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ABSTRACT

Eudialyte-group minerals (EGM) represent the most important index minerals of persodic agpaitic
systems. Results are presented here of a combined EPMA, Mössbauer spectroscopy and LA-ICP-MS
study and EGM which crystallized in various fractionation stages from different parental melts and
mineral assemblages in silica over- and undersaturated systems are compared. Compositional variability
is closely related to texture, allowing for reconstruction of locally acting magmatic to hydrothermal
processes. Early-magmatic EGM are invariably dominated by Fe whereas hydrothermal EGM can be
virtually Fe-free and form pure Mn end-members. Hence the Mn/Fe ratio is the most suitable
fractionation indicator, although crystal chemistry effects and co-crystallizing phases play a secondary
role in the incorporation of Fe and Mn into EGM. Mössbauer spectroscopy of EGM from three selected
occurrences indicates the Fe3+/SFe ratio to be governed by the hydration state of EGM rather than by
the oxygen fugacity of the coexisting melt. Negative Eu anomalies are restricted to EGM that
crystallized from alkali basaltic parental melts while EGM from nephelinitic parental melts invariably
lack negative Eu anomalies. Even after extensive differentiation intervals, EGM reflect properties of
their respective parental melts and the fractionation of plagioclase and other minerals such as Fe-Ti
oxides, amphibole and sulphides.

KEYWORDS: eudialyte group minerals, crystal chemistry, agpaitic systems.

Introduction

EUDIALYTE, first described by Stromeyer (1819)

from the Ilı́maussaq intrusive complex (South

Greenland), encompasses a group of Na-Ca-Zr

silicates of trigonal symmetry with 22 indepen-

dent mineral species (Rastsvetaeva, 2007). The

IMA-accepted formula (Johnsen et al., 2003) for

the eudialyte group is N15[M(1)]6[M(2)]3[M(3)]

[M(4)]Z3[Si24O72]O’4X2 with

N = Na, Ca, K, Sr, REE, Ba, Mn, H3O
+;

M(1) = Ca, Mn, REE, Na, Sr, Fe;
M(2) = Fe, Mn, Na, Zr, Ta, Ti, K, Ba, H3O

+;
M(3, 4) = Si, Nb, Ti, W, Na;
Z = Zr, Ti, Nb;
O’ = O, OH�, H2O;
X = H2O, Cl�, F�, OH�, CO3

2�, SO4
2�, SiO4

4�.

Eudialyte-group minerals (EGM) are character-

istic minerals of some highly evolved, peralkaline

[molar (Na+K)/Al>1] mantle-derived magmatic

rocks (e.g. Sørensen, 1974, 1992, 1997; Kogarko

et al., 1982, 2010). In syenitic systems, EGM are

typomorphic minerals of so-called agpaitic rocks,

in which High Field Strength Elements (HFSE;

such as Zr, Hf, Nb, Ta, REE, Y) are incorporated

into complex K-Ca-Na-silicates such as EGM

(Sørensen, 1992, 1997; Marks et al., 2011). They
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also occur rarely in peralkaline granites (e.g.

Harris and Rickard, 1987; Harris et al., 1982).

EGM are generally found in various intraplate

settings and may crystallize during different

fractionation stages (Table 1; Kogarko et al.,

1982; Sørensen, 1997). For example, at the type

locality, Ilı́maussaq (S Greenland), EGM are

orthomagmatic (Fig. 1a,b) as well as late

magmatic (e.g. Bohse et al., 1971; Pfaff et al.,

2008, Hettmann, 2009) and are associated locally

with albite and analcime in late-stage veins

(Schollenbruch, 2007). Similarly, the large alkaline

complexes of the Kola Peninsula (Khibiny and

Lovozero, NW Russia; Fig. 1c,d) have crystallized

EGM from early- to late-magmatic stages (e.g.

Kogarko et al., 1982; Arzamastsev et al., 2002). In

other occurrences, EGM are restricted to late- to

post-magmatic stages, such as in Mont Saint-

Hilaire (Horváth and Gault, 1990; Fig. 1e,f) the

Pilansberg complex (Mitchell and Liferovich,

2006), in the Langesund archipelago, S Norway

(Andersen et al., 2010; Larsen, 2010), or in the

Tamazeght complex, Morocco (Schilling et al.,

2009). In rare cases, EGM are found in

metamorphic rocks, such as in Norra Kärr, S

Sweden (Adamson, 1944; Blaxland, 1977; Fig. 1g)

and Kipawa, Quebec, Canada (Allan, 1992).

Typical minerals associated with EGM

(Table 1) include aegirine and arfvedsonite,

various Na-Al-silicates such as alkali feldspar,

nepheline, sodalite, locally occurring zeolites, and

a large number of rare HFSE- and Large Ion

Lithophile Elements (LILE; such as Li, B, Be, Na,

Sr)-incorporating minerals, such as astrophyllite-

and lamprophyllite-group minerals, tugtupite and

minerals of the wöhlerite, rosenbuschite and

rinkite groups (e.g. Sørensen, 1997; Andersen et

al., 2010; Marks et al., 2011). In rare granites,

EGM coexist with quartz (Harris and Rickard,

1987; Harris et al., 1982; Fig. 1h).

Some peralkaline rocks and especially EGM-

bearing persodic agpaites are spatially and

temporally related to some of most reduced

igneous rocks (see Markl et al., 2010, and

references therein), and less fractionated rock

units predating the agpaitic stage indicate

relatively reduced but variable conditions below

the FMQ buffer in different complexes (e.g.

Ilı́maussaq: DFMQ = �2 to �5, Marks and

Markl, 2001; Motzfeldt: DFMQ = �0.5 to �2,

Schönenberger and Markl, 2008; Tamazeght:

DFMQ & �2, Marks et al., 2008a; Mont Saint-

Hilaire: DFMQ & �1, Schilling et al., 2011).

However, the lack of pertinent thermodynamic

data and late-stage resetting effects make it

impossible to directly constrain the oxygen

fugacity in agpaites (e.g. Marks et al., 2008a;

Schönenberger and Markl, 2008).

A few recent studies showed that the combina-

tion of texture, assemblage and mineral chemistry

of EGM can be a valuable indicator for a variety

of magmatic to hydrothermal processes. For

example, Pfaff et al. (2008) used compositional

changes in EGM from the layered nepheline

syenites at Ilı́maussaq to infer replenishment and

degassing processes of an agpaitic magma

chamber. Coulson and Chambers (1996) and

Coulson (1997) reconstructed the interaction of

subsequently intruding melt batches using EGM

textures. In a similar manner, Mitchell and

Liferovich (2006) used three late- to post-

magmatic EGM generations to reconstruct pH

changes in the late-stage agpaitic Pilansberg

system and Schilling et al. (2009) combined

textural and compositional variations of EGM to

decipher the interaction of agpaites with carbo-

natitic fluids in the Tamazeght Complex,

Morocco. Since the work of Wu et al. (2010), it

is clear that EGM can be used for U-Pb age

determination, which adds a new dimension to its

petrological applications.

As shown by Mitchell and Liferovich (2006)

and Schilling et al. (2009), the highly variable

composition of EGM may be used to decipher

FIG. 1 (facing page). Photomicrographs and BSE images of EGM-textures: (a) hand specimen showing early-

magmatic EGM in layered kakortokite from the Ilı́maussaq intrusion; (b) BSE image of early-magmatic EGM from a

kakortokite sample of Ilı́maussaq; (c) pegmatite hand specimen from Khibiny consisting of coarse-grained EGM,

nepheline, aegirine and alkali feldspar; (d) BSE image of unzoned EGM in pegmatite from Lovozero; (e) hand

specimen with post-magmatic EGM from a cavity in syenites from Mont Saint-Hilaire; (f) BSE image of EGM from

the same sample as e showing post-magmatic EGM to be euhedral and primary oscillatory zoned; (g) zoned EGM in

schistose rock from Norra Kärr; (h) BSE image of EGM associated with quartz in granite from Ascension Island. Afs

= alkali feldspar, Amp = amphibole, Cpx = clinopyroxene, Nph = nepheline, Qz = quartz. See Schilling et al. (2009)

and Wu et al. (2010) for more textures from other occurrences.
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compositional and/or physico-chemical changes

in evolving magmatic and hydrothermal systems.

To explore the suitability of this mineral group for

inferring petrological information, we investi-

gated an extensive suite of EGM from different

localities using electron probe micro-analysis

(EPMA), laser ablation inductively coupled

plasma mass spectroscopy (LA-ICP-MS) and

Mössbauer spectroscopy. The main sample set

includes EGM from Ilı́maussaq, Tamazeght and

Mont Saint-Hilaire, for which details on the

petrology such as fO2
estimates and the mineral

assemblages in which EGM occur are available.

The selection of this suite of samples covers all

textural varieties of EGM (euhedral early-

magmatic to interstitial late-magmatic varieties,

examples from pegmatites and post-magmatic

hydrothermal veins; Fig. 1) and three magmatic

systems that crystallized under markedly different

fO2
conditions. In addition to this suite of samples,

we compare EGM from other feldspathoid- and

quartz bearing rocks and metamorphic occur-

rences. Hence, we group our analyses based on

(1) the stage during which EGM crystallized (i.e.

on a textural basis, we distinguish early-, late- and

post-magmatic and metamorphic EGM); (2) the

mineral assemblages of major rock-forming

phases; (3) the apparent composition of the

parental melt; and (4) SiO2-saturation (i.e.

feldspathoid- vs. quartz-bearing systems).

Furthermore, we compare Fe3+/SFe Mössbauer

spectroscopic data of EGM from Ilı́maussaq,

Tamazeght and Mont Saint-Hilaire and check

for interrelations between Fe3+/SFe in EGM and

the redox states of rocks from these three

complexes.

We emphasize that the aim of the present paper

is not to treat crystallographic aspects, nor to put

further constraints on possible site occupancies of

the EGM structure. Instead our results place

constraints on similarities and differences in the

evolution of peralkaline EGM-crystallizing melts.

Table 1 summarizes relevant petrographic char-

acteristics such as co-existing minerals, textural

position and zoning patterns of the EGM

investigated, and describes the host rocks of the

EGM-bearing assemblages.

Methods

Electron probe micro-analyses
Most electron probe micro-analyses (EPMA) of

EGM were performed using a JEOL 8900 electron

microprobe at the University of Tübingen,

Germany. To avoid volatilization, we analysed

Na first and checked for stability of the signal

over the Na counting time. We used identical

analytical conditions to those described by Pfaff

et al. (2010) and Schilling et al. (2009) except for

the beam size, which we varied between 10 and

20 mm depending on the EGM grain size. Samples

described by Wu et al. (2010) were analysed by

the method described in their work and EGM

from Pilansberg were analysed using the condi-

tions given by Mitchell and Liferovich (2006; see

the electronic supplement, deposited with the

editor and available from http://www.minersoc.

org/pages/e_journals/dep_mat_mm.html).

Formulae of EGM were calculated on the basis of

(Si+Zr+Ti+Nb+Al+Hf) = 29 a.p.f.u. (Johnsen and

Grice, 1999).

Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

Trace elements were analysed either using the

methods described by Wu et al. (2010) or in situ

with an Agilent 7500ce Quadrupole ICP-MS

coupled to a New Wave Research Merchantek

UP-213 laser unit (Nd:YAG laser, output wave-

length 213 nm) at the University of Mainz,

Germany, following the procedure of Jacob

(2006). Helium was used as the carrier gas and

material was ablated with variable spot sizes

between 55 and 100 mm. Average pulse energies

varied between 0.2 and 0.3 mJ/pulse and pulse

frequencies of 5 Hz were used for analyses on thin

sections and 10 Hz for analyses of EGM embedded

in epoxy disks. Each analysis consisted of 60 s

background measurement followed by 60 s

ablation time (10 ms per peak and isotope). 28Si

was used as an internal standard with Si

concentrations determined by EPMA. The NIST

SRM 612 glass served as an external standard and

USGS BCR2-G was analysed as an unknown using

Si concentrations listed in the GeoReM (http://

georem.mpch-mainz.gwdg.de/) database (cf.

Jochum and Nohl, 2008). For data processing we

used the commercial GLITTER software (version

4.4.2; Macquarie University; Griffin et al., 2008).

Detection limits (DL) for most trace elements are

<0.1 ppm, except for B, Ti, Cr, and Zn where the

DL is <1 ppm. Phosphorus has a detection limit of

~2 ppm. Accuracy (1s) based on the analyses of

the BCR standard, which was analysed at least

every 15 analyses, is within Q10% for most

elements (including the REE) and Q11, 25 and

33% for B, P and Zn, respectively (see Appendix).
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M˛ssbauer spectroscopy

Room-temperature spectra were recorded in

transmission mode on a constant acceleration

Mössbauer spectrometer with a nominal 370 MBq
57Co high specific activity source (active area

500 mm6500 mm) in a 12 mm thick Rh matrix.

The velocity scale was calibrated relative to

25 mm-thick a-Fe foil using the positions certified

for (former) National Bureau of Standards

standard reference material no. 1541; line widths

of 0.36 mm/s for the outer lines of a-Fe were

obtained at room temperature. Aggregates of

600�1500 mm length/width and 300�500 mm
thickness from three selected EGM were analysed

(effective Mössbauer thickness 3.7�5 mg

Fe/cm2). The sample pieces were mounted on

mylar film using colourless nail varnish and then

centred over a hole drilled in a 25 mm thick Ta foil

(absorbs 99% of 14.4 keV gamma rays). Each

spectrum was collected over 1 day and fitted using

the commercially available fitting program

NORMOS written by R.A. Brand (distributed by

Wissenschaftliche Elektronik GmbH, Germany).

Results

Major and minor elements
For the present study, we performed almost 1350

electron microprobe analyses of EGM in 123

samples from 13 localities (Fig. 2). We ensured

that the complete compositional range of EGM

was covered by carefully analysing all hetero-

geneities visible in BSE images. Typical analyses

of EGM from all occurrences are presented in

Table 2; the full range of analyses is provided in

the electronic supplement, deposited with the

editor and available at http://www.minersoc.org/

pages/e_journals/dep_mat_mm.html.

Figure 2a shows the compositional ranges of

Fe, Mn, Sr and the variable Si contents that add to

24 tetrahedrally coordinated Si forming the Si-

rings of the EGM structure. Fe and Mn correlate

negatively in EGM from all occurrences but

concentration levels are not necessarily identical,

as exemplified by EGM from Ilı́maussaq, Mont

Saint-Hilaire and Tamazeght (Fig. 2b).

I l ı́maus saq ( i nc lud ing ana ly se s f rom

Schollenbruch, 2007; Pfaff et al., 2008;

Hettmann, 2009) has crystallized Fe-rich EGM;

whereas Mn-dominant EGM formed at

Tamazeght and Mont Saint-Hilaire. Manganese

and Fe, among other cations, can occupy more

than one structural site in the structural formula

(Johnsen et al., 2003) and Fe, in particular, may

be present in various oxidation states (Pol’shin et

al., 1991; Khomyakov et al., 2010). Vacancies

can be present on some crystallographic sites and

overall charge balance can be achieved by

variably charged H-bearing species (H3O
+,

OH�, H2O). These features render it effectively

impossible to determine correct exchange vectors,

but at least on the scale of a single intrusive

complex, Mn/Fe systematically increases with

texturally later-formed EGM and secondary

zonation patterns.

Together, EGM from Ilı́maussaq, Tamazeght

and Mont Saint-Hilaire represent most of the

Fe-Mn-Sr composition space observed with EGM

from all occurrences investigated (Fig. 3).

Strontium contents in EGM are highly variable

and in all EGM from Ilı́maussaq and Mont Saint-

Hilaire (among other occurrences, such as

Ascension, Straumsvola and Langesund;

Figs 2a, 3), Sr does not correlate with textural

changes or variable mineralogy. However, the

greatest Sr contents are found in late-stage EGM

from Pilansberg and Tamazeght (Mitchell and

Liferovich, 2006; Schilling et al., 2009). EGM

from metamorphosed complexes and quartz-

bearing assemblages plot close to the Fe-Mn tie

line and do not show distinct enrichment of Sr.

In terms of the distribution of Na, Ca and Sr,

most EGM from Ilı́maussaq, Tamazeght and

Mont Saint-Hilaire are relatively rich in Na;

whereas EGM from some other occurrences

(represented by the grey field) are Ca- and/or

Sr-rich (Fig. 3b). Nb is enriched to stronger

degrees than Ti in all EGM (Fig. 3c). Again,

EGM from Ilı́maussaq, Tamazeght and Mont

Saint-Hilaire represent most of the composition

space and metamorphosed and EGM coexisting

with quartz are compositionally indistinguishable

from such EGM that are not metamorphosed or

that coexist with feldspathoids (Fig. 3). Table 3

summarizes minimum and maximum values (i.e.

the overall range) of most elements analysed and

molar Mn/Fe ratios.

In general, EGM from quartz-bearing rocks do

not contain more Si than EGM from SiO2-

undersaturated occurrences, and EGM from

granitic rocks from Straumsvola are slightly

lower in Si than those of nepheline syenitic

rocks from the same locality (Fig. 2a). Some

analyses show Si to be >26 a.p.f.u. (the sum of 24

tetrahedrally coordinated Si plus Si on the M(3)

and M(4) sites), indicating that Si may occupy

other structural sites.
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FIG. 2. (a) Variation of Fe, Mn, total Si�24 Si related to the ring structure, and Sr in EGM from all occurrences

investigated. Element concentrations are given in a.p.f.u. (b) Mn vs. Fe (a.p.f.u.) for EGM from all occurrences

investigated. Number of analyses: Ilı́maussaq: 603, Mont Saint-Hilaire: 174, Tamazeght: 210, Straumsvola (foid

syenite): 16, Straumsvola (granite): 14, Langesund: 8, Khibiny: 81, Lovozero: 43, Ascension: 23, Poços de Caldas:

8, Saima: 22, Pilansberg: 128, Kipawa: 8, Norra Kärr: 4.
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Iron valence and site distribution

Mössbauer spectra of EGM collected from

Ilı́maussaq, Mont Saint-Hilaire and Tamazeght

resemble those reported in the literature (Pol’shin

et al., 1991; Khomyakov et al., 2010) and were

fitted according to the model of Khomyakov et al.

(2010) to quadrupole doublets with conventional

constraints (component linewidths and areas

assumed to be equal), where a maximum of

three quadrupole doublets was sufficient to

account for all absorption (Fig. 4). Centre shift

and quadrupole splitting values of the subspectra

fall within the ranges for the particular iron

species reported by Khomyakov et al. (2010),

enabling a robust assignment of valence and site

coordination (a full list of hyperfine parameters of

the fitted spectra are given in Table 2 of the

electronic supplement). The relative areas can be

taken to a first approximation to represent the

relative abundance of the different iron species.

The iron in all samples occurs predominantly as

FIG. 3. Ternary diagrams showing compositional variation of EGM in the systems Fe-Mn-Sr, Na-Ca-Sr and Zr-Ti-Nb

(a.p.f.u.).

FIG. 4 (right). Room-temperature Mössbauer spectra of

EGM. (a) Ilı́maussaq (ILM101); (b) Tamazeght

(TMZ177); (c) Mont Saint-Hilaire (MSHT613). Doub-

lets are shaded as follows: black (VIFe3+ and/or VFe3+);

grey (VFe2+); unshaded (IVFe2+). Residuals above each

spectrum indicate the difference between experimental

and calculated data points, and the relative areas of each

subspectrum indicate roughly the relative abundance of

the particular species.
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Fe2+ in the M(2) site, mostly in planar quad-

rangles (four-fold coordination), but with a small

amount of Fe2+ in samples from Ilı́maussaq and

Tamazeght in square pyramids (five-fold coordi-

nation). Fe3+ occurs in distorted octahedral

coordination with Fe3+/SFe for the Ilı́maussaq,

Tamazeght and Mont Saint-Hilaire samples of

0.15(2), 0.09(2) and 0.07(2), respectively.

Trace elements

We present more than 400 LA-ICP-MS analyses

of EGM from 69 samples from 12 occurrences

(Figs 5, 6, Table 4). The HFSE are enriched to

variable degrees by one to five orders of

magnitude, but show no systematic correlation

with textures or mineral assemblages. The REE

are enriched by one to four orders of magnitude

(relative to the primitive mantle of Palme and

O’Neill, 2004; Fig. 5) and REE patterns vary in

shape and degree of enrichment, allowing for a

classification on the basis of (1) Eu anomalies and

(2) light to heavy REE enrichment. Significant

negative Eu anomalies are only found in EGM

from occurrences where alkali basaltic parental

melts are assumed or that are metamorphically

overprinted (Ilı́maussaq, Mont Saint-Hilaire,

Ascension, Straumsvola (especially in EGM

from the granite), Langesund, Kipawa and Norra

Kärr). Negative Eu anomalies are absent in

complexes where nephelinitic parental melt

compositions are assumed (Tamazeght,

Lovozero, Khibiny, Saima and Poços de Caldas).

The relative enrichment of the LREE (La-Sm)

compared to the HREE results in different shapes

of the patterns. With respect to the HREE

(Gd-Lu), the LREE (La-Sm) are more enriched

in EGM from Ilı́maussaq (Fig. 5a), Mont Saint-

Hilaire (Fig. 5b), in the granite of Straumsvola

(Fig. 5d) and Lovozero (Fig. 5g), displaying a

mostly linear trend. EGM from Ascension

(Fig. 5c) and Kipawa (Fig. 5k) have stronger

enrichments of the HREE with a decrease

(Ascension) or an increase (Kipawa) from Gd to

Lu. EGM from nepheline syenites from

Straumsvola (Fig. 5d) and Langesund (Fig. 5e)

show continuously decreasing LREE, but

increasing enrichment from Gd to Lu. Concave-

shaped patterns are found in EGM from

Tamazeght (Fig. 5h), Poços de Caldas (Fig. 5i)

and in some EGM from Saima (Fig. 5j) and

Khibiny (Fig. 5f), where the LREE are enriched to

higher degrees than the HREE. Non-system-

atically varying REE distributions at different

localities are observed for EGM with comparable

Mn/Fe ratios and concentration levels of Mn and

Fe (compare, for example, EGM from Ascension

and Tamazeght or Saima and Kipawa).

The LILE vary in a non-systematic zig-zag

pattern and Tl, Cs, Rb, Be and B are generally

enriched by up to two orders of magnitude. The

strongest enrichment by three orders of magnitude

for Ba is observed in EGM from Khibiny;

whereas in EGM from Mont Saint-Hilaire, Ba

can be enriched or slightly depleted by one order

of magnitude in EGM of a single sample.

The compatible elements (V, Co, Ni, Cr) are

invariably depleted or occur in concentrations

below the detection limit. In contrast, Sc occurs at

the ppm level and is invariably slightly enriched.

Zn can be either enriched or depleted, and both

trends may be seen in EGM from a single locality,

e.g. at Mont Saint-Hilaire (Fig. 5b) and Khibiny

(Fig. 5f).

P, Ti, Li and Cu invariably form negative

spikes in EGM from all occurrences whereas Sr

and Pb either show negative, positive or no

anomalies at all; e.g. in EGM from Ilı́maussaq,

both negative and positive Pb anomalies are

observed (Fig. 5a).

The Zr/Hf ratios of EGM from Ilı́maussaq and

Tamazeght correlate slightly positively with

Mn/Fe (which we consider to be the most suitable

monitor of fractionation, see discussion); whereas

Zr/Hf remains constant with Mn/Fe in EGM from

Mont Saint-Hilaire (Fig. 6a). Plotted vs. molar

Mn/Fe, no systematic changes of the U/Th

(Fig. 6b) and Nb/Ta (Fig. 6c) element ratios are

observed for EGM from Ilı́maussaq, Mont Saint-

Hilaire and Tamazeght. EGM from all other

occurrences have locality- or sample-specific

constant Zr/Hf, U/Th and Nb/Ta ratios in

common.

Discussion

Major and minor elements
Even after scrutinizing the full wealth of our

mineral analyses and checking several possible

fractionation indicators (such as Na/Ca), we find

that the molar Mn/Fe ratio is the most important

parameter to monitor fractionation in EGM

(Johnsen and Gault, 1997; Pfaff et al., 2008;

Schilling et al., 2009; Fig. 7a). Fe and Mn do not

follow a strictly negative 1:1 correlation, not even

within samples from a single locality, and the

decrease of Fe and the increase of Mn occur to

variable degrees (Figs 2, 3, 7). The maximum
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FIG. 5. Normalized trace elements and REE of EGM from the investigated occurrences. (a�e, above) Trace-element

distributions of EGM from alkali basaltic parental melts; (f�j, next page) trace-element distributions of EGM from

nephelinitic parental melts; (k�l, following page) trace-element distributions of EGM from metamorphosed complexes.
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amount of Mn found in any EGM is greater than

the maximum Fe content, implying that Mn is

preferred relative to Fe on the N-site

(Rastsvetaeva, 2007). Three processes may

control the incorporation of Fe and Mn into

EGM: (1) the composition of the melt and its

concentration levels of Fe and Mn; (2) the

partition coefficients of Fe and Mn for eudia-

lyte-melt that are probably temperature- and melt-

composition dependent; and (3) co-crystallizing

phases that favour one element over the other.

The exact Mn/Fe ratio of the melt at the time of

EGM crystallization cannot be reconstructed, as

most textures involving EGM display cumulate

textures and thus, whole-rock data do not

represent liquids. Although the Mn/Fe ratio of

both melt and EGM increase with fractionation,

the Mn/Fe ratios of EGM from Ilı́maussaq are in

contrast to (molar) whole rock data of Larsen and

Steenfelt (1974, not shown), which were used by

these authors to perform crystallization experi-

ments and are believed to closely resemble melt

compositions. Best-fit lines representing the

(molar) Mn vs. Fe whole-rock data from

Ilı́maussaq have a different slope than best-fit

lines representing the Fe and Mn (a.p.f.u.)

distributions of EGM from this occurrence.

Different EGM samples deviate non-system-

atically from the whole-rock data, which may

indicate that, apart from temperature- and melt

composition-dependent partition coefficients,

EGM do not simply inherit the Mn/Fe ratio of

the melt and that other minerals may discriminate

in the incorporation between Fe and Mn. Hence,

we interpret the Mn/Fe ratio of EGM to be mostly

a function of the melt composition, but to be

superimposed by crystal-chemical effects and by

the availability of Mn and Fe, which, in turn, is

controlled by co-crystallizing phases that incor-

porate Mn and Fe. In this regard, the most

common Mn and Fe-incorporating minerals

coexisting with EGM, clinopyroxene and amphi-

bole, either do not influence or influence to an

equal extent Mn/Fe in EGM (see below and

Fig. 7e), but locally co-crystallizing minerals

such as astrophyllite-group minerals may affect

the Mn and Fe uptake into EGM.

EGM from nephelinitic parental magmas span

the entire Mn and Fe ranges found and closely

follow the negative 1:1 correlation line; whereas

EGM from alkali basaltic parental melts show

larger deviations from the negative 1:1 correlation

line (Fig. 7b). EGM from metamorphosed

complexes have small Mn (40.61 a.p.f.u.) but

FIG. 6. Element ratios of the geochemical twins vs.

Mn/Fe; (a) Zr/Hf; (b) U/Th; (c) Nb/Ta. Grey lines

represent chondritic values.
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variable Fe contents (Fig. 7b). The presence of

quartz in EGM-bearing assemblages does not

affect the incorporation of Fe and Mn into EGM

as both Fe-rich/Mn-poor (Ascension) and

Fe-poor/Mn-rich (Straumsvola) EGM are

observed to coexist in granites (Fig. 7c). EGM

from late-stage assemblages at Pilansberg and

Mont Saint-Hilaire coexist locally with zeolites

and are characterized by Mn contents >1 a.p.f.u.

(Fig. 7c). The presence or absence of the Fe-Mg-

silicates clinopyroxene and amphibole is not a

prerequisite for the crystallization of EGM, but

most EGM co-existing with amphibole are

characterized by <1 a.p.f.u. Mn (Fig. 7d); thus,

amphibole is more common in less evolved

agpaitic rocks. Our dataset also confirms the

FIG. 7. Molar Mn vs. Fe in EGM: (a) colour-coded according to crystallization stage based on textural evidence and

co-genetic minerals; (b) colour-coded according to parental melt or metamorphic overprint; (c) colour-coded

according to assemblages with major felsic minerals; (d) colour-coded according to assemblages with major Fe-Mg

silicates.
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experimental results of Christophe-Michel-Lévy

(1961) which suggested, at least in hydrothermal

environments (e.g. from Pilansberg: Mitchell and

Liferovich, 2006), that Fe-free EGM may form,

while Mn-free EGM never do. We interpret the

observation of nearly Fe-free EGM to support the

idea that crystal-chemical effects co-control the

incorporation of Mn and Fe into EGM.

Crystal chemistry of Fe in EGM

Observation of the most oxidized EGM analysed

in this study, ILM 101, a late-magmatic sample

from the Ilı́maussaq complex, is in contrast to the

reduced conditions determined in the Ilı́maussaq

lithologies. In fact, the most reduced conditions of

any peralkaline rock system were found in

Ilı́maussaq (the augite syenite unit predating the

agpaitic units: DFMQ = �2 to �5, Marks and

Markl, 2001; see also Markl et al., 2001). While

some minerals reflect the Fe3+/SFe and hence the

oxygen fugacity of the coexisting melt (e.g.

amphibole: King et al., 2000), EGM cannot be

used to monitor changes in the oxygen fugacity of

the coexisting melt or fluid and other processes

govern Fe3+/SFe in EGM. Previous Mössbauer

spectroscopy studies indicate that the Fe3+/SFe of

all natural eudialytes reported in the literature is

<0.2, except for those that are significantly

hydrated (>5 wt.% H2O: Pol’shin et al., 1991;

Khomyakov et al., 2010). There is a roughly linear

correlation between H concentration and Fe3+/SFe
in data compiled from the two papers above.

Eudialyte may be resistant to oxidation in

certain environments (e.g. dry) due to the greater

stability of Fe2+ in the four-fold M(2) site relative

to Fe3+. Partially hydrated samples have greater

Fe3+/SFe, but with Fe3+ in either five- or six-fold

coordination, where the coordination of the planar

quadrangle is increased by the addition of

hydroxyl groups and/or water molecules

(Khomyakov et al., 2010). When sufficient

oxygen is available (such as during heating of

EGM in air), Fe3+/SFe increases to 1 with all Fe3+

in either five- or six-fold coordination, where one

to two O2� anions are added to the planar

quadrangle (Khomyakov et al., 2010).

Based on the above, we suggest that the

Fe3+/SFe of natural EGM does not reflect

primarily the oxygen fugacity, but rather the

degree of hydration. We therefore infer that the

Ilı́maussaq sample was last equilibrated in more

hydrous conditions compared to the Tamazeght

and Mont Saint-Hilaire samples (see Pfaff et al.,

2008 and compare analyses presented by Pfaff et

al., 2010). As Mössbauer analyses were made over

a length scale of roughly 1 mm, variations on

smaller scales are averaged, which might explain

why few EPMA analyses of ILM 101 reveal totals

close to 100, even though Mössbauer spectroscopy

indicates relatively high degrees of hydration.

Trace elements

The enrichment in LILE and HFSE and the

depletion of the compatible elements are in

accordance with the highly evolved character of

the melts and/or fluids from which EGM were

precipitated and we found Eu to correlate

systematically with the apparent composition of

the parental melt. Negative Eu anomalies are

restricted to EGM from alkali basaltic parental

melts, which experienced early plagioclase

fractionation (e.g. Ilı́maussaq: Bridgewater and

Harry, 1968; Mont Saint-Hilaire: Greenwood and

Edgar, 1984) and to metamorphic EGM localities.

In contrast, EGM that crystallized from nepheli-

nitic parental melts and probably did not

fractionate significant amounts of plagioclase

have no negative Eu anomalies (e.g. Khibiny,

Lovozero: Kramm and Kogarko, 1994;

Tamazeght: Marks et al., 2008b). This is

consistent with the distinction of high-Ca agpaites

from Ca-depleted agpaites as discussed in detail

by Marks et al. (2011).

In Fig. 8, two groups of EGM are distinguished

based on Eu/Eu*: in the first group, EGM from

nephelinitic parental melts cluster around Eu/Eu*

values of 1 and hence are characterized by the

absence of a Eu anomaly. The second group

includes EGM from alkali basaltic parental melts

and is characterized by Eu/Eu* values 4 0.4 and

thus shows a significant negative Eu anomaly.

The relative enrichment of the LREE (Fig. 8a)

and the HREE (Fig. 8b), and thus the general

shape of the pattern, does not correlate with Eu/

Eu* and no further subdivision can be made. An

alternative explanation for the lack of a Eu

anomaly could be that the oxygen fugacity was

too high to stabilize Eu2+, although this is unlikely

as agpaites generally form under reduced condi-

tions (Ryabchikov and Kogarko, 2006; Markl et

al., 2010 and references given therein). We note

that negative Eu anomalies coincide with negative

spikes for Sr and Pb, but, on the other hand,

negative anomalies of Sr and Pb do not

necessarily arise together with Eu anomalies

(Fig. 8c,d). Sr is strongly compatible in

108

J. SCHILLING ET AL.



plagioclase of any composition (e.g. Blundy and

Wood, 1991; Bindemann et al., 1998), while Ba,

of which negative anomalies only correlate

locally with Eu anomalies, is compatible only in

Ab-rich plagioclase compositions (Bindemann et

al., 1998). These observations of Eu, Sr and Ba

imply that plagioclase fractionation occurs to

variable degrees and that compositionally hetero-

geneous plagioclase fractionates from melts

which, at more evolved stages, crystallize EGM.

Both plagioclase and ubiquitous alkali feldspar

represent sinks for Pb, at least in more silicic

systems (e.g. Ewart and Griffin, 1994), which may

explain non-systematic Pb variations in EGM.

However, we cannot rule out the possibility that

crustal contamination affects Sr/Sr* and Pb/Pb*

(Marks et al., 2004b). Negative Eu anomalies

found in metamorphic EGM from Norra Kärr and

Kipawa might be caused by metamorphic fluids in

equilibrium with plagioclase-bearing lithologies,

or represent the remnant of plagioclase fractiona-

tion of the parental melts. The latter melt

composition would then have been alkali basaltic

in both localities.

FIG. 8. (a) Relative enrichment of the LREE (La/Sm) vs. Eu/Eu*. (b) Relative enrichment of the HREE (Gd/Lu) vs.

Eu/Eu*, where no systematic variations are observed for the Eu anomaly with the relative enrichment of increasing Z

(Z = atomic number). (c) Sr/Sr* vs. Eu anomaly showing a positive correlation. (d) Pb/Pb* vs. Eu/Eu* showing no

correlation. EGM from Ilı́maussaq, Mont Saint-Hilaire and Tamazeght are represented by distinct symbols, EGM

from other occurrences are shown as fields: red represents EGM from alkali basaltic parental melts, blue represents

EGM from nephelinitic parental melts and grey stands for EGM from metamorphosed host rocks.
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Pfaff et al. (2008) suggested that the crystall-

ization of EGM potentially increases the Zr/Hf

ratio of the melt and Marks et al. (2008b) showed

that the crystallization of titanite, and to a lesser

extent of zircon and EGM, modify the ratios of

the geochemical twins (U/Th, Nb/Ta, Zr/Hf).

Constant or sample-specific distinct Zr/Hf ratios

plotted vs. Mn/Fe of most EGM imply that the net

effect of EGM crystallization on the Zr and Hf

budget of the melt is minor compared to the

crystallization of other HFSE-incorporating

minerals (Fig. 6). This becomes obvious when

comparing the mineralogy of the agpaites from

the kakortokites of Ilı́maussaq and the foid-

syenites from Tamazeght relative to the agpaites

from Mont Saint-Hilaire. In the first two

localities, EGM are the major sink of Zr and Hf

(among other HFSE) due to their large modal

abundances, and hence proceeding EGM crystal-

lization is likely to control the Zr/Hf ratio of the

evolving melt. At Mont Saint-Hilaire and most

other occurrences, EGM are volumetrically

subordinate HFSE-incorporating phases and thus

may have a minor effect on the Zr and Hf budget

of the melt.

EGM from various localities share negative

anomalies for P, Li, Ti and Cu. These elements are

effectively removed by the fractionation of apatite

(P), amphibole (Li), Fe-Ti oxides, Ti-rich garnet,

amphibole (Ti) and sulphides (Cu). These minerals

typically occur as major or accessory phases in

more primitive rock units of alkaline-peralkaline

complexes (e.g. Marks and Markl, 2001; Marks et

al., 2004a; Ryabchikov and Kogarko, 2006; Pekov

and Agakhanov, 2008; Schilling et al., 2011).

However, crystal-chemical effects play a

secondary role in terms of trace element

incorporation, because Sc, which is compatible

in ubiquitous clinopyroxene (Marks et al., 2004b),

would be expected to be depleted in EGM, but

instead it is invariably slightly enriched.

Variation of trace elements may be controlled

by (1) the composition of the melt/fluid parental

to EGM, (2) by previously crystallized or co-

crystallizing phases, or by (3) crystal-chemical

effects. In this respect, incorporation of different

trace elements may be governed by any combina-

tion of the above factors and we cannot rule out

possible processes for the following reasons:

(a) As was shown using Fe and Mn compositional

variations, the composition of the parental fluid/

melt may influence the trace element uptake into

EGM; however melt/fluid composition cannot be

the sole factor. (b) The net effect of previously or

contemporaneously crystallizing phases on the

trace element budget and on U/Th, Nb/Ta and

Zr/Hf ratios cannot be reconstructed, because

some important phases (e.g. baddeleyite, zircon,

titanite, REE-phosphates, Nb-Ta-phases, Fe-Ti

oxides, olivine, augite etc.; see e.g. Sørensen,

1997; Marks et al., 2008b) may not be present in

EGM-bearing samples, although their previous

crystallization affected the trace-element budget

of the melt/fluid. In addition, peralkaline rocks are

mineralogically among the most diverse

magmatic systems (Sørensen, 1997) and the

liquidus relations of many exotic phases are

poorly understood (e.g. Marr and Wood, 1992)

and studies on the effect of changes of intensive

parameters on the incorporation of HFSE in EGM

are lacking. (c) Studies exploring crystal-chemical

effects on the incorporation of trace elements into

EGM are lacking.

Summary and conclusions

Major, minor and trace-element data allow the

following conclusions to be made on the

compositional variability of EGM and the

generation and fractionation of EGM-bearing

rocks:

(1) Textures, mineral assemblages and the

composition of co-crystallizing phases imply a

variably evolved character of the melts that

precipitate EGM and textures and compositions

are closely related to each other: early magmatic

EGM invariably have smaller Mn/Fe values

compared to later EGM (Johnsen and Gault,

1997; Pfaff et al., 2008; Schilling et al., 2009).

The compositional spread of early-magmatic

EGM is low and the substitution of Fe by Mn

becomes more important with increasing degree

of fractionation. The Mn/Fe ratio of EGM is

controlled by the following processes: first by the

fractionation stage and composition of the

coexisting melt, second by crystal-chemical

effects (the temperature- and melt composition-

dependent Kd values for Mn and Fe), and third by

co-crystallizing minerals. The latter point implies

that, to a certain degree, EGM incorporates what

is left from the crystallization of previously

crystallizing Mn- and Fe-incorporating minerals.

(2) Investigation of the valence state of Fe in

EGM reveals Fe2+ to predominate over Fe3+.

Fe3+/SFe is not controlled by the oxygen fugacity

of the melt, but is a function of the hydration state

of EGM and possibly reflects the most recent re-

equilibration of EGM.
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(3) Melts parental to EGM-bearing rocks are

heterogeneous in composition, depending on the

actual composition of the mantle domain that

undergoes partial melting, the degree of partial

melting, contamination processes and various

fractionation processes. Negative Eu anomalies

are restricted to EGM from alkali basaltic parental

melts (e.g. Larsen and Sørensen, 1987); whereas

EGM from nephelinites invariably lack negative

Eu anomalies (Kramm and Kogarko, 1994). The

fractionation of apatite, amphibole, Fe-Ti oxides

and sulphides occur independently from plagio-

clase fractionation and causes negative anomalies

of, P, Li, Ti and Cu.

(4) Silica content is not a controlling factor for

the crystallization of EGM, as EGM from

peralkaline granites are compositionally similar

to EGM from feldspathoid-bearing syenites.

(5) EGM occur stably in metamorphosed rocks.

Obviously, high-grade (up to amphibolite facies)

metamorphic fluids do not destabilize EGM.

(6) Trace-element compositions are controlled

by a combination of different processes: EGM

inherit characteristics from their parental melts (or

fluids), which in turn are controlled by source

characteristics and fractionation of previously

crystallizing phases. In addition, crystal chemical

effects contribute to the trace-element incorpora-

tion into EGM.
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Appendix
LA-ICP-MS results for the BCR2G standard

GeoReM preferred values are from the http://georem.mpch-mainz.gwdg.de/ homepage and from Jochum and
Nohl (2008) and are given in ppm, except for P and Ti which are given in wt.%.

BCR2G GeoReM preferred
values (ppm)

Average
(n = 20)

Standard deviation Relative
standard deviation

Tl 0.30 0.23 0.02 0.09
Cs 1.16 1.16 0.06 0.05
Rb 47 48.1 2.85 0.06
Ba 683 697 39.34 0.06
Be 2.30 2.30 0.21 0.09
B 6.00 6.91 2.20 0.32
Th 5.90 6.56 0.76 0.12
U 1.69 1.72 0.12 0.07
Nb 12.5 12.7 1.27 0.10
Ta 0.78 0.86 0.12 0.14
La 24.7 27.1 2.60 0.10
Ce 53.3 54.3 3.97 0.07
Pb 11.0 10.7 0.77 0.07
Pr 6.70 7.07 0.55 0.08
Sr 342 356 30.73 0.09
Nd 28.9 31.1 2.95 0.09
Zr 184 188 24.10 0.13
Hf 4.84 5.21 0.63 0.12
P2O5 (wt.%) 0.37 0.34 0.02 0.05
Sm 6.59 7.15 0.69 0.10
Eu 1.97 2.09 0.18 0.09
TiO2 (wt.%) 2.27 2.65 0.21 0.08
Sn 2.60 3.99 1.39 0.35
Gd 6.71 7.22 0.74 0.10
Tb 1.02 1.09 0.13 0.12
Dy 6.44 7.11 0.89 0.12
Li 9.00 9.46 0.48 0.05
Y 35.0 36.9 4.48 0.12
Ho 1.27 1.42 0.18 0.12
Er 3.70 3.93 0.48 0.12
Tm 0.51 0.58 0.08 0.13
Yb 3.39 3.88 0.47 0.12
Lu 0.50 0.58 0.07 0.12
Cu 21.0 17.3 1.31 0.08
Sc 33.0 38.3 3.99 0.10
V 425 436 25.80 0.06
Co 38.0 38.0 1.94 0.05
Ni 13.0 12.4 0.79 0.06
Cr 17.0 17.1 1.17 0.07
Zn 125 143 9.72 0.07
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