of t
silica-saturated syenites to alkali granites, following a silica-
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oversaturated trend, and those following a silica-undersaturated
trend, evolving towards nepheline syenites.

The 1.16 Ga old Ilı́maussaq complex (e.g., Blaxland et al.,
1976; Waight et al., 2002) is the only intrusive complex of the
Gardar province where both silica-undersaturated and silica-
oversaturated rocks occur in significant quantities (Fig. 2). The
formation of the complex involved three magma batches, which
intruded successively to 3–4 km depth (1 kbar; Konnerup-
Madsen and Rose-Hansen, 1984; Larsen and Sørensen, 1987).
The earliest melt batch consists of augite syenite, which was
later intruded by alkali granite. The third intrusive phase is
represented by different varieties of agpaitic syenites that form
the major part of the complex. They are grouped into roof
cumulates (sodalite foyaites, naujaites), floor cumulates (kak-
ortokites) and residual liquids (lujavrites). It is believed that all
Ilı́maussaq rocks were derived from one parental alkali basaltic
magma that fractionated in a deep-seated magma chamber
(Nielsen and Steenfelt, 1979; Larsen and Sørensen, 1987;
Stevenson et al., 1997).

The Rb-Sr whole-rock study of Blaxland et al. (1976) points
to a “primitive” mantle reservoir for the augite syenite, but a
later introduction of radiogenic Sr into the agpaitic magma. The
Sm-Nd whole-rock study of Stevenson et al. (1997) showed
that all of the Ilı́maussaq rocks could principally have been
derived from the same mantle reservoir through fractional
crystallization of a basaltic melt whilst assimilating granitic
crust. However, extensive contamination took place only at the
margins of the complex (Ferguson, 1964; Stevenson et al.,
1997; Marks and Markl, 2001).

The petrology and mineral chemistry of the major rock-
forming minerals in the various rock types was presented by

Fig. 2. Geological sketch map of the Ilı́maussaq intrusion after
Ferguson (1964), showing sample localities.
Larsen (1976, 1977, 1981), Markl (2001a), Markl et al.
(2001a,b), and Marks and Markl (2001). The fractionation
trend found in the Ilı́maussaq complex is governed by low
activities of water and SiO2, which in turn are dependent on
low oxygen fugacites in the parental melt. This results in highly
reduced phase assemblages and in allowing the coexistence of
two immiscible fluids (a methane-dominated gaseous and a
highly saline aqueous fluid phase) during most of the crystal-
lization history (Larsen, 1976; Konnerup-Madsen et al., 1979,
1988; Konnerup-Madsen and Rose-Hansen, 1984; Konnerup-
Madsen, 2001; Markl et al., 2001a; Marks and Markl, 2001).

3. PETROGRAPHY AND MINERAL CHEMISTRY

3.1. Sample Description

From each of the major rock types of the complex, one
representative sample was selected for mineral chemical, oxy-
gen, hydrogen, and neodymium isotope analyses. Additional
samples were selected from late-stage pegmatites, dikes and
mineralized veins. The sample localities are shown on Figure 2.
Detailed descriptions of the major rock types have been pre-
sented in many publications (e.g., Ferguson, 1964). Therefore,
only brief descriptions of the investigated samples of this study
are given with special focus on amphibole and aegirine tex-
tures, since most Nd, O, and H isotope analyses were per-
formed on separates of these minerals. The mineral chemistry
and petrology of most of the samples analyzed here have
already been discussed in Markl (2001b), Markl et al. (2001a),
and Marks and Markl (2001).

3.1.1. Augite Syenite (GM1330)

Early magmatic phases are alkali feldspar, apatite, baddeley-
ite, olivine, augite, Ti-magnetite, and less abundant amphibole
(Fig. 3a). Nepheline occurs as an interstitial phase. Fine-
grained biotite and amphibole form small rims around olivine,
augite or Ti-magnetite and are believed to be of late-magmatic
to hydrothermal origin (Fig. 3b). Magmatic and late-stage
amphibole can be distinguished by their different grain size:
magmatic amphibole can reach a size of up to 2 mm, whereas
late-stage amphibole rims are less than a few hundreds of
micrometers thick.

3.1.2. Alkali Granite (GM1303)

The sample is coarse-grained and equigranular. Euhedral
amphibole, alkali feldspar, and zircon are early magmatic
phases, abundant quartz occurs interstitially. In some places,
late-stage aegirine aggregates overgrow early magmatic amphi-
bole (Fig. 3c).

3.1.3. Agpaitic Syenites (GM1214, GM1370, GM1335,
GM1337, GM1843)

Early magmatic phases in the medium- to coarse-grained
nepheline syenites are alkali feldspar, nepheline, sodalite, am-
phibole, olivine and augite. The latter two occur only as rare
relics in sample GM1214 (sodalite foyaite). Depending on the
type of agpaitic syenite, interstitial phases are aegirine-augite,
aenigmatite, fluorite, eudialyte, amphibole, sodalite and neph-

eline (Figs. 3d–h). Late-stage minerals are biotite, aegirine, and
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analcime. One fine-grained agpaitic rock type (lujavrite,
GM1843) shows fluidal textures. Early mineral phases in this
sample are euhedral nepheline, eudialyte, and sodalite, which
are enclosed in a fine-grained mixture of albite, microcline, and
later generations of aegirine and arfvedsonite (for more details
see e.g., Ferguson, 1964).

3.1.4. Agpaitic Dike Rock (GM1849)

Southeast of the Ilı́maussaq intrusion, an agpaitic dike, sev-
eral meters in thickness, is believed to be closely related to the
Ilı́maussaq rocks and can be traced for �18 km. (Allaart, 1969;
Larsen and Steenfelt, 1974; Marks and Markl, 2003). Pheno-
crysts in the analyzed sample are olivine, augite, magnetite,
alkali feldspar and nepheline (Fig. 3l). The groundmass con-
sists of aegirine, aenigmatite, arfvedsonite, albite, microcline,
nepheline, and sodalite (Marks and Markl, 2003). Similar dike
rocks from other parts of the Ilı́maussaq intrusion have been

Fig. 3. Micro-textures and field relations observed for
feldspar in augite syenite. (b) Fayalitic olivine rimmed by
in a matrix of feldspar and quartz in alkali granite. (d) A
amphibole in naujaite. (f) Interstitial amphibole in black ka
with aenigmatite and natrolite in red kakortokite. (h) Euh
a fine-grained black matrix, and gray, partly deformed ocel
crystals of feldspar and amphibole. The latter is partly over
is �12 cm in size. (k) Late-stage aegirine-albite-analcime
cm. (l) Porphyritic texture in an agpaitic dike rock in the vi
aen � aenigmatite, amph � amphibole, bt � biotite, fsp
� quartz.
described by Rose-Hansen and Sørensen (2001).
3.1.5. Agpaitic Dike with Ocelli Textures (GM1212)

Some agpaitic dikes exhibit spectacular features of macro-
scopically visible liquid immiscibility. They can be found at
several places distributed over the whole intrusion. These dikes
are up to several hundreds of meters long, but less than a meter
wide. They consist of a fine-grained black matrix and light
grayish to greenish rounded and partly deformed ocelli (Fig.
3i). A detailed description and discussion of these rocks is
given by Markl (2001b). The sample analyzed for this study
consists of splits from the black and fine-grained matrix of
sample GM1212, which is modally dominated by tiny euhedral
amphibole.

3.1.6. Agpaitic Pegmatite (GM1390)

Sample GM 1390 is an agpaitic pegmatite (Fig. 3j). It con-

erent rock types. (a) Subhedral amphibole in a matrix of
ole and biotite in augite syenite. (c) Subhedral amphibole
le together with biotite in sodalite foyaite. (e) Interstitial
te. (g) Euhedral and chemically zoned amphibole together

phibole in lujavrite. (i) Exsolved lujavrite consisting of
etknife for scale. (j) Agpaitic pegmatite consisting of huge
by aegirine coatings (not visible). The head of the hammer
truding naujaite. Length of hammer is approximately 40
f the Ilı́maussaq intrusion. Abbreviations: aeg � aegirine,
spar, ne � nepheline, ntr � natrolite, ol � olivine, qtz
the diff
amphib
mphibo
kortoki
edral am
li. Pock
grown
vein in

cinity o
� feld
sists of cm-to dm-sized K-feldspar and arfvedsonitic amphi-



3384 M. Marks et al.
bole. The latter is overgrown by some mm-thick coatings of
aegirine visible by the naked eye.

3.1.7. Aegirine Vein (GM1257)

Millimeter- to cm-thick veins of aegirine, albite and anal-
cime are abundant in the whole complex. They crosscut all
other rock types and are therefore believed to represent prod-
ucts of late-stage hydrothermal fluids. Sample GM1257 is a
compositionally zoned aegirine vein, which crosscuts naujaite
(Fig. 3k). The margins of the vein are dominated by bottle-
green needle-shaped aegirine growing towards the center of the
vein, where albite and analcime are the dominant minerals.
Similar aegirine-rich veins are known from other localities in
the Gardar Province and have been described by Ranløv and
Dymek (1991).

3.2. Chemical Composition of the Ilı́maussaq Amphiboles

Amphibole occurs in all major rock types as an early mag-
matic or interstitial mineral phase. It is thus suitable for Nd, O,
and H isotope studies of magmatic processes. Major element

Table 1. Representative microprobe anal

Sample
rock type

GM1330
augite syenite
ferropargasite

GM1303
alkali granite
arfvedsonite

GM1214
sodalite foyaite
arfvedsonite/

ferric-
ferronyböite

SiO2 40.82 39.13 49.22 49.88 46.68 48.27
TiO2 0.35 3.10 1.52 0.55 0.58 0.64
Al2O3 9.11 10.76 0.29 0.21 3.05 1.83
ZnO 0.06 0.07 0.39 0.28 n.d. n.d.
Li2O 0.01 0.01 0.18 0.10 n.d. n.d.
FeO 29.00 27.17 32.96 35.19 34.62 35.37
MnO 0.50 0.48 0.78 0.48 0.84 0.74
MgO 3.12 2.57 0.00 0.10 0.36 0.03
CaO 10.26 10.39 0.25 0.22 2.39 1.62
Na2O 3.04 3.19 8.55 8.66 7.33 7.70
K2O 1.69 1.63 1.46 1.17 1.95 1.86
ZrO2 0.32 0.38 0.14 0.11 0.20 0.01
Cl 0.06 0.13 0.03 0.03 0.00 0.00
F 1.04 0.33 3.29 1.37 0.79 0.56
Total 98.99 98.88 99.05 98.36 98.79 98.65

Formulae bas
Si 6.50 6.21 7.98 8.00 7.45 7.71
Al 1.71 2.01 0.06 0.04 0.57 0.34
Ti 0.04 0.37 0.18 0.07 0.07 0.08
Zn 0.01 0.01 0.05 0.03 n.d. n.d.
Li 0.01 0.01 0.12 0.06 n.d. n.d.
Fe3� 0.44 0.08 0.71 0.80 1.02 0.85
Mg 0.74 0.61 0.00 0.02 0.09 0.01
Fe2� 3.42 3.53 3.76 3.92 3.60 3.87
Mn 0.07 0.06 0.11 0.06 0.11 0.10
Ca 1.75 1.77 0.04 0.04 0.41 0.28
Na 0.94 0.98 2.69 2.69 2.27 2.38
K 0.34 0.33 0.30 0.24 0.40 0.38
Zr 0.02 0.03 0.01 0.01 0.02 0.00
Cl 0.02 0.04 0.01 0.01 0.00 0.00
F 0.52 0.17 1.69 0.70 0.40 0.28
Sum 16.00 16.00 16.00 16.00 16.00 16.00

a n.d. � not detected. Values are expressed as wt%.
compositions of amphiboles were determined using a JEOL
8900 electron microprobe at the Institut für Geowissenschaften
of the Universität Tübingen, Germany. For calibration, both
natural and synthetic standards were used. The beam current
was 15 nA and the acceleration voltage was 15 kV. The
counting time on the peak was 16 s for major elements, and
30–60 s for minor elements (Mn, Ti, Zr, F, Cl). Background
counting times were half of the peak counting times. The peak
overlap between the Fe L� and F K� lines was corrected for.
To avoid Na migration under the electron beam, feldspar was
analyzed using a defocused beam of 15�m diameter. Data
reduction was performed using the internal ��Z procedures of
JEOL (Armstrong, 1991).

Li, Zn, and Zr contents were measured by in-situ laser
ablation inductively coupled plasma-mass spectrometry (LA-
ICP-MS) at the EU Large Scale Geochemical Facility (Univer-
sity of Bristol) using a VG Elemental PlasmaQuad 3 � S-
Option ICP-MS equipped with a 266 nm Nd:YAG laser (VG
MicroProbe II). Details of the method are described in Halama
et al. (2002). Representative microprobe analyses of amphib-
oles from the different Ilı́maussaq rocks are shown in Table 1.
Amphibole formulae are based on 16 cations and 23 oxygens,

amphiboles of the different rock types.a

M1370
aujaite
edsonite

GM1337
kakortokite

(black)
arfvedsonite/

ferric-
ferronyböite

GM1843
lujavrite

arfvedsonite

GM1849
agpaitic dike
arfvedsonite

50.74 48.13 47.32 50.76 50.74 48.79 48.49
0.50 0.75 0.71 0.54 0.82 0.38 0.46
0.91 2.68 3.20 0.65 0.70 2.30 2.33
0.37 0.16 0.48 0.28 0.22 n.d. n.d.
0.37 0.13 0.13 0.38 0.39 n.d. n.d.

32.87 32.81 32.80 32.37 31.22 33.10 33.54
0.95 0.70 0.63 1.26 1.22 1.00 1.06
0.14 1.00 1.00 0.01 0.02 0.50 0.49
0.64 1.18 1.50 0.15 0.16 1.08 1.23
8.73 8.63 8.38 8.67 8.85 7.30 7.31
2.90 2.14 1.92 3.00 3.08 2.71 2.54
0.04 0.20 0.65 1.12 1.55 0.04 0.02
0.00 0.00 0.01 0.02 0.01 0.00 0.00
0.00 0.07 0.03 0.00 0.00 0.04 0.03

98.38 98.43 98.25 99.20 98.96 97.23 97.47
6 cations and 23 oxygens

7.82 7.50 7.41 7.88 7.87 7.82 7.76
0.16 0.49 0.59 0.12 0.13 0.43 0.44
0.06 0.09 0.08 0.06 0.10 0.05 0.06
0.04 0.02 0.06 0.03 0.03 n.d. n.d.
0.23 0.08 0.08 0.24 0.24 n.d. n.d.
1.48 1.42 1.34 1.24 1.19 0.66 0.72
0.03 0.23 0.23 0.00 0.00 0.12 0.12
2.76 2.85 2.96 2.95 2.86 3.78 3.77
0.12 0.09 0.08 0.17 0.16 0.14 0.14
0.11 0.20 0.25 0.02 0.03 0.18 0.21
2.61 2.61 2.54 2.60 2.66 2.27 2.27
0.57 0.43 0.38 0.59 0.61 0.55 0.52
0.00 0.02 0.05 0.08 0.12 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.04 0.02 0.00 0.00 0.02 0.02

16.00 16.00 16.00 16.00 16.00 16.00 16.00
yses of

G
n

arfv

49.07
0.50
2.18
0.45
0.30

33.30
0.93
0.08
1.00
9.61
2.02
0.07
0.00
0.00

98.69
ed on 1

7.50
0.39
0.06
0.05
0.19
1.90
0.02
2.35
0.12
0.16
2.85
0.39
0.01
0.00
0.00

16.00
assuming a completely filled A site.
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Amphibole analyses from sample GM1212 have been pub-
lished by Markl (2001b). Some further amphibole analyses
from the Ilı́maussaq rocks are found in Larsen (1976). Amphi-
bole composition ranges from almost pure Ca-amphibole (fer-
roedenite, ferropargasite) in the early augite syenite via Na-Ca
amphibole (katophorite, ferrorichterite) to Na-amphibole (ny-
böite, arfvedsonite) in the agpaitic rocks (Fig. 4). In the more
evolved agpaites, amphibole has high contents of Li (up to
2500 ppm), Zn (5600 ppm), and Zr (5000 ppm) and evolves
towards ferroleakeite composition. The major substitutions
observed in this comagmatic suite are CaAl[IV] 7 NaSi and
� Fe3�7 Na[A]Fe2� with a filling of the A site. Incorporation
of Li occurs mainly according to Li � Fe3� 7 2(Fe2�, Mg,
Mn) and Li � Fe3� 7 Al[IV] � Na.

4. ISOTOPE GEOCHEMISTRY

4.1. Methods

Nd isotopic analyses were performed on �10 mg of hand-
picked mineral separates. They were spiked with 150Nd-149Sm
tracers before dissolution under high pressure in HF acid at
180°C in poly-tetrafluor-ethylene (PTFE) reaction bombs. Sm
and Nd were separated and measured as described in Marks et
al. (2003). The 143Nd/144Nd ratios were normalized to 146Nd/
144Nd � 0.7219, the Sm isotopic ratios to 147Sm/152Sm
� 0.56081. Analyses of 11 separate loads of Ames metal
(Geological Survey of Canada, Roddick et al., 1992) during this
study, gave a 143Nd/144Nd ratio of 0.512145 � 24 (� 2� error
of the mean), 11 loads of the La Jolla standard yielded a
143Nd/144Nd ratio of 0.511829 � 30. Total procedural blanks
(chemistry and loading) were � 100 pg for Nd. A decay
constant of 6.54 � 10�12 a�1 for 147Sm (Lugmair and Marti,
1978) was used. �Nd(T) 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). Calculated uncertainty in �Nd(T) units based on
analytical errors is not more than 0.5. Initial Nd isotope ratios
of minerals were corrected for an age of 1160 Ma.

The oxygen isotope composition of the whole-rock sample
GM1212 was determined using a modified version of the
conventional method after Clayton and Mayeda (1963), with
BrF5 as reagent and converting the liberated oxygen to CO2

Fig. 4. Compositional range observed in the Ilı́maussaq amphiboles
plotted in a Ca p.f.u. vs. Si p.f.u. diagram according to Mitchell (1990).
before mass spectrometric analyses. The oxygen isotope com-
position of handpicked mineral separates was determined using
a method adapted after Sharp (1990) and Rumble and Hoering
(1994). Details of the method are described in Marks et al.
(2003). The D/H ratios of amphibole separates and sample
GM1212 were determined from �100 to 200 mg of sample
according to the method of Vennemann and O’Neil (1993) as
well as on 2 to 4 mg sized samples according to a method
adapted after Sharp et al. (2001).

Oxygen and hydrogen isotopic compositions were measured
on a Finnigan MAT 252 isotope ratio mass spectrometer.
Additional measurements of the hydrogen isotope composi-
tions of minerals were made using high-temperature (1450°C)
reduction methods with He-carrier gas and a TC-EA from
Thermo-Finnigan linked to a Delta Plus XL mass spectrometer.
The results are given in the standard �-notation, expressed
relative to VSMOW in permil (‰). Replicate oxygen isotope
analyses of the standards (NBS-28 quartz and UWG-2 garnet;
Valley et al., 1995) had an average precision of � 0.1‰ for
�18O values. The precision of the in-house kaolinite standard
and NBS-30 biotite for hydrogen isotope analyses was better
than � 2‰ for both H-isotope methods used; all values were
normalized using a value of �125‰ for this kaolinite standard
and �65‰ for NBS-30 analyzed during the same period as the
amphiboles.

Water content for some samples was estimated indepen-
dently as part of the hydrogen isotope analyses (e.g., Venne-
mann and O’Neil, 1993). However, the estimates for most
samples must be considered as minimum estimates only as the
amphibole separates were not pure in all cases, containing
variable amounts of pyroxene as the major anhydrous contam-
inant.

4.2. Sm-Nd Systematics

12 mineral separates from 10 samples and one whole-rock
sample (GM1212) were analyzed for their Sm and Nd concen-
trations and their Nd isotopic compositions (Table 2). The
range in Sm (0.4 to 84 ppm in amphibole, 596 ppm in whole-
rock) and Nd (3.9 to 432 ppm in amphibole, 4760 ppm in
whole-rock) concentrations is relatively large. The lowest con-
centrations were found in minerals of an agpaitic pegmatite
(GM1390), the highest concentrations were measured in the
agpaitic dike whole rock sample (GM1212).

Figure 5 shows the Sm-Nd isotopic data in a conventional
isochron diagram. The data define a single isochron. Two
separates of amphibole from alkali granites and the agpaitic
dike rock show the most pronounced deviations from the gen-
eral trend in that they are shifted to significantly lower and
higher 143Nd/144Nd ratios, respectively. Omitting these data, an
age of 1160 � 30 Ma is obtained for the remaining data, which
is in agreement with previous age data (Blaxland et al., 1976;
Paslick et al., 1993; Waight et al., 2002).

Overall, the Ilı́maussaq samples range from �Nd(T) � �0.1 to
�3.1 with the lowest value in the alkali granite (Fig. 6). Two
mineral separates of the augite syenite (augite, amphibole)
yield indistinguishable values of about �1. The calculated
�Nd(T) values for agpaites are identical within analytical error
and span a small range between �Nd(T) � �1.1 and �1.8.
Minerals from the late-stage samples GM1257 and GM1390

have relatively high �Nd(T) values between �0.1 and �0.5.
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Amphibole from the micro-kakortokite dike (GM1849) has a
positive �Nd(T) value of �0.7. Nd-model ages (Liew and Hof-
mann, 1988) range between 1.65 and 1.96 Ga with the youngest
value calculated for amphibole from the agpaitic dike
(GM1849) and the oldest value for amphibole from the alkali
granite (GM1303).

4.3. Oxygen and Hydrogen Isotope Compositions

Measured �18O and �D values are presented in Table 2. The
�18O values of all samples range between �4.6 and �5.7‰
with the lowest value obtained for amphibole of the agpaitic
dike rock GM1849. All other amphiboles have similar values
between �5.3 and �5.7‰ (Fig. 6). �18O values measured for
aegirine, olivine, augite, and the whole-rock sample GM1212
fall in the range of measured values for amphiboles.

�D values for amphibole separates and the whole-rock sam-
ple GM1212 are between -232 and �92‰. In general, the
agreement between the two methods used for hydrogen isotope

Fig. 5. Sm-Nd isotope diagram for all analyzed mineral separates
(amphibole, aegirine, augite) and whole rock sample GM1212. Note
that an isochron age of 1160 � 30 Ma was calculated omitting the data
for amphibole separates from the alkali granite (GM1303) and the
agpaitic dike rock (GM1849).

Fig. 6. Measured �18O versus calculated ���11607 values for Ilı́-
maussaq mineral separates. Note the two outliers (alkali granite and
G G G G G G G G G G G G G G G agpaitic dike rock) from the majority of the data set.
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analyses is within �10 to 15‰, except for the sample of the
alkali granite where the values differed by more than 50‰.
This sample also had the lowest measured amphibole value
from the present suite of rocks, the highest was measured in
amphibole from the augite syenite; the agpaitic samples fall
within this range. The reason for the slight to large discrepan-
cies in values between the two methods is unknown, but may be
related to significant heterogeneity of H-isotopic compositions
of the samples and the different amounts of samples used for
the methods. Significant heterogeneity of �D values may also
be indicated by the replicate analyses of amphiboles using the
TC-EA method, as the values given in Table 2 represent aver-
age values of 6 individual measurements with standard devia-
tions that were significantly worse (�4‰) than those for the
standards used. However, these standard deviations do not at all
prohibit to draw the conclusions detailed below. Furthermore,
large hydrogen isotopic heterogeneities in individual, mag-
matic amphiboles have been described before, for example by
Déloule et al. (1991). With the exception of amphibole from the
augite syenite, the hydrogen isotope compositions are among
the most D-depleted igneous amphiboles yet recorded (cf.
Sheppard, 1986a).

5. DISCUSSION

5.1. Magma Source and Evolution

Excluding the amphibole from the agpaitic dike (GM1849),
the similarity in oxygen isotope compositions of the minerals
implies a parental melt that is homogeneous with respect to
oxygen isotopes. The small fractionation between augite
(�5.6‰) and olivine (�5.3‰) in the augite syenite (GM1330)
is typical for high temperature equilibrium. Because mineral-
melt fractionations at magmatic temperatures are small for
olivine, augite, and amphibole (Taylor and Sheppard, 1986;
Mattey et al., 1994) and because these minerals are known to
have high closure temperatures for oxygen diffusion (Farver
and Giletti, 1985; Farver, 1989; Gérard and Jaoul, 1989), the
estimated �18Omelt values for all Ilı́maussaq melt(s) is �6.0‰.
This value is well within the range typical for syenitic bodies
(e.g., Taylor and Sheppard, 1986; Lutz et al., 1988; Harris,
1995; Dallai et al., 2003) and supports a principle mantle
derivation of the magmas (cf. Kyser, 1986; Eiler, 2001). The
O-isotopic composition of feldspars was not measured in this
study, owing to the difficulty of separating clean, unaltered
feldspar from the samples used.

The oxygen isotope compositions of olivine and amphibole
in the agpaitic dike (GM1849) are reversed, with olivine also
having a �18O value compatible with a typical mantle-deriva-
tion of the melt, but that of the late-stage amphibole (4.6‰;
Table 2) indicating influence of contamination with a source
low in 18O. As the agpaitic dike also has a distinct Nd-isotopic
composition and calculated Fe3�/Fe2� ratio (Fig. 9) compared
to the other samples, late-stage magmatic contamination for
this sample is indicated. On the basis of the present data, the
contamination may also have been mediated through an ex-
change with meteoric water. This indicates that a late-stage
alteration in isotopic compositions can be evidenced by O- and

Nd-isotopic compositions. This dike and its origin relative to
the other rocks is discussed in more detail in Marks and Markl
(2003).

The oxygen isotope compositions measured for amphiboles
in this study are, however, quite different from those reported
for Ilı́maussaq amphiboles by Konnerup-Madsen (1980) and
Sheppard (1986a), who measured �18O values between �7 and
�8.4‰. They also reported �18O values for feldspars of be-
tween 5.8 to 9.3‰, and values of 9.2 to 9.3‰ for quartz in the
alkali granite and quartz syenite. These relatively high �18O
values as well as high 87Sr/86Sr initial ratios for the Ilı́maussaq
agpaites (Blaxland et al., 1976), lead Sheppard (1986a) to
suggest that the Ilı́maussaq magmas must have been contami-
nated by crustal material, either through crustal anatexis or
during emplacement of the magma. The reason for the large
discrepancy in measured �18O values of the amphiboles is
unclear to us, but may relate to the different analytical tech-
niques employed. Measurements of oxygen isotope composi-
tions using conventional fluorination of silicates in nickel-
vessels compared to laser-based fluorination techniques have
been noted to give quite different results for olivine and py-
roxene from the same mantle peridotites, with conventional
analyses commonly providing higher �18O values and a much
wider range in values for peridotites (cf. Kyser et al., 1981;
Mattey et al., 1994; and summary in Eiler, 2001). Similar
differences, although not measured in the same rocks, have
been noted for amphiboles from hydrous peridotites (e.g.,
Bottcher and O’Neil, 1980; Chazot et al., 1997). This, however,
would not explain the group of feldspars with high �18O values.
Given that the feldspar values reported by Sheppard (1986a) do
not simply reflect late-stage alteration but instead are taken to
be representative of magmatic compositions, they are difficult
to reconcile with the �18O values measured for the amphiboles,
olivines and pyroxene from this study, in particular because the
review by Sheppard (1986a) does not provide further details on
sampling sites or mineral paragenesis. However, the petro-
graphic appearance of feldspars as observed in the rocks of this
study as well as an obvious disequilibrium between the O-
isotope compositions reported for coexisiting feldspar-amphi-
bole or feldspar-quartz pairs in three rocks reported by Kon-
nerup-Madsen (1980), may indicate that at least some of their
samples have been affected by late-stage alteration. If so, it is
of interest to note that this alteration may have lead to a relative
increase in the 18O-content of the minerals compared to min-
erals crystallized from normal mantle-like melts, hence arguing
against late-stage infiltration of low-�18O meteoric water.

On the basis of initial Sr-isotope compositions of the augite
syenite (�0.703) and the agpaitic rocks (�0.710), Blaxland et
al. (1976) suggested derivation of the augite syenite and the
agpaites from primitive mantle material, but with preferential
leaching of radiogenic strontium from crustal material by the
agpaitic melt. This interpretation is not in contradiction with
our model since fluid mobility of Rb and Sr is known from
whole-rock studies in general (e.g., Ashwal et al., 2002) and
from mineral studies from other alkaline rocks in the Gardar
province (e.g., Marks et al., 2003). Effects of this kind on the
Sm-Nd system are expected to be much smaller.

Similar to the oxygen isotope compositions measured in this
study, the Nd isotope compositions are also homogeneous (Fig.
6). With the exception of amphibole from the alkali granite and

from the agpaitic dike, the initial �Nd(T) values overlap within
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analytical error and are similar to most of the whole-rock data
from Stevenson et al. (1997) and mineral data from Paslick et
al. (1993). Furthermore, there is no significant difference in
�Nd(T) values between amphibole separates of the major rock
types and amphibole of late-stage samples. The observed ho-
mogeneity implies a closed system during the evolution of the
Ilı́maussaq melts. Even during late-stage crystallization in peg-
matites and hydrothermal veins, no major influence of an
external source can be detected.

On the basis of whole rock Nd-isotopic compositions,
Stevenson et al. (1997) calculated decreasing proportions of
assimilation from the augite syenite to the agpaitic rocks. In
contrast, if we assume a homogeneous mantle source and
closed system behavior during crystallization for most of the
Ilı́maussaq melts and late-stage pegmatites and veins, our Nd
data would indicate a mantle source slightly enriched in 18O
and depleted in 147Sm compared to the bulk mantle. The
occurrence of contaminated samples at the margins of the
complex shows that significant assimilation of country rock
occurred only on a local scale (Ferguson, 1964; Stevenson et
al., 1997; Marks and Markl, 2001). Whereas Stevenson et al.
(1997) believe that the parental melt for the Ilı́maussaq rocks
was derived from a depleted mantle, we favor a model where
the Ilı́maussaq rocks are derived from a mantle source depleted
in 147Sm compared to normal mantle values, either because of
mantle metasomatism before melting (Upton, 1987; Good-
enough et al., 2002) or because the mantle source had been
modified by plume material (Zindler and Hart, 1986; Nicholson
and Shirey, 1990; Halama et al., 2003).

There are two significant outliers in the present data set of
Nd isotopic compositions: amphibole from the alkali granite
has a lower �Nd(T) value of �3.1, whereas amphibole from the
agpaitic dike rock has a positive �Nd(T) value of �0.7. The
origin of the alkali granite can be explained by significant
amounts of crustal contamination (see below). The more pos-
itive �Nd(T) value for the agpaitic dike rock implies less con-
tamination with low �Nd(T) material for this dike rock and is
discussed in more detail in Marks and Markl (2003).

The less radiogenic �Nd(T) value of the alkali granite has
been explained by extensive contamination of the basaltic or
augite syenite magma with assimilated country rocks (Steven-
son et al., 1997). Potential contaminants to explain the quartz-
saturated alkali granite include sandstones of the Eriksfjord
formation, the surrounding Julianehåb granite, or lower crustal
rocks that, however, are not exposed at the present surface but
may occur beneath the Julianehåb batholith (Dahl-Jensen et al.,
1998). Table 3 summarizes oxygen and neodymium isotopic
data and Nd concentrations for possible contaminants. A con-
centration of 80 ppm Nd (Bailey et al., 2001) is used as an
approximation for the augite syenite melt. For the granitic

Table 3. Oxygen and neodymium isotopic compositions and Nd c

Potential contaminant
�18O
(‰)

�Nd

(1160 Ma)

Julianehab batholith �7.8 �8.3
Eriksfjord sandstones �11.5 �7
Archaean lower crust �7.5 �23.4
upper crust, a typical Julianehåb granite sample from the vi-
cinity of the complex is used (Halama et al., 2004). Neody-
mium and oxygen isotope data for sandstones of the Eriksfjord
Formation are from Andersen (1997) and from Halama (un-
published data), respectively. For a potential lower crust, oxy-
gen data from Fowler and Harmon (1990) and neodymium data
from siliceous Archaean gneisses (Taylor et al., 1984) provide
an approximation. If we apply a two-component mixing model
(Pushkar et al., 1972), the amount of these potential contami-
nants necessary to explain the neodymium isotopic composi-
tion of the alkali granite via contamination of the augite sy-
enitic melts can be calculated using the following equation:

% amount of contaminant

	
CNd

augitesyenite * (�Nd
alkaligranite 
 �Nd

augitesyenite)

CNd
contamin ant * (�Nd

contamin ant 
 �Nd
alkaligranite)

(1)

Using this formula, it appears, that sandstones of the Eriksfjord
Formation are not valid as a potential contaminant because of
their very low Nd concentration. For the granitic upper crust the
amount of bulk assimilation was calculated to be �60%, which
appears unrealistic for energetic reasons. Furthermore, such
high amounts of assimilation would result in �18Omelt-values of
�7‰, which is not compatible with the measured mineral data.
However, bulk assimilation of �13% of lower crust would
explain the neodymium isotopic composition of the alkali gran-
ite and would result in a �18Omelt-value of 6.2‰, which is in
the range of calculated �18Omelt-values. Our preferred interpre-
tation, therefore, is that during ascent of the augite syenite
magma, parts of it became contaminated with lower crustal
melts and thereby reached quartz-saturation.

In summary, the preferred interpretation of the mineral O-
and Nd-isotopic compositions is that the whole complex, with
the exception of the alkali granite, evolved from a rather
homogeneous magma in a closed system without significant
contamination during ascent, emplacement, cooling, and final
crystallization of the different melt batches.

The measured oxygen isotopic compositions of the amphib-
oles (Table 2) can be used to calculate the isotopic composition
of a coexisting fluid phase. Amphibole-water oxygen isotope
fractionation between 500° and 800°C is approximately �1 to
�2‰ (Zheng, 1993), indicating a relatively homogeneous ox-
ygen isotopic composition of the fluid of �6.3 to �7.6‰. The
calculated fluid of the agpaitic dike has a relatively low �18O
value of �5.4 to �6.4‰. All of these fluid �18O values are
typical for magmatic fluids (e.g., Sheppard, 1986b; Hoefs,
1997).

5.2. Discussion of the Hydrogen Isotope Compositions

With the exception of amphibole from the augite syenite, the

ations of possible contaminants for the Ilı́maussaq alkali granite.

Nd
(ppm) Reference

62 Halama (in press)
7 Andersen (1997); Halama et al. (2004)

63 Taylor et al. (1984); Fowler and Harmon (1990)
oncentr
hydrogen isotope compositions measured for amphiboles from
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Ilı́maussaq in this study, as well as the previous measurements
reported by Konnerup-Madsen (1980) and Sheppard (1986a)
are well off the range typical for amphiboles in igneous rocks
(�D � �80 to �40‰; e.g., Hoefs, 1997) and are among the
most D-depleted igneous amphiboles yet recorded. Arfvedso-
nites with similarly low �D values have been measured from
rocks of the peralkaline Red Wine Complex, Labrador,
(�160‰; Sheppard, 1986a) and from nepheline syenites of the
Norra Kärr Intrusive Complex, Sweden (�130‰ and �150‰;
Sheppard, 1986a), as well as from Lovozero, Russia (�130‰;
Vennemann and Potter, unpublished data) and Khibina, Russia
(�110‰; Vennemann and Potter, unpublished data). These
low values may hint at a common process that controls the
hydrogen isotope compositions of amphiboles in peralkaline to
agpaitic rocks.

Explanations proposed for low �D values of amphiboles
from magmatic rocks include:

1. Exchange with meteoric-hydrothermal fluids either during
magmatic intrusion and/or as subsolidus exchange after crys-
tallization of the magma (e.g., Taylor, 1974; Nevle et al., 1994;
Brandriss et al., 1995; Agemar et al., 1999).

2. Extreme magmatic degassing of water (e.g., Nabelek et
al., 1983; Taylor et al., 1983)

3. Lack of appropriate mineral-water fractionation factors for
Fe-rich minerals and/or pressure effects on the mineral water
H-isotope fractionation (e.g., Suzuoki and Epstein, 1976; Gra-
ham et al., 1984; Vennemann and O’Neil, 1996; Driesner,
1997; Chacko et al., 2001).

4. Assimilation of organic-rich sediments and/or exchange
with fluids derived from organic matter (e.g., Sheppard, 1986a)

The Ilı́maussaq rocks of the present study show no mineral-
ogical evidence for an extensive meteoric low-temperature
alteration. This is confirmed for the amphiboles by their oxygen
isotope compositions as measured in this study (Fig. 7), with
the exception of the sample from the agpaitic dike, which has
both unusual O- and Nd-isotopic compositions. The values for
the dike indicate that a late-stage alteration in isotopic compo-
sitions can indeed be evidenced by O- and Nd-isotopic com-

Fig. 7. Calculated �18Ofluid and �Dfluid values for the Ilı́maussaq
complex based on present mineral-H2O fractionations (see discussion).
Fields for ocean water, meteoric waters, primary magmatic waters,
metamorphic waters, and organic waters are from Sheppard (1986b)
and shown for comparison.
positions. Also, as was already argued by Sheppard (1986a),
the relatively high �18O values for feldspars and the not un-
usual �D values of the surrounding volcanic rocks of the
Eriksfjord Formation (values of around �80‰; Sheppard,
1986a) do not provide support for hydrothermal circulation of
low-�D meteoric fluids during or shortly after emplacement of
the magmatic rocks.

Major magmatic degassing as an explanation for the low �D
values is also not considered viable, both on the basis of
estimated water contents for the different magmatic rocks given
as by Bailey et al. (2001) and on the basis of the present data
set, because there is no correlation between water content of the
rock or mineral and the �D values of amphibole. Correlations
with exponentially decreasing �D values as a function of de-
creasing water content in the magmatic rocks or constituent
minerals characterizes degassing of water according to Ray-
leigh-type principles (Nabelek et al., 1983; Taylor et al., 1983),
which is not observed in this study (Fig. 8). Furthermore,
extreme loss of water such as would be required to obtain the
extremely low �D values in residual melts or minerals, would
destabilize the formation of late-formed amphibole.

Preferential degassing of molecular H2, in contrast to water,
is a common mechanism for the oxidation of magmatic liquids
(Sato, 1978; Mathez, 1984) and can lead to increasing enrich-
ment in D in the residual phases (e.g., Kyser, 1986). An
increase in the oxidation state of the melt may occur by redox
reactions such as:

2 Fe(melt)
2� � 2 H2O3 2 Fe(melt)

3� � 2 OH� � H2 (2)

Figure 9 shows the range of observed Fe(tot) and calculated
Fe3�/Fe2� ratios in amphiboles of the different rock types
versus the measured �D value. With the exception of amphib-
oles from the alkali granite, these parameters show weak in-
verse correlations. If the Fe3�/Fe2� ratio of the amphiboles

Fig. 8. The correlation of �D values as a function of decreasing water
content in the magmatic rocks according to Rayleigh-type principles
(Nabelek et al., 1983; Taylor et al., 1983) assuming an initial water
bcontent for the Ilı́maussaq melts of 4 wt% (Larsen and Sørensen,
1987). The gray field represents the calculated curves for an typical
initial water �D value of �70 to �90‰ (Hoefs, 1997) and a
1000ln�melt-H2O value of �25 to �35‰. White dots represent the
estimated water contents for the different magmatic rocks of the Ilı́-
maussaq complex and the agpaitic dike rock (Larsen and Steenfelt,

1974; Bailey et al., 2001).
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directly reflects the oxidation state of the parental melt, the
augite syenite melt was more reduced than the agpaitic and the
alkali granite melts. This is in good accordance with petrolog-
ical results (Larsen, 1976; Markl et al., 2001) and fluid inclu-
sion studies (see below). During fractionation and cooling of
the melt, the water content increased supporting progress of
reaction (2). The oxidation of ferrous iron into its ferric state
may have released molecular hydrogen, which would be de-
pleted in deuterium relative to water (around 200‰ at 700°C;
Horibe and Craig, 1995). Hence, if significant degassing of H2

occurs during melt crystallization and formation of amphibole
at increasingly oxidizing conditions, �D values of amphibole
should actually increase with increasing Fe3�/Fe2� ratios.
Even though the correlation between Fe3�/Fe2� and �D value
is fairly weak, particularly given the potential errors involved in
estimating Fe3�/Fe2� ratios from electron microprobe data
(e.g., Cosca et al., 1991; Feldstein et al., 1996), this relationship
suggests that internal buffering mechanisms and accompanying
loss of H2 is neither a viable process to account for the change
in �D values, nor for the low �D values. It is also of interest to

Fig. 9. (a) Range of calculated Fe3�/Fe2� ratios versus �D value for
amphiboles of the different rock types. The box for each sample
represents the whole variation found for this sample on the basis of
microprobe analyses. With the exception of amphiboles from the alkali
granite these parameters show an inverse correlation. (b) Fe(tot)

a.p.f.u.(atoms per formula unit) of amphiboles versus �D values of the
different rock types. A rough correlation between these two parameters
can be recognized.
note that the amphibole from the agpaitic dike, which has a
distinctly lower �18O value and Nd-isotopic composition, also
falls off the trend in �D vs. Fe3�/Fe2� ratios, suggesting
equilibration with a fluid of somewhat different composition
compared to the other samples.

To calculate the composition of a fluid phase, which has
subsequently been removed from the original mineral-fluid
system, it is necessary to know the isotopic fractionation factors
between hydrous minerals and fluid. Variables that influence
the magnitude of fractionation factors include temperature,
pressure, mineral composition, and fluid composition (cf.
O’Neil, 1986; Chacko et al., 2001; and references therein).
However, for some important mineral-water H-isotope systems
major discrepancies exist between different experimental cali-
brations and raise questions about the validity of some of the
published fractionation curves if extrapolated to extreme com-
positions, temperatures or pressures. The amphibole-water hy-
drogen isotope fractionations as given by Suzuoki and Epstein
(1976) and Graham et al. (1984), which show a reasonable
agreement for Fe-poor compositions, are in obvious disagree-
ment on the effects of Fe on mineral-water fractionations. The
reasons for the disagreement are not known, but at least some
of the differences may relate to differences in pressures used
for the experiments (Driesner, 1997; Horita et al., 1999;
Chacko et al., 2001). Using a maximum pressure correction for
the Ilı́maussaq samples, which may be applicable as the intru-
sion depths are fairly shallow, calculated �D values of water in
equilibrium with the amphiboles would shift by �30‰
(Driesner, 1997; Horita et al., 1999), still extending towards
values unlike those for typical magmatic waters (Fig. 7). The
rough negative correlation between Fe(tot) of amphiboles and
the measured �D values (Fig. 9) supports the conclusions on
effects of Fe on D-H fractionations between minerals and water
by Suzuoki and Epstein (1976) in principle. However, given the
general mineral-water calibration of Suzuoki and Epstein
(1976) that relates the fractionation factor to the composition of
the minerals, the calculated variation in 1000ln�amph-water for
the present minerals amounts to �13‰ only. This is much
smaller than the observed variation in �D values of the amphi-
boles and, given the relatively small differences in Fe-content
between the amphiboles of this study but the large variation
between their �D values, also appears to be an unlikely expla-
nation for the large range in �D values measured in this study.
Hence, unless the effect of Fe is much stronger than previously
thought, the present data would still argue for significant het-
erogeneity in the H-isotopic composition of the fluid. More
experimental work on pressure effects and the Fe-dependency
of mineral-water fractionation factors under specified pressures
is needed to solve this discrepancy between existing mineral-
water H-isotope fractionations.

For the very Fe-rich amphiboles of Ilı́maussaq (Table 1)
amphibole-water hydrogen isotope fractionation at final equil-
ibration temperatures of 350°C can be as large as about �65 to
�77‰ (expressed as 1000ln�amph-water) according to the equa-
tion of Suzuoki and Epstein (1976) for the given mineral
compositions (Table 1), or as low as �23‰ according to the
calibration of Graham et al. (1984). Using, as a maximum
estimate for the D/H ratios of water, the amphibole-water
hydrogen isotope fractionations of Suzuoki and Epstein (1976),
the �D values calculated for water in equilibrium with the

amphiboles of this study at 350°C are extremely heteroge-



3391Ilı́maussaq isotopes
neous: �12‰ (augite syenite), �43 to �116‰ (agpaitic rocks)
and �154‰ (alkali granite). Figure 7 shows the calculated
�18Ofluid and �Dfluid values relative to ranges typical for ocean
water, meteoric waters, primary magmatic waters, metamor-
phic waters, and waters that exchanged with or originated from
organic matter (Sheppard, 1986b). The observed heterogeneity
and the exceptionally low calculated �Dfluid values are in direct
contrast to the rather homogeneous �18O values. This indicates
that these two isotope systems are largely decoupled and may
suggest, that H-bearing molecules other than water are respon-
sible for the variance and low �D values.

On the basis of the low �D values, the high �18O values
measured with conventional methods, and the initial 87Sr/86Sr
for Ilı́maussaq rocks, Sheppard (1986a) preferred the interpre-
tation that the magmas have been contaminated with or at least
influenced by fluids derived from organic-rich sediments. How-
ever, in view of the new results of this study we believe that
contamination of the Ilı́maussaq intrusion has played a minor
role only and is not a viable model to explain the new results
obtained in this study. According to the oxygen and neody-
mium isotope data of minerals presented in this study, upper
crustal contamination of the magmas appears to be limited,
allowing for relatively small amounts of a H-rich contaminant
such as an organic-rich sediment only. An organic-rich con-
taminant is presently not known to occur in the Gardar province
anyway. Furthermore, such a contaminant would also be ex-
pected to influence the C-isotopic composition of fluids in the
late magmatic system.

Typical for such agpaitic igneous rocks is the existence of an
exsolved CH4-dominated fluid phase. Various fluid inclusion
studies (Larsen, 1976; Konnerup-Madsen et al., 1979, 1988;
Konnerup-Madsen and Rose-Hansen, 1984; Konnerup-Mad-
sen, 2001; Markl et al., 2001) showed that, with the exception
of the alkali granite, primary fluid inclusions of the Ilı́maussaq
rocks are methane-dominated with lesser amounts of H2 and
higher hydrocarbons, but with only traces of H2O and CO2.
Similar hydrocarbon-rich fluids have been described from other
peralkaline complexes worldwide (e.g., Salvi and Williams-
Jones, 1997; Potter et al., 1998). The observed distribution and
type of hydrocarbon inclusions (Konnerup-Madsen, 2001)
combined with the stable isotope compositions of methane in
the fluid inclusions, point to an abiogenic origin of methane
with H- and C-isotopic compositions typical for magmatic
systems rather than an organic contaminant (Konnerup-Madsen
et al., 1988), which is also in agreement with the very reduced
mineral assemblages (Markl et al., 2001). Stable isotope mea-
surements of methane extracted from fluid inclusions provided
�D values between �132 and �145‰ (Konnerup-Madsen et
al., 1988; Konnerup-Madsen, 2001), which are very similar to
isotopic compositions measured for fluid inclusions from the
alkaline igneous rocks of the Lovozero Massif (�D values of
methane between �132 and �167‰; Nivin et al., 1995).
Hence, similar conclusions can be drawn from fluid inclusion
studies of other alkaline intrusions of this type (e.g., Potter et
al., 1998). Water calculated to be in equilibrium with this
methane has a �D value of about �65 to �75‰ (Richet et al.,
1977; Horibe and Craig, 1995), which is within the range of
values typical for magmatic water (e.g., Sheppard 1986b;
Hoefs, 1997).
Our preferred interpretation to explain both the low �D
values as well as the results of the fluid inclusion studies of the
Ilı́maussaq rocks without significant contamination from extra-
neous sources is the oxidation of magmatic methane. During
late-magmatic cooling, the oxidation state of the whole system
increases (Markl et al., 2001) and primary magmatic methane is
oxidized according to the following schematic reaction.

CH4 � 2 O2 	 CO2 � 2 H2O (3)

An increase in the oxidation state for the Ilı́maussaq rocks to
values as high as the hematite-magnetite buffer during late-
magmatic conditions is indicated, for example, by the forma-
tion of aegirine at the expense of arfvedsonite (Markl et al.,
2001). The formation of aegirine in similar rocks of the Puklen
intrusion, South Greenland (Marks et al., 2003) was shown to
occur at temperatures down to 300°C. If CH4 is quantitatively
oxidized, water formed from such methane would have the
H-isotopic composition of the precursor methane, which was
analyzed to be about �140‰. Reequilibration in this temper-
ature range of primary arfvedsonite with this H-depleted water
would result in H-isotopic compositions for amphibole down to
about �220‰ (using the fractionations of Suzuoki and Epstein
at 350°C for the given amphibole compositions), which covers
the range of measured �D values. This process requires sec-
ondary exchange of hydrogen isotopes between amphiboles
and the methane-dominated fluid and/or water derived from
such methane. Such secondary exchange between earlier crys-
tallized minerals and late-stage fluids that may even be inter-
nally generated has previously been suggested to account for a
large range in �D values of amphiboles in a number of volcanic
rocks (e.g., Miyagi et al., 1998; Miyagi and Matsubaya, 2003).

It is also worth noting that a number of authors suggested
that the formation of hydrocarbons could be related to late- or
postmagmatic alteration of Fe-rich minerals resulting in the
production of H2 (e.g., Salvi and Williams-Jones, 1997; Potter
et al., 1998). For the Strange Lake peralkaline complex (Salvi
and Williams-Jones, 1997) and for Khibina and Lovozero (Pot-
ter et al., 1998; Potter, 2002) textural evidence was interpreted
to support a secondary origin of CH4-dominated fluid inclu-
sions, leading to the suggestion that these reduced fluids formed
during late hydrothermal activity. The released molecular hy-
drogen is strongly depleted in D compared to methane or water
(Horibe and Craig, 1995). By analogy to the oxidation of
methane, such hydrogen must be quantitatively oxidized to
water before secondary reequilibration with primary amphibole
to account for the observed variation in Fe content and Fe3�/
Fe2� in the present rocks and because the mineral-hydrogen
fractionation factors are also extremely large (Vennemann and
O’Neil, 1996). In the Ilı́maussaq rocks, however, CH4-domi-
nated fluid inclusions are undoubtedly of primary origin (Kon-
nerup-Madsen and Rose-Hansen, 1984, Konnerup-Madsen,
2001).

6. CONCLUSIONS

The neodymium and oxygen isotope data of mineral sepa-
rates of the Ilı́maussaq intrusion indicate that most of the
Ilı́maussaq melts are derived from an isotopically homoge-
neous mantle source. Because there are no significant differ-
ences in �18O values or Nd isotopic composition between early

magmatic and late-stage to hydrothermal minerals, a closed
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system behavior during crystallization and cooling can be as-
sumed for the Ilı́maussaq melts. The neodymium isotope data
are interpreted to reflect a mantle source with initial �Nd values
of about �1 to �2. The oxygen isotope composition of the
Ilı́maussaq melts is estimated to be around �5.7 to 6.0‰. The
alkali granite unit of the Ilı́maussaq complex has the same
oxygen isotopic composition but a less radiogenic neodymium
isotope composition (�Nd(T) � �3.1) compared to the other
samples. On the basis of the presently known Nd- and O-
isotope compositions and Nd concentrations higher amounts of
assimilation of granitic basement rocks or sandstones are ruled
out. Limited contamination with lower crustal rocks during
ascent of the alkali granite is probably responsible for this
contrast.

The wide variation in �D values is in contrast to the homo-
geneous O- and Nd-isotopic compositions as measured for
splits of the same minerals in this study. The present results,
together with whole rock �D values from surrounding country
rocks (Sheppard, 1986a) and studies of the chemical and iso-
topic compositions of fluid inclusion published previously
(e.g., Konnerup-Madsen, 2001) are unlikely to be explained by
a major influx of low-�D meteoric fluids or by major degassing
processes of either water or reducing fluids containing signif-
icant amounts of CH4 and/or H2. Influence of assimilated
organic matter rich sediments in the source region of the
Ilı́maussaq melts is one possible explanation (e.g., Sheppard,
1986a), but must have been very limited in volume so as not to
affect the O- and Nd-isotopic compositions of late-stage am-
phiboles and cannot account for the isotopic composition of
methane in the fluid inclusions (cf. Konnerup-Madsen et al.,
1988; Konnerup-Madsen, 2001). Also, the existing differences
in published amphibole-water fractionation factors that may be
related either to the effects of pressure on hydrogen partitioning
in the amphibole-water system and/or to the dependency of
mineral-water fractionation on Fe in amphibole are unlikely to
be large enough to account for the large range in measured �D
values of the amphiboles. The favored process that may explain
the low �D values for the amphiboles is secondary H-isotope
exchange between internally generated, late-magmatic fluids
and amphiboles, a process similar to that suggested for amphi-
boles from volcanic rocks by Miyagi and Matsubaya (2003).
The mineralogy and fluid inclusion compositions of the Ilı́-
maussaq rocks are compatible with an increase in the oxidation
state of the magmatic system during late-stage cooling to the
extent that earlier generated magmatic methane may be reoxi-
dized. Comparison to data from other alkaline complexes in-
dicates, that such a complex fluid evolution may not only be
characteristic of the Ilı́maussaq complex, but also of many
other peralkaline igneous complexes worldwide. Detailed stud-
ies of the chemical (including Fe3�/Fe2�ratios) and isotopic
composition of late-stage hydrous minerals such as amphi-
bole and biotite from a wide range of such complexes offer
the best potential to test for the importance of such a com-
plex fluid history to the evolution of alkaline to peralkaline
rocks.
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