Available online at www.sciencedirect.com

, , CHEMICAL
ScienceDirect GEOLOGY

INCLUDING

ISOTOPE GEOSCIENCE

ELSEVIER Chemical Geology 246 (2007) 207230

www.elsevier.com/locate/chemgeo

Arrested kinetic Li isotope fractionation at the margin of the
[limaussaq complex, South Greenland: Evidence for open-system
processes during final cooling of peralkaline igneous rocks

Michael A.W. Marks **, Roberta L. Rudnick ®, Catherine McCammon ©,

d a
Torsten Vennemann °, Gregor Markl
® Institut fiir Geowissenschafien, AB Mineralogie und Geodynamik, Eberhard-Karls-Universitdt, WilhelmstraBe 56, D-72074 Tiibingen, Germany
® Geochemistry Laboratory, Department of Geology, University of Maryland, College Park, MD 20742, USA

¢ Bayerisches Geoinstitut, Universitdit Bayreuth, D-95440 Bayreuth, Germany
9 Institut de Minéralogie et Géochimie, Université de Lausanne, L'Anthropole, CH-1015 Lausanne, Switzerland

Received 16 May 2007; received in revised form 1 October 2007; accepted 3 October 2007

Editor: S.L. Goldstein

Abstract

Li contents [Li] and isotopic composition (6’Li) of mafic minerals (mainly amphibole and clinopyroxene) from the
alkaline to peralkaline Ilimaussaq plutonic complex, South Greenland, track the behavior of Li and its isotopes during
magmatic differentiation and final cooling of an alkaline igneous system. [Li] in amphibole increase from <10 ppm in Ca-
amphiboles of the least differentiated unit to >3000 ppm in Na-amphiboles of the highly evolved units. In contrast, [Li] in
clinopyroxene are comparatively low (<85 ppm) and do not vary systematically with differentiation. The distribution of Li
between amphibole and pyroxene is controlled by the major element composition of the minerals (Ca-rich and Na-rich,
respectively) and changes in oxygen fugacity (due to Li incorporation via coupled substitution with ferric iron) during
magmatic differentiation.

6"Li values of all minerals span a wide range from + 17 to —8%o, with the different intrusive units of the complex having distinct
Li isotopic systematics. Amphiboles, which dominate the Li budget of whole-rocks from the inner part of the complex, have
constant 6’Li of +1.8+2.2%0 (26, n=15). This value reflects a homogeneous melt reservoir and is consistent with their mantle
derivation, in agreement with published O and Nd isotopic data. Clinopyroxenes of these samples are consistently lighter, with
A7Liamph_cpX as large as 8%o and are thus not in Li isotope equilibrium. These low values probably reflect late-stage diffusion of Li
into clinopyroxene during final cooling of the rocks, thus enriching the clinopyroxene in °Li.

At the margin of the complex 'Li in the syenites increases systematically, from +2 to high values of +14%o. This, coupled with
the observed Li isotope systematics of the granitic country rocks, reflects post-magmatic open-system processes occurring during
final cooling of the intrusion. Although the shape and magnitude of the Li isotope and elemental profiles through syenite and
country rock are suggestive of diffusion-driven isotope fractionation, they cannot be modeled by one-dimensional diffusive
transport and point to circulation of a fluid having a high 6’Li value (possibly seawater) along the chilled contact. In all, this study
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demonstrates that Li isotopes can be used to identify complex fluid- and diffusion-governed processes taking place during the final

cooling of such rocks.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Li generally behaves as a moderately incompatible
element during igneous fractionation (Ryan and Lang-
muir, 1987; Brenan et al., 1998a). Consequently, excep-
tional enrichments in Li occur in highly fractionated
rocks such as peraluminous leucogranites (e.g., Bada-
nina et al., 2004), granitic pegmatites (e.g., Cerny et al.,
2005; Teng et al., 2006a) and peralkaline nepheline
syenites (e.g., Schmitt et al., 2000; Bailey et al., 2001).

Unlike many incompatible trace elements, experi-
mental and empirical studies have shown that Li
preferentially partitions into an aqueous fluid phase
during mineral—fluid equilibria (e.g., Chan et al., 1994;
You et al., 1994; You and Chan, 1996; Brenan et al.,
1998b). Thus, Li is fluid-mobile and can be transported
during magmatic alteration, magmatic fluid exsolution
and hydrothermal circulation (e.g., Berger et al., 1988;
Seyfried et al., 1998; Brenan et al., 1998b; Audétat and
Pettke, 2003).

The large mass difference (about 17%) between the
two stable isotopes, Liand "Li, results in a large natural
variation of Li isotopes of about 80%o (e.g., Rudnick &
Nakamura, 2004; Tomascak, 2004 and references
therein). Processes leading to extensive fractionation of
Li isotopes documented so far include low-temperature
fluid—rock interaction (e.g., Chan et al., 1992; Huh et al.,
1998; Huh et al., 2001; Decitre et al., 2002; James et al.,
2003; Pistiner and Henderson, 2003; Rudnick et al.,
2004; Benton et al., 2004), metamorphic dehydration of
basalts (Zack et al., 2003) and Li diffusion (e.g., Richter
et al., 2003; Lundstrom et al., 2005; Teng et al., 2006a;
Rudnick & Ionov, 2007; Jeffcoate et al., 2007; Parkinson
et al., 2007). High-temperature magmatic differentiation
does not produce significant fractionation of Li isotopes
(e.g., Tomascak et al., 1999a; Bryant et al., 2004; Teng
et al., 2004a). Moreover, Halama et al. (2007) demon-
strated no fractionation of Li isotopes in carbonatite
magmas down to very low temperatures (500 °C).
However, recent experiments indicate that resolvable Li
isotope fractionation may occur between minerals and
coexisting fluid at magmatic temperatures (Lynton et al.,
2005; Wunder et al., 2006, 2007). The experimental

results of Wunder et al. are corroborated by studies of
pegmatites that demonstrate isotopic fractionation of
several permil during very high degrees of crystal
fractionation and fluid—melt equilibration at 7<350 °C
(Teng et al., 2006b). To date, however, documentation of
Li isotope behavior during magmatic differentiation is
still limited and a fuller understanding may be had by
studies of igneous rocks of more diverse compositions.

This study reports the Li concentrations and isotopic
compositions of mafic minerals (amphibole, clinopyr-
oxene and biotite) and some whole-rocks from the
peralkaline Ilimaussaq plutonic complex, South Green-
land, and its surrounding country rocks. The geology,
geochemistry, mineral chemistry and petrology of the
complex are known in great detail (Serensen, 2001 and
references therein), thus providing an excellent back-
ground against which the behavior of Li isotopes within
a single alkaline plutonic complex can be investigated.
Since differentiation occurred over an extensive tem-
perature range (1000 to 300 °C), including orthomag-
matic and late-stage hydrothermal crystallization, the
Ilimaussaq suite can offer detailed insights into the
behavior of Li isotopes during magmatic differentiation,
fluid exsolution and final cooling of a peralkaline
igneous system.

2. Geological framework and previous work

The 1.16 Ga old (Blaxland, 1976; Krumrei et al.,
2006) Ilimaussaq intrusion (Fig. 1) is one of ten major
alkaline intrusions in the Mid-Proterozoic rift-related
Gardar Province of South Greenland. It intrudes Early-
Proterozoic I-type granitoids (the 1.80—1.85 Ga Julia-
nehab batholith; Kalsbeek and Taylor, 1985; Garde
et al., 2002) and a sequence of basalts and interlayered
sedimentary rocks (Eriksfjord Formation; Poulsen,
1964; Halama et al., 2003). The Ilimaussaq complex is
the type locality for agpaitic rocks, which are peralkaline
nepheline syenites containing complex Na-(Ti, Zr)-
silicates (e.g., eudialyte; Serensen, 1997). Based on
indicators of differentiation in whole-rocks and minerals
(e.g., Fe/Mg, (Na+K)/Al, Ca/(Na+K), Rb/Sr, Mg/Li),
Ilimaussaq is the most differentiated alkaline igneous
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Fig. 1. Geological sketch map of the Ilimaussaq complex with sample localities, modified after Ferguson (1964).

rock suite yet documented (Bailey et al., 2001;
Serensen, 2001).

The complex formed from four melt batches
(Serensen, 2006), which intruded successively at 3—
4 km depth (0.1 GPa). The earliest melt batch consists of
an alkaline, augite syenite (phase I), which was later
intruded by a peralkaline granite (phase II). Phases Illa
and IIIb comprise the bulk of the complex and consist of
a sequence of highly fractionated agpaitic nepheline
syenites (pulaskite, sodalite foyaite, nauijaite, kakorto-
kite, and lujavrite). Abundant pegmatites and hydro-
thermal veins occur in all rock units; the latter are also
found in the granite country rocks (Ranlev and Dymek,
1991 and our own observations), reflecting intensive
hydrothermal activity during the final stages of cooling
(e.g., Engell et al., 1971; Markl and Baumgartner,
2002).

The Ilimaussaq rocks are interpreted to be derived
from a single parental alkali basaltic magma that

fractionated in a deep-seated magma chamber in a
continental rift setting (Larsen and Serensen, 1987,
Stevenson et al., 1997). Relatively homogeneous
neodymium (&yg=-0.9 to —1.8) and oxygen isotope
compositions (5180V_SMOW=5.2 to 5.7%) of mafic
minerals from the major rock types indicate that most
of the Ilimaussaq melts are derived from an isotopically
homogeneous OIB-type mantle source, with generally
no evidence for subsequent crustal contamination
(Marks et al., 2004). The only exception is the
peralkaline granite, which has lower £yq (—3.1) that is
interpreted to reflect contamination with lower crustal
rocks (Marks et al., 2004).

Overall, the Ilimaussaq rocks record a prolonged
crystallization interval between about 1000° and 300 °C,
including late-stage hydrothermal activity (Larsen,
1976; Markl, 2001; Markl et al., 2001; Marks and
Markl, 2001; Marks et al., 2004). Low oxygen fugacity
of the parental melt resulted in highly reduced phase
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Table 1
Mineral assemblages and information on equilibration conditions for the major Ilimaussaq rocks (after Markl et al., 2001; Marks et al., 2003)
Phase | Phase 11 Phase 1T
Augite syenite Peralkaline Illa 1Ib
granite Sodalite foyaite Naujaite Kakortokite Lujavrite
Magmatic to late- Alkfsp, Ne, Ol, Alkfsp, Alkfsp, Ne, Aeg,  Sod, Ne, Fl, Ap, Sph, Alkfsp, Sod, Ne, Aeg, Amph, Eud, Ab,
magmatic Aug, Ap, Mag, Ilm, Qtz, So, Ap, Ol, Amph, Alkfsp, Amph, Aeg, Eud, Ap, Amph, Mic, Sod, Ne+rare
phases Amph, Bt Amph, Aen, Eud, Bt, Anl Eud, Ne, Aen, Pct Aeg, Fl, Anl, Bt specialities like
Aeg neptunite etc.
Sub-solidus Sod, Anl, Ms, Hgrs, Aeg, Astr  Sod, Anl, Ab, Ntr, Ntr, Anl, Sod Anl, Aeg, Ab Aeg, Ntr, Sod, Anl, Uss,
and hydrothermal Sph, Gal, Ccp Aeg Vil
phases
Near-liquidus ~1000 °C (fsp) >750°C =950 °C (ne) ~850 °C (ne)
conditions
Near-solidus 800-650 °C ~550 °C (ne—jd—ab) ~500 °C (ne—jd—ab)
conditions (QUILF) = 600 °C
(bt)
Hydrothermal ~400 °C (sod—anl) <350°C =400 °C (anl-sod) ~350 °C (ne—jd—ab)
alteration (aeg—arf)
Samples used in the GM 1857, GM1858, GM1303, GMI214, GM1369, GM1370  GM1334, GM1843, GM 1294,
present study GM1330, GM1332, ILM154 GM1219 GM1335, GM1272, ILM157,
GM1333 GM1337, XL61, ILM145
XL63

The location of the Ilimaussaq complex is 60°56’ N and 45°56” W (using Google Earth).

assemblages (e.g., Ti-rich magnetite; Marks and Markl,
2001) and caused the formation of two immiscible
magmatic fluids, which were present during most of the
crystallization history: a methane-dominated vapor
phase and a highly saline aqueous fluid phase (e.g.,
Konnerup-Madsen, 2001; Markl et al., 2001; Krumrei
et al., 2007). Extremely low 0D values of amphiboles
from the agpaitic rocks (D=-132 to —232%o) are
interpreted to have resulted from H-isotope re-equili-
bration between amphiboles and internally generated,
D-depleted fluids formed by late-stage oxidation of an
earlier CH4-dominated magmatic vapor phase (Marks
et al., 2004).

Amphibole and clinopyroxene are abundant and
well-preserved in most Ilimaussaq rocks and are thus
well suited for a Li isotope study of magmatic processes.
Amphibole compositions evolve from Ca-amphibole in
the augite syenite via Na—Ca amphibole to Na-
amphibole in the agpaitic rocks. Similarly, clinopyrox-
ene evolves from augitic compositions towards near
end-member aegirine (Larsen 1976; Markl et al., 2001;
Marks et al., 2004).

3. Samples

More than sixty mineral separates and whole-rocks
from representative samples of the major rock types,
late-stage pegmatites and hydrothermal veins from the
Ilimaussaq complex were analyzed along with nineteen

whole-rock samples of country rocks (granites, basalts,
sandstones). Table 1 gives an overview of the mineral
assemblages of the major Ilimaussaq rocks along with
information on their estimated equilibration conditions
(Markl et al.,, 2001; Marks and Markl, 2001). The
Ilimaussaq rocks typically have a prolonged crystalli-
zation interval and experienced a late-stage hydrother-
mal alteration, which overprinted or replaced the
primary mineral assemblages (Markl et al., 2001, see
below). Where possible, primary igneous amphibole
and clinopyroxene (and biotite in augite syenites) have
been analyzed. In samples for which only amphibole or
clinopyroxene data are presented, the missing mineral
was either not present or was present in only very low
abundance. Most of the samples analyzed here have
been subject to previous petrological and geochemical
investigations (Markl, 2001; Markl et al., 2001; Marks
and Markl, 2001; Markl and Baumgartner, 2002; Marks
et al., 2004) and thus, only brief descriptions of sample
localities and the relationships between samples are
provided here.

From the augite syenite unit (phase I), five samples
were analyzed from traverse AS3 of Marks and Markl
(2001), extending over ~600 m from the outer chilled
contact with granitic country rocks towards the inner
contact with the agpaitic rocks (Fig. 1). Intrinsic
parameters (7, asion, fo2) as well as mineral composi-
tions (Xp., Ca/Na) change systematically across this
traverse, reflecting increasing differentiation towards
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the contact with the agpaitic rocks (Marks and Markl,
2001). Ternary feldspar crystallized at ~ 1000 °C on the
liquidus, followed by magnetite, olivine and augite at
800-650 °C, late-magmatic amphibole and biotite
formed at 700-600 °C and analcite—sodalite—hydro-
grossular assemblages disseminated in some samples
reflect hydrothermal alteration at ~400 °C (Marks and
Markl, 2001; Markl et al., 2001).

Two samples were analyzed from the peralkaline
granite (phase II). Due to the lack of appropriate mineral
assemblages, no detailed equilibration conditions for
this unit can been estimated, however, by analogy with
similar occurrences in the Gardar Province, the granite
probably crystallized at >750 °C (Marks et al., 2003).
The formation of aegirine at the expense of arfvedsonite
in such rock types was shown to be a late-stage process,
possibly occurring at temperatures <350 °C (Marks
et al., 2003).

From phases Illa and IIIb, fifteen samples were
analyzed: one pulaskite, two sodalite foyaites, two
naujaites, five kakortokites, and five lujavrites. Neph-
eline thermometry of early nepheline indicates near-
liquidus temperatures of ~950—850 °C and near-solidus
conditions of 550—500 °C are indicated by activities of
late nepheline, albite and jadeite (components in
nepheline solid solution, alkali feldspar and clinopyr-
oxene, respectively). Hydrothermal alteration at 400—
350 °C is indicated by the late-stage assemblages of
albite, nepheline, analcite, sodalite and aegirine (Markl
et al., 2001; Markl and Baumgartner, 2002).

Three different pegmatites were analyzed for this
study. They consist primarily of microcline+arfvedso-
nite+aegirine+eudialyte and are believed to have
formed either from very late-stage melts or fluid—melt
mixtures (Markl and Baumgartner, 2002). One late-
stage dyke rock (GM1212) was also analyzed. This rock
shows evidence of having formed by liquid immiscibil-
ity at temperatures of 600—500 °C (Markl, 2001). Seven
hydrothermal veins cutting different phase III rocks
were selected for analyses: one albite-rich arfvedsonite-
bearing aplitic rock (ILM101), one arfvedsonite—
sodalite-dominated vein (GM1246), one albite-rich,
arfvedsonite- and tugtupite (Na-Be-silicate)-bearing
vein (GGO02), one zoned vein with aegirine-rich rims
and an arfvedsonite-rich center (ILM124), and three
aegirine—albite veins (GM1257 and ILM165). Addi-
tionally, one aegirine vein (ILM192) cutting the
basement granite some 250 m outside the Ilimaussaq
complex was analyzed. The hydrothermal veins crys-
tallized at 500-300 °C from late-magmatic fluids or
supercritical fluid—melt-mixtures (Markl and Baumgart-
ner, 2002).

A total of nineteen country rocks (granites, basalts
and sandstones) from the vicinity of the Ilimaussaq
complex were analyzed. Some of these were studied by
Halama et al. (2003, 2004). Three volcanic as well as
two sedimentary rocks were analyzed from the Eriksf-
jord Formation. One additional sample is from a several
100 m quartzite xenolith from within the augite syenite.
Thirteen basement granite samples were analyzed. Four
ofthem (BT 3, BT 5, BT 6, JG 2) were collected several
km’s away from the Ilimaussaq complex, whereas nine
samples (JG 5-JG 13) were collected along the
extension of the augite syenite sampling traverse at
distances between 0.2 and 225 m away from the contact.
Whereas most granite samples are typical two feldspar-
granites with quartz, biotite and minor magnetite,
granites sampled within 45 m of the augite syenite
show secondary sodic pyroxene or sodic amphibole.
Feldspar in these samples is extremely cloudy and is
converted into a chess-board variety of microcline. It is
assumed that these features result from post-magmatic
interaction with an alkaline fluid phase expelled from
the Ilimaussaq complex.

4. Analytical methods

Mineral separates were hand picked to optical purity
and cleaned in Milli-Q® water (18.2 M) cm) three
times, for 15 min per wash. Li isotope analyses were
carried out at the University of Maryland and full details
are provided in Rudnick et al. (2004) and Teng et al.
(2006b). In order to monitor the Li yield, before and
after cuts (2 ml each) were analyzed for their Li content
using an Element 2, single collector ICP-MS (see
below). The total Li procedural blank is ~ 250 pg Li and
has a 6’Li value of —45%o. This blank is negligible
compared to the amount of Li processed for the samples
(generally >50 ng), and a precision of +1%o (20). Thus,
no blank correction was made.

All Li isotope results are reported in the 4’ Li notation
with 6'Li=1000["Li/*Lisampte/ Li/*Listandara = 1] rela-
tive to the L-SVEC standard (Flesch et al., 1973) and are
calculated by comparison of the unknown sample to the
average of the two bracketing standard analyses, as
described in Tomascak et al. (1999b). Analyses consist
of two blocks of 20 ratios each, yielding and in-run
precision of “Li/°Li measurements is generally +0.2%o
or better, with no systematic change in the "Li/®Li ratio.
The external precision, based on repeat analyses of Li
standard solutions, is +1%o (2¢) or better. For example,
pure Li solutions (UMD-1 and IRMM-016) gave §’Li
values of +54.5+£0.5%0 (20, n=26) and —0.8+0.4%o
(20, n=14), respectively, values falling in previously



Table 2a
Li concentration, Li, O and H isotope data, Li yield from column chemistry and D,mph-cpx Values of mineral separates and whole-rock samples from the augite syenite unit (phase 1) along with their
distance to the granitic basement

Sample Distance to  Amphibole Clinopyroxene A'Li Dimph- A0 Biotite Whole-rock
basement (amph-cpX)  ¢px (amph-cpx)
rocks (m) (%o0) (%0)
[Li] oLi Li 4% oD F7 [Li] &Li Li 60 [Li] oLi Li oD [Li] &Li Li ¢&%0
(ppm) (%o)  yield (%o) (%o) 2Fe  (ppm) (%o) yield (%o) (ppm) (%o)  yield (%)  (ppm) (%o) yield (%o)
(%) (%) (%) (%)
GM 1858' 2 7 +17.8 985 55 -—78 0.08 14 +149 99.7 58 +1.9 0.5 -0.3 97 +16.8 99.6 -71 7.1 13.9 97.7
7 +16.9 97.7 15 +16.0 99.5 93 +17.4 99.6
GM 1330 ~150 56 +11.9 994 5.7% —92% 39 +8.6 994 5.6% +3.9 1.4 +0.1 195  +9.7 99.0 —-86 23.1 11.6 953 6.7*%*
51 +12.5 99.8 39 +7.9  99.7 184  +10.1 98.6
GM 1332 ~300 50 +59 986 52 —-90 31 +6.3 940 5.8 -0.2 1.7 -0.6 - +14 996 -83
61 +6.5 99.8 33 +6.3 985 227  +1.7  99.6
GM 1333 ~450 21 +03 993 54 -80 18 +6.0 98.6 5.6 -5.7 1.2 -0.2 Absent 255 1.7 985
GM 1857* ~600 64 +0.8 982 54 -—101 0.12 sl +2.5 98.8 5.8 -19 1.4 -0.4 204 —13 995 -85 248 24 97.6 64%*
72 +0.6  98.9 49 +2.7 992 194  +04 998

1:sample GM 1331 of Marks & Markl (2001); 2:sample GM 1333* of Marks & Markl (2001); *=data from Marks et al. (2004); **=data from Graser & Markl (in revision). Fe’>*/3Fe values are
based on Mdssbauer spectrometry.

[4r4

0§T—L0Z (L00T) 9 450]02D) [D21U2YD) / [V 12 SYD MV N
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Table 2b
Li concentration, Li, O and H isotope data, Li yield from column chemistry and Damph-cpx Values for mineral separates of the peralkaline granite
(phase II), the agpaitic rocks (phases Illa and IIIb) and late-stage samples

Sample Rock type Amphibole Clinopyroxene A'Li Dimph-cpx A0
Li oL Liyield 80 &b  Fe'/ Li  oLi Liyield o'%0 @mph-cpx) (amph-cpx)
(pm) (ko) (0 Ok Ok SFe (pm) (i) (%) G ™) ()

Phase Il

GM1303 Peralk. granite 579 +87 * 5.6%  —193* 0.23 Absent — - -
replicate +89 7

ILM154 Peralk. granite 431 +7.6 975 47 (+9.2) 95.7 3.1 +0.1 8.5 +2.3
Replicate 1 54 —-187 0.22 50 +7.4 982
Replicate 2 51 +7.5 982

Phase Illa

P-3-5 Pulaskite 364 +1.5 984 025 36 -3.8 98.6 +5.3 10.1 -

GM1214 Sodalite foyaite 644 +1.5 954 5.7*%  —150*% 0.23 33 -7.1 975 5.4 +8.3 18.8 +0.3
Replicate 1 666 +14 97.1 35 -6.5 975
Replicate 2 36 -6.9 994

GM1219 Sodalite foyaite 708 +2.1 999 -173 022 42 -44 973 +7.1 16.8 -
Replicate 635 +12 979 38 -63 950

GM1369 Naujaite 955 +2.1 964 —184 024 38 =32 992 +5.0 229 -
Replicate 1 826 +1.7 979 40 -32 982
Replicate 2 898 +1.5 999

GM1370 Naujaite 943 (+2.3) 92.2 5.4%*  —198* 023 49 -34 993 50 452 18.9 +0.4
Replicate 1 931 +14 974 - -38 994
Replicate 2 926 +1.8  99.1

Phase II1Ib

GM1334 Kakortokite 649 +3.8 979 —-192 025 43 —24 995 +5.8 15.1 -
Replicate 43 -1.5 999

GM1335 Kakortokite 448 +2.7 970 5.3*%  —171* 021 41 -1.0 994 52 437 11.8 +0.1
Replicate 1 482 +3.4 978 39 +0.1 994
Replicate 2 38 -0.8  99.1

GM1337 Kakortokite 655 (+4.6) 829 5.5%  —171* 025 37 -38 976 54  +6.1 19.5 +0.1
Replicate 1 685 +2.2  98.6 35 -3.5 98.0
Replicate 2 722 +2.5 994

XL61  Kakortokite 650 -0.1 99.7 —184 Absent — - -
Replicate 604 +1.2  99.7

XL63  Kakortokite 678 +3.8 978 -172 45 -03 99.8 +4.1 15.1 -

GM1843 Lujavrite 2104 +2.1 983 5.5%  —132* 35
Replicate 2346  +1.7  96.5 31 -1.7 983

GM1294 Lujavrite 2865  +1.7 977 =219 033 30 -6.4 989 +8.4 82.0 -
Replicate 2548  +2.0 99.1 29 -6.5 992

GM1272 Lujavrite 1407  +12 973 —186 0.28 Absent — - -

ILM157 Lujavrite 2244 +04  99.3 54 —-197 029 23 =79 949 51  +85 97.9 +0.3
Replicate 2258  +0.7  99.0

ILM145 Lujavrite 2670  +0.5 985 211 35 -63 993 +6.4 76.3 -
Replicate - -03 982

Late-stage

GM1390 Pegmatite 1373 +22 * 54*%  —189* 031 22 +1.3  98.0 52%  +1.1 62.4 +0.2
Replicate - +25 *

ILM135 Pegmatite 923 +2.0 994 56  —122 65 +0.1 988 54 423 14.4 +0.2
Replicate 63 -0.7 995

GM1657 Pegmatite 1754 +1.1 995 —167 026 Absent — - -
Replicate - +1.1  99.3

GM1257 Vein cutting IIla Absent 84 -1.7 985 5.6% - - -
rocks

ILM165 Vein cutting IT1Ib Absent 63 -14 992 52 - - -
rocks

(continued on next page)
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Table 2b (continued)

M.A.W. Marks et al. / Chemical Geology 246 (2007) 207-230

Sample Rock type Amphibole Clinopyroxene A'Li Diymphecpx A 80
Li oL Liyield 8°0 o  Fe'/ Li  oLi Liyield o'%0 @mph-cpx) (amph-cpx)
(pm) (ko) (0 i) Ok SFe (pm) (i) (%) k) ™) ()
ILM192 Vein cutting Absent 25 +8.6 3.7 - - -
country rock
granite
GM1246 Vein cutting Illa 3137  +2.2  97.8 54 —172  0.32 Absent — - -
rocks
GGO02  Vein cutting IIIb 1463  +2.0  99.2 4.7%% =227 Absent — - -
rocks - +2.5 99.6
ILM124 Vein cutting Illa 2089  +2.7 97.6 4.7 -179 42 -23 99.1 5.7*%*% +52 50.3 -1.0
rocks - +33 994 41 -2.1 993
ILM101 Aplite cutting 1407  +54  96.1 5.2 -197 029 28 -1.4 996 4.8 +6.6 55.5 +0.4
IIIb rocks 1370 +5.0 99.2 22 (=0.2) 93.9
GM1212 Dyke (w.r.) 1904 +19 * 5.6%  —173* - - -
cutting Illa 1630 +29 7
rocks

#=no monitoring of the Li yield, *=data from Marks et al. (2004), **=data from Graser & Markl (in revision), (w.r.)=whole-rock sample. F >"/SFe
values are based on Mossbauer spectrometry. 6'Li values in parentheses were not used due to loss of Li during column separation (see Analytical

methods section for details).

established ranges (e.g., Teng et al., 2006a,b) and JB-2
yielded +4.4+0.6%0 (20, n=3, cf. published values
ranging between +3.9 and +6.8, Magna et al., 2004,
Jeffcoate et al., 2004, and references therein).

Since large Li isotope fractionation occurs during
ion-exchange chromatography (Taylor and Urey, 1938),
monitoring the Li yield from column chemistry by
measuring before and after cuts is an important way to
evaluate the quality of the Li isotope data. The Li yield
during column separation was >97% in nearly all
samples (Tables 2a,b and 3). Replicate analyses,
described below, demonstrate that up to 5% Li loss
does not affect the isotopic composition within
analytical precision. For nearly all samples, two, and
in some cases three, aliquots of dissolved mineral were
processed through the ion-exchange columns as an
additional test of the reproducibility of the method. In
these cases, the average Li isotopic composition of the
replicates is used as the “true” value. In the rare cases
where a greater Li loss led to significantly different Li
isotopic compositions, we processed a third aliquot of
the sample. The average isotopic composition for these
samples was then calculated by excluding the aliquot
showing Li loss during column work.

Li concentrations were determined by comparing the
voltage obtained for the sample with that of the two L-
SVEC standards of known concentration, run on either
side of a given sample, and then adjusting for sample
weight. The precision and accuracy of this method is
better than 10% (Teng et al., 2004a).

The oxygen isotope composition of the mineral
separates and whole-rocks from the country rocks were
determined by laser fluorination using a method adapted
from Sharp (1990) and Rumble and Hoering (1994).
Details of the method are described in Marks et al.
(2003). Oxygen isotope compositions of some of the
powdered whole-rock samples from the Ilimaussaq
complex were determined by a conventional method
modified after Clayton & Mayeda (1963) and Venne-
mann and Smith (1991) using BrFs as reagent and
converting the liberated oxygen to CO,. The D/H ratios
of the separates and whole-rock country rocks were
determined according to a method adapted from Sharp
et al. (2001). The hydrogen isotope compositions of the
powdered whole-rock samples from the complex were
determined according to the method of Vennemann and
O’Neil (1993). Oxygen isotopic compositions were
measured at the Institut fiir Geowissenschaften of the
Universitdt Tiibingen, Germany, using a Finnigan MAT
252 isotope ratio mass spectrometer and at the Institut de
Minéralogie et Géochimie, Lausanne. Measurements of
the hydrogen isotope compositions were also performed
at the Institut de Minéralogie et Géochimie, Lausanne
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 é-notation and are
expressed relative to V-SMOW in permil (%o). Replicate
oxygen isotope analyses of the standards (NBS-28
quartz and UWG-2 garnet; Valley et al., 1995) gave an
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Table 3

Li concentration, Li, O and H isotope data and the Li yield from
column chemistry of whole-rock samples from granitic basement rocks
and basaltic as well as sedimentary rocks from the Eriksfjord formation
along with their distance to the augite syenite unit (phase I)

Distance Li Li  Li 6% oD
yield (%)  (%o)

Sample Rock
type to augite (ppm) (%o)

syenite (%)
unit

EF 24 Basalt  Several 9.6 +2.8% 99.08% 43%Y -102
km

EF 72 Basalt  Several 7.68  +53% 9908 5585 -92
km

EF 168 Basalt  Several  43.3% —02% 993% 38 -73
km

EF 21  quartzite Several 10.3  +19.1 98.1 11.5** na.
km

EF 28 Arkose Several 73.3 +44 99.1 6.8%* —101
km

ILM quartzite Xenolith 203  +6.3 99.1 103 n.a.
194 within
augite
syenite
BT 3 Granite  Several 46 +04 99.0 8.2% —109
km
BT 5 Granite  Several 11.3 +4.7 98.8 7.2% =109
km
BT 6 Granite  Several 128  +1.2 989 7.9% -96
km
JG2 Granite  Several 103 +6.3 995  7.8% —106
km
JGS Granite ~225m 13.7 +42 975 5.0 -83
JG 6 Granite ~200m 13.7 +39 982 53 —100
IG7 Granite ~175m 185 +4.7 979 58 -104
JG 8 Granite ~120m 204 +184 957 8.5 —104
21.0 +18.4
JG9 Granite ~90 m 203  +6.0 944 63 —104
JG 10 Granite ~45m 341.8 +58 959 7.0 -123
JG 11  Granite ~5m 18.1 —9.0 99.1 6.7 —110
JG 12 Granite ~2m 281 -—14 965 69 -109
JG 13 Granite 0.2 m 3.1 +1.0 983 7.1 -112

*=data from Halama et al. (2004), ** =data from Halama et al. (2003),
¥=data from Halama et al. (in revision), n.a.=not analyzed.

average precision of +0.2%. for 6'®0 values. The
precision of the in-house kaolinite standard and NBS-30
biotite for hydrogen isotope analyses was better than
+3%o; all values are normalized using a value of —125%o
for this kaolinite standard and —65%o for NBS-30, both
of which were analyzed during the same period as the
amphiboles.

Whole-rock X-ray fluorescence (XRF) analyses were
performed using a Bruker S4 Pioneer machine at the
Institut fiir Geowissenschaften, Universitdt Tiibingen.
The samples were crushed and milled in an agate mill
and the powder dried at 100 °C before melting it for the
fusion discs. Detection limits for trace elements varied

between 1 (Eu, Yb, U) and 10 ppm (Ba, Ce, Pb). For
calibration, a set of 35 international rock standards was
used (compiled in Govindaraju, 1989) and, based on
this, the estimated uncertainty is generally <5% for
major elements and <10% for trace elements.
Maossbauer spectrometry for the measurement of the
Fe**/3Fe ratio of representative amphibole separates
was performed at the Bayerisches Geoinstitut in
Bayreuth/Germany. Mdssbauer spectra were recorded
at room temperature (293 K) in transmission mode using
the procedure reported in Enders et al. (2000). Values of
Fe*'/3Fe were determined from the relative area ratios
corrected for recoil-free fraction effects based on the
Debye model (e.g., McCammon 2004) and the riebeck-
ite data of Van Alboom and De Grave (1996). A total
error of about +2% (absolute) was estimated based on
counting statistics and uncertainties in the fitting model.

5. Results
5.1. O and H isotopic compositions

5.1.1. llimaussaq minerals

New oxygen isotope data for pyroxene and amphi-
bole from the augite syenite unit vary between +5.2 and
+5.8%o, and are similar to previously published data
(Fig. 4, Table 2a; Marks et al., 2004). Four out of the
five samples show negative A™™P"P* values between
—0.2 and —0.6%0 consistent with oxygen isotope
equilibrium (e.g., Zheng, 1993a,b). However, the
relatively small A*™PP°P* yalyes compared to the
precision of the data (+0.2%0) make it difficult to
calculate a temperature of equilibration. 6D values for
amphiboles and biotite vary between —101 and —78%o
and between —86 and —71%o, respectively. In the four
amphibole- and biotite-bearing samples, the latter is
consistently enriched in D, indicating hydrogen isotope
disequilibrium (Suzuoki and Epstein, 1976). This is
consistent with the petrographic evidence that biotite
formed later than amphibole and implies that the 6D
value of later stage fluids was higher compared to earlier
fluids.

In the other samples, most amphiboles and aegirines
have a similar range in §'*0 between +5.7 and +4.7%o
(Table 2b) and, in contrast to the augite syenite, positive
AP™PR-ePX valyes for all but one sample indicate oxygen
isotope disequilibrium (Table 2b, Zheng, 1993a.b).
Exceptionally '®O-depleted aegirine occurs in the
peralkaline granite (+3.7%o) and in an aegirine-vein
(+3.1%o) intruding the basement granite. 6D values of
amphiboles from the other rock types have unusually
low 0D values of <—120%o.
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5.1.2. Country rocks

Oxygen and hydrogen isotope data for country rocks
are presented in Table 3. Basalts have relatively low and
variable 6'%0 values (+3.8 to +5.3%o), possibly
reflecting alteration of the samples (Halama et al., in
revision). One arkose has a 6'%0 value of +6.8%o and
quartzites have the highest '®0 enrichment with values
of around +11%o. Granites sampled far away from the
Ilimaussaq complex have a relatively small range in
their 6'%0 and 6D values (6'*0=+7.2 to +8.2%o, 6D=
—96 to —109%0), with values typical for I-type
granitoids (e.g., Taylor, 1986).

Granites sampled near the complex generally have
lower 6'®0 values, but they decrease with increasing
distance from the augite syenite unit from ~+7%o near
the contact, down to ~+5%. far removed from the
contact. The exception is again sample JG 8, which has a
high 6'*0 value of +8.5%.. 6D values vary between
—83 and —123%o.

5.2. Li concentrations

5.2.1. llimaussaq minerals and whole-rocks

In amphibole [Li] are highly variable and generally
increase with igneous differentiation (Tables 2a and 2b,
Fig. 2a). The lowest [Li] (7-68 ppm) are found in Ca-
amphiboles of the augite syenite (phase I), where two
samples have relatively low concentrations (7 and
21 ppm, respectively) and the remaining three samples
have similar [Li], between 54 and 68 ppm. Na-
amphiboles of the peralkaline granite and the agpaites
(phases II and III) have significantly higher [Li],
increasing from about 400 ppm to >2600 ppm. Variable
and even higher [Li] (>3100 ppm) is found in Na-
amphibole from late-stage veins.

Compared to amphiboles, [Li] in clinopyroxene are
low (15-84 ppm), with no systematic differences
between the different intrusive units, hence degree of
differentiation (Tables 2a and 2b; Fig. 2b). However, it
is noteworthy that within the augite syenite, the lowest
[Li] in clinopyroxene is found in the same two samples
having low [Li] in amphiboles.

Biotite only occurs in appreciable amounts in four
out of the five samples of augite syenite. Their [Li] vary
between 95 and 212 ppm (Table 2a) and, as for
amphiboles and clinopyroxenes, the outermost sample
has the lowest [Li] (95 ppm) and the three other samples
have similar [Li], between 190 and 227 ppm.

[Li] in augite syenite whole-rock samples reflect the
same trends as the minerals, with low [Li] (7 ppm) in the
outermost chilled sample and higher [Li] (about
25 ppm) in the inner parts of the unit.
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Fig. 2. Li concentrations in (a) amphibole and (b) clinopyroxene of the
different intrusive phases of the Ilimaussaq intrusion, shown in order
of increasing differentiation. Analytical uncertainty is smaller than the
symbol size.

5.2.2. Country rocks

[Li] for various country rocks are presented in
Table 3. Basalts from the Eriksfjord formation have
variable [Li] between 8 and 43 ppm, one arkose has
73 ppm Li and two quartzites contain 10 and 20 ppm Li.
Granites sampled far away from the Ilimaussaq complex
have [Li] of 5-13 ppm.

Granites sampled in the vicinity of the Ilimaussaq
complex show interesting systematics: with increasing
distance from the augite syenite, [Li] decrease by a
factor of about two from 31 ppm down to 14 ppm. The
latter value is similar to granites sampled far away from
Ilimaussaq and is thus taken as representative of [Li] in
the Julianehab granite. Sample JG 10 has an exception-
ally high [Li] of ~340 ppm and, compared to all other
granite samples, has high alkalis, MnO, LOI, Rb, Zn, Nb
and REE, but the lowest SiO, and the lowest 6D value
of —123%o. Moreover, this sample contains sodic
amphibole (with [Li] up to 3000 ppm (Kaliwoda,
unpubl. data)), which likely accounts for the high [Li]
found in the whole-rock; Tables 3 and 5.
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Table 4
Li-budget of the major Ilimaussaq rocks
PHASE 1 PHASE II PHASE Illa PHASE IIIb
Augite syenite Peralkaline granite Pulaskite Sodalite foyaite ~ Naujaite Kakortokite Lujavrite
Mineral percentage
Feldspar 65-75 65-75 65-75 50-55 20-25 20-50 3040
Quartz - 15-20 - - - - -
Nepheline 0-3 - 5-10 4-8 4-8 15-20 10-25
Olivine 5-10 - - - - -
Magnetite 5-10 - - - - - -
clinopyroxene 10-15 1-3 2-6 2-6 2-6 5-15 10-30
Amphibole 1-3 10-15 5-10 10-15 1015 10-40 10-30
Biotite 1-3 - - - - - -
Eudialyte - - - 5-10 10-30 10-15
Sodalite - - - - 30-40 - 1-5
Assumed Li concentration (ppm)
Feldspar 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Quartz - 1-20 — - — - —
Nepheline 5-30 - 5-30 5-30 5-30 5-30 5-30
Olivine 15-20 - - - - - -
Magnetite 2 - - - - - -
Clinopyroxene 15-50 40-50 30-40 30-40 40-50 35-45 20-35
Amphibole 7-68 400-600 300-400  600-700 800-1000  400-700 2000-2800
Biotite 95-227 - - - - - -
Eudialyte - - - - 20-60 20-60 20-60
Sodalite - - - - 5-20 5-20 5-20
Li in whole-rock (ppm) — 7-25 100-160 90-150 150-250 130-180 120-290 150-750
% of total Li
Amphibole 5-20 >90 >75 >85 >85 >80 >85
Clinopyroxene 35-50 <3 <10 <3 <3 <10 <10
Biotite 25-50 - - - - - -

Modal mineral percentages are after Ferguson (1964) and own observations, Li concentrations for whole-rocks are from Bailey et al., 2001 (except for
the augite syenite) and Li concentrations for other minerals than clinopyroxene, amphibole and biotite are unpublished data from Kaliwoda. The data

from the present study are indicated in bold; see also Tables 2a and 2

5.3. Li budget of the llimaussaq rocks

Based on whole-rock [Li], modal mineral abun-
dances and [Li] in the major minerals (Bailey et al.,
1993; Bailey and Gwodz, 1994; unpubl. data from M.
Kaliwoda, Tiibingen and data from the present study,
see Tables 2a and 2b) we estimate the Li budget of the
Ilimaussaq rocks (excluding pegmatites and hydrother-
mal veins) from mass balance (Table 4). A combination
of changing phase proportions and [Li] cause the major
host for Li to vary between the augite syenite and the
other units. Augite and biotite (if present) are the
important Li hosts in the augite syenite, containing
about 35-50% and 25-50%, respectively, of the total
Li, and Ca-amphibole is of minor importance (account-
ing for only 5-20%). For the other rock types, the
picture is much simpler: Na-amphibole clearly dom-
inates the Li budget in these rocks (containing > 75% of
the total Li) and aegirine incorporates at most 10%

b).

(Table 4). Thus, in these rocks, the ¢'Li values of
amphiboles approximate that of the whole-rocks.

5.4. Li isotopic compositions

5.4.1. llimaussaq minerals and whole-rocks

The 6"Li values of the analyzed minerals span a wide
range, from +17 to —8%o (Tables 2a and 2b; Fig. 3).
Augite syenites (phase I) have the greatest variability in
0’Li, with mineral isotopic compositions correlating
with position within the intrusion. The §’Li values are
highest in the outermost sample (~+17%o), and
decrease systematically towards the inner part of this
unit, with the lowest values occurring in the innermost
sample (~+1%o), which is adjacent to the agpaites
(phase IIT). The whole-rock samples reveal a similar
pattern, with low 8'Li values of about +2%. for the two
inner samples, increasing to a value of +14%o in the
outermost sample. In contrast, minerals from the two
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Fig. 3. Li isotope composition of mafic minerals (amphibole, clinopyroxene, biotite) from the different intrusive phases of the Ilimaussaq intrusion.

Error bars represent 2¢ uncertainty of + 1%o.

samples of peralkaline granite (phase II) are homoge-
neous, with 6’Li varying within analytical uncertainty
(+7.5 to +8.8%0). Within the agpaitic suite, 6’Li of
amphiboles are rather homogeneous, with an average
value of +1.8£2.2%0 (20). In contrast, coexisting
aegirines are consistently lighter than amphiboles and
are highly heterogeneous, with 6’Li varying unsystem-
atically from —7.9 to +1.3%o. Amphiboles from late-
stage pegmatites and veins have 8’Li values indistin-
guishable from amphiboles of phase Illa and IIIb
samples, despite the fact that the latter crystallized
from melts, whereas amphiboles from hydrothermal
veins are assumed to have precipitated from a late-stage
fluid. Aegirine from the vein intruding the granite
(sample ILM 192) has an exceptionally high 6’Li of
+8.6%o, similar to aegirine from the peralkaline granite
(see above).

5.4.2. Country rocks

The 6’Li values of the country rocks span a wide
range, from +19 to —9%o (Table 3), with nearly the
entire range seen in the granite traverse sampled
adjacent to the contact of the augite syenite. Basalt
0’Li varies between +5.3 and —0.2%o, correlating
negatively with [Li] and partly reflecting low-temper-
ature alteration (Halama et al., in revision). Two
quartzites and the one arkose have variable ’Li values
between +4 and +19%o. Granites sampled far away
from the Ilimaussaq complex have 6'Li values between
0 and +6%o, overlapping with literature data for I-type
granitoids (67Li=—2.5 and +8%o; Teng et al., 2004a,b;
Bryant et al., 2004).

Granites in the vicinity of the complex show
remarkable systematics; the 6'Li values of the three
granites sampled closest to the augite syenite unit (JG

13—11) systematically decrease from + 1 to —9%o and all
but one of the remaining granites have 6'Li values
between +4 and +6%o. Sample JG 8 has by far the
highest 6'Li value of +18%o within this group; this
sample also has exceptionally high 6'*O of +8.5%o, but
is petrographically indistinguishable from the other
granite samples.

6. Discussion
6.1. Oxygen and hydrogen isotopic overprinting

The disequilibrium in oxygen isotopes between
amphibole and clinopyroxene in all rocks except the
augite syenites suggests that there has been subsolidus
exchange between rocks and fluids. Since amphibole
and pyroxene probably have similar closure tempera-
tures for oxygen diffusion (700-800 °C; Farver and
Giletti, 1985; Farver, 1989), the isotopically light
composition of pyroxene must reflect crystallization
from an isotopically distinct source at temperatures
lower than 700 °C. This is consistent with the texturally
later appearance of aegirine compared to amphibole and
with the evidence for extensive hydrothermal activity in
these rocks occurring at relatively low temperatures
(Table 1). At such low temperatures (e.g., <400 °C), the
0/'°0 of a fluid phase will be lower than that of
coexisting aegirine (1-2%o; Zheng, 1993a) and thus
quite different from a typical magmatic fluid. Given the
relatively low 8'%0 values of granites in the vicinity of
the Ilimaussaq intrusion (Table 3), it appears that
hydrothermal fluid circulation induced by the intrusion
of the Ilimaussaq melts caused mixing between
magmatic fluid with externally derived low 6'%O fluids,
from which aegirines crystallized at relatively low
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temperatures. The exceptionally low 6'%0 values for
aegirine occurring in the peralkaline granite (+3.7%o)
and in an aegirine-vein (+3.1%o) intruding the basement
granite underline the importance of externally derived
aqueous fluids.

The unusually light D in amphiboles from phase 11,
III and late-stage samples also reflect open-system
behavior. They likely result from interaction and re-
equilibration with D-depleted fluids originating from
late-stage magmatic oxidation of internally generated
CH,4 and/or H, (see Marks et al., 2004 for a detailed
discussion).

6.2. Lithium substitution and partitioning between
amphibole and clinopyroxene

In Na-amphiboles, Li occupies the M3-site, where it
mainly substitutes for Fe** via the coupled substitution
Li" + Fe’*=2 Fe?* (e.g., Hawthorne et al., 1994; Marks
et al., 2003), hence Li may play a role in charge balance
during iron oxidation. Fig. 5 shows that [Li] in Na-
amphiboles correlate positively with their Fe*/Fe**
ratio, and if amphibole Fe*"/Fe*" reflects the magmatic
redox state, as suggested by Della Ventura et al. (2005),
[Li] thus also reflect oxygen fugacity. Such an increase
in oxygen fugacity from early to late agpaitic rocks and
even more oxidized conditions during the hydrothermal
stage is in accordance with previous petrological studies
on the peralkaline igneous rocks of South Greenland
(Markl et al., 2001; Marks et al., 2003, 2004).

In clinopyroxene, Li enters the M2-site, mainly
substituting for Na (Brenan et al., 1998a; Thompson and
Downs, 2003). Redhammer et al. (2001) demonstrated a
complete solid solution between aegirine and Li-
aegirine, hence Li and Na compete for the same
crystallographic site. The high Na concentrations of
the Ilimaussaq clinopyroxenes (typically around 12 wt.%
Na,0O; Markl et al., 2001) coupled with low [Li]
(<85 ppm; Tables 2a and 2b) may therefore be a
consequence of charge balance during iron oxidation
occurring primarily through coupled substitution of Na
and Fe’", which is in accordance with the strong
correlation observed between those two cations (Markl
et al., 2001).

In the augite syenites, where textures and oxygen
isotope compositions indicate equilibration, amphibole—
clinopyroxene Li abundance ratios (Damph-cpx) Vary
between 0.5 and 1.7. The lowest values (0.5 and 1.2)
occur in the two samples with exceptional low [Li] and are
possibly overprinted by secondary processes (Tables 2a
and 2b; see below). The three remaining samples have
Damph-cpx Values between 1.4 and 1.7, and we believe that

this range reflects equilibrium partitioning of Li between
these two phases. For all other rock types, oxygen isotope
compositions indicate isotopic disequilibrium between
amphibole and pyroxene, consistent with the late
formation of aegirine compared to amphibole, and the
Dimph-cpx Values are significantly higher and vary about
one order of magnitude (Tables 2a and 2b). This large
increase is mainly due to relatively constant Li concen-
tration in clinopyroxenes, and increasing [Li] in amphi-
bole with magmatic fractionation.

Changing major element compositions of amphi-
boles (Ca-rich in phase I rocks, Na-dominated in the
other rock types) may have exerted an influence on the
incorporation of Li. Apparently, Li behaves more
compatibly in Na-amphibole, as reflected in the extreme
[Li] observed in these minerals (up to 3000 ppm), and
may become an essential constituent of the amphibole.
In this case, the Li-rich Na-amphiboles in the agpaitic
[limaussaq rocks may act as a major sink for Li in
peralkaline systems, thus prohibiting equilibrium parti-
tioning of Li between amphibole and other mineral
phases according to Henry’s law.

The extreme Li enrichment in the agpaitic amphi-
boles may also be due to increasing oxygen fugacity and
the role of Li in charge balance, as indicated by the
positive correlation between Li and Fe*'/3Fe in these
amphiboles (Fig. 5). Such a correlation is not observed
in clinopyroxenes, where higher Fe’* contents are
charge balanced by the incorporation of Na into the
M2-site (Markl et al., 2001), which also accommodates
Li (thus Li and Na compete for the same site in
clinopyroxene). In contrast, incorporation of Na in the
amphibole structure is limited, since Na”™ only fits into
the M4- and A-sites. Thus, Na* cannot compensate for
Fe’*/3Fe ratios higher than 0.20, which is the
proportion of ferric iron found in Li-free arfvedsonite.
Higher Fe*'/3Fe ratios may require Li for charge
balance. In this case, Li does not compete with Na for
the M4- and A-sites, but instead enters the M3-site (e.g.,
Hawthorne et al., 1994) and thus could play the main
role in charge balancing the higher Fe** contents in
amphibole. As a result, the increase in oxygen fugacity
from early to late agpaites and the associated increase of
the Fe**/3 Fe ratio in the melt causes incorporation of Li
into the amphibole structure to accomplish charge
balance and is an important factor influencing the
distribution of Li between amphibole and pyroxene.

6.3. Li isotope systematics

Homogeneous oxygen and neodymium isotopic com-
positions of mafic minerals were previously interpreted
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to reflect mantle derivation of the parental magma of the
[limaussaq complex, which evolved by crystal fraction-
ation in a closed system (Marks et al., 2004). Ampbhi-
boles dominate the Li budget of the inner part of the
intrusion (phase III and late-stage samples) and show
little variation in their Li isotopic compositions. Minerals
from the peralkaline granite at the roof of the complex
(phase II) are also homogeneous, but have distinctly
higher 6’Li values than the inner intrusion. In contrast,
samples from the outermost parts of the complex (phase
I, augite syenite) show large and spatially systematic Li
isotope variations, which, when considered along with
the Li isotopic systematics of the adjacent granite
country rocks, suggests kinetically induced isotope frac-
tionation took place during final cooling of these rocks.

Based upon experimental isotope partitioning data
(Wunderetal., 2006,2007) and first-principle calculations,
which show that heavier isotopes are more strongly
bonded in higher coordination sites (Schauble, 2004), the
expected 6’Li of the phases at equilibrium are as follows:
STLi™ uiay> 0 "Lit M ooty > 0 Lil micay> 6 Ll )
(where the superscripted numbers in square brackets
represent the coordination number of the site for Li
substitution). Below, we discuss the Li isotopic systematics
of each of the intrusive phases and the Li isotopic
fractionations between coexisting minerals, which vary
between the different intrusive phases.

6.3.1. Homogeneous Li isotopic composition in the
inner part of the complex

The homogeneous Li isotope composition of amphi-
boles from phase III rocks (+1.8+£2.2%o, 20) points to a
homogeneous melt reservoir. This 6’Li value is on the
lower end of the range for fresh MORB (8'Li=+1.5 to
+5.2%0; Moriguti and Nakamura, 1998; Chan et al.,
2002; Elliott et al., 2006; Tomascak et al., in revision),
OIB and arc lavas (8'Li=+1 to +11%o; e.g., Moriguti
and Nakamura, 1998; Tomascak et al., 1999a,b, 2000,
2002; Bouman et al., 2004; Chan and Frey, 2003;
Pistiner and Henderson, 2003; Magna et al., 2006) and
is similar to syenites from Oldoinyo Lengai (—0.6 to
+4.4%0; Halama et al., 2007) and to a single syenite
from Mexico (+2.1%0; Romer et al., 2005). The Nd
isotope data suggest derivation of the Ilimaussaq paren-
tal magma from an OIB-like mantle source (Marks et al.,
2004), and the Li isotopic data are consistent with this
interpretation. The lack of any systematic change in Li
isotopic composition of amphiboles from early to late
rocks (Fig. 3) is consistent with previous studies (Teng
et al., 2004b, 2006b; Bryant et al., 2004; Halama et al.,
2007) that show that magmatic differentiation on its own
does not produce significant Li isotopic fractionation.

Interestingly, even amphiboles from pegmatites and
late-stage hydrothermal veins have Li isotopic composi-
tions that are indistinguishable from amphiboles from
phase III samples. This contrasts with an observed
fractionation of +4%o between fluids and minerals of the
Tin mountain pegmatite (Teng et al., 2006b). Various
experimental studies (e.g., Sood and Edgar, 1970; Edgar
and Parker, 1974; Kogarko and Romanchev, 1977) have
shown that water pressure and oxygen fugacity are
critical factors influencing the formation and chemical
evolution of peralkaline to agpaitic melts. The low
initial water contents and/or low oxygen fugacities
typically found in such rocks prevent early exsolution of
large amounts of an aqueous fluid (Kogarko, 1977,
Khomyakov, 1995). Alkalis and volatiles are therefore
retained in the melt until the final stages of differenti-
ation, in which a hydrothermal fluid may separate from a
low-temperature melt (Serensen, 1997). At Ilimaussaq,
at least some of the late-stage amphiboles are believed to
have crystallized from late-magmatic fluids or super-
critical fluid—melt mixtures (Markl & Baumgartner,
2002). If some amphiboles crystallized from exsolved
hydrothermal fluids, one would expect to see an effect
on their Li isotopic composition compared to earlier
amphiboles, since aqueous fluids are known to prefer-
entially concentrate the heavier isotope 'Li relative to
coexisting minerals (e.g., Chan et al., 1992; Zhang et al.,
1998; Teng et al., 2006b; Wunder et al., 2006, 2007).
However, if this phase separation occurs under super-
critical conditions, no Li isotopic fractionation is
expected (Foustoukos et al., 2004) and this may explain
the similarity in 6’Li of late-stage minerals inferred to
have crystallized from such fluids.

Amphiboles in all of these samples are consistently
heavier than pyroxenes. A"Li amph-cpx 18 highly variable
(+1 to +8%o; Table 2b; Fig. 3) and does not show any
systematic behavior (e.g., A*™P"P* does not correlate
with rock type, texture, nor estimated equilibration
temperature). Thus, we conclude that amphibole—
pyroxene pairs are generally not in Li isotopic
equilibrium, in accordance with the observed oxygen
isotopic disequilibrium. Experimental studies document
that, compared to other elements, Li diffusion in melts,
minerals and fluids is very rapid (Richter et al., 2003;
Giletti and Shanahan, 1997; Coogan et al., 2005) and
samples in which diffusion has been incomplete can
record profiles with large isotopic fractionations (e.g.,
Richter et al., 1999; Lundstrom et al., 2005; Teng et al.,
2006a). Indeed, several recent studies (e.g., Beck et al.,
2006; Barrat et al., 2005; Jeffcoate et al., 2007,
Parkinson et al., 2007) document large variations of
0’Li (up to several tens of per mil) within single
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clinopyroxene crystals (several 100 pm large). Li
isotopic core—rim profiles of such crystals generally
have central minimum values. These large 6’Li varia-
tions are suggested to be due to diffusional uptake of
lithium, with °Li moving into the crystal fast than "Li
(giving rise to low 6’Li). Modeling shows that, with
time, the low 8’Li zones broaden and migrate towards
the centre of the crystals Parkinson et al., 2007). Thus,
the observed Li isotopic fractionation between amphi-
bole and clinopyroxene in our samples may also reflect
diffusion of Li into the clinopyroxene from a Li-rich
phase (melt, the amphibole and/or a fluid). The fact that
amphiboles are isotopically more homogeneous than
clinopyroxenes probably reflects mass-balance (amphi-
boles have much higher Li contents than pyroxenes and
thus are less affected by kinetic fractionation) or
significantly faster diffusivity of Li in amphibole
compared to clinopyroxene, as has been inferred for
clinopyroxene compared to olivine (Jeffcoate et al.,
2007; Rudnick and Ionov, 2007; Parkinson et al., 2007).

6.3.2. Homogeneous but heavy Li isotopic composition
at the roof of the complex

Based on oxygen and Nd isotopic data, this unit
appears to have experienced significant assimilation
(about 13%) of evolved, deep crustal rocks (Stevenson
et al.,, 1997; Marks et al., 2004). The two peralkaline
granites have a homogeneous Li isotopic composition of
about +8%o with a whole-rock Li-concentration of 100—
150 ppm (Bailey et al., 2001; Kaliwoda, unpubl. data).
The lower crust is assumed to have a mean Li
concentration of about 13 ppm (Rudnick and Gao,
2003), although Li concentrations of deep crustal
samples vary from 1 to 60 ppm (Mengel, 1990; Teng
et al., 2004b) with Li concentrations generally higher in
more evolved samples (Teng et al., 2004b). Neverthe-
less, it is difficult to explain the relatively heavy Li
isotope composition of the peralkaline granite via
crustal contamination. Even assuming that the evolved
lower crust has an extreme Li content of 60 ppm and that
the melt giving rise to the peralkaline granites originally
had a Li content similar to that of the augite syenite
(20 ppm) requires the deep crustal assimilate to have a
0’Li of >+20%0 assuming 13% assimilation, as
suggested by the Nd and O isotope data. This ¢’Li
value is higher than any rock ever measured (the highest
rocks are sea-water altered MORB, with 6’Li values up
to +14%o (Chan et al., 1992) and a single lower crustal
xenolith at +16%o (Teng et al., submitted for publica-
tion). In contrast, limited Li isotopic data indicate that
the lower crust is highly heterogeneous (e.g., 6’Li —16
to +16%o), with an average 6’Li value near 0%o. Thus it

is unlikely that assimilation of deep crustal rocks can
explain the Li isotopic composition of the peralkaline
granite.

Alternatively, extensive crystal fractionation with
D>1 (e.g., Na-amphibole; see above) could increase
0’Li by several permil (see Teng et al., 2006b).
However, this is also not an adequate explanation for
the Ilimaussaq peralkaline granites, since they are less
fractionated than the agpaitic rocks.

No Li isotopic fractionation is seen between
amphibole and pyroxene in the single granite sample
for which both minerals were analyzed (Table 2b;
Fig. 3), despite the strong oxygen isotopic disequilib-
rium (Table 2b; Fig. 4). In addition, aegirine from this
sample (3’Li=+7.5%o) is exceptionally enriched in "Li
compared to all other aegirines, but remarkably similar
to aegirine from a hydrothermal vein intruding the
country rock granite (ILM192, ’Li=+8.6%o0) and both
aegirines have similar low 6'*0 values of +3.7 and
+3.1%o, respectively. Assuming crystallization tempera-
tures between 300° and 400 °C for these aegirines, and
applying equilibrium A’Li®*™4 (Wunder et al., 2006)
and A'0°P*Mid yalues (Zheng, 1993a), the coexisting
fluid would have a 6’Li value of around +13%o and a
6"80 value of around +2%o. Both values are consistent
with the assumption that the aegirines crystallized in
equilibrium with externally derived aqueous fluids.
Amphiboles from the peralkaline granite have a similar
0’Li value but a higher 6'*0 value. Thus, the only
viable explanation is that both minerals re-equilibrated
with a heavy Li source at low temperatures, but, because
of slower diffusivity, oxygen in amphibole did not re-
equilibrate (Farver, 1989; Farver and Giletti, 1985).
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Fig. 4. Oxygen isotope data for amphibole and pyroxene separates
from the Ilimaussaq complex.
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6.3.3. Systematic changes in &’Li at the margin of the
complex and in adjacent country rocks

The systematic and large change in 6'Li values from
about +2%o in the inner part of the marginal augite
syenite unit (phase I) towards values of around +14%. at
its margin is striking. The Li isotopic systematics of the
country rock granites adjacent to this unit yield
additional insights into the processes that produced the
fractionation. Important questions in this context are: 1)
What is the 6’Li of the parental melt of the augite
syenite and ii) what processes produced the observed
spatial systematics of the &'Li values in the augite
syenite and the adjacent country rock granites?

It is unlikely that the 6'Li of all five augite syenite
samples reflect primary magmatic values since i) Li
isotope fractionation during basalt (Tomascak et al.,
1999a), granite (Bryant et al., 2004; Teng et al., 2004a)
and alkaline magma (Halama et al., 2007) differentiation
is not resolvable. The only documented Li isotope
fractionation related to igneous processes to date is
found in low temperature, late-stage pegmatites formed
under hydrous conditions (Teng et al., 2006b), condi-
tions significantly different from those prevalent during
crystallization of the augite syenite (7>600 °C and
anr0=0.2; Marks and Markl, 2001; Markl et al., 2001).
ii) All 6’Li values in primary, mantle-derived igneous
rocks (MORB, OIB, carbonatites) are significantly
lower than that of the most primitive augite syenite
sample (6’Li=+14%o for the chilled margin sample),
averaging about +4%o e.g., Moriguti and Nakamura,
1998; Tomascak et al., 2000, 2002; in revision; Chan et
al., 2002; Bouman et al., 2004; Ryan and Kyle, 2004;
Chan and Frey, 2003; Pistiner and Henderson, 2003;
Elliott et al., 2006; Halama et al., 2007). Thus, other
processes must have produced the systematic changes in
Li isotopic compositions of the augite syenite minerals.
These might include assimilation of country rocks,
interaction with a fluid phase and/or Li diffusion, and we
address each of these processes, in turn.

Country rock assimilation is unlikely to explain the
systematic changes in 6’Li in the augite syenite for the
following reasons: First, all samples are nepheline-
bearing, which is inconsistent with assimilation of
quartz-rich country rocks (granite, quartzites or sand-
stones). Second, the very heavy Li isotopic composition
of the outermost sample (6'Li=+14%0) would require
an even higher 6’Li value for the assimilant. The Li
isotopic compositions of country rocks are highly
variable (—9 to +19%o; Table 3), but only a quartzite
and a single granite have such high 6’Li values, which
are not representative of the exposed rocks. Finally,
although xenoliths of quartzite several tens of meters

wide occur within the augite syenite, the amount of
assimilation required (>80% bulk assimilation) to
explain the high ¢'Li value is neither consistent with
the nepheline-bearing assemblages (Marks and Markl,
2001) nor with the oxygen isotope data of the
sandstones, which are significantly heavier than the
syenites (+10%o, Halama et al., 2003). Moreover, the
high melting temperature of quartz (Tuttle and Bowen,
1958) precludes this possibility. Thus, contamina-
tion with country rocks is not a viable explanation for
the heavy Li isotopic composition of the marginal
augitesyenites.

Instead, the systematic spatial changes in 6’Li values
in both the augite syenite and surrounding granites
(Fig. 6) is reminiscent of kinetic isotope fractionation
produced by diffusion (Richter et al., 2003), which
produces low 8'Li in the rock into which Li is diffusing
(country granites) and high 6’Li in the rock that loses Li
(augite syenite). Several recent studies have shown that
Li diffusion produces large isotopic fractionation in
rocks that are infiltrated by a Li-bearing fluid, and that,
with time, these low 6’Li zones broaden and migrate
away from the Li source (e.g., Teng et al., 2006b;
Parkinson et al., 2007). Evidence for the infiltration of
alkaline fluids transporting Li into the country rock
granites is the increase in [Li] in granites sampled close
to the augite syenite margin (Tables 3 and 5; Fig. 6) and
the presence of sodic pyroxene and/or sodic amphibole
in these samples. Sodic pyroxene has around 60 ppm Li
(Kaliwoda, unpubl. data). Boron isotopes on the same
samples also document fluid infiltration (Kaliwoda
et al., 2007). Using a D¢pyx_fyig value of 0.2 (Brenan
et al., 1998b), we calculated that the fluid had
~300 ppm [Li]. We modeled the effects of Li diffusion
from the syenite into the adjacent granites via fluid
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Fig. 5. Li concentration (ppm) versus Fe**/3Fe ratio (determined by
Maossbauer spectrometry) for representative alkali amphiboles from the
agpaitic Ilimaussaq rocks. For the Fe*'/SFe ratio an error of £2%
(absolute) was estimated, and for the Li concentrations a relative error
of 10% is assumed, based on replicate Li determinations.
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JG 2, 5, 6, and 7), respectively. See text for further details.

infiltration using a similar approach as Cartwright & (Crank, 1975), where erfc is the complementary error
Valley (1991). The change of Li concentration (C) at function, C° is the [Li] of the fluid phase, AC is the
distance (x) with time (7) is given by the following one- initial concentration difference between the fluid phase
dimensional diffusion equation and the country rock granite, D is the effective

diffusivity and K the effective partition coefficient of

Clx, 1) =C"— £erfc (#) Li between rock and assumed fluid. The diffusion
2 curves for °Li and "Li were modeled separately and the

2vVDtK 1
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Table 5
Whole-rock analysis of samples from the augite syenite unit (phase I) of the Ilimaussaq complex and adjacent granitic rocks

GM1857 GMI1333  GMI1330 GMI8S8 JG-13  JG-12  JG-11  JG-10 JG9 JG-8 IG-7 JG-6 JG-5
sample  —600 —450 —150 -2 0.2 2 5 45 90 120 175 200 225
(wt.%)
SiO, 55.68 55.294 53.62 53.83 6695 68.14 6887 6460 7039 7221 70.74 7152  70.68
TiO, 1.36 1.57 1.93 1.8 0.43 0.35 0.42 0.44 0.37 0.22 0.34 0.32 0.43
Al,O4 16.42 15.975 15.24 15.79 15.07 15.88 1554  16.06 14.64 1448 1471 1445 1501
Fe,04 9.81 10.236 11.80 11.6 0.55 0.81 1.40 1.46 0.93 0.52 1.09 0.90 1.60
FeO n.d. n.d. n.d. n.d. 2.60 1.66 1.35 0.50 1.19 0.96 0.95 0.99 0.76
MnO 0.22 0.23 0.26 0.24 0.07 0.05 0.04 0.15 0.04 0.03 0.04 0.04 0.03
MgO 0.94 1.31 1.47 2.24 1.34 0.96 0.73 0.68 0.81 0.46 0.81 0.82 1.55
CaO 4.07 4.09 4.50 4.88 2.20 2.27 1.67 1.25 1.27 1.43 1.07 0.81 0.35
Na,O 5.82 4.99 5.07 4.84 5.11 4.82 437 6.72 4.03 4.07 4.15 4.18 8.24
K,0 491 5.37 4.86 4.3 4.33 4.09 5.01 5.96 5.37 4.66 5.28 5.33 0.31
P,05 0.44 0.52 0.71 0.55 0.19 0.18 0.14 0.12 0.13 0.07 0.13 0.12 0.12
LOI 0.24 0.06 0.15 0.02 0.10 0.26 0.21 1.27 0.32 0.27 0.23 0.25 0.59
Total 99.91 99.64 99.59 100.09 98.94 9948 9975 99.20  99.49 9939 99.53  99.74  99.66
(ppm)
Li 24.8 25.5 23.1 7.1 31.1 28.1 18.1 341.8 20.3 20.4 18.5 13.7 13.7
Ba 1932 2302 1933 3736 1043 793 876 145 788 938 847 750 69
Co 6 6.7 8.3 10.7 5.2 6.2 2 - 1.3 - 1 0.8 2.7
Cr 8.3 6.2 15.6 44 - - - - - - 0 0 0
Ni 77 71 79 66 32 26 43 — 36 22 34 38 56
Rb 100 98 89 68 141 165 166 324 211 194 204 207 14
Sr 260 248 232 477 463 449 376 161 263 326 229 219 45
\% 16 21 24 29 35 33 44 24 25 18 27 29 16
Y 72 62 75 48 25 19 17 23 21 5 16 18 17
Zn 166 150 186 143 65 58 47 505 36 20 35 26 38
Zr 500 386 443 287 281 209 262 178 233 142 196 204 323
Ce 146 119 139 77 148 120 135 219 133 66 93 102 184
Eu 0.8 0.8 0.8 1.2 1.6 1.4 1.5 1.3 1.1 0.9 0.9 1 1.1
La 36 15 34 21 76 68 87 157 69 40 43 61 97
Nb 103 73 88 49 - 17.1 - 298 17.7 - - 14.9 23.7
Nd 80 65 86.3 42 52 422 52 74.6 45.7 234 31.2 33.7 64.8
Sm 260 260 260 260 9 6.8 10.4 15.4 9.2 5.2 6.8 8.8 11.8
Yb 5.8 5.1 6.1 3.8 1.9 1.6 1.3 2.4 1.8 0.6 1.4 1.6 14

—=Dbelow detection limit; n.d.=not determined.

resulting 6'Li value was calculated by combining the
concentration curves for the two isotopes. The ratio of
effective diffusion coefficients for °Li and Li is related
to their mass according to the equation Dg/D,=(m;/
mg)? (Richter et al., 1999). Experimental studies show
that B in melts or fluids is 0.215 or smaller (Richter
et al., 2003; Fritz 1992). Teng et al. (2006b) inferred a
B value of 0.15 for fluid-assisted Li diffusion into
amphibolite country rocks from a Li-pegmatite, based
on the shape of the diffusion profile, and Parkinson et al.
(2007) inferred B values between 0.19 and 0.27; we thus
allow f3 to vary within these boundaries. Initial [Li] and
6"Li values for the intrusion and the country rocks are
taken from the innermost augite syenite and granites
sampled far away from the intrusion, respectively
(Tables 2 and 3). The position of the isotopic minimum

within the granite relative to the contact between the two
rock types is determined by the parameters K, D and ¢.
The longer the time of diffusion (#) and the larger the
effective diffusivity (D), and the smaller the effective
partition coefficient (K), the broader the isotopic
minimum, the further it moves from the contact into
the adjacent granites, and the flatter is the Li
concentration profile at the border between them.
None of these three parameters is actually known, but
semi-quantitative constraints on them include the
following:

e Although Li diffusivity in pure water is determined to
be on the order of 1*10 > cm?/s at 25 °C (Li and
Gregory (1974); increasing with increasing temper-
ature), it is not known how this relates to supercritical
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fluids. Moreover, the porosity and tortuosity in the
granites are not known. However it is likely that the
effective diffusivity (D) is significantly smaller than
Li diffusivity in pure water.

® The effective partition coefficient (K) is likely to be
larger than the partition coefficient between rock and
fluid (see discussion in Cartwright and Valley, 1991),
and is estimated to vary between about 1 and 3.

® The maximum time of diffusion (7) is equal to the age
of the Ilimaussaq rocks (1.16 Ga, Krumrei et al.,
2006).

® Using these constraints, we fitted the term v DtK~!
to our data points, resulting in values between 2.1
and 3.2 (both lower or higher values did not yield a
reasonable fit). These values are the same order of
magnitude as the results of Teng et al. (2006a) and
using the age of the Ilimaussaq rocks to provide a
minimum estimate of the effective diffusivity of Li
within the granite, a value of ~1*107'% cm?/s is
obtained, again very similar to the estimates of Teng
et al. (2006a) for minimum D values for amphibolite.

This approach reproduces the observed ¢’Li mini-
mum within the granites (Fig. 6), but not the §’Li
maximum of the outermost augite syenite. The most
critical factor determining the amplitude of Li isotope
fractionation is the empirical factor . The assumed
concentration difference (AC) between the two units
and their estimated initial 6’Li values are of only minor
importance. The calculated curves still fit the data well
even if the 8'Li value for the fluid phase is allowed to
vary between +3 and +8, or its initial [Li] is assumed to
be as low as 150 ppm. The larger f3 is chosen to be, the
larger the possible amount of fractionation (and thus the
amplitude of the isotopic minimum and maximum,
respectively). If extremely large values for S are
assumed (=0.5), fractionation of ~ 14%., as observed
in the augite syenite unit, can be modeled. However,
such high 8 values are not realistic (see Richter et al.,
2003). Furthermore, this would result in a much more
pronounced isotopic minimum in the granites (down to
values as low as —60%o) and the shape of the diffusion
profile in the syenite would be different from what is
observed (6”Li should peak well into the body and not at
the chilled margin). Thus, whereas diffusive infiltration
from the syenite to the granite country rock can explain
the isotopic minimum and its position within the
granites, it cannot reproduce the very heavy Li isotopic
compositions found in the outermost augite syenite
samples and the peak 6’Li at the chilled margin.
Consequently, additional processes must have influ-
enced the isotopic composition of the syenite.

High 6’Li values may also result from interaction
between magmas and aqueous fluids, since the latter
tend to concentrate the heavy isotope (e.g., Teng et al.,
2006b). The fluid phase could be either internally or
externally derived. Since amphiboles that crystallized
from the late Ilimaussaq fluids have &'Li values
between +2 and +5 (see above), a purely internally
derived fluid source seems unlikely to explain the
significantly heavier isotopic compositions found in the
outer parts of the augite syenite. Late-stage fluid
circulation within the augite syenite is evident from
analcite—sodalite—hydrogrossular assemblages found in
some samples, reflecting hydrothermal alteration at
~400 °C (Marks and Markl, 2001; Markl et al., 2001).
Moreover, the occurrence of aegirine-rich veins within
the country rock granite up to 250 m away from the
Ilimaussaq complex is evidence for the circulation of
alkaline fluids well outside the Ilimaussaq complex.
The distinctly higher 6’Li and low 6'®0 value of
pyroxene from this aegirine-rich vein compared to other
late-stage samples is consistent with a meteoric origin
(see above) and thus implies that mixing between
alkaline Ilimaussaq fluids and fluids from external
sources (e.g., groundwater, saline lake water or
seawater) has occurred. The existence of two distinct
fluid phases can also be inferred from the hydrogen
isotopic disequilibrium between biotite and amphibole
in augite syenite samples (see above). Calculated 6D
values for the fluid phase co-existing with late-stage
biotite approach zero, for temperatures <400 °C (using
the calibration of Suzuoki and Epstein, 1976), suggest-
ing the possibility of an ingress of seawater during final
cooling of these rocks. When taking into account the
variation in chemical composition of the biotites (which
influences the fractionation of hydrogen isotopes
between mica and water) the inferred isotopic influence
of seawater increases towards the margin of the augite
syenite unit.

In summary, we propose a two-stage model, where,
in addition to the diffusional processes discussed above,
the ingress of an external fluid phase having higher 6'Li
and 0D than the augite syenite shifted the outer regions
of the augite syenite unit to higher "Li and 6D values.
This effect was most pronounced in the outermost part
of the augite syenite unit and may result from a greater
amount of fracturing (hence porosity) compared to
country rock granites, as is evident from the field. Given
the high 6’Li value of seawater (around +31%o; Millot
et al., 2004), basinal brines (Bottomley et al., 1999,
2003) and saline lake water (+17 to +34%., Tomascak
et al., 2003, and references therein) and the relatively
high 6D values of biotites in the augite syenite (see
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above; Table 2a) it seems reasonable that such waters
could potentially be the source of the heavy Li.
Infiltration of such waters is also consistent with this
magmatism occurring in a continental rift setting (cf.
East African rift or Red Sea).

[Li] in present-day seawater is <0.2 ppm (Bruland &
Lohan, 2004) and ranges from <0.2 to 15 ppm in saline
lakes (Tomascak et al., 2003). Given this and the high
solubility and mobility of Li in fluids, large amounts of
circulating saline waters may have leached Li from the
rock and could thus explain the low [Li] of this unit
(<25 ppm) relative to the other units (>100 ppm;
Table 3). Assuming a minimum D(I:_igx-melt of ~0.14
(Brenan et al., 1998a) and using the lowest [Li] of cpx
measured in the augite syenite unit (14 ppm; Table 2a)
yields a minimum [Li] in the augite syenite melt of
~100 ppm, compared to the highest measured [Li] of
25 ppm. The exceptionally low [Li] of only 7 ppm in the
outermost sample is far too low to represent a magmatic
value for such a highly fractionated syenitic magma
(e.g., Bailey et al., 2001).

It is also interesting to note that intra-mineral Li
isotope fractionations in the augite syenite samples vary
greatly (Tables 2a and 2b; Fig. 3) and the expected order
of fractionation (see above) is preserved only in the two
outermost samples (GM 1858 & GM1330), whereas this
order is disturbed in the three inner samples. Minerals of
these two outermost samples obviously re-equilibrated
with an isotopically heavy Li source, while samples
more distant to this zone did not.

7. Summary and conclusions

The incorporation of Li into amphiboles is mainly
influenced by changes in their major element compo-
sition and by changes in oxygen fugacity during
magmatic differentiation. Changing mineral composi-
tions can account for the high Li concentrations in Na-
amphiboles (>360 ppm) compared to Ca-amphiboles
(<70 ppm). In Na-amphiboles, Li concentrations
correlate with Fe*'/3Fe ratios, implying that oxygen
fugacity influences the incorporation of Li into the
amphibole structure due to charge balance constraints.
Clinopyroxenes do not show a similar correlation,
which can be explained by different site preferences
for Li in the amphibole and clinopyroxene structures.
This observation raises the possibility that relative
changes of Li concentrations in Na-amphiboles could be
used as a qualitative oxybarometer in peralkaline
magmatic systems undergoing differentiation.

The Li isotopic compositions (8'Li) of all minerals
(amphiboles and pyroxenes) span a wide range from

+17 to —8%o. Homogeneous 4’Li values of amphiboles
from the inner part of the complex (mean value of +1.8+
2.2%o, 20) likely reflect the §'Li of the mantle source of
the parental melt and imply a lack of Li isotopic
fractionation during magmatic differentiation and fluid
exsolution. In contrast, samples from the outermost part
of the complex have large and spatially systematic Li
isotope and concentration variations. This, coupled with
the Li systematics of country rock granites adjacent to
this unit, is clear evidence for post-magmatic open-
system processes occurring during final cooling of these
rocks. We suggest a two-step model where, in addition
to fluid infiltration and diffusion from the augite syenite
into the country rock granite, significant ingress and
circulation of a fluid rich in "Li (e.g., seawater or saline
lake water) occurred along the chilled margin of the
augite syenite. This demonstrates the suitability of the Li
isotope system to decipher such fluid- and diffusion-
governed processes.
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