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Endoskarn assemblages involving the Ca-silicates ilvaite, epidote

and Ca-rich garnet occur along fracture zones in the persodic

Il|¤ maussaq intrusion, South Greenland. The 1�16 Ga intrusion

solidified at a depth of about 3^4 km, below a cover of sandstones

and pillow-basalts of the Eriksfjord Formation. In contrast to

typical skarn assemblages, the Il|¤ maussaq endoskarns contain

albite as a main phase and they did not form in metacarbonate

rocks, as these are completely lacking in the vicinity of Il|¤ maussaq.

Instead, they record late- to post-magmatic interaction of possibly

external Ca-rich fluids with the alkaline to agpaitic magmatic

rocks. Accordingly, endoskarn textures clearly reflect the magmatic

textures of the precursor rocks. Phase relations in two endoskarn vari-

eties with epidoteþ albiteþ andradite-rich garnet� ilvaite�

retrograde prehnite suggest their formation at about 5008C at high

oxygen fugacities slightly above the hematite^magnetite oxygen

buffer [FMQ (fayalite^magnetite^quartz)þ 5 to FMQþ 7]

with later small modifications as a result of fluid influx or cooling

of the original fluid at about 300^3508C (formation of prehnite)

and at about 200^2508C (oxygen isotopic re-equilibration of the

albite). One model for the formation of the observed assemblages is the

decomposition of Ca-bearingminerals, such as primary eudialyte, clin-

opyroxene or ternary feldspar, and redistribution of the Ca by ametaso-

matizing late-magmatic fluid. Stable isotope (O, H) investigations,

however, favour a model in which seawater was the metasomatizing

fluid, which entered the Eriksfjord basalts above the intrusion, reacted

with them (spilitization) and brought about 10�3 mol/l Ca along

fractures into the metasomatized rocks. Fluid^rock interaction in the

Eriksfjord basalts is documented by abundant chlorite^epidote^

quartz assemblages; high fluid/rock ratios allowed the fluid to retain

its seawateroxygen isotope composition.
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I NTRODUCTION
The crystallization conditions and chemical evolution of
peralkaline rocks are of major interest because some of
them show extreme fractionation trends with particularly
long crystallization intervals between 1000 and 4008C
(Sood & Edgar, 1970; Edgar & Parker, 1974; Larsen &
S�rensen, 1987). Additionally, the Ivigtut cryolite deposit
and extraordinary features such as rare-element pegma-
tites, occurrence of high field strength elements (HFSE)
such as Zr, Hf, Ta or Nb, which are unusually enriched to
economic levels in some peralkaline complexes, or liquid
immiscibility features have long attracted the curiosity of
igneous petrologists (e.g. S�rensen, 1992, 1997; Pauly &
Bailey, 1999; Markl, 2001a; S�rensen et al., 2003; Veksler,
2004). Salvi & Williams-Jones (1990, 1996) and Salvi et al.
(2000) have shown that late-magmatic Zr enrichment is
related to F-rich late-magmatic to hydrothermal HFSE-
rich fluid phases and the deposition of Ca-rich Zr-silicates.
Importantly, Salvi & Williams-Jones (1990, 2006) and Salvi
et al. (2000) showed that late-stage fluids not only mobilize
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elements, but may also redeposit and thereby concentrate
them to economic levels. Therefore, the chemical evolution
of late-magmatic to hydrothermal fluids, unusual Ca-rich
assemblages and fluid^rock interaction processes in per-
alkaline intrusions are of interest for igneous petrologists,
geochemists and economic geologists.
The Il|¤maussaq intrusion is of particular interest in all of

these respects, as it is a textbook example of a peralkaline
complex (Larsen & S�rensen, 1987; Markl et al., 2001;
S�rensen, 2001), offers major challenges to the understand-
ing of the geochemical evolution of magmas (Stevenson
et al., 1997; Marks et al., 2004), and hosts one of the major
Zr, Nb, Ta and rare earth element (REE) deposits of the
world (Bohse et al., 1971; S�rensen, 1992).
Late-stage phenomena in this intrusion include Be-rich

hydrothermal veins (Engell et al., 1971; Markl, 2001b) and
immiscibility features involving extremely Th-, Nb- and
REE-rich residual melts (Markl, 2001a). Different varieties
of late-stage veins have allowed quantitative reconstruction
of the pH evolution of hydrothermal fluids (Markl &
Baumgartner, 2001; S�rensen et al., 2003) and the enrich-
ment of Na in the last magmatic to hydrothermal stages
(S�rensen, 1962; Engell et al., 1971; Scho« nenberger et al.,
2006; Mu« ller-Lorch et al., 2007).
An interesting and hitherto little studied late-stage phe-

nomenon is Ca-rich mineral assemblages containing
Ca-garnet, epidote and ilvaite (Ussing, 1912; Petersen et al.,
1995), which are typically known from skarn assemblages
in contact metamorphic carbonates (Einaudi et al., 1981;
Einaudi & Burt, 1982; Meinert et al., 2005). Examples of
skarn assemblages with no relation to carbonate rocks are
scarce. One is the Sasano copper skarn, Yoshioka Mine,
Japan, which is believed to have formed from aluminous
sedimentary rocks by the interaction with Ca- and Fe-rich
hydrothermal solutions (Shimazaki, 1982). As carbonate
rocks are absent in the vicinity of the Il|¤maussaq complex,
these endoskarn assemblages, which are unusual for a per-
sodic intrusion, can be used to understand quantitatively
the late-stage metasomatic interaction of the intrusion
with fluids and the physico-chemical conditions during
this interaction.

GEOLOGICAL SETT ING
The 1�16Ga Il|¤maussaq intrusive complex is part of the
mid-Proterozoic (1�1^1�3Ga) Gardar failed rift province
in South Greenland (Upton & Emeleus, 1987; Krumrei
et al., 2006). During this period, 10 major and several
minor alkaline complexes intruded the early Proterozoic
Ketilidian basement (Garde et al., 2002; Upton et al.,
2003). The emplacement depth of the Il|¤maussaq intrusion
is estimated at 3^4 km (equivalent to 1kbar; Konnerup-
Madsen & Rose Hansen, 1984), close to the contact of the
basement granites with the sandstones and basalts of the

Eriksfjord Formation, which overlie the basement uncon-
formably (Poulsen, 1964).
The rocks of the Il|¤maussaq intrusion show a strong

fractionation trend of the parental alkaline magma. Four
magma batches intruded successively (S�rensen et al.,
2006; Krumrei et al., 2007), producing first a barely silica-
saturated augite syenite, in the second stage a peralkaline
granite, and finally two sets of silica-undersaturated agpai-
tic nepheline syenites (Fig. 1). The agpaites form the major
part of the intrusion and are divided into sodalite foyaite
and naujaite of stage three, and the layered kakortokites
and the lujavrites of stage four. All of these agpaitic rocks
are different-textured varieties of nepheline or sodalite sye-
nite. The agpaitic rocks in the southern part of the intru-
sion are separated from the augite syenite by an up to
100m thick marginal pegmatite comprising pegmatitic
veins in an agpaitic matrix (Bohse et al., 1971; S�rensen,
2006; Fig. 2a). Mineralogically, it is similar to the kakorto-
kites, but in parts is much coarser and texturally extremely
heterogeneous (Bohse et al.,1971). Andersen et al. (1988) and
Petersen et al. (1995) described occurrences of this marginal
pegmatite on the north coast of the Kangerluarsuk fjord
and on the south coast of the Tunulliarfik fjord (Fig. 1).
S�rensen (2006) gave a detailed overview of the various
outcrops of marginal pegmatite.
The crystallization temperatures in the intrusion range

from �9008C to �4508C (S�rensen, 1969; Piotrowski &
Edgar, 1970; Markl et al., 2001), indicating an extraordi-
narily long crystallization interval (Sood & Edgar, 1970;
Larsen, 1976; Edgar & Parker, 1974; Larsen & S�rensen,
1987). During magmatic differentiation, the oxygen fuga-
city (fO2) in the augite syenite decreased from FMQ�1
(where FMQ is fayalite^magnetite^quartz) to below
FMQ� 4, but increased during further differentiation
and cooling in the agpaitic stage to FMQþ 2 to FMQþ 4
(Markl et al., 2001). Crystallization in a closed system is
believed to be responsible for this peculiar redox trend
(Markl et al., 2001).
Late-magmatic to hydrothermal veins are present in all

Il|¤maussaq rock types and consist mostly of aegirine,
albite, sodalite, analcime, and rare minerals such as ussin-
gite (Na2AlSi3O8OH) or Be-silicates (Engell et al., 1971;
Markl, 2001b). Some of these veins formed by fluid^rock
interaction between the Il|¤maussaq rocks and an autometa-
somatic hydrothermal fluid rich in Na (Markl &
Baumgartner, 2001). Fluid inclusion data and phase
equilibria indicate formation temperatures between 300
and 4008C for these veins (Sobolev et al., 1970; Konnerup-
Madsen & Rose-Hansen, 1982; Markl, 2001b).
Early workers including Lorenzen (1881), B�ggild (1902)

and Ussing (1912) mentioned the presence of ilvaite
[CaFe3þ(Fe2þ)2O(Si2O7)(OH)] in the Il|¤maussaq intru-
sion. Although the presence of ilvaite without quartz is
unusual (Bartholome¤ & Dimanche, 1967), the Il|¤maussaq
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ilvaite and its mode of formation has not been studied in
detail yet. Ferguson (1964) reported the occurrence of ilvaite
associated with grossular and interpreted its formation
as the result of conversion of aegirine and/or arfved-
sonite, but he did not explain the gain in and the source

of Ca. Petersen et al. (1995) described bavenite
[Ca4(Al,Be)4Si9O26(OH)2] from the Il|¤maussaq ilvaite-
bearing assemblage and noted that the ilvaite occurrences
belong to a zone of pneumatolytic alteration mapped by
Ferguson (1964).This zone comprises parts of the nepheline
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Fig. 1. Geological map of the Il|¤maussaq intrusion (after Ferguson, 1964; Anderson et al., 1988) with sample locations.
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Fig. 2. Textures of the unaltered marginal pegmatite and of the ilvaite-bearing assemblage. (a) Outcrop photograph of the marginal pegmatite
at Sdr. Siorarsuit. Pegmatitic vein (upper right side to lower left side) and matrix are clearly distinguishable. Photograph courtesy of
H. S�rensen. (b) The pegmatitic ilvaite-bearing assemblage (upper part of the photograph) in the fine-grained, ilvaite-free matrix (lower
part) at the south coast of theTunulliarfik fjord.The Swiss army knife above the centre indicates scale. (c) Specimen with ilvaite and amphibole.
The dashed line indicates the alteration front from amphibole to ilvaite. (d) Thin section of GM1674 with dark minerals (ilvaite and amphibole),
light grey feldspar and grey hydrogarnet. (e) The enlargement of the section marked in (d) with a box shows on the left side alteration from
amphibole to ilvaite. Hydrogarnet and zircon occur between the albite grains on the right side of the thin section. (f) BSE image of amphibole
(bottom) reacting to ilvaite (top) from the box section in (e).The bright needles on the lower right are zircons. (g) REE-rich epidote to allanite
enclosed by hydrogarnet and spindle-shaped zircon in sample GM1275.
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syenites, the augite syenite and the marginal pegmatite
(Ferguson,1964; Petersen et al.,1995).

F I ELD OBSERVAT IONS
Endoskarns were investigated in two areas in the southern
part of the intrusion at its western margins (Fig. 1): on the
south coast of the Tunulliarfik fjord and along the coast of
the Kangerluarsuk fjord. Ilvaite was found at two localities
associated with the marginal pegmatite (samples GM1273,
GM1275, GM1276, GM1400, GM1670^GM1675 and ILM38
and ILM40^ILM42). All other endoskarns are free of
ilvaite and are, based on field relations and petrography,
interpreted as altered naujaites (sample GM1274, GM1397,
GM1666^GM1667 and GM1669), altered foyaite (GM1665),
and altered augite syenite (GM1668). A small locality on
Kangerluarsuk’s south coast within the kakortokites close
to the major fault zone through the Lakseelv valley com-
prises similarly altered rocks (K1, K4) with naujaitic tex-
tures, although unaltered naujaite is not known from this
locality. An ilvaite-bearing locality in the Lakseelv valley
mentioned by Bohse et al. (1971) was not sampled during
the present study. In general, ilvaite in Il|¤maussaq is
found only where augite syenite and marginal pegmatite
have been exposed to secondary alteration (H. S�rensen,
personal communication).
Ussing (1912) described the field relations of the ilvaite

locality on the south coast of Tunulliarfik. Here, the rocks
have been intensely altered over an area of about a quarter
of a square kilometre and the pristine mineralogical com-
position of augite syenite, naujaite, lujavrite, and marginal
pegmatite is partially or wholly replaced. Ussing (1912)
interpreted the alteration as the result of ‘pneumatolytical
action’ of varying intensity. Thus, the alteration in this
region, which is responsible for the endoskarn formation
with or without ilvaite, not only affects different rock
types, but also is of variable intensity. The suite of newly
formed minerals identified by Ussing (1912) comprises epi-
dote, garnet, hematite, fluorite, well-crystallized albite,
and ilvaite.
Both altered augite syenite and the pegmatitic veins on

the north coast of Kangerluarsuk contain amongst others
ilvaite and green garnet (Ussing, 1912). Petersen et al.
(1995) studied bavenite from this ilvaite occurrence and
also described calcite and a Na-zeolite.
The ilvaite-bearing rocks we studied are very heteroge-

neous in texture and mineral distribution and thereby per-
fectly reflect the texture of the mixed zone of pegmatite
veins and agpaitic rocks referred to as the marginal peg-
matite (Fig. 2a and b; Bohse et al., 1971). In these areas
ilvaite occurs mainly as large crystals (up to 3 cm) in the
pegmatitic parts of the rocks (Fig. 2b and c), whereas
the finer-grained rocks lack ilvaite. The precursor rocks to
the finer-grained parts must have been richer in eudialyte
and poorer in amphibole. The coarse-grained rocks show

vugs up to several millimetres in size lined by euhedral
crystals of ilvaite, garnet, epidote or albite.
The ilvaite-free epidote-bearing assemblages south of the

Tunulliarfik fjord occur within augite syenite, naujaite, and
foyaite close to the ilvaite-bearing rocks. Except for the
lack of ilvaite, they are similar mineralogically. Fresh
rocks could be sampled only along the coast, but the
endoskarn assemblage also occurs in boulders further
inland. The typical textures of the precursor rock types
(e.g. naujaite) are commonly preserved, but original
mineral grains are now pseudomorphed by fine-grained
mineral assemblages.

PETROGRAPHY
Ilvaite-bearing assemblage
Black, lustrous ilvaite occurs as millimetre- to centimetre-
sized subhedral lath-like crystals and is intergrown with
small crystals of albite or potassium feldspar and more
rarely with garnet, epidote and aegirine. In places, ilvaite
may have a dendritic shape, and it commonly replaces
other minerals, mainly large amphiboles (Fig. 2c^f).
Macroscopically, amphibole is green to brown and up to

5 cm long. A conversion reaction to ilvaite is common
(Fig. 2b^f). Lamellae of secondary, pleochroic olive^ to
brown^green or blue^green amphiboles are intergrown
with albite, tracing the former shape of the primary mag-
matic amphibole.
The light green anhedral grains of epidote are typically

smaller than 1mm. They are intergrown with ilvaite or
associated with garnet and zircon. REE-rich varieties
may reach the proper allanite composition. The green to
brown pleochroic allanite lamellae or grains occur
together with epidote, garnet and zircon (Fig. 2g).
Epidote and REE-rich epidote^allanite occur as separate
phases next to each other, but also as zoned grains with
variable amounts of REE.
Garnet occurs as small (usually50�5mm) green, euhe-

dral grains or anhedral masses. Some of the grains are
zoned with a greenish or inclusion-rich core and a colour-
less rim. The inclusions comprise zircon and other miner-
als, which are too small for identification. The garnet
shows anomalous birefringence with a sector-zoned extinc-
tion caused by a minor hydrogrossular component
(Rossman & Aines, 1986).
Pyroxenes are rare and occur as small relict grains over-

grown by ilvaite or as fine greenish needles in albite. In
both cases the pyroxenes are only a few micrometres long.
In a few samples only, green to brownish pleochroic felt-
like chlorite is intergrown with feldspar and/or ilvaite.
The matrix of these rocks consists mainly of white to

greyish or pinkish pure albite (Fig. 2c^f), which commonly
contains clusters of very small but empty inclusions, rarely
small needles of aegirine and even more rarely titanite.
Only back-scattered electron (BSE) images revealed the

GRASER ANDMARKL ENDOSKARNS ASSEMBLAGES, ILI¤MAUSSAQ

243

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/49/2/239/1551155 by guest on 20 April 2024



presence of potassium feldspar as irregularly shaped zones
in albite, which are less clouded by inclusions than albite.
Potassium feldspar also occurs as grains along skeleton-like
margins of ilvaite.
Zircon is a very common constituent in all samples

(Fig. 2e and f). It occurs as small euhedral grains distribu-
ted throughout the rock. It is associated with garnet and/or
epidote^allanite. Hematite is found as very small grains in
albite. Titanite, violet fluorite and bavenite are rare access-
ories. Petersen et al. (1995) also described zeolites, calcite
and REE-bearing minerals such as cerite-(Ce).

Ilvaite-free assemblage
Although the samples of the ilvaite-free assemblage are
from two different localities they are very similar in their
mineralogical composition and resemble in part the
ilvaite-bearing rocks. The composition and appearance of
feldspar in the matrix is similar to that of the feldspar from
the ilvaite-bearing assemblage. In some samples, sericitiza-
tion of feldspar is common. The pure albite is grey to
whitish or pinkish if altered. Greenish epidote, albite,
potassium feldspar and later prehnite replace former soda-
lite crystals (Fig. 3a and b). Prehnite was described pre-
viously from the southern part of the intrusion by
Metcalf-Johansen (1983), forming spherulitic incrustations.
In our samples, it occurs in irregular patches as a rock-
forming mineral. It is restricted to some samples and
occurs only in patches that almost exclusively consist of
prehnite. It appears to overgrow earlier pure albite crys-
tals. Epidote forms bars up to 1mm in length intimately
intergrown with all other minerals. Garnet is very similar
to that in the ilvaite-bearing assemblage, showing anoma-
lous birefringence with a sector-zoned extinction. It is asso-
ciated with epidote, allanite, chlorite, zircon or fluorite and
replaces former interstitial eudialyte. Allanite, chlorite and
zircon appear as described previously in the ilvaite-
bearing rocks, but chlorite as an alteration product of arf-
vedsonite is more common and is in places intergrown with
feldspar, epidote, fluorite, garnet and/or zircon (Fig. 3c).
Fluorite may be colourless and occurs as rounded grains
of up to 1mm in size. Amphibole is absent in the ilvaite-
free samples. Characteristic of most ilvaite-free samples is
the still clearly visible macroscopic naujaitic texture.

ANALYT ICAL METHODS
Mineral compositions were analysed using a JEOL 8900
electron microprobe at the Institut fu« r Geowissenschaften,
Universita« t Tu« bingen. Natural and synthetic standards
were used for calibration. The beam current was 15 nA
and acceleration voltage was 15 kV for all minerals except
epidote, for which 40 nA and 20 kV were used. The mea-
surements were performed with a focused electron beam.
Counting time on the peak was 16 s for major elements
and 30^120 s for minor elements. Background counting

times were half the peak counting time. The raw data
were corrected using the internal f�Z procedures of
JEOL (Armstrong,1991).The detection limits and the typi-
cal average standard deviations (1�) for each element
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Fig. 3. Naujaite-like textures of ilvaite-free assemblages in hand speci-
men of sample GM1666 (a) and thin section of GM1667 (b). The left
part of the hand specimen in (a) is rich in dark-coloured chlorite and
epidote, whereas the right part is rich in light-coloured prehnite and
feldspar. (c) Fluorite in chlorite surrounded by epidote in sample
GM1397; BSE image.
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depend on the error based on count statistics. The average
standard deviations govern the number of decimal places
listed inTables 1^3.
Whole-rock analyses were performed according to the

methods described by Bailey et al. (2006). From the most
homogeneous samples 1�5^2�0 kg were taken for crushing.
The samples were crushed and milled in an agate mill
and analysed in the laboratories of the University of
Copenhagen and the Rock and Geochemistry Laboratory
of the Denmark and Greenland Geological Survey using
X-ray fluorescence, instrumental neutron activation analy-
sis, inductively coupled plasma^mass spectrometry, and
atomic absorption spectroscopy.These laboratories are par-
ticularly experienced inanalysing rocks of suchunusualbulk
compositions (in terms of their minor and trace elements).
Whole-rock oxygen isotope compositions were analysed

according to a modified version of the conventional
method of Clayton & Mayeda (1963) and Vennemann &
Smith (1990) with BrF5 as reagent and the conversion of
oxygen to CO2 before loading into the mass spectrometer.
Mineral separates were analysed using a method adapted
from Sharp (1990) and Rumble & Hoering (1994) as
described by Marks et al. (2003). NBS-28 quartz and
UWG-2 garnet (Valley et al., 1995) were used as standards.
Hydrogen isotope datawere obtainedusing themethod of

Vennemann &O’Neil (1993) for the quantitative conversion
ofH2OtoH2 fromminerals andwhole-rocksonaZn reagent
(University of Indiana). An internal laboratory standard
(kaolinite17, dD¼�125ø) was used for calibration.
Oxygen and hydrogen isotopic compositions of minerals

andwhole-rocksweremeasuredonaFinniganMAT252 iso-
tope ratio mass spectrometer at the Universita« t Tu« bingen.
The results are in d-notation in permil (ø) relative to
Vienna Standard Mean Ocean Water (VSMOW). The
analytical precision is about �0�2ø for d18O and about
�2ø for dD.
Different ilvaite-bearing and ilvaite-free whole-rock

samples and hand-picked separates of ilvaite, garnet, epi-
dote and albite of the ilvaite-bearing assemblage were ana-
lysed for their stable isotope compositions. The ilvaite-free
assemblage is much finer grained, which made it impossi-
ble to separate enough pure material of single minerals.
For comparison, two augite syenite whole-rock samples
(GM1330, GM1857), some whole-rock Eriksfjord basalts in
different degrees of alteration^from fresh (EF024, EF072,
EF168) to epidotized (EF075, EF087, EF140, EF141,
EF144)^and two grains of epidote from cavities in the
Eriksfjord basalts (B72, B73) were also analysed (Fig. 1).

RESULTS
Mineral compositions
Ilvaite-bearing assemblage

Feldspar is commonly pure albite or, in smaller amounts,
pure potassium feldspar.

Table 1 shows representative microprobe analyses of
ilvaite. It may contain up to 4�2wt % MnO, correspond-
ing to 0�25 atoms per formula unit (a.p.f.u.). Minor ele-
ments are Na2O (50�42wt %), MgO (50�1wt %), Al2O3

(0�01^1�2wt %) and K2O (50�18wt %).
Representative epidote analyses (Table 2, Fig. 4) indicate

a solid solution between epidote and allanite with up to
22�4wt % LREE2O3 (La2O3þCe2O3þNd2O3 are the
predominant REE2O3 in the studied samples). The name
allanite is used if REE are dominant on the A2 site (Giere¤
& Sorensen, 2004). Analyses with more than 3wt %
LREE2O3 but less than 0�5 REE a.p.f.u. are referred to as
REE-rich epidote.
The garnets are almost pure granditic garnets with vari-

able H2O (�2�0 wt %) and F (�1�9wt %) contents (Valley
et al., 1983; Lager et al., 1989; Fig. 5). They vary in composi-
tion between Adr44 and Adr100 (Table 3, Fig. 5), and their
spessartine component is �3mol%. BSE images com-
monly show concentric or patchy zonation as a result of
variable contents of Al and Fe3þ.
Microprobe work allows us to distinguish two types of

secondary amphibole, which are, however, texturally iden-
tical: arfvedsonite to ferric-ferronybo« ite and potassic-
hastingsite to potassic-ferritaramite (Leake et al., 1997,
2004, Table 1). The ferric-ferronybo« ites contain about
1�15wt % F, whereas the other sodic amphiboles have less
than 1wt %. The F content of the calcium amphiboles is
close to the detection limit.
The only clinopyroxene present is aegirine (Aeg,Table 1)

with compositions between Aeg84Jd9QUAD7 and
Aeg93Jd5QUAD2 (the QUAD-component comprises
enstatite, ferrosilite, diopside, and hedenbergite). The
aegirine may contain up to about 1wt % Al2O3,
0�106^0�214wt % MnO, and 0�14^0�9wt % ZrO2.
In the ilvaite-bearing samples chlorite is Fe-rich chamo-

site (XMg¼ 0�01^0�29; Fig. 6, Table 1) with the average
composition chamosite82clinochlore16pennantite2.

Ilvaite-free assemblage

Feldspar occurs as pure albite and pure potassium feldspar.
Representative analyses of epidote and allanite

(Table 2, Fig. 4) show a solid solution between epidote
and allanite with up to 22�8wt % LREE2O3 (La2O3þ

Ce2O3þNd2O3).
The garnets are richer in Al and poorer in Fe3þ than in

the ilvaite-bearing assemblage and vary between Adr01
and Adr52 (Table 3, Fig. 5). They contain up to 5wt % F
and commonly less than 2wt % H2O (calc.).
In the ilvaite-free samples, chlorite is a chamosite with

a lower average XMg (range 0^0�35) than in the ilvaite-
bearing assemblage (Fig. 6) and with the average composi-
tion chamosite93clinochlore4pennantite3.
Prehnite is close to the pure end-member composition

(Table 3).
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Table 1: Electron microprobe analyses of minerals from the ilvaite-bearing assemblage

Sample no: ILM41 GM1670 GM1670 GM1275 ILM42 GM1400 GM1400 GM1671 GM1675 GM1400 ILM42 ILM42 GM1670 GM1670 GM1672

Mineral: ilvaite Ilvaite ilvaite arfvedsonite arfvedsonite arfvedsonite/

ferric-ferronyböite

potassic-

ferritaramite

potassic-

ferritaramite

potassic-

hastingsite

aegirine aegirine aegirine chlorite chlorite chlorite

wt %

SiO2 29�75 29�57 29�78 48�0 49�6 46�9 37�6 38�7 38�1 51�2 52�3 51�9 28�08 23�91 24�53

TiO2 0�045 0�073 0�130 0�50 0�46 0�70 0�158 0�057 50�02 0�419 0�417 0�376 50�02 50�02 0�027

Al2O3 0�059 0�084 0�240 2�38 1�218 2�69 10�07 10�22 9�21 0�767 1�011 0�886 15�41 18�2 16�62

FeO 51�5 47�6 50�2 33�2 33�0 33�4 32�9 33�0 33�1 28�3 28�6 28�8 36�8 45�6 47�6

MnO 0�256 4�11 1�58 0�61 0�86 0�65 0�60 0�404 0�372 0�214 0�115 0�106 1�04 0�98 0�50

MgO 50�01 0�026 0�026 0�366 0�173 0�581 0�584 0�743 1�20 0�088 0�017 0�023 7�14 1�44 0�521

CaO 13�9 13�9 13�9 2�09 0�392 2�57 7�72 7�93 9�28 4�06 1�62 2�38 0�288 0�047 0�030

Na2O 50�01 0�010 50�01 7�8 8�7 7�9 3�41 3�42 2�29 11�3 12�9 12�5 0�159 0�078 0�024

K2O 0�014 50�01 0�023 1�69 2�33 1�61 3�05 3�02 2�99 0�015 50�01 0�010 0�343 0�019 0�010

ZrO2 0�25 50�02 0�26 0�23 0�09 50�02 0�9 0�45 0�20 50�02 50�02 50�02

Cl 50�01 50�01 50�01 50�01 50�01 50�01 0�036 0�054 0�014

F 0�36 0�64 1�15 0�044 0�051 0�060 50�02 50�02 50�02

Total 95�5 95�4 95�9 97�2 97�4 98�4 96�4 97�6 96�6 97�3 97�4 97�2 89�3 90�3 89�9

Based on 6 cations and 8�5 oxygens Based on 16 cations and 23 oxygens Based on 4 cations and 6 oxygens Based on 20 cations and 28 oxygens

Si 2�03 2�01 2�02 7�71 7�92 7�50 6�17 6�27 6�29 1�99 2�00 2�00 6�27 5�52 5�76

Al 0�01 0�01 0�02 0�45 0�23 0�51 1�95 1�95 1�79 0�03 0�04 0�04 4�05 4�95 4�60

Ti 0�00 0�00 0�01 0�06 0�06 0�08 0�02 0�01 0�00 0�01 0�01 0�01 0�00 0�00 0�00

Fe3þ 0�94 0�96 0�93 0�76 0�97 1�04 1�35 1�19 1�00 0�81 0�89 0�89 0�00 0�06 0�00

Mg 0�00 0�00 0�00 0�09 0�04 0�14 0�14 0�18 0�29 0�01 0�00 0�00 2�37 0�49 0�18

Fe2þ 1�99 1�76 1�92 3�69 3�43 3�42 3�18 3�28 3�58 0�11 0�03 0�03 6�87 8�74 9�34

Mn 0�01 0�24 0�09 0�08 0�12 0�09 0�08 0�05 0�05 0�01 0�00 0�00 0�20 0�19 0�10

Ca 1�02 1�02 1�01 0�36 0�07 0�44 1�36 1�37 1�64 0�17 0�07 0�00 0�07 0�01 0�01

Na 0�00 0�00 0�00 2�44 2�69 2�43 1�09 1�07 0�73 0�85 0�95 0�93 0�07 0�03 0�01

K 0�00 0�00 0�00 0�34 0�47 0�33 0�64 0�62 0�63 0�00 0�00 0�00 0�10 0�01 0�00

Zr 0�02 0�00 0�02 0�02 0�01 0�00 0�01 0�01 0�00 0�00 0�00 0�00

Total 6�00 6�00 6�00 16�00 16�00 16�00 16�00 16�00 16�00 4�00 4�00 4�00 20�00 20�00 20�00

Cl 0�00 0�00 0�00 0�00 0�00 0�00 0�01 0�02 0�01

F 0�18 0�32 0�58 0�02 0�03 0�03 0�00 0�00 0�00
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Table 2: Electron microprobe analyses of epidotes, REE-rich epidotes and allanites of the endoskarn assemblages. Low totals may be caused by the occurrence of other

REEs that were not included in the analyses

Assemblage: ilv-bearing ilv-free

Sample no: ILM42 GM1670 GM1675 ILM38 GM1670 GM1275 GM1667 GM1665 GM1669 GM1669 GM1669 K1

Mineral: epidote epidote epidote REE-rich ep REE-rich ep allanite epidote epidote epidote REE-rich ep REE-rich ep allanite

wt %

SiO2 36�5 36�6 36�5 34�9 33�1 31�2 37�1 37�2 38�0 35�2 35�1 33�2

TiO2 0�082 0�065 0�023 50�02 0�550 0�098 0�046 0�043 0�087 50�02 0�036 0�913

Al2O3 18�6 19�6 21�4 19�0 11�2 9�8 22�6 20�6 24�9 20�4 20�3 17�2

FeO 17�90 15�9 12�97 15�30 23�30 20�71 12�62 15�08 10�63 13�94 13�3 13�88

MnO 50�02 0�07 0�191 0�038 0�69 3�15 0�207 0�251 50�02 0�106 0�135 0�21

MgO 50�01 50�01 50�01 50�01 50�01 50�01 50�01 50�01 0�010 50�01 50�01 0�011

CaO 21�9 22�6 22�7 18�1 15�4 12�2 22�7 22�3 23�2 19�5 18�0 13�7

Na2O 0�030 50�01 0�018 50�01 0�025 50�01 50�01 0�024 50�01 50�01 0�024 0�040

K2O 50�01 50�01 50�01 50�01 50�01 50�01 50�01 50�01 50�01 50�01 50�01 0�059

La2O3 0�14 0�13 0�15 2�0 3�0 5�5 0�25 50�01 50�01 1�6 2�7 3�7

Ce2O3 0�44 0�34 0�27 4�3 7�1 10�4 0�30 0�022 50�01 3�2 5�1 9�2

Nd2O3 0�6 0�13 0�08 1�6 2�7 3�0 0�05 50�01 50�01 1�0 1�5 3�0

Total 96�2 95�4 94�3 95�2 97�1 96�0 95�9 95�5 96�8 94�9 96�2 95�1

Based on 8 cations and 12�5 oxygens

Si 3�00 3�00 3�00 3�03 3�01 3�01 3�00 3�03 3�00 2�99 3�02 3�07

Al 1�81 1�89 2�07 1�94 1�20 1�12 2�15 1�98 2�32 2�05 2�06 1�87

Ti 0�01 0�00 0�00 0�00 0�04 0�01 0�00 0�00 0�01 0�00 0�00 0�06

Fe3þ 1�17 1�08 0�91 0�76 1�28 1�18 0�83 0�97 0�66 0�79 0�61 0�35

Mg 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00

Fe2þ 0�07 0�02 0�00 0�35 0�49 0�49 0�03 0�06 0�04 0�20 0�35 0�73

Mn 0�00 0�01 0�01 0�00 0�05 0�26 0�02 0�02 0�00 0�01 0�01 0�02

Ca 1�92 1�99 2�00 1�67 1�50 1�26 1�96 1�94 1�97 1�78 1�65 1�36

Na 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00

K 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00 0�00

La 0�00 0�00 0�00 0�06 0�10 0�20 0�01 0�00 0�00 0�05 0�09 0�13

Ce 0�01 0�01 0�01 0�14 0�24 0�37 0�00 0�00 0�00 0�10 0�16 0�31

Nd 0�01 0�00 0�00 0�05 0�09 0�10 0�00 0�00 0�00 0�03 0�05 0�10

Total 8�00 8�00 8�00 8�00 8�00 8�00 8�00 8�00 8�00 8�00 8�00 8�00

czo 0�00 0�00 0�07 0�00 0�00 0�00 0�15 0�00 0�32 0�05 0�06 0�00

aln 0�02 0�02 0�02 0�25 0�42 0�67 0�02 0�00 0�00 0�18 0�29 0�54

ep 0�98 0�98 0�91 0�75 0�58 0�33 0�83 1�00 0�68 0�77 0�65 0�46

Low totals may be caused by the occurrence of other REE that were not included in the analyses.
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Table 3: Electron microprobe analyses of minerals from the ilvaite-bearing and -free assemblages

Assemblage: ilv-free ilv-bearing

Sample no: K4 K1I GM1666 K1I GM1397 GM1666 ILM41 ILM41 GM1671 K1II K4 GM1668

Mineral: prehnite prehnite prehnite chlorite chlorite chlorite garnet garnet garnet garnet garnet garnet

wt %

SiO2 43�7 43�8 44�2 24�84 23�40 23�68 SiO2 34�3 36�1 34�7 35�6 33�07 36�3

TiO2 50�02 50�02 0�027 1�74 0�053 50�02 TiO2 50�02 0�484 0�474 0�240 0�020 0�617

Al2O3 23�7 23�1 24�1 17�2 20�0 19�0 Al2O3 0�146 11�3 7�2 10�2 20�0 14�0

FeO 0�051 0�997 0�302 41�1 44�5 45�8 FeO calc 0�0 0�0 0�0 0�0 0�0 0�0

MnO 0�078 0�122 50�01 1�49 0�94 0�91 Fe2O3 calc 31�0 14�5 20�9 17�4 3�0 11�3

MgO 50�01 50�01 50�01 0�947 0�353 0�181 MnO 0�139 0�39 0�33 0�37 0�52 0�78

CaO 26�5 26�8 26�0 1�91 0�141 50�02 MgO 0�010 50�01 0�024 0�016 0�013 50�01

Na2O 0�152 0�134 0�014 0�223 0�068 0�015 CaO 33�0 34�7 34�3 35�6 36�7 35�6

K2O 0�012 0�015 50�01 0�021 0�014 50�01 ZrO2 50�02 50�02 50�02

ZrO2 50�02 50�02 50�02 0�53 50�02 50�02 Cl 50�01 50�01 50�01

Cl 0�017 50�01 50�01 50�01 0�033 0�025 F 0�276 0�350 0�764 1�480 4�32 1�370

F 50�02 50�02 50�02 50�02 50�02 50�02 H2O calc� 0�51 0�53 1�02 0�89 1�88 0�69

Total 94�2 95�0 94�6 90�0 89�5 89�6 Total 99�4 98�4 99�7 101�8 99�5 100�7

Based on 14 cations and 22 oxygens Based on 20 cations and 28 oxygens Based on the 5 cations of the X and Y-site�

Si 6�09 6�07 6�14 5�76 5�46 5�54 Si 2�91 2�91 2�81 2�79 2�50 2�83

Al 3�90 3�77 3�94 4�70 5�49 5�24 H/4 0�07 0�07 0�14 0�12 0�24 0�09

Ti 0�00 0�00 0�00 0�30 0�01 0�00 F/4 0�02 0�02 0�05 0�09 0�26 0�08

Fe3þ 0�00 0�12 0�00 0�00 0�00 0�00 Cl/4 0�00 0�00 0�00

Mg 0�00 0�00 0�00 0�33 0�12 0�06 Al 0�01 1�07 0�69 0�94 1�79 1�29

Fe2þ 0�01 0�00 0�04 7�97 8�67 8�96 Fe3þ 1�98 0�88 1�27 1�03 0�20 0�66

Mn 0�01 0�02 0�00 0�29 0�18 0�18 Ti 0�00 0�03 0�03 0�01 0�00 0�04

Ca 3�95 3�98 3�87 0�48 0�03 0�00 Zr 0�00 0�00 0�00

Na 0�04 0�04 0�01 0�10 0�03 0�01 Cr 0�00 0�00 0�00

K 0�00 0�00 0�00 0�01 0�00 0�00 Fe2þ 0�00 0�00 0�00 0�00 0�00 0�00

Zr 0�00 0�00 0�00 0�06 0�00 0�00 Mg 0�00 0�00 0�00 0�00 0�00 0�00

Total 14�00 14�00 14�00 20�00 20�00 20�00 Mn 0�01 0�03 0�02 0�03 0�03 0�05

Ca 3�00 2�99 2�99 2�99 2�98 2�96

Cl 0�00 0�00 0�00 0�00 0�01 0�01 Total 8�00 8�00 8�00 8�00 8�00 8�00

F 0�00 0�00 0�00 0�00 0�00 0�00

Spessartine 0 1 1 1 1 2

Grossular 1 55 35 47 89 65

Andradite (after Deer et al., 1992) 99 44 64 52 10 33

Hydrograndite� 7 7 14 12 24 9

Fluorograndite� 2 2 5 9 26 8

Grandite 91 91 81 79 50 83

�Si is assumed to be present only on the Si-site. Hydrograndite: Ca3(Al,Fe
3þ)2Si2O8(OH)4, Fluorograndite: Ca3(Al,Fe

3þ)2Si2O8F4
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Whole-rock compositions
Five representative samples of the ilvaite-bearing assem-
blage and four of the ilvaite-free assemblage were selected
for whole-rock analysis (Table 4). When compared with
their marginal pegmatite precursor rocks (S�rensen,
2006), the ilvaite-bearing assemblages are invariably
enriched in Ca. They are similar to their precursor, with
small depletions in K and Al and possibly with an enrich-
ment in Fe and Zr (Fig. 7). The peralkalinity index
[P.I.¼molar (Na2OþK2O)/Al2O3] varies between 0�83
and 0�94 (Fig. 8).

The variation in major element composition of the
ilvaite-free assemblages (Table 4) is larger because of the
different precursor rock types for these samples.
Nevertheless, Ca is strongly enriched in GM1666 and K1
and slightly enriched in GM1668 and GM1669 with
respect to their average precursor rocks (Bailey et al.,
2001) (Fig. 9).
Figure 10 shows a comparison of the primitive-mantle

normalized trace element patterns (after McDonough &
Sun, 1995) of the endoskarns, major average Il|¤maussaq
rock types (Bailey et al., 2001) and the marginal pegmatite
(S�rensen, 2006). Several trace elements in the ilvaite-
bearing assemblage lie within the range of Il|¤maussaq
trace elements but scatter around the marginal pegmatite
pattern (Fig. 10a). Interestingly, all ilvaite-bearing samples
are depleted in Cs, Rb and Ba, with respect to the mar-
ginal pegmatite. The trace elements of the ilvaite-free
assemblages (Fig. 10b) vary, with some exceptions, within
the range of the common Il|¤maussaq trace element distri-
bution. Sample K1 is distinct in terms of its enrichment in
several trace elements with respect to the other ilvaite-free
samples (Fig. 10b).

Stable isotopes
The d18O values of the ilvaite-bearing whole-rock samples
range between 3�0 and 6�2ø and of the ilvaite-free
assemblage between 4�5 and 6�8ø relative to VSMOW
(Table 5, Fig. 11). In the ilvaite-bearing assemblage,
ilvaite values range between �4�7 and �3�6ø, garnet
between �3�3 and �1�8ø, and albite between 5�9 and
7�2ø. The epidote has a value of �1�1ø. The
Il|¤maussaq augite syenite whole-rock samples have a
d18O of 6�4 and 6�7ø, the basalts of the Eriksfjord
Formation range between �1�8 and 5�5ø, and the
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Fig. 4. Classification of the epidote-group minerals in the epidote^
allanite^clinozoisite triangle.The proportion of clinozoisite was calcu-
lated as Al (a.p.f.u.)� 2 [if Al (a.p.f.u.)42; otherwise the proportion
is taken as zero], the proportion of allanite is equal to REE (a.p.f.u.),
and epidote is 1� (allaniteþ clinozoisite).
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Fig. 5. Composition of the Il|¤maussaq hydrogarnets in the grossular^
andradite^(spessartineþ almandineþpyrope) triangle and in the
grandite^hydrograndite^fluorograndite triangle.
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Fig. 6. Atomic ratios of Mg/(MgþFe) vs AlVI/(AlVI
þMgþFe) for

chlorites in the ilvaite-bearing and ilvaite-free assemblages.
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Table 4: XRF whole-rock analyses of skarn-like rocks in the Il|¤ maussaq intrusion and reference data

ilvaite-bearing assemblage ilvaite-free assemblage marginal

pegmatite

augite syenite

(coarse)

foyaite naujaite

Sample no: GM1273 GM1670 GM1671 GM1674 ILM42 GM1666 GM1668 GM1669 K1 Sørensen

(2006)

Bailey et al.

(2001)

Bailey et al.

(2001)

Bailey et al.

(2001)

SiO2 53�36 53�38 55�44 50�22 53�61 53�93 55�48 62�25 49�43 54�10 56�97 58�50 48�25

TiO2 0�18 0�20 0�19 0�27 0�16 0�12 0�10 0�05 0�13 0�20 1�27 0�32 0�32

ZrO2 1�03 0�59 1�63 0�53 3�12 0�07 0�24 0�02 2�43 1�02 0�06 0�27 0�49

Al2O3 14�21 12�97 14�80 11�77 14�15 20�71 18�71 19�61 18�29 15�72 16�82 16�21 19�30

Fe2O3 7�29 7�43 6�35 9�15 7�00 1�99 5�50 1�33 4�06 7�96 1�47 3�03 4�07

FeO 6�84 9�31 3�14 11�24 3�82 3�17 4�35 1�12 1�25 2�43 6�68 3�80 3�08

MnO 0�58 0�68 0�36 0�66 0�39 0�12 0�31 0�06 0�26 0�26 0�22 0�19 0�21

MgO 0�43 0�08 0�27 0�26 0�27 0�14 0�21 0�11 0�23 0�26 0�76 0�11 0�10

CaO 5�86 6�06 6�37 6�29 7�48 9�43 4�29 2�88 13�94 2�64 3�47 1�76 1�68

Na2O 7�13 7�22 5�47 5�81 7�04 4�27 7�94 8�29 3�52 6�79 5�65 7�56 14�37

K2O 0�05 0�31 3�57 1�17 0�15 3�19 0�04 2�58 2�50 4�09 5�16 5�64 3�41

P2O5 0�06 0�12 0�06 0�06 0�13 0�03 0�12 0�41 0�09 0�05 0�34 0�04 0�06

H2O
þ 0�93 0�90 0�72 1�39 0�71 1�51 1�71 0�47 0�81 n.r. 0�56 1�26 1�25

H2O
� 0�16 0�07 0�05 0�07 0�17 0�05 0�33 0�07 0�04 n.r. 0�19 0�21 0�17

S 50�01 50�01 0�01 0�01 0�01 50�01 50�01 50�01 50�01 n.r. 0�07 0�02 0�08

Cl 0�03 0�06 0�07 0�07 0�09 0�04 0�02 0�04 0�04 0�03 0�04 0�12 2�34

F 0�06 0�09 0�16 0�06 0�10 0�25 0�06 0�04 0�45 0�23 0�14 0�20 0�16

Others 1�11 0�35 0�79 0�42 1�25 0�33 0�39 0�40 1�57 n.r. 0�06 0�17 0�01

Sum 99�32 99�80 99�46 99�45 99�62 99�35 99�80 99�72 99�04 98�71 99�98 99�45 99�55

O� 0�03 0�05 0�09 0�05 0�07 0�11 0�03 0�03 0�20 0�11 0�1 0�12 0�65

Sum 99�29 99�75 99�37 99�40 99�56 99�24 99�77 99�69 98�85 98�60 99�88 99�33 98�9

P.I. 0�83 0�94 0�87 0�92 0�83 0�51 0�70 0�84 0�46 0�99 0�88 1�14 1�42

Cs 0�1 0�1 0�7 0�2 1�9 0�2 0�1 0�1 0�6 3�8 1�2 5�3 6�2

Rb 4�5 51 379 118 23 268 4�4 103 152 456 68 315 334

Tl 50�5 50�5 50�5 0�6 50�5 50�5 50�5 50�5 50�5 n�r� 50�5 1�3 2�3

Ba 15 29 79 28 42 231 26 228 1282 379 2320 42 11

Pb 341 14 133 86 99 11 8 52 182 62 15 45 94

Sr 889 220 343 130 480 1171 760 1158 2866 269 395 27 10

La 1229 292 682 286 1181 119 413 327 987 541 77 244 594

Ce 2480 570 1296 539 2338 228 613 623 1846 930 163 512 1180

Pr 311 72 170 67 313 28 67 78 234 n.r. n.r. n�r� n�r�

Nd 1072 259 591 233 1133 92 202 264 805 426 76 219 540

Sm 197 54�0 121 44�8 241 15�2 27�4 36�7 158 79 13�9 38�2 96�1

Eu 17�8 5�0 11�3 4�7 21�6 1�4 2�4 3�1 15�2 7�3 4�53 3�60 9�63

Gd 188 53�3 125 45�5 246 14�8 29�2 33�4 170 n.r. n.r. n.r. n.r.

Tb 25�3 8�2 20�7 6�8 40�9 1�8 3�6 3�4 28�0 13�6 1�88 5�82 16�1

Dy 139 48�9 129 41�3 254 9�8 21�0 15�5 176 n.r. n.r. n.r. n.r.

Ho 27�4 10�6 28�6 8�7 56�7 1�9 4�5 2�3 39�8 n.r. n.r. n.r. n.r.

Er 72�6 28�5 79�9 24�4 157 5�2 13�2 5�3 113 n.r. n.r. n.r. n.r.

Tm 10�2 4�4 11�8 3�7 23�3 0�7 2�0 0�6 17�0 n.r. n.r. n.r. n.r.

Yb 64�7 28�9 77�7 25�3 148 5�2 13�2 3�1 110 50�2 5�30 19�7 38�3

Lu 8�4 4�1 10�4 3�7 20�0 0�8 1�8 0�4 15�0 7�0 0�80 2�43 5�24

Y 933 295 684 241 1249 64 172 62 897 471 45 184 461

(continued)
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Table 4: Continued

ilvaite-bearing assemblage ilvaite-free assemblage marginal

pegmatite

augite syenite

(coarse)

foyaite naujaite

Sample no: GM1273 GM1670 GM1671 GM1674 ILM42 GM1666 GM1668 GM1669 K1 Sørensen

(2006)

Bailey et al.

(2001)

Bailey et al.

(2001)

Bailey et al.

(2001)

Th 86 41 57 35 42 27 79 36 37 50 7�9 27�8 41�0

U 63 18 22 14 22 8 18 6 14 14 1�9 9�8 19�5

Zr 7634 4340 12073 3925 23066 552 1779 160 17973 8145 272 2070 4360

Hf 103 85�0 255 79�5 461 13�0 27�1 3�5 404 184 11�4 42�5 75�2

Nb 329 466 956 607 1387 169 349 104 1459 830 93 325 742

Ta 40�8 23�3 68�5 23�6 115 5�0 7�5 2�1 137 54�7 6�0 19�2 51�8

Li 1 4 2 1 1 27 49 12 11 n.r. 80 132 161

Zn 1009 206 638 629 1092 182 180 146 1478 300 117 276 505

Cu 38 38 5 6 4 5 17 17 11 n.r. 16 10 9

Co 1�8 2�7 2�6 2�9 2�6 3�3 1�0 0�9 5�5 n.r. 3�8 3�6 0�29

Ni 1�7 1�7 3�6 1�0 0�8 1�8 1�0 0�2 2�0 n.r. 50�5 0�5 0�8

Sc 2�7 4�7 7�9 3�0 13 0�2 1�4 2�7 12 7 18 0�52 50�01

Ge 1�8 2�1 1�7 2�0 0�9 1�5 1�7 0�8 0�7 n.r. 1�9 1�4 2�0

Be 21 35 18 55 37 22 28 11 16 n.r. 3�5 16 22

Mo 1�3 0�8 6�7 1�0 4�8 2�4 0�3 0�8 13 n.r. 4�4 50�5 9

As 10 20 7�5 9�8 11 9�5 1�8 8�9 11 n.r. 3�3 2�8 11

Br 1�4 2�1 3�0 2�1 3�0 1�8 1�8 2�9 1�9 n.r. 1�5 2�9 119

P.I., peralkalinity index: molar (Na2OþK2O)/Al2O3. n.r., not reported; others: sum of other trace elements as oxides.
Analysts: J. C. Bailey, V. Moser and the Rock Geochemistry Laboratory of the Denmark and Greenland Geological
Survey.
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Fig. 7. Major element isocon-like plot of the average ilvaite-bearing assemblage vs the marginal pegmatite (S�rensen, 2006). Bars indicate stan-
dard deviation of the mean.
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epidote from the cavities in the Eriksfjord basalts

between �1�9 and 0�5ø.
The dD values of the ilvaite-bearing whole-rock samples

range from �136 to �118ø, those of the ilvaite-free

assemblages from �86 to �55ø. Pure, hand-picked

ilvaite varies from �148 to �136ø. Unfortunately, we

could not analyse epidote because it was not possible to

pick a large enough clean separate of the very fine-

grained material. The Il|¤maussaq augite syenites range

from �94 to �88ø, the Eriksfjord basalts from �103

to �64ø, and the epidotes from the cavities have

values of �44 and �35ø, respectively.

DISCUSS ION
Activity calculations
The stability of the ilvaite-bearing assemblage in terms of
Tand fO2 at constant P was investigated in the simplified
chemical system Ca^Fe^Si^Al^O^H, considering the
phases grossular (Grs), epidote (Ep), ferro-actinolite (Fac),
hedenbergite (Hd), hematite (Hem) and a fluid consisting
of SiO2(aq), H2O and O2. Grossular was chosen instead of
andradite because another Al-bearing component was
needed to balance epidote-involving reactions.
To estimate the position of relevant phase equilibria, a

Schreinemakers analysis was performed for the following
reactions in this system (Fig. 12):

GrsþHemþ SiO2 þH2O ¼ EpþHdþO2 ½Fac� ð1Þ

HdþHemþ SiO2 þH2O ¼ FacþO2 ½Grs,Ep� ð2Þ

EpþHdþ SiO2 þH2O ¼ FacþGrsþO2 ½Hem� ð3Þ

EpþHd ¼ FacþHem þGrsþO2 SiO2,H2O
� �

ð4Þ

HemþGrsþ SiO2 þH2O ¼ Epþ FacþO2 ½Hd� ð5Þ

EpþHd ¼ FacþHem þGrsþ SiO2 þH2O O2½ �: ð6Þ

The rock texture shows amphibole and pyroxene to be in
disequilibrium with the other phases because they are in
reaction textures with ilvaite. The field in which the
endoskarn mineral assemblage is stable in an fO2 vsTdia-
gram is thus close to or above reactions (1) and (5), where
amphibole and pyroxene are not stable or become unstable
in contact with epidote (Fig. 12).
Mineral end-member activities were calculated for

4008C. The activity of epidote was calculated after Bird &
Helgeson (1980), that of hedenbergite after Holland (1990)
and that of grossular was estimated using the program Ax
of Holland & Powell (2000). The activity of SiO2(aq) was
calculated to be temperature-dependent. The lower
limit of the SiO2(aq) activity is given by the reaction
nephelineþ 2 SiO2¼ albite (SiO2(aq)¼ 0�0002 at 2008C;
0�0079 at 5008C), the upper limit defined by quartz satura-
tion (SiO2(aq)¼ 0�0027 at 2008C, 0�0367 at 5008C).
Variation of water activity results in only small changes of
the position of the reactions in the fO2^T field.
Oxygen fugacity during cooling was calculated by deter-

mining the activity-corrected log K values with Unitherm,
the database program of HCh (Shvarov & Bastrakov,1999;
SUPCRT92-routine of Johnson et al.,1992), for 1 and 2 kbar
and variable activities of H2O and SiO2. The results for
1 kbar (Fig. 13) constrain the stability field of both the
ilvaite-bearing and the ilvaite-free assemblages. Reaction
(1) is invariably close to the hematite^magnetite (HM)
buffer and spans the grey field of Fig. 13 if calculated
with two different SiO2(aq) activities. The activity-
corrected reaction (5) plots far away from geologically
realistic fO2^T conditions and beyond the conditions of
Fig. 13. The occurrence of hematite in the endoskarn

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.4
0 1.0 2.0 3.0 4.0 5.0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

ilvaite-bearing rocks

augite syenite

naujaite

ilvaite-free rocks

marginal pegmatite

lujavrite

kakortokite

sodalite foyaite

foyaite

ilvaite-bearing rocks

augite syenite

naujaite

ilvaite-free rocks

marginal pegmatite

lujavrite

kakortokite

sodalite foyaite

foyaite

CaO (wt %) 

P.
I.

ZrO2 (wt %)

P.
I.

(a)

(b)

16.0 0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Fig. 8. CaO (a) and ZrO2 (b) concentration vs the peralkalinity
index (P.I.) of the ilvaite-bearing and -free assemblage in comparison
with Il|¤maussaq rocks of S�rensen (2006; marginal pegmatite) and
Bailey et al. (2001; all other rocks).

JOURNAL OF PETROLOGY VOLUME 49 NUMBER 2 FEBRUARY 2008

252

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/49/2/239/1551155 by guest on 20 April 2024



0

10

20

30

40

50

60

10 20 30 40 50

5

10

15

20

25

5 10 15 20

0

10

20

30

40

50

60

10 20 30 40 50

0.01

0.1

1

10

100

1000

10000

100000

0.01 0.10 1.00 10 100 1000 10000

5

10

15

20

25

5 10 15 20

GM1666

GM1666

GM1666

K1

K1

K1

naujaite

naujaite

naujaitenaujaite

naujaite

naujaite

0.01

0.1

1

10

100

1000

10000

100000

0.01 0.10 1.00 10 100 1000 10000

Si

Na

Al

Fe

Ca

K
Zr

Mn

m
aj

or
 e

le
m

en
ts

 (i
n
 w

t 
%

 o
x
id

e
s
)

tr
ac

e 
el

em
en

ts
 (

in
 p

p
m

 e
le

m
e
n
ts

)

Si

Al

Ca

Fe

Na

K

ppm ppm

wt %wt %

wt % wt %

Mg

Mn

Ti Zr
Mg

Ti

Sr

Sr

Cs
Cs

LiCo

Ba
Ba

Co
Ta

Fig. 9. Isocon-like plots of the ilvaite-free rocks vs their precursor rocks (data from Bailey et al., 2001) for major and trace elements.

GRASER ANDMARKL ENDOSKARNS ASSEMBLAGES, ILI¤MAUSSAQ

253

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/49/2/239/1551155 by guest on 20 April 2024



5

5 10 15 20 5 10 15 20

10

15

20

25

5

10

15

20

25

0.01

0.1

1

10

100

1000

10000

100000

0.01 0.10 1.00 10 100 1000 10000
0.01

0.1

1

10

100

1000

10000

100000

GM1668

GM1668

GM1668

GM1669

GM1669

GM1669

foyaite

foyaite

foyaite

augite syenite
(coarse-grained)

Ti

Si
Si

Al Al

Ca
Ca

Fe

Fe

Na Na

K K
augite syenite

(coarse-grained)

augite syenite
(coarse-grained)

ppm 0.01 0.10 1.00 10 100 1000 10000 ppm 

wt % wt %

wt %wt %

Mg

Mn
Zr

Mg
Mn

TiZr

0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

10 20 30 40 50 10 20 30 40 50 60

Sr

Zr

Li

Hf
Ta

CsCs

Ba

Rb

Sc

Mo

Th

U

m
aj

o
r 

el
em

en
ts

 (
in

 w
t %

 o
xi

de
s)

tr
ac

e 
el

em
en

ts
 (

in
 p

pm
 e

le
m

en
ts

)

Fig. 9. Continued
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Fig. 10. Whole-rock trace element data normalized to primitive mantle values (McDonough & Sun, 1995) of the ilvaite-bearing (a) and -free
(b) assemblages. Data for augite syenite and lujavrite from Bailey et al. (2001) give the maximum range of the trace element composition of
whole-rocks in the Il|¤maussaq complex; data for the matrix of the marginal pegmatite (S�rensen, 2006) are added for comparison.
Unfortunately, reference data are available only for selected elements. Arrows indicate element concentrations below detection limit.
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assemblage restricts the field to the hematite-stable side of
the buffer curve and, hence, to the range of FMQþ 5 to
FMQþ 7.
Gustafson (1974) performed ilvaite stability experiments

at 2 kbar. Because the position of the calculated reaction
curves and invariant points of our study does not change
significantly between 1 and 2 kbar, we regard the ilvaite
reaction of Gustafson (1974) to be at least a temperature
approximation for our assemblages (Fig. 13). However, it is
important to note that Gustafson’s experiments were per-
formed in the pure C^F^S^O^H system, whereas the
ilvaites of our study contain up to 4�2wt % MnO, which

may change the precise location of the reaction curve in
T^fO2 space. In accordance with the isotope fractionation
temperatures detailed below, we conclude that the uncer-
tainty of the curve in Fig. 13 is about 50^1008C, implying
that (based on Fig. 13) the main endoskarn formation
probably occurred between 400 and 5008C. However,
phase relations after Liou et al. (1983), plotted in Fig. 13,
indicate that prehnite in the ilvaite-free assemblage
formed between 300 and 3408C and at log fO2 values
between �26 and �29. In accordance with petrographic
observations (see above), we conclude that prehnite did
not grow during the main-stage endoskarn formation, but
later at lower temperatures.
It is interesting to note that our temperature results for

the formation of prehnite in the ilvaite-free assemblage

Table 5: Results of stable isotope analyses of whole-rocks

and minerals of the endoskarn assemblages and some com-

paring whole-rocks

Sample Sample type Rock type dD (ø) d18O (ø)

ILM42 w.r. Ilv-bearing assembl. �130 6�2

GM1273 w.r. Ilv-bearing assembl. �118 4�7

GM1670 w.r. Ilv-bearing assembl. �131 3�5

GM1671 w.r. Ilv-bearing assembl. �123 4�7

GM1674 w.r. Ilv-bearing assembl. �136 3�0

GM1670 Ilv Ilv-bearing assembl. �136 �4�7

GM1674 Ilv Ilv-bearing assembl. �145 �3�6

ILM40 Ilv Ilv-bearing assembl. �148 �4�0

ILM40 Ep Ilv-bearing assembl. — �1�1

ILM40 Grt Ilv-bearing assembl. — �1�8

GM1670 Grt Ilv-bearing assembl. — �3�3

ILM40 Fsp Ilv-bearing assembl. — 7�2

GM1670 Fsp Ilv-bearing assembl. — 5�9

GM1674 Fsp Ilv-bearing assembl. — 7�2

K1 w.r. Ilv-free assembl. �74 4�8

GM1666 w.r. Ilv-free assembl. �55 4�5

GM1668 w.r. Ilv-free assembl. �86 4�9

GM1669 w.r. Ilv-free assembl. �67 6�8

GM1330 w.r. augite syenite �94 6�7

GM1857 w.r. augite syenite �88 6�4

EF024 w.r. EF-basalts �103 4�3

EF072 w.r. EF-basalts �92 5�5

EF075 w.r. EF-basalts, much Ep �65 1�9

EF087 w.r. EF-basalts, slightly ep �84 �0�1

EF140 w.r. EF-basalts, slightly ep �94 1�8

EF141 w.r. EF-basalts, slightly ep �93 �0�8

EF144 w.r. EF-basalts, completely ep �64 �1�8

EF168 w.r. EF-basalts �73 3�8

B72 Ep Ep–Qtz cavity in EF-bas. �35 0�5

B73 Ep Ep–Qtz cavity in EF-bas. �44 �1�9

w.r., whole-rock; EF, Eriksfjord; ep, epidotized.
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Fig. 12. Schreinemakers analysis of the Al2O3^CaO^FeO^Fe2O3^
SiO2^H2O system including the phases grossular (Grs), epidote
(Ep), ferro-actinolite (Fac), hedenbergite (Hd), hematite (Hem), and
a fluid consisting of SiO2(aq), H2O and O2.
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agree well with T^fO2 data derived from hydrothermal
sulphide assemblages in Il|¤maussaq late-stage veins deter-
mined by Karup-M�ller (1978, Fig. 13).
In summary, phase relations indicate that the Ca-rich

assemblages formed at temperatures below 5008C at
SiO2(aq) activities between 0�001 and 0�02, and at fO2

values slightly above HM (between FMQþ 5 and
FMQþ 7). The formation of ilvaite in the endoskarns is
limited to Fe-rich precursor whole-rock compositions.

Whole-rock constraints
Based on field observations, textures and whole-rock com-
positions, the endoskarn assemblages are not related to
carbonate rocks. Furthermore, textures and the similarity

between the primitive mantle-normalized trace element
patterns (after McDonough & Sun, 1995) of the
endoskarns of this study and the range of Il|¤maussaq
rocks (Bailey et al., 2001; S�rensen, 2006; Fig. 10) suggest
that rocks from the peralkaline complex itself were trans-
formed into the endoskarns. To understand the mass trans-
port of elements related to the formation of the endoskarn
assemblages in the Il|¤maussaq complex, isocon-like dia-
grams (Figs 7 and 9) were used. The inferred precursor
rock for the ilvaite-bearing assemblages, the marginal peg-
matite, is heterogeneous with respect to grain size and
mineralogical composition: it comprises pegmatitic Fe-
richer parts with large amphibole crystals and a fine-
grained matrix that is poorer in Fe but with an enrichment
in eudialyte and, hence, in Ca and Zr. Accordingly, these
elements are also highly variable in the endoskarn assem-
blages (Figs 7 and 9). The only persistent feature in all of
the samples is that the Ca content of the ilvaite-bearing
assemblage is fairly constant and significantly higher than
in the unaltered matrix of the marginal pegmatite
(Table 4). This matrix is used as the best approximation to
the composition of the unaltered pegmatitic part, as there
are no whole-rock data for the pegmatitic veins available at
present. The matrix generally contains less arfvedsonite
than the pegmatitic part and, hence, the ilvaite-bearing
endoskarn assemblage is consistently richer in Fe than the
unaltered matrix (Fig. 7). On the other hand, the matrix
commonly contains more eudialyte than the pegmatitic
veins, and thus it should have higher amounts of Ca. The
fact that the opposite is true points to an enrichment of Ca
in the studied rocks (Fig. 7).
Two of the four whole-rock samples of the ilvaite-free

assemblage (GM1668 and GM1669) fit fairly well with the
representative analyses of the coarse-grained augite syenite
and the foyaite, respectively (Fig. 9). Both have CaO55wt
%, but slightly more than their presumed precursors. The
two samples with clear naujaite texture (GM1666 and K1)
fit well with the representative naujaite of Bailey et al.
(2001), except for a strong enrichment in Ca and a deple-
tion in Na. It is evident that the presence of the very
Fe-rich amphiboles or the generally much higher Fe con-
tent of the amphibole-bearing pegmatitic parts was a
necessary prerequisite for the formation of ilvaite. The
Fe-richer whole-rock composition is also reflected in the
mineral compositions (e.g. of the garnets or the epidotes^
allanites).

The source of the calcium

There are two ways to explain the gain of Ca: from inter-
nal or from external sources.We explore both possibilities.
Internal sources of Ca in the intrusion from which Ca
could be redistributed and enriched in the endoskarn
assemblages could be clinopyroxene, feldspar andeudialyte.
These minerals contain up to about 21, 4, and 10wt %
CaO, respectively (clinopyroxene, Marks & Markl, 2001;

Fig. 13. (a) Stability constraints for the endoskarn assemblages in a
log fO2^Tdiagram. Unit activities were used unless specified other-
wise. Stability constraints of Gustafson (1974) and Liou et al. (1983)
were added for ilvaite- and prehnite-bearing assemblages, respec-
tively. The ilvaite-stability curve after Gustafson (1974) is plotted as a
dashed line, to illustrate an uncertainty, as it is for the pure system,
whereas the ilvaites of our studies contain additional Mn. (See text
for discussion.) (b) Stability constraint for the endoskarn assemblages
in comparison with the fO2^T evolution during fractionation of
Il|¤maussaq melts, after Marks & Markl (2001). The bold dashed lines
for different f./r. (fluid/rock) ratio constrain seawater composition
after spilitization reactions with the basalts (see text for details).
Mineral name abbreviations after Kretz (1983), except ilvaite (Ilv).
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feldspar, Larsen, 1981; eudialyte, Johnsen & Gault, 1997)
and late-magmatic metasomatic reactions involving
Na-rich peralkaline fluids could release Ca according to
the following reactions:

feldspar : CaAl2Si2O8 þ 2Naþ þ 4SiO2 ¼

2NaAlSi3O8 þ Ca2þ

clinopyroxene : 2CaFeSi2O6 þ 2Naþ þ 2Hþ þ 0�5O2 ¼

2NaFeSi2O6 þ 2Ca2þ þH2O

eudialyte ðschematicÞ : eudialyteþ fluid ¼

allaniteþ zirconþ albite:

In this model, the Ca from feldspar and clinopyroxene
would have been released into the fluid for redistribution
and fixation in new minerals, leaving behind pure albite
and aegirine. Additionally, eudialyte, a major REE- and
Zr-rich mineral of the agpaitic rocks in Il|¤maussaq
(S�rensen, 1992), was transformed, releasing Ca, Zr and
REE, which were incorporated into the zircon and the
allanite present in the samples.
In principle, this would be a viable process, and exten-

sive late-magmatic fluid^rock interaction is recorded in
many Il|¤maussaq rocks (see e.g. Scho« nenberger, 2006).
However, it is unclear to us why Ca from large areas in
the intrusion should be enriched at the point of endoskarn
formation. Such a scenario would be necessary, as there
is no way to generate the Ca enrichment on a volume-
conservative basis, and thus the underlying process would
remain enigmatic. Therefore, we prefer the second expla-
nation of Ca enrichment, which involves an external
source (i.e. a Ca-rich external fluid). In this case, it would
be possible to derive Ca from the metasomatic alteration
of the overlying Eriksfjord basalts, which display ample
evidence for alteration in the greenschist facies (epidote^
chlorite^quartz assemblage).

Metasomatic phenomena in and around peralkaline
rocks: a comparison

Phase assemblages formed by metasomatic alteration and
involving external fluids are well known from alkaline
complexes (e.g. Sindern & Kramm, 2002; Savatenkov
et al., 2004). Salvi & Williams-Jones (1990, 1996, 2006) and
Boily & Williams-Jones (1994) studied the role of hydro-
thermal processes in the peralkaline Strange Lake com-
plex, Canada. Salvi et al. (2000) investigated the agpaitic
rocks of theTamazeght complex, Morocco, with respect to
HFSE mobilization in, and deposition from, F- and
Ca-bearing fluids. In this case, HFSE were transported as
fluoride complexes in a F-rich orthomagmatic fluid and
deposited by mixing with a Ca-enriched, externally
derived meteoric fluid (Salvi & Williams-Jones, 1996).
Khadem Allah et al. (1998) described Ca enrichment in
nepheline syenites of the Tamazeght Complex in contact
with carbonate country rocks, which is recorded by the

occurrence of, for example, pectolite and cancrinite and
by an enrichment in the diopside component of clinopyrox-
enes. Fluid-related alteration phenomena are also known
from around the Gardar intrusions in South Greenland.
Fenitization is known from the volcanic rocks overlying
the lujavrites in the northern part of the Il|¤maussaq intru-
sion (S�rensen et al., 1974; Kunzendorf et al. 1982; S�rensen
& Larsen, 2001). Pitchblende occurs in fractures in the
basement granite (Armour-Brown et al.,1983).The fracture
zones are fenitized and contain perthitic feldspar and inter-
stitial chlorite, iron oxides, carbonates, and as common
accessories apatite, fluorite and zircon. Ranl�v & Dymek
(1991) delineated aegirine-rich zones of metasomatic altera-
tion on the Narssaq Peninsula in the northeastern part of
the Il|¤maussaq intrusion. Hansen (1968) described in the
same area fractures filled with quartz, albite, microcline,
aegirine, calcite and hematite, with accessories such as
allanite and apatite, and fenitized rocks between the frac-
tures. The mineralizations were related to low-temperature
fluids derived from the intrusive complexes of Il|¤maussaq
and Igaliko.Wegmann (1938), who found abundant fluorite
in the country rock of the intrusion around Tunulliarfik,
concluded that F mobilization affected the entire area.
Fluid-related alteration is also found within Gardar

plutons; for example, in andradite-bearing autometaso-
matic assemblages described by Marks et al. (2003) from
the peralkaline Puklen pluton. Parsons et al. (1991), Finch
(1995), Rae et al. (1996) and Coulson (1997, 2003) described
metasomatic alteration phenomena, which involved both
late-magmatic and external fluids within other Gardar
complexes. Fluid-involving alterations in the Il|¤maussaq
complex were mentioned by Ussing (1912), who described
a broad (�100m), red, ferric oxide- and fluorite-rich band
of alteration in the northern part of the intrusion. Except
for feldspar, the mineral assemblages of naujaite and
lujavrite are replaced by hematite, fluorite, natrolite, chlor-
ite and zeolites at this locality. Other regions within the
Il|¤maussaq intrusion where pneumatolytic alteration
took place are shown on the maps of Ferguson (1964) and
Bohse et al. (1971).
In summary, metasomatic processes involving

Ca-enriched fluids are well known from peralkaline com-
plexes in general, and from the Gardar Province in partic-
ular. We believe that the Il|¤maussaq endoskarns are just a
particularly spectacular and unusual example of such phe-
nomena. We will now proceed to characterize the source
and chemical evolution of the external metasomatizing
fluid.

Isotopic constraints
The large range in whole-rock d18O for the ilvaite-bearing
assemblage (Fig. 11) may be caused by modal variations
of ilvaite (d18O¼�4�7 to �3�6ø), garnet (d18O¼�1�8
and �3�3ø), epidote (d18O¼�1�1ø) and albite
(d18O¼ 5�9–7�2ø). The mineral data reveal a large
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isotopic fractionation between albite and the other

minerals and a smaller one between ilvaite and garnet,

ilvaite and epidote, and garnet and epidote.
To derive temperature information, we studied mineral^

mineral isotopic equilibria by using the mineral^H2O frac-
tionation coefficients of Zheng (1993a, 1993b). Because it is
well known that some of Zheng’s data do not reproduce
experimental fractionation factors, we applied various sets
of mineral^H2O fractionation factors to our data and com-
pared the respective results. Experimentally determined
fractionation factors exist for albite^H2O (Friedman &
O’Neil, 1977; Matsuhisa et al., 1979) and for andradite^
H2O (Taylor, 1976; Kieffer, 1982), but not for ilvaite^H2O
and epidote^H2O. Experimentally derived factors, how-
ever, are ascertained for distinct ranges of temperature
only, and our inferred conditions do not always fall into
these ranges. Our calculations therefore provide only an
estimate of the temperature range in which the alteration
processes took place.
Most of the equilibria not involving albite indicate that

the ilvaite-bearing endoskarn assemblage formed in the
range 400^6008C (Table 6). This range slightly exceeds
the upper temperature limit of ilvaite stability according
to Gustafson (1974), which most probably is the result of
additional elements present in our assemblage and not pre-
sent in Gustafson’s experiments (e.g. Mn).
Calculation of epidote^albite equilibria showed that,

regardless of the fractionation coefficients used, these two
minerals are not in isotopic equilibrium. Most other
equilibria involving albite invariably indicate temperatures
below 2858C, regardless of the coefficients used (Table 6).
We interpret this result to indicate isotopic re-equilibration
of albite at low temperatures. As feldspars are known to
re-equilibrate to very lowT (Giletti et al., 1978), it is highly
likely that the other three minerals record the fluid during
formation of the assemblages, whereas the feldspar prob-
ably records re-equilibration with (potentially the same)
fluid during cooling.
In summary, textural observations, phase relations and

oxygen isotope temperatures clearly indicate that the
endoskarn assemblages were modified twice after their for-
mation: at 300^3508C prehnite formed in the ilvaite-free
assemblage (see also Fig. 13), and below �2508C albite
re-equilibrated with a cooled fluid. In both these cases, we
cannot determine whether the same, but cooled fluid or a
new fluid influx was responsible for the alteration.
We suggested above that an external fluid was probably

responsible for the Ca enrichment and the endoskarn
mineralization. An approximation to the d18O signature
of this fluid in isotopic equilibrium with the analysed
minerals was calculated using the fractionation coefficients
between mineral and H2O of Zheng (1993a, 1993b)
(Fig. 14). The oxygen isotopic composition of the fluid cal-
culated for each mineral as a function of temperature show

an intersection for epidote, ilvaite and garnet at a mini-
mum temperature of �4508C and a d18O value of about
0ø (Fig. 14)–close to modern seawater–whereas albite

is not in isotopic equilibrium at this temperature (see

above).
The hydrogen isotope signature of the ilvaite-bearing

assemblage (dD¼�136 to �118ø) is dominated by

ilvaite (dD¼�148 to �136ø) as the dominant hydro-

gen-bearing mineral. The values for the ilvaite-free

assemblages are accordingly higher (dD¼�86 to

�55ø), within the typical range of magmatic rocks

and fluids (Sheppard, 1986; Taylor & Sheppard, 1986).

Unfortunately, the H isotopic composition of epidote

Table 6: Mineral-mineral equilibrium temperatures calcu-

lated via mineral-H2O fractionation factors from different

sources

Mineral pairs excluding albite;

reference of fractionation factor min–H2O

Calculated range

of equilibrium

(8C)

Ilvaite–andradite

Ilvaite: Zheng (1993a), andradite: Taylor (1976) 350–490

Ilvaite: Zheng (1993a), andradite: Kieffer (1982) 490–610

Ilvaite and andradite: Zheng (1993a, 1993b) 380–600

Epidote–andradite

Epidote: Zheng (1993a), andradite: Taylor (1976) 500

Epidote and andradite: Zheng (1993a, 1993b) 400

Epidote–ilvaite

Epidote and ilvaite: Zheng (1993a) 500–720

Mineral pairs including albite

Andradite–albite

Andradite: Taylor (1976), albite: Matsuhisa et al. (1979) no result

Andradite: Taylor (1976), albite: Friedman

& O’Neil (1977)

300–307

Andradite: Kieffer (1982), albite: Matsuhisa et al. (1979) no result

Andradite: Kieffer (1982), albite: Friedmann &

O’Neil (1977)

206–212

Andratite and albite: Zheng (1993b) 160–166

Ilvaite–albite

Ilvaite: Zheng (1993a), albite: Matsuhisa et al. (1979) 210–237

Ilvaite: Zheng (1993a), albite: Friedman & O’Neil (1977) 220–285

Ilvaite and albite: Zheng (1993a, 1993b) 212–233

Epidote–albite

All possible combinations no result
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from the endoskarn assemblages could not be analysed
because of lack of enough pure sample material. Based
on the temperature-independent fractionation coeffi-
cient of Qian & Guo (1993) for 350–5508C, the dD
signature of the fluid in isotopic equilibrium with ilvaite
is estimated to lie between �54 and �40ø. Thus, the
fluid shows a trend towards isotopically heavier
compositions. The temperature independence of the
coefficient and the uncertainties in hydrogen isotope
fractionation coefficients in general may be the reasons
for the calculated fluid not plotting on the modern
meteoric water trend in Fig. 11. The dD signature of
the fluid in isotopic equilibrium with the epidotes from
the Eriksfjord basalts (dD¼�35 and �44ø), however,
is þ6 and �3ø, respectively, for 4008C, and 10 and
1�4ø for 5008C [calculated with the fractionation
coefficients of Chacko et al. (1999)], which is reasonably
close to modern seawater.
We admit that we do not know if the stable isotope com-

position of modern seawater is similar to the seawater iso-
tope composition at 1�16Ga, but in the absence of any
evidence to the contrary, and given the geological evidence
for the presence of pillow-basalts in the Eriksfjord
Formation, we consider it reasonable to assume the
involvement of seawater.
In summary, it appears that seawater circulating through

theEriksfjordbasaltswasoneof thedriving forces ofmetaso-
matism responsible for the formation of the endoskarns
at Il|¤maussaq. The structures along which seawater was
circulating in the ground are arranged erratically and
thus there is no uniform alteration. The pillow structures
in the Eriksfjord basalts (Emeleus & Upton, 1976)

and the ubiquitous occurrence of chlorite^epidote^
quartz assemblages in thebasalts are evidence of both a tem-
porarily marine environment and spilitization reactions,
and hence of the necessary prerequisites of our model.
Furthermore, the D and O isotopic compositions of the epi-
dotes from basalts analysed in the course of this study agree
with equilibration with a fluid close to (modern) seawater
composition.
To constrain the seawater alteration process quantita-

tively, we calculated fluid^rock equilibria for a fluid of
typical (modern) seawater composition during progressive
fluid^rock interaction between 508C and 300 bar, and
5008C and 1000 bar in the system Si^Al^Fe^Mg^Ca^Na^
K^C^S^Cl^O^H. Calculations were carried out in
different runs with effective fluid/rock ratios of 0�1, 1,
10 and 100 and along the constructed geotherm
P¼100þ 4�25T� 0�005T2. It is noted that the term effec-
tive fluid/rock ratio is used here for the time-integrated
fluid flux the rock has experienced. The primary seawater
composition is from Millero (2004), recalculated to the
system Mg^Ca^Na^K^C^S^Cl^O^H with its dissolved
oxygen content constrained by equilibrium with O2 gas at
(modern) atmospheric partial pressure. The composition
of a typical Eriksfjord basalt was taken from Halama et al.
(2003, sample EF 059).
Calculations were performed with the HCh software

package (Shvarov & Bastrakov, 1999), which models het-
erogeneous equilibria and reaction progress by minimiza-
tion of the Gibbs’ free energy of the total system (Shvarov,
1978, 1981). The thermodynamic data for aqueous species
are from the SUPCRT92 database and subsequent updates
(Johnson et al., 1992; Shock et al., 1997; Sverjensky et al.,
1997). Data for silicate, oxide, hydroxide and carbonate
minerals were taken from the internally consistent dataset
of Holland & Powell (1998). An extended Debye^Hu« ckel
model using the b-gamma equation for NaCl as back-
ground electrolyte was applied for calculations of activity
coefficients of aqueous species (Oelkers & Helgeson, 1990;
Shock et al., 1992).
The results of our calculations indicate that the fluids

had equilibrium Ca concentrations of 6�0�10�3 and
5�2�10�3mol/kg Ca at fluid/rock ratios of 10 and 100,
respectively, for 4008C, and of 1�1�10�2 and 3�6�10�3

for 5008C (Table 7, Fig. 15). Hence, reasonable amounts of
about 1011kg fluid (corresponding to a rock volume of
about 0�001km3) would be sufficient to explain the Ca
enrichment of the endoskarns, even if all Ca would have
to be added. The oxygen fugacity of these fluids in equilib-
rium with the altered basalt is around HM and HMþ 4
for fluid/rock ratios of 10 and 100, respectively.
The high fluid/rock ratio would also explain why the O

isotopic signature of the fluid remained essentially
unchanged during the spilitization reactions. The analysed
basalt samples, in contrast, show much lighter values
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Fig. 14. d18O composition of the fluid in equilibrium with the ana-
lysed minerals at temperatures between 50 and 6008C calculated
using the fractionation coefficients of Zheng (1993a, 1993b). The fluid
compositions plot in fields rather than on lines because of the varia-
tions in the mineral chemistry. Grey, frameless bar indicates fluids
corresponding to the Il|¤maussaq amphiboles studied by Marks et al.
(2004) that were calculated for temperatures between 500 and 8008C.
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(Fig. 11) than typical basalts, which are expected to have
values around 5^7ø (Taylor & Sheppard, 1986). The

spread in d18O values in Fig. 11 hence probably records

the intensity of the spilitization process.

We calculated the change in the isotope signature of
water using the formula of Taylor (1977):

W

R
¼

�fRock � �iRock

�iRock � ð�fRock ��Þ

where W and R are the relative atomic per cent of water
and rock oxygen, respectively, in the bulk system, di and
df the initial and final isotope values, respectively, and �

is ð�fRock � �fH2OÞ. The fresh Eriksfjord basalts have a d18O
value between 5 and 6ø (Halama et al., 2003), whereas

the most altered sample has a d18O value of �1�8ø
(EF 144, this study). The calculations after Taylor

(1977) reveal that the fluid’s isotope composition stays

close to 0ø for fluid/rock ratios of 10 (0�4ø) and 100
(0�04ø). Lower ratios result in much higher d18O
values of the fluid. By analogy, the results for H

isotopes are close to 0ø for fluid/rock ratios of 10

(�0�1ø) and 100 (�0�01ø), when taking EF072 as the

fresh basalt sample (dD¼�92ø) and EF 144 as the

most altered one (dD¼�64ø).

SUMMARY AND CONCLUSIONS
This study investigated parts of the western marginal por-
tion of the peralkaline Il|¤maussaq intrusion, where

Table 7: Compositon of seawater in equilibrium with the Eriksfjord basalt along a constructed geotherm (see text for

details)

T(8C) 500 450 400 300 200

P (bar) 1005 996 970 865 690

Fluid/rock¼ 10

Al (mol/kg) 1�13E�02 1�64E�02 6�00E�03 6�50E�03 7�69E�03

Fe (mol/kg) 3�35E�03 5�83E�04 2�26E�05 2�21E�07 2�21E�08

Mg (mol/kg) 7�99E�04 2�81E�04 3�20E�05 7�78E�06 1�46E�06

Ca (mol/kg) 1�13E�02 1�64E�02 6�00E�03 6�50E�03 7�69E�03

Na (mol/kg) 5�27E�01 5�24E�01 5�49E�01 5�52E�01 5�74E�01

K (mol/kg) 1�61E�02 1�61E�02 1�61E�02 1�61E�02 1�62E�02

log fO2 �19�56 �21�90 �24�57 �31�04 �39�85

pH 5�35 5�27 5�55 5�80 6�70

Fluid/rock¼ 100

Al (mol/kg) 1�34E�05 3�56E�06 1�82E�06 6�19E�07 1�22E�07

Fe (mol/kg) 9�43E�03 8�07E�03 4�97E�03 3�98E�04 1�57E�04

Mg (mol/kg) 1�81E�02 2�04E�02 2�41E�02 3�03E�02 3�24E�02

Ca (mol/kg) 3�57E�03 4�59E�03 5�19E�03 5�48E�03 9�88E�03

Na (mol/kg) 5�01E�01 5�01E�01 5�01E�01 5�01E�01 5�01E�01

K (mol/kg) 1�08E�02 1�08E�02 1�08E�02 1�08E�02 1�08E�02

log fO2 �15�11 �18�14 �21�29 �27�04 �34�71

pH 4�57 4�22 3�98 3�84 4�30
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Fig. 15. Variability of the Ca content (mol/kg) of a seawater fluid pas-
sing through the Eriksfjord basalts along a constructed geotherm (see
text for details). The shape of the curves is a result of variable fluid^
fluid and fluid^rock equilibria.
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persodic igneous rocks were altered to Ca-rich endoskarn
assemblages with epidote^allanite, hydrogarnet, and
ilvaite or prehnite. These endoskarns are significantly
enriched in Ca in comparison with their precursor rocks,
which were inferred on the basis of whole-rock composi-
tions and textures. The very heterogeneous nepheline
syenitic marginal pegmatite is the precursor for the
ilvaite-bearing assemblages, whereas various other
Il|¤maussaq syenites (e.g. naujaite, augite syenite, foyaite)
are the precursors of the ilvaite-free assemblages. The
occurrence of ilvaite appears to depend on the presence of
large amounts of Fe-rich amphibole in the precursor rock.
Stable isotope investigations yielded temperatures of about
5008C, and activity-corrected thermodynamic calculations
revealed oxygen fugacities between FMQþ 5 and
FMQþ 7 (slightly above the HM buffer) as conditions of
formation for the endoskarn assemblage. Textures and
phase relations indicate prehnite to have formed at about
300^3408C during cooling of the complex and after the
formation of the endoskarns. Stable isotope data for albite
suggest re-equilibration at even lower temperatures.
In the absence of any carbonate rocks in the vicinity of

Il|¤maussaq, there remain two different possible sources
of Ca: redistribution of Ca released during late- to post-
magmatic breakdown of Ca-bearing magmatic phases or
externallyderivedCa-rich fluids, whichenteredthe complex
along faults and along themargins of the complex. Based on
geological evidence, we prefer the second possibility. Stable
isotope compositions of minerals from the endoskarn assem-
blage indicate that the fluid had the d18O signature of
modern seawater, which is consistent with the presence of
pillow structures in the basalts of the Eriksfjord Formation.
These basalts are assumed to be only slightly older than the
intrusion (Paslick et al., 1993), which makes the presence of
seawater at the time of intrusion plausible. Therefore, field
observations and isotopic data are best explained by postu-
lating the influx of seawater into the Il|¤maussaq intrusion
and, hence, we prefer an external Ca-rich fluid as the major
Ca source for our endoskarn assemblage. However, we
cannot rule out completely the possibility that some of the
Ca enrichment is related to internal redistribution within
the intrusion during late-magmatic autometasomatic altera-
tionprocesses.
Fluid^rock interaction (‘spilitization’) between seawater

and the Eriksjord basalts at temperatures between 10 and
5008C enriched the fluid in Ca, necessary for the forma-
tion of the endoskarn assemblages. High fluid/rock ratios
of 10^100 would explain both the basically unchanged
d18O signature of the fluid and the highly oxidized nature
of the fluid above the HM buffer. Reasonable amounts
of about 1011kg fluid (a rock volume of about
100m�100m�100m) with Ca contents of around
10^3mol/kg Ca are sufficient to explain the Ca enrichment
in the endoskarns of, for example, the marginal pegmatite.

Earlier studies (Marks & Markl, 2001; Markl et al., 2001;
Marks et al. 2004) suggested a closed system for the evolu-
tion of the Il|¤maussaq intrusion. Although we now have
presented evidence for the infiltration of external fluids, it
is important to note that this happened after differentia-
tion and solidification of the pluton. Accordingly, mag-
matic crystallization proceeded in a closed system, which,
however, experienced external metasomatism along its
margins and along faults during late-magmatic cooling,
while it was still at temperatures of about 300^5008C.
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