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Geochemically, the large family of alkaline plutonic rocks (both
Qtz-undersaturated and -oversaturated compositions) can be subdi-
vided into metaluminous [ ( NayO +K50) < AlyO0 3] and peralka-
line [ (NasO +K50) > Al,05] types. In this paper, we discuss
two important aspects of the mineralogical evolution of such rocks.
With respect to their Fe—Mg phases, a major mineralogical transi-
lion observed is the precipitation of arfvedsonite or aegirine instead
of fayalite or magnetite (£ ilmenite ). The relative stability of these
phases is controlled by oxygen fugacity and Na activity in the crystal-
lizing melts. If Na activity in the melt s high enough, arfvedsoni-
le +aegirine form a common assemblage in peralkaline rocks
under both reduced and oxidized conditions. Major mineralogical
differences within this rock group exist with respect to their high
Jield strength element (HEFSE)-rich minerals: most  syenitic
rocks, known as miaskiles, contain zircon, lilanite or ilmenite as
HESE-rich minerals, whereas in agpaites complex Na—K—Ca—
(Ti, Zr) silicates incorporate the HESE. Similarly, only a small
group of peralkaline granites are found to lack zircon, titanite or il-
menile bul instead contain Na—K—Ca—( T, {r) silicates. Here,
we present a detailed phase petrological analysis of the chemical par-
ameters (uNas0, uCaO, uK,0) that influence the transition from
muaskitic to agpaitic rocks. Based on the occurrence of Tt and r
minerals, several transitional mineral assemblages are identified
and two major evolution trends for agpaites are distinguished: a
high-Ca trend, which is exemplified by the alkaline rocks of the
Kola Province, Russia, and a Ca-depletion trend, which is displayed
by the alkaline rocks of the Gardar Province, South Greenland. Both

trends show significant Na-enrichment during magmatic evolution.

*Clorresponding author. E-mail: michael.marks@ uni-tuebingen.de

High-Ca agpaites evolve from nephelinitic parental mells that
did not crystallize large amounts of plagioclase. In contrast, agpaites
showing Ca-depletion originate by extensive fractionation of
plagioclase from basaltic parental melts. In some peralkaline gran-
ites evolutionary trends are observed that culminate in agpaite-like
HEFSE-mineral assoctations in the most evolved rocks.
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INTRODUCTION

Alkaline igneous rocks contain either (1) modal feldspath-
oids or alkali amphiboles or pyroxenes or (2) normative
feldspathoids or acmite (Le Maitre, 2002). Based on the
molar ratios of NaoO +KyO relative to Al,Os, they can
be subdivided into metaluminous [(NayO +K,0)<
Al,O3 < (CaO +Nay,O +K,0) ] and peralkaline
[(NayO +KyO) > Al,Ogs] types. Conclusively, this means
that an alkaline rock should belong to the metaluminous
or to the peralkaline group, although rare peraluminous
[Al,O3> (CaO 4+NayO +K50)] nepheline syenites do
occur (Irost & Frost, 2008). This classification is used
for both syenitic (Qtz-undersaturated) and granitic
(Qtz-saturated) rocks (see also Frost & Frost, 2008, 2010).
The term peralkaline has been used synonymously with
the term agpaitic, but this is not correct (Le Maitre, 2002).
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Table I: Important Tt and Zr phases in plutonic rocks and

their abbreviations

Ti-phases

limenite FeTiO3 llm
Perovskite CaTiO3 Per
Titanite CaTiSiOs Tit
Aenigmatite Na,FesTiSigO20 Aen
Astrophyllite K3Fe; Ti;SigO26(0H)s Ast
Zr-phases

Baddeleyite Zr0, Bad
Zircon ZrSiOq Zrn
Eudialyte Na;5CagFe3Zr3Sisg072(0H)4Cl Eud
Dalyite K2ZrSigO15 Dal
Wadeite K2ZrSiz0q Wad
Elpidite Na,ZrSigO15.3H,0 Elp
Catapleite NayZrSiz09.2H,0 Cat

Alkaline rocks are rich in large ion lithophile elements
(LILE) such as Na, K and Li and in high field strength
elements (HFSE) such as Ti, Zr, Hf, Nb, Ta, rare earth
elements (REE), U and Th, potentially forming economic-
ally important deposits of these elements (e.g. Kogarko,
1980; Sorensen, 1992). As for most other plutonic rocks,
the major carriers of HFSE in alkaline igneous rocks are
accessory zircon and titanite £ Fe—'Ti oxides (ilmenite
or Ti-bearing magnetite). For metaluminous nepheline
syenites with this assemblage, the term miaskitic is used
(Le Maitre, 2002). Many peralkaline nepheline syenites,
as well as metaluminous and peralkaline granites, also
contain the same assemblage. In contrast, a special group
of peralkaline nepheline syenites contains one or several
complex Na—K-Ca—(Fe)-silicates, which are rich inTi or
Zr, the most prominent of these being eudialyte, aenigma-
tite and astrophyllite (Table 1). In these rocks, zircon, titan-
ite and Fe—T1 oxides are either scarce or absent. This rock
family is called agpaitic (Ussing, 1912; Serensen, 1997; Le
Maitre, 2002). Rarely, peralkaline granites exist that are
poor in, or lack, zircon and titanite but contain Ti- and
Zr-silicates such as eudialyte, elpidite, dalyite, aenigmatite
or astrophyllite (Table 1; e.g. Harris & Rickard, 1987;
Salvi & Williams-Jones, 1995). Although this may seem
confusing, these rocks are not classified as agpaitic rocks
according to the current nomenclature, as this term was
originally restricted to peralkaline nepheline syenites (Le
Maitre, 2002).

Agpaitic nepheline syenites are interpreted to form by
extensive differentiation of parental mafic magmas at low
oxygen fugacity, which is a major prerequisite for their

formation (e.g. Markl et al., 2010, and references therein).
The low oxygen fugacity is responsible for the often
observed presence of a CHy-rich fluid phase in such rocks
(e.g. Konnerup-Madsen, 2001; Nivin et al., 2005; Beeskow
et al., 2006; Krumrei et al., 2007; Schonenberger & Markl,
2008) instead of the HyO-COy fluid mixtures typical of
other less reduced rock types (e.g. Olsen & Griffin, 19844,
1984b; Andersen, 1990; Hansteen & Burke, 1990; Yall et al.,
2007). This in turn results in a strong enrichment of Na,
CL, I and other volatile species in the fractionating melt,
as no HyO-rich fluid phase exsolves during the early mag-
matic stages, which would deplete these water-soluble
elements from the melt during fluid exsolution (e.g.
Signorelli & Caroll, 2000; Chevychelov ez al., 2008). In
turn, such Na-, Cl- and F-rich melts have high solubilities
for the HFSE such as Ti and Zr (e.g. Watson, 1979;
Keppler, 1993; Linnen & Keppler, 2002) and will even-
tually crystallize agpaitic minerals such as eudialyte,
lavenite and aenigmatite, which are invariably Na-rich
and partly Cl- or F-bearing. If the melts were not so en-
riched in Na, Cl, and F, titanite and zircon would precipi-
tate instead, as occurs in miaskitic rocks.

The field occurrence of agpaitic rocks is variable. In
some localities (e.g. Ilimaussaq and Motzfeld, Greenland,
Khibina and Lovozero, Russia; Mont Saint Hilaire,
Canada; Pilansberg, South Africa; Nora Kirr, Sweden), a
plutonic complex may consist of several intrusive bodies,
which are either miaskitic or agpaitic (e.g. Ussing, 1912;
Ferguson, 1964; Kogarko et al., 1982; Horvarth & Gault,
1990; Mitchell & Liferovich, 2006; Schonenberger &
Markl, 2008). In other areas (e.g. Tamazeght, Morocco)
initially miaskitic rocks locally transform into agpaites
during the late-magmatic or even hydrothermal stage
within otherwise miaskitic rocks (e.g. Salvi et al., 2000;
Marks & Markl, 2003; Schilling et al., 2009). At some local-
ities (e.g. Langesundfjord region, Norway; Gardiner
Complex, East Greenland), agpaitic assemblages are re-
stricted to pegmatites within otherwise miaskitic rocks
(Brogger, 1890; Nielsen, 1994; Andersen et al., 2010).
Additionally, during the final alteration stages, mineral
assemblages may be transformed to miaskitic ones and
vice versa (e.g. Pilansberg; Mitchell & Liferovich, 2006;
Andersen et al., 2010). Lastly, rare examples of metamor-
phosed agpaites (e.g. Red Wine and Kipawa, Canada and
Norra Kirr, Sweden) have been reported (e.g. Blaxland,
1977; Allan, 1992).

Although there is a mineralogical transition between
miaskitic and agpaitic syenites (see Serensen, 1997, and ref-
erences therein), the reasons why such different groups of
syenitic rocks exist, and how the transition from miaskites
to agpaites happens in detail are poorly understood.
In the present study, we discuss in general how this transi-
tion is related to changes in the chemical potentials of
NayO, K,O and CaO in the melt. We show that the
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transition from miaskitic to agpaitic rocks follows two dis-
tinct evolutionary trends, which allows us to distinguish
two major types of agpaitic rocks. Some peralkaline gran-
ites show evolutionary trends and agpaite-like mineral as-
semblages similar to those observed in syenitic systems,
although the granitic systems appear to be more potassic
than sodic.

THE STABILITY OF Fe- AND
Na-Fe-MINERALS IN ALKALINE
MELTS: THE COUPLED ROLE
OF OXYGEN FUGACITY AND

Na ACTIVITY

One of the most obvious mineralogical features of the tran-
sition from metaluminous to peralkaline igneous rocks is
the precipitation of arfvedsonite or aegirine instead of
fayalite or magnetite (see e.g. Markl et al., 2010, and refer-
ences therein). The stability of these phases can be
described in terms of the chemical system Na-Fe-Si-O—
H. Andersen & Serensen (2005) presented a chemographic
analysis of this system with the addition of Al to the
system to investigate the stability of the rare mineral nauja-
kasite [Nag(Fe,Mn)Al;SigOq¢] relative to arfvedsonite
or aegirine in unusual so-called hyper-agpaitic melts
(Khomyakov, 1995; Serensen, 1997, Khomyakov et al.,
2001; Serensen & Larsen, 2001).

As shown in reactions (1)~ (8) (Table 2) and illustrated in
Fig. 1, the chemical parameters governing the stability of
Fe-bearing phases in the Na—Fe—Si—O—-H system at fixed
P and T are pNa,O, pSiO, pHoO and pO, At fixed
pS104 and pH,O, fayalite is restricted to low foo and low
uNa,O and mixed Fe?"—Fe’*-phases (magnetite and arf-
vedsonite) occur at intermediate foo values, depending on
uNa,O. The Fe’'-phases (hematite and aegirine) are
stable at relatively high foo values. The two Na-bearing
phases, arfvedsonite and aegirine, occur at relatively high
uNayO. Two possible topologies of the phase diagram are
illustrated in Fig. la and b. The major difference between
the two is the position of reaction (1) relative to reaction
(7). At higher silica activities, aegirine is stabilized to
lower foo values with respect to arfvedsonite, whereas the
reaction between magnetite and hematite is independent
of silica activity. A similar relationship applies to reaction
(2), which indicates that at very low silica activities the
assemblage Aeg + Fa would become stable. 1o our know-
ledge, this assemblage has not been described from natural
rocks.

In most feldspathic plutonic rocks at least two of
the above-mentioned phases coexist. Therefore, we
constructed stability fields for potential two-phase
assemblages in UNa,O—pOy space using Schreinemakers
analysis [reactions (9)—(22), Table 2; Fig. Ic]. The fol-
lowing 10 two-phase assemblages are potentially

ALKALINE IGNEOUS ROCK EVOLUTION

Table 2: Reactions in the system Fa—Mag—Arf—Aeg—Hem
(normalized to Fe)

0 15 Aeg+3 H,0 =3 Arf+6 SiO,+3 Na,0+3 0,
2 75 Fa+25 0,=5 Mag+75 SiO,

3) 75 Fa+45 Nay,0+ 165 Si0,+3 H,0+075 0,=3 Arf

4) 2 Arf+3 0,=7-5 Hem+3 H,0+24 SiO,+4-5 Na,0

(5) 5 Mag +4-5 Na,0 +24 Si0,+3 H,0=3 Arf+7/4 0,

6) 5 Mag +7-5 Na,0 +30 SiO,+ 125 0,=15 Aeg

7 5 Mag + 1-25 0,=75 Hem

&) 15 Aeg =75 Hem +7'5 Na,0 +30 SiO,

9 25 Mag +2:25 NayO + 12 SiO,+ 15 H,0 =15 Arf+0:875 O,
(10) 375 Fa+2:25 Na,0 +825 SiO,+ 155 H,0 40375 0,=15 Arf
(11) 375 Fa+1-875 0, =+ 375 Hem +3-75 Si0,

(12) 375 Fa+1-25 0, =25 Mag+3-75 SiO,
(13) 2:5 Mag + 375 Na,0 + 15 Si0,+0-625 0,=7-5 Aeg

(14) 375 Fa+ 375 Na,0 + 11-25 SiO,+ 1-875 0, =75 Aeg

(15) 375 Hem +2:25 Na,0 + 12 Si0,+ 156 H,0=15 Arf+15 O,

(16) 25 Mag +2:25 Na,0 + 12 SiO,+1-5 H,0 =1-5 Arf+0-875 O,

(17) 2:5 Mag +0-625 0, =375 Hem

(18) 15 Arf+ 15 0,=375 Hem+225 SiO,+ 225 Na,0 + 15 H,0

(19) 15 Arf+3 SiO,+ 155 Na,0 + 15 02=7"5 Aeg+ 15 H,0

(20) 2:5 Mag + 375 Na,0 + 15 Si0,+ 0625 0,=75 Aeg

(21) 25 Mag +7-5 Aeg+1-5 H,0 =15 Arf+3-75 Hem -+ 1-5 Na,0 +3
Si0,+0-875 0,

(22) 2:5 Mag +2:25 Na,0 + 12 SiO,+ 15 H0 =1:5 Arf+0-875 O,

Reactions (1)-(8) are used to construct the diagrams
illustrated in Fig. 1a and b; reactions (9)-(22) are used for
Fig. 1c.

important: Arf+4 Mag, Arf+ Aeg, Mag + Aeg, Mag +
Hem, Aeg+Hem, Arf+Hem, Fa+4 Mag, TIa+Arf
Fa + Aeg and Fa + Hem. The last two are considered to be
unstable as they each comprise a pure Fe?*-phase and a
pure Fe’T-phase and consequently, they should react to a
mixed Fe?'—Fe®"  two-phase assemblage (Fa+ Arf,
Fa+ Mag, Mag+Hem or Arf+Hem), depending on
UNayO, pOy and pSiOs. Higher uSiOs results in a decrease
in the relative size of the Fa + Mag and the Mag + Hem
fields, whereas Aeg-bearing assemblages become more
stable (dashed line in Fig. Ic). This is in qualitative accord-
ance with the observation that Fa-bearing syenites are
more common in alkaline intrusive complexes compared
with Fa-bearing granites (see, e.g. Frost el al., 1988).
Furthermore, at sufficiently high uNa,O levels, the assem-
blage Arf+ Aeg is common in both reduced and oxidized
systems. At high pSiO,, this assemblage is stabilized to
lower values of pNayO. The assemblage Arf+ Aeg is
common in alkaline rocks in general and is neither re-
stricted to miaskites or agpaites nor to SiOg-undersaturated
or SiOq-oversaturated alkaline rocks.
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Fig. 1. Qualitative pNayO vs pO, diagrams for the system Fa—
Mag-Hem—Arf-Aeg. (a) and (b) show two possible topologies for
the stability relations between the different phases [reactions (1)—(8)
of Table 2]. (c) illustrates the relative stabilities of the different
two-phase assemblages [reactions (9)—(22) of Table 2]. The dashed
line indicates the qualitative effect of increasing agioo (see text for
details).

Ti- AND Zr-MINERAL
ASSEMBLAGES IN ALKALINE
PLUTONIC ROCKS

The differences in the typical Ti and Zr mineral assem-
blages found in miaskitic and agpaitic nepheline syenites
are obvious: in the miaskitic group, the most abundant
Ti-bearing phases are ilmenite (£Ti-bearing magnetite)
and titanite. Rarely, usually in ultramafic to mafic rocks
with very low silica activity, perovskite may be favored
over titanite and in some rocks Ti-andradite is stable as
well (e.g. Vuorinen et al., 2005; Marks et al., 2008a). The
Zr host in these rocks is generally zircon and, in rocks of
low silica activity, baddeleyite. In contrast, agpaitic rocks
contain a large variety of Na-K—-Ca—-HFSE-phases (see
e.g. Serensen, 1997). Similarly, most granitic rocks contain
zircon, ilmenite (£Ti-bearing magnetite) and titanite. In
some alkaline granites, however, a number of Na—K—-Ca—
HFSE-phases have been described (e.g. Kovalenko et al.,
1995; Salvi & Williams-Jones, 1995; Schmitt ez al., 2000).

Some of the Na—K-Ca-HFSE-phases are Ti- and
Zr-dominated, some are Nb (4Ta)-rich, and some are
dominated by REE. Not all of them are silicate minerals,
but oxides, carbonates and phosphates also play an import-
ant role. As Nb and REE concentrations are significantly
lower in most silicate melts thanTi and Zr concentrations,
Nb- or REE-dominated minerals generally crystallize
later than Ti- and Zr-rich ones, if they crystallize at all. Ti
and Zr silicates (such as eudialyte) typically contain sig-
nificant amounts of Nb and REE, which prevents the
melts reaching concentrations that are sufficiently high to
stabilize Nb or REE endmember phases at magmatic
stages. Hence, a large number of other HFSE-rich min-
erals precipitate under late-stage magmatic to hydrother-
mal conditions or during metasomatic alteration of
primary magmatic phases (e.g. Serensen, 1997; Salvi et al.,
2000; Mitchell & Liferovich, 2006; Schilling et al., 2009;
Andersen et al., 2010). Because this study concerns only the
evolution of HFSE-mineral assemblages under magmatic
conditions, such secondary minerals are not the topic of
the discussion here.

Below we briefly review the typical occurrences of the
most important Na—Ca—K-HFSE-phases in alkaline
rocks, as described in the literature. Given the unusual var-
iety of HFSE-rich minerals in such rocks, we decided to
focus on the most common species found (Tables 1 and 3).
Detailed descriptions of the textural relationships between
the various Na—Ca—K-HFSE-phases are unavailable for
some occurrences. It is not always clear if several Na—Ca—
K—-HFSE-phases in a single rock form a stable mineral as-
semblage or if they are simply associated within a single
rock type via a series of reaction textures. We thus give
only general information on the observed HFSE-rich min-
eral associations, which nevertheless serve as the best
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Table 53: Important localities and references for some of the
more common HESE-rich silicate minerals in alkaline
rocks as mentioned in the text

Syenitic rocks Granitic rocks

Straumsvola (Antarctica)®
Ascension Island'®

Eudialyte llimaussaq (Greenland)'
Motzfeld (Greenland)'®
Saima (China)?
Khibiny and Lovozero (Russia)®
Tamazeght (Morocco)*
Mont Saint Hilaire (Canada)®
Langesundfjord (Norway)®
Gordon Butte (USA)’
Red Wine and Kipawa (Canada)®
Pocos de Caldas (Brazil)'
Catapleite Langesundfjord (Norway)®
Mont Saint Hilaire (Canada)®
llimaussaq (Greenland)'
Khibiny and Lovozero (Russia)®
Gordon Butte (USA)’
Pocos de Caldas (Brazil
Elpidite Mont Saint Hilaire (Canada)® Strange Lake (Canada
Khibiny and Lovozero (Russia)® Khaldzan Buragtag
(Mongolia)'
llimaussaq (Greenland)’

Strange Lake (Canada)"'

)14
)11

Pocos de Caldas (Brazil)'*
Gjerdingen (Norway)'

Wadeite Mont Saint Hilaire (Canada)®
Khibiny (Russia)®
Gordon Butte (USA)’

Pocos de Caldas (Brazil)'

Dalyite Langesundfjord (Norway)®
Gjerdingen (Norway)™
Azores (Portugal)'®
Straumsvola (Antarctica)®
Amis (Namibia)'®

Aenigmatite llimaussaq’, Puklen'”

and Motzfeld'® (Greenland)
Khibiny and Lovozero (Russia)®  Ascension Island'®
Pocos de Caldas (Brazil)'

Astrophyllite Langesundfjord (Norway)® Puklen (Greenland
Khibiny and Lovozero (Russia)®  Strange Lake (Canada)'
llimaussaq (Greenland)' Amis (Namibia)'®
Pocos de Caldas (Brazil Khaldzan Buragtag

(Mongolia) 2

Gjerdingen (Norway)'®

Strange Lake (Canada)"'

Amis (Namibia)'®

)17

)14

Mont Saint Hilaire (Canada)®

1, Ussing (1912); Ferguson (1964); Larsen (1977); Marks &
Markl (2003); Muiller-Lorch et al. (2007). 2, Chen & Saima
Deposit Research Group (1978); Wu et al. (2010). 3,
Kogarko et al. (1982); Pekov (1998); Arzamastsev et al.
(2001, 2005). 4, Kchit (1990); Khadem-Allah (1993);
Khadem-Allah et al. (1998); Salvi et al. (2000); Marks et al.
(2008a, 2008b); Schilling et al. (2009). 5, Horvath & Gault
(1990); Wight & Chao (1995). 6, Brggger (1890); Bollinberg
et al (1983); Andersen et al. (2010). 7, Chakhmouradian &
Mitchell (2002). 8, Edgar & Blackburn (1972); Blaxland
(1977); Allan (1992). 9, Harris & Rickard (1987). 10,
Roedder & Coombs (1967); Harris et al. (1982). 11, Birkett
et al. (1992); Salvi & Williams-Jones (1995, 1996). 12,
Kovalenko et al. (1995). 13, Raade & Mladeck (1983). 14,
Atencio et al. (1999); Lustrino et al. (2003). 15, Ridolfi et al.
(2003). 16, Schmitt et al. (2000). 17, Pulvertaft (1961);
Parsons (1972); Marks et al. (2003). 18, Jones & Peckett
(1980) Jones (1984); Schonenberger & Markl (2008).

ALKALINE IGNEOUS ROCK EVOLUTION

source of information available. Table 3 summarizes im-
portant localities for these minerals and provides support-
ing references.

Eudialyte [Naj;CaglesZrsSiogO70(OH) 4Cl] is by far the
most common Zr-mineral in agpaitic rocks. It occurs as a
magmatic phase (e.g. in Ilimaussaq, Saima, Khibina and
Lovozero), and in late-magmatic patches, pegmatites and
veins (e.g. Tamazeght, Langesundfjord, Gordon Butte); it
has also been described from metamorphosed agpaites
(Red Wine and Kipawa). In some occurrences, eudialyte
is reported to be associated with zircon, catapleite,
dalyite, titanite, aenigmatite or astrophyllite. Eudialyte
also occurs as a magmatic phase in some granitic rocks
from Straumsvola (Antarctica) associated with dalyite
and from Ascension Island associated with aenigmatite,
vlasovite, dalyite and zircon.

Catapleiite (NagZrSi309.2H0) mainly occurs in agpai-
tic rocks and associated pegmatites (e.g. Langesundfjord,
Mont Saint Hilaire, Ilimaussaq, Khibina and Lovozero)
and may be associated with zircon, eudialyte and astro-
phyllite. It also occurs as a late-magmatic phase in per-
alkaline granites from the Strange Lake Complex.

Elpidite (NayZrSizO5.3H,0O) is mainly known from
peralkaline granites (e.g. Strange Lake Complex,
Khaldzan Buragtag Massif, Ilimaussaq, Gjerdingen)
where it occurs as a magmatic phase associated with
zircon, vlasovite, dalyite, aenigmatite and astrophyllite.
Rarely, it occurs in the late-magmatic to hydrothermal
stages of agpaitic syenites (e.g. Mont Saint Hilaire,
Khibina and Lovozero).

The K-Zr silicates wadeite (KoZrSisOg) and dalyite
(KyZrSigOy5) are known from several lamproite and kim-
berlite occurrences (e.g. Salvioli-Marini & Venturelli,
1996). Dalyite has also been observed as an accessory min-
eral in peralkaline granites and quartz-syenites (e.g.
Strange Lake, the Azores, Gjerdingen, Straumsvola, Amis
Complex). It is associated with eudialyte, zircon, titanite,
aenigmatite or astrophyllite. It has also been described
from late-magmatic pegmatites of the Oslo region.
Wadeite is only known from agpaitic pegmatites and
hydrothermal veins and late-stage vugs (e.g. Mt Saint
Hilaire, Khibina, Gordon Butte; Pocos de Caldas) to-
gether with astrophyllite or eudialyte.

Aenigmatite (NayTiFe;SigOyq) 1s frequently observed
in both alkaline syenites and granites as a magmatic
or late-magmatic phase (e.g. Ilimaussaq, Puklen and
Motzfeld in Greenland; Khibina and Lovozero in Russia;
the Amis complex). Commonly, it replaces Fe—Ti oxides
and is reported to coexist with zircon, eudialyte, dalyite,
titanite and astrophyllite.

Astrophyllite [Kske;Ti9S15096(OH)5] occurs as a late-
magmatic phase in syenites, granites and associated peg-
matites. Important locations are the Langesund region,
the Kola complexes, the Ilimaussaq and Puklen complexes,
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Strange Lake, Mont Saint Hilaire, Amis, Red Wine,
Pilansberg and Khaldzan Buragtag. Astrophyllite may
be associated with zircon, eudialyte, catapleite, elpdidite,
dalyite and aenigmatite.

In addition to the above-mentioned minerals, there are
additional Na—Ca—HFSE phases in agpaitic rocks that
contain significant amounts of fluorine, including min-
erals of the wohlerite [e.g. NayCayZrNb(Si,07)OsF],
rosenbuschite [(Ca,Na)3(Zr;11)S1,07FO]  and rinkite
groups [Ti(Na,Ca)s(Ca,Ce)4(S1507)(O,F)4]. These are
not considered further here, as most of their described oc-
currences are either late-magmatic or hydrothermal (e.g.
Andersen et al., 2010) or they form as a result of secondary
Ca-metasomatism (e.g. Khadem-Allah et al., 1998; Salvi
et al., 2000). Vlasovite (NayZrSi4Oy)) occurs in very similar
environments to elpidite, but is extremely rare (e.g.
Currie & Zaleski, 1985). It is therefore not discussed fur-
ther. Gittinsite (CaZrSioO7) has been described from the
metamorphosed agpaites of the Kipawa Complex,
Canada (Ansell ez al., 1980) and from silicocarbonatites of
the Afrikanda Complex, Russia, replacing primary zircon
(Chakhmouradian & Zaitsev, 2002). In addition, it also
occurs in the peralkaline granites of the Strange Lake
Complex (Canada) and the Khaldzan Buragtag massif
(Mongolia), where it forms a secondary alteration product

after elpidite caused by the influx of external Ca-rich
fluids (Birkett et al. 1992; Kovalenko et al., 1995; Salvi &
Williams-Jones, 1995; Roelofsen & Veblen, 1999). Thus, git-
tinsite seems not to form by primary magmatic processes.
The same is true for armstrongite (CaZrSigO53H50),
which occurs associated with or replacing gittinsite (Salvi
& Williams-Jones, 1995). Consequently, these two minerals
are not considered further in our discussion. Minerals of
the lovozerite group are also extremely rare and some of
them (e.g. zirsinalite, NagCaZrSigO)g) form only under
hyper-agpaitic conditions (e.g. Serensen, 1997). IFrom a
magmatic perspective, this is well beyond the transition
from miaskitic to agpaitic rocks. Detailed accounts of the
occurrence of these minerals and the factors influencing
their relative stability have been given by, for example,
Khomyakov (1995), Serensen (1997), Sorensen & Larsen
(2001) and Andersen ez al. (2010).

THE ROLE OF Na, K AND Ca
ACTIVITIES IN SILICATE
MELTS IN THE FORMATION OF
SPECIFIC HFSE-MINERAL
ASSEMBLAGES

Below we investigate the influence of the chemical poten-
tials of Na, K and Ca oxides in the melt on the formation
of specific HFSE-rich mineral assemblages. For our pur-
pose, we consider ilmenite, titanite, acnigmatite and astro-
phyllite as the relevant Ti-phases and zircon, eudialyte,

elpidite, catapleite, dalyite and wadeite as the relevant
Zr-phases (see Table 1 for the simplified endmember formu-
lae used). These minerals are the most common primary
Ti- and Zr-phases in alkaline igneous rocks. In most alka-
line igneous rocks, complex Zr-silicates are more abundant
than complex Ti-silicates and in some samples Ti-silicates
may be absent. This is probably an effect of the early frac-
tionation history of the parental melts, as significant frac-
tionation of Ie—Ti oxides strongly depletes the melts in
Ti (e.g. Larsen, 1976; Marks & Markl, 2001; Marks et al.,
2004; Ryabchikov & Kogarko, 2006). To evaluate the rela-
tive stabilities of both Zr- and Ti-silicates, the calculations
below are performed assuming sufficient Zr and Ti to
form the relevant phases.

Most of the Zr-phases contain small amounts of Ti and
vice versa, but for simplicity we treat them here as pure
phases (Table 1). The same simplifications are applied to
Na and K: for example, eudialyte generally contains small
amounts of K, but Na dominates by far (Pfaff et al., 2008,
2010). The opposite is true for astrophyllite, which typically
contains large amounts of K and only minor amounts of
Na (Piilonen et al., 2003; Macdonald et al., 2007). Solid so-
lution will expand the stability field of the phases that
accept the dissolving component, but should have minimal

effect on the topologies and slopes of the reactions in activ-
ity—activity diagrams.

Based on the commonly observed assemblages of
Zr-silicates (see above), syenitic and granitic systems show
significant differences, as follows.

() In terms of pure Na—Zr silicates, catapleite seems to
be restricted to syenitic systems, whereas elpidite
mainly occurs in peralkaline granites. There are no
reports of primary magmatic catapleite in peralkaline
granites in the literature, although catapleite has
been reported as a late- to post-magmatic phase in
peralkaline granites from the Strange Lake Complex,
Canada (Birkett et al., 1992).

(2) In terms of pure K—Zr silicates, dalyite occurs as an
accessory mineral in peralkaline granites and
quartz-syenites, whereas wadeite has been described
only from nepheline syenites and associated
pegmatites.

Consequently, we discuss syenitic and granitic systems
separately.

SYENITIC SYSTEMS: THE
TRANSITION FROM MIASKITIC

TO AGPAITIC ASSEMBLAGES

To evaluate the relative stabilities of the HFSE-phases in
syenitic systems and to investigate the chemical controls
on the transition of miaskites to agpaites, we constructed
a set of p—p diagrams using Schreinemakers analysis,
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where Na,O, K,O and CaO are treated as mobile com-
ponents (Fig. 2):

(1) pCaO vs pNayO (considering ilmenite, titanite,
aenigmatite, catapleite, eudialyte and zircon);

(2) pCaO vs pKyO (considering ilmenite, titanite, astro-
phyllite, zircon and wadeite);

(3) uNayO vs pKyO (considering ilmenite, aenigmatite,
astrophyllite, zircon and wadeite).

Some of the phases involved contain Fe, some do not.
Consequently, a donor for Fe is needed to balance the rele-
vant reactions (Table 4). Depending on foe and puNayO,
the iron-bearing phases considered are fayalite, magnetite,
hematite, arfvedsonite or aegirine (Fig. 1). Reaction (23)
in Table 4 may serve as an example as it can be balanced
in four different ways in which the iron donor is (1) FeO in
the melt, (2) fayalite, (3) magnetite and hematite and (4)
arfvedsonite and aegirine. The only difference between
the first reaction and the second is silica, because fayalite
can be written 2 FeO 4+ SiO,. The only difference between
the first reaction and the third is F63+, because the
difference between magnetite and hematite is FeO (ie.
FeO +FeyO5 =TFe30,). Obviously, there is no effect on the
slope of the reactions in the respective p—pu diagrams and
consequently no influence on their topology. Thus, the rela-
tive stability of the respective Ti and Zr phase pairs in
miaskitic vs agpaitic rocks does not directly depend on
Jog instead, pNayO, pCaO and pK,O are the governing
parameters. Hence, all further reactions are balanced
using fayalite as the Fe donor, even though fayalite itself
may not be in the assemblage involved. The fourth reaction
involves arfvedsonite and aegirine, which changes the
slope of the reactions (Table 4). The resulting topology
(Fig. 3a), however, is considered to be not useful here, as re-
action (23), the formation of aenigmatite at the expense of
ilmenite, would be independent of Nao,O and would thus
not appear in the diagram and reactions (25) and (29), re-
actions (27) and (31) and reactions (28) and (32) would
have the same slope. Consequently, ilmenite and aenigma-
tite would be equivalent and one could not distinguish be-
tween the assemblages ilm 4 zrn and aen + zrn, ilm 4 eud
and aen + eud or ilm + cat and aen + cat in the diagrams.
The dependence on NayO is eliminated because the
aeg + arf assemblage itself implies a high pNay,O environ-
ment where ilmenite is not stable. Otherwise, the use of
fayalite and Fe-oxides for Fe-balancing is strictly valid
only for the medium to low ntNa,O region of the diagrams.
This might imply that the stability fields for the ilm 4 eud
and the ilm 4 cat assemblages do not exist at all. To
our knowledge these assemblages have not been reported
from natural samples, which implies that the assem-
blages do not occur in nature or have very narrow stability
fields that are rarely attained. The Ca—K subsystem is
not affected by using arfvedsonite and aegirine to balance

ALKALINE IGNEOUS ROCK EVOLUTION
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T Tit+ Zrn
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=
(25)
3
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— >
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e
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Fig. 2. Qualitative p—p diagrams illustrating the transformation
from miaskitic (white) to agpaitic (dark gray) rocks and transitional
assemblages (light gray).

the equations (as arfvedsonite and aegirine are here
treated as Ca- and K-free). For the Na—K subsystem,
similar flaws as for the Na—Ca subsystem would arise,
as ilmenite and aenigmatite could not be distinguished
(Fig. 3b).
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Table 4 Reactions in the Ca=Na, Ca—K and Na—K sub-systems used to construct the u—u diagrams shown in Fig. 2

(a) Reactions in the Ca-Na-subsystem

(23) IW:

(23) FMQ:
(23) HM:
(23) Arf-Aeg:
(24)

(25) IW:

(25) FMQ:
(25) HM:
(25) Arf-Aeg:
(26) IW:

(26) FMQ:
(26) HM:
(26) Arf-Aeg:
(27) IW:

(27) FMQ:
(27) HM:
(27) Arf-Aeg:
(28) IW:

(28) FMQ:
(28) HM:
(28) Arf-Aeg:
(29) IW:

(29) FMQ:
(29) HM:
(29) Arf-Aeg:
(30) IW:

(30) FMQ:
(30) HM:
(30) Arf-Aeg:
(31) IW:

(31) FMQ:
(31) HM:
(31) Arf-Aeg:
(32) IW:

(32) FMQ:
(32) HM:
(32) Arf-Aeg:

llm 4+ Na,0 + 6 SiO,+4 FeO =Aen

llm+ Na,O +4 SiO,+2 Fa=Aen

lIm + Na,0 +6 SiO,+4 Mag =Aen+4 Hem

Ilm + Arf = Aen + Aeg + H,0

Zrn + Nay,O +2 SiO, +2 H,0 =Cat

lIm + SiO, + CaO =Tit+ FeO

lIm+ 15 Si0,+ CaO=Tit+ 05 Fa

lIm + Si0; + CaO + Hem = Tit + Mag

IIm+0-25 Aeg+0-25 Na,0 + Ca0 +2'5 SiO,+0:25 H,0 =Tit+0-25 Arf

3 Zrn+6 CaO + NaCl+2 H,0 + 23 SiO,+7 Nay0 +3 FeO =Eud

3 Zrn+6 Ca0 + NaCl+2 H,0 +215 SiO,+7 NayO+ 16 Fa=Eud

3 Zrn+6 Ca0 + NaCl+2 H,0 +23 SiO,+7 Nay,O +3 Mag=Eud+3 Hem

3 Zrn+075 Arf+1-25 H,0 + NaCl+ 1856 SiO,+6 Ca0O + 625 Na,O =Eud+0-75 Aeg
Aen+2Zrn+ CaO+2 H,0=Tit+ Cat+3 SiO,+5 FeO

Aen+Zrn+ CaO +2 H,0 =Tit+ Cat+0-5 SiO,+ 25 Fa

Aen+Zrn+Ca0+2 H,0+5 Hem=Tit+ Cat+3 SiO,+5 Mag
Aen+Zrn+ Ca0 +325 H,0+ 125 Aeg+ 1-25 Nay,O +4-5 SiO,=Tit+ Cat+ 1-25 Arf
3 Cat+6 CaO +4 Na,O + NaCl+3 FeO + 17 SiO, =Eud+4 H,0

3 Cat+6 CaO +4 NayO + NaCl+1-5 Fa+ 1556 SiO, =Eud +4 H,0

3 Cat+6 CaO+4 NayO+ NaCl+3 Mag+ 17 SiO, =Eud+3 Hem+4 H,0

3 Cat+0-75 Arf+6 CaO +3:25 NayO + NaCl+ 125 SiO,=Eud+0-75 Aeg+4-75 H,0
Tit+5 SiO, + Na,0 +5 FeO =Aen+ Ca0O

Tit+2:5 SiO,+ Na,O +2:56 Fa=Aen + Ca0

Tit+5 Mag+5 SiO,+ NayO =Aen+ CaO+5 Hem

Tit+1:25 Arf=Aen+ Ca0+0-25 Na,0 +2'5 SiO,+ 1-25 H,0 +1-25 Aeg

3 Tit+3 Cat+ 14 SiO,+3 CaO +4 Na,0+ NaCl+6 FeO=3 llm+Eud+4 H,0

3 Tit+3 Cat+ 11 SiO,+3 CaO +4 Na,0+ NaCl+3 Fa=3 llm+Eud+4 H,0

3 Tit+3 Cat+ 14 SiO, +3 Ca0 +4 Na,0 + NaCl+6 Mag=3 lIm+Eud+6 Hem+4 H,0
3 Tit+3 Cat+ 16 Arf+NaCl+25 Na,0+3 CaO+5 SiO,=3 llm+Eud+ 15 Aeg+55 H,0

lIm +Zrn 43 Si0, + Ca0 + Na,0 +2 H,0 =Tit+ Cat + FeO

Ilm +2Zrn +3:5 SiO, + CaO + Na,0 +2 H,0 =Tit+ Cat+ 05 Fa

llm+2Zrn+3 SiO, + Ca0 + Na,0 +2 H,0 + Hem =Tit + Cat + Mag

IIm +2Zrn +0-25 Aeg+ 45 SiO,+ Ca0 + 1-25 Na,0 +2:25 H,0 =Tit+ Cat +0-25 Arf
3 Aen+3 Cat+6 CaO + Nay,O + NaCl=3 lim+ Eud + SiO,+9 FeO +4 H,0

3 Aen+3 Cat+6 CaO + NayO +NaCl+35 SiO, =3 lim +Eud+4-5 Fa+4 H,0

3 Aen+3 Cat+6 CaO + NayO + NaCl+9 Hem =3 lim+ Eud + SiO,+9 Mag+4 H,0

3 Aen+3 Cat+2-25 Aeg+6 CaO + 325 Na,O + NaCl+ 125 SiO, =3 lIm+Eud +2:25 Arf41-75 H,0

(b) Additional reactions in the Ca-K-subsystem

(33) IW:

(33) FMQ:
(33) HM:
(34) IW:

(34) FMQ:
(34) HM:
(35)

(36) IW:

(36) FMQ:

2 lim+15 K,0+5 FeO +8 Si0,+25 H,0=Ast

2 1m+15 K,0 455 Si0,+25 Fa+ 25 H,0 = Ast

2 llm+15 K,0+5 Mag+8 SiO,+25 H,0=Ast+5 Hem

Ast+2 Ca0=2 Tit+15 K,0+7 FeO +6 Si0,+25 H,0

Ast+2 Ca0=2 Tit+15 K,0+25 Si0,+35 Fa+25 H,0

Ast+2 CaO+7 Hem=2 Tit+15 K,0+7 Mag+6 SiO,+25 H,0

Zm +K,0 +2 Si0, =Wad

Ast+2 Zm+2 Ca0 +05 K,0=2 Tit+2 Wad +2 SiO,+7 FeO +2:5 H,0
Ast+2 Zm+2 Ca0 +05 K,0+ 15 Si0,=2 Tit+2 Wad+35 Fa+25 H,0

[o0]
[o0]

[oo]

[oo]

[0]

[0]

[0]
[—0-25]
[—1-17]
[—1-17]
[—1-17]
[—1-04]
[0]

[0]

[0]
[—1-25]
[—0-67]
[—0-67]
[-0-67]
[—0-54]
[

[

[
[—0-25]
[—1-33]
[—1-33]
[—1-33]
[—0-83]
[=1]
[=1]
[-1]
[—1-25]
[—0-17]
[—0-17]
[—0-17]
[—0-54]

[oo]
[o0]
[o0]
[0-75]
[0-75]
[0-75]
[o0]
[-0-25]
[-0-25]
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Table 4: Continued

MARKS et al. ALKALINE IGNEOUS ROCK EVOLUTION

(36) HM: Ast+2 Zm+2 Ca0 +05 K,0+7 Hem=2 Tit+2 Wad +2 Si0,+7 Mag+ 25 H,0 [—0-25]
(37) IW: Ast+2 Zrn+05 K,0=2 llm+2 Wad +4 SiO,+5 FeO+2:5 H,0 [oo]
(37) FMQ: Ast+2 Zrn+05 K,0=2 lIm+2 Wad + 1-5 SiO,+2'6 Fa+2'5 H,0 [o0]
(37) HM: Ast+2 Zrn+056 K;0+5 Hem=2 IIm+2 Wad +5 Mag+4 SiO,+2:56 H,0 [o0]
(c) Additional reactions in the Na-K-subsystem

(38) IW: Ast+2 Na,0+3 FeO +4 SiO,=2 Aen+ 15 K;,0+25 H,0 [1-33]
(38) FMQ: Ast+2 Na,0+ 15 Fa+25 Si0O,=2 Aen+ 156 K,0+25 H,0 [1-33]
(38) HM: Ast+2 NayO +3 Mag+4 Si0, =2 Aen+1-5 K,0+3 Hem+2-5 H,0 [1-33]
(38) Arf-Aeg: Ast+0-75 Arf+ 125 Na,0 =2 Aen+0-75 Aeg+ 1-5 K,0 +3-25 H,0 +05 SiO, [0-83]
(39) IW: Ast+2 Zrn+2 Nay,0 +3 FeO +8 Si0,+ 05 K,0=2 Aen+2 Wad+25 H,0 [—4]
(39) FMQ: Ast+2 Zrn+2 Na,O + 16 Fa+6'5 Si0,+ 05 K,0=2 Aen+2 Wad+25 H,0 [—4]
(39) HM: Ast+2 Zrn+2 Na,O +3 Mag+8 SiO,+ 056 K,0=2 Aen+2 Wad + 25 H,0+3 Hem [—4]
(39) Arf-Aeg: Ast+2 Zrn+0-75 Arf+1-25 Na,0 + 05 K0 +35 Si0, =2 Aen+2 Wad +075 Aeg +3:25 H,0 [-2:5]
(40) Wad + Nay0 + 2 H,0 = Cat + K,0 [
(41) 1W: Ast+2 Cat+0-5 K;O+3 FeO+4 SiO,=2 Aen+2 Wad+6-5 H,0 [0]
(41) FMQ: Ast+2 Cat+ 05 K0+ 15 Fa+25 SiO, =2 Aen+2 Wad+ 65 H,0 [0]
(41) HM: Ast+2 Cat+ 05 K,0+3 Mag+4 SiO,=2 Aen+2 Wad+ 3 Hem+ 65 H,0 [0]
(41) Arf-Aeg: Ast+2 Cat+0-75 Arf+0-6 K,0=2 Aen+2 Wad+0-75 Aeg+0-75 Na,0 +05 SiO,+7-25 H,0 [1-5]
(42) IW: 2 lIm+2 Wad +8 SiO, +2 Nay0O+5 FeO +6-6 H,0=Ast+2 Cat+05 K,0 [4]
(42) FMQ: 2 llm+2 Wad +55 SiO,+2 Na,0 +25 Fa+656 H,O=Ast+2 Cat+0-5 K,0 [4]
(42) HM: 2 llm+2 Wad +8 SiO, +2 NayO +5 Mag+ 65 H,O0=Ast+2 Cat+5 Hem+ 05 K,0 [4]
(42) Arf-Aeg: 2 llIm+2 Wad +1-25 Arf+0-6 SiO,+0:75 Nay0 4525 H,0 =Ast+2 Cat+ 125 Aeg+ 05 K,0 [1-6]
(43) IW: Ast+2 Zm+2 Na,0+1-6 H,0=2 lim+2 Cat+1-5 K,0 +5 FeO +4 SiO, [1-33]
(43) FMQ: Ast+2 Zrn+2 Na0+ 16 H,0O=2 lim+2 Cat+ 15 K;,0+25 Fa+ 15 SiO, [1-33]
(43) HM: Ast+2 Zrn+2 Na,0+ 15 H,0+5 Hem=2 lim+2 Cat+ 15 K,O0 +5 Mag+4 SiO, [1-33]
(43) Arf-Aeg Ast+2 Zrn+1-25 Aeg+3:25 Nay,0 435 SiO, +2:75 H,0=2 lIm+2 Cat+ 125 Arf+ 156 K,0 [2:17]
(44) 1W: 2 Aen+2 Zrn+ 15 K,0 +65 H,0 =Ast+2 Cat+3 FeO [oo]
(44) FMQ: 2 Aen+2 Zrm+15 Si0,+ 15 K;0+466 H,O=Ast+2 Cat+ 15 Fa [oo]
(44) HM: 2 Aen+2 Zrn+ 15 K,0 +65 H,0 +3 Hem =Ast+2 Cat+3 Mag [o0]
(44) Arf-Aeg: 2 Aen+2 Zrn+0-75 Aeg+ 1-56 K,0 4+ 0-75 Na,O +4-5 SiO,+ 725 H,0 =Ast+2 Cat+ 075 Arf [—0-5]
(45) Arf-Aeg: 2 lim+1-25 Arf+15 K;0 +05 SiO,+ 1:25 H,0 = Ast+1-25 Aeg+ 125 Na,0 +0-75 SiO, [0-83]
(46) Arf-Aeg: Aen+Zrn + Aeg + K,0 42 SiO + H,0 = lIm + Wad + Arf [0]
(47) Arf-Aeg: 2 lm+2 Wad+ 125 Arf+ 1-25 H,0 =Ast+2 Zrn+ 1-25 Aeg+ 05 K,0+ 1-25 Na,0 +35 Si0, [—2:5]

The first three of each set of reactions [calculated at iron-wdstite (IW), fayalite-magnetite-quartz (FMQ) and hematite-
magnetite (HM) conditions] demonstrate that oxygen fugacity does not change the slopes of the respective reactions (in
brackets). Thus, the topology of the diagrams remains unchanged. The fourth reaction is oxygen balanced using arfved-
sonite and aegirine. The meaning of these reactions is discussed in the text in detail and illustrated in Fig. 3.

In each of the diagrams in Iig. 2, several possible
two-phase assemblages consisting of one Ti- and one
Zr-phase can be identified. An important conclusion from
these diagrams is that the typical miaskitic assemblages
(ilm+zrn and tit+zrn) are separated from the fully
agpaitic assemblages (aen+eud and aen-+cat for the
Na—Ca system, ast+wad for the K-Ca system and
ast + wad, ast 4 cat, aen +wad and aen + cat for the Na—
K system) by several transitional two-phase assemblages
(tit+eud, tit+cat, ilm-+eud, aen+zrn, tit+ wad,
ast+zrn and ilm +wad). This implies that a broad range

of transitional assemblages should exist in nature between
truly agpaitic and miaskitic assemblages.

Eudialyte vs catapleite: the influence

of NaCl and H,0 activity

The stability of catapleite relative to eudialyte is a function
of HoO and NaCl activities [reactions (28), (30) and (32),
Table 4]. High HoO activities favor catapleite over eudia-
lyte (Fig. 4a). In turn, the formation of magmatic eudialyte
requires a certain level of NaCl activity in the melt and
the stability of eudialyte in the uNa,O—pCaO system is
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Fig. 3. Alternative topologies possible for the two systems pNa,O—
pCaO (a) and puNayO-pK,O (b) shown in Fig 2 if Arf-Aeg
balanced reactions (Table 4) are used. Their significance is discussed
in detail in the text.

defined by NaCl-consuming reactions (26), (28), (30) and
(32). Thus, increased NaCl activity in the melt enlarges
the eudialyte stability field at the expense of catapleite
and zircon (Fig. 4b). Another good indicator for high
NaCl activity in silicate melts is the presence of sodalite
(e.g. Sharp et al., 1989). The magmatic association of eudia-
lyte with sodalite, as observed in the Ilimaussaq Complex,
indicates high NaCl activity in the melt. In these systems
magmatic catapleite seems to be unstable. If present at all,
it occurs only as a secondary phase replacing eudialyte
(e.g. Ferguson, 1964). However, eudialyte also occurs in
sodalite-poor or sodalite-free systems (e.g. Tamazeght or
Norra Kirr). In these cases, either eudialyte is stabilized
only during late-magmatic conditions, or ecudialyte is
associated with catapleite, indicating less chlorine-rich
melt compositions. We infer that magmatic eudialyte is
far more common in peralkaline syenitic systems than

(a) increasing H O-activity
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Fig. 4. Qualitative effects (arrows) of (a) increasing HoO activity
and (b) increasing NaCl activity on the stability fields of eudialyte
and catapleite, respectively in the pNa,O—puCaO diagram.

catapleite because, as noted above, peralkaline syenite
magmas are commonly reduced and have relatively high
Cl activities. This could also explain why magmatic
catapleite-bearing assemblages are only rarely reported
from syenitic systems.

Comparison with observed assemblages

in nature

Most of the two-phase assemblages shown for the Na—Ca
system (Fig. 5) have been reported in the literature.
Exceptions are the transitional assemblages tit4-cat,
ilm 4 eud and ilm + cat. The potential reasons for this are
discussed above. Some classical occurrences of agpaitic
rocks define distinct evolution trends in the pNa,O—
pCaO diagram. Assemblages in Tamazeght evolved from
tit+zrn to tit+eud and the Kola rocks evolved from
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Fig. 5. Observed evolution trends for different natural suites of agpai-
tic rocks, showing two distinct evolutionary paths: a Ca-depleted
trend (e.g. Ilimaussaq) and a high-Ca trend (e.g. Tamazeght, Kola).

tit + zrn via tit + eud to aen + eud, reaching higher pNa,O
than Tamazeght. This evolution can be described as a
high-Ca trend. In contrast, the rocks of the Gardar prov-
ince display the assemblages tit+zrn and ilm +zrn fol-
lowed by aen4zrn and finally aen4ecud. In some
complexes, such as Gronnedal-Ika (Halama et al., 2005),

only parts of this path are observed, and the rocks record
only transitional assemblages. In the Ilimaussaq complex
and associated dyke rocks (Larsen & Steenfelt, 1974;
Marks & Markl, 2003), however, the complete transition
from miaskites to agpaites is observed—indicating the

highest grade of Na-enrichment after significant
Ca-depletion. It is evident from Fig. 5 that the evolution
of uNa,O relative to pCaO has an important influence on
the type of agpaitic rock that forms.

In the Ca—K and the Na—K systems (Fig. 2b and c), sev-
eral transitional (tit +wad, ast 4 zrn, ilm +wad, ilm 4 cat
and aen +zrn) and truly agpaitic assemblages (ast 4+ wad,
aen +wad, ast+cat and aen+cat) are of potential im-
portance. Based on our literature research, the only transi-
tional assemblage that was reported to occur at magmatic
conditions is aen+zrn. From the four truly agpaitic as-
semblages, only ast+wad has been reported from
late-stage vugs and fractures in syenitic rocks from Pocos
de Caldas, Brazil (Atencio et al., 1999), implying that a
K-rich agpaitic assemblage is generally not achieved in sy-
enitic systems during magmatic evolution stages. This is
not surprising, as potassic alkaline rocks are much less
common than sodic alkaline rocks and are generally more
oxidized (Markl et al., 2010). The typical occurrence of
astrophyllite in late-stage veins and pegmatites within the
nepheline syenites of Ilimaussaq (e.g. Macdonald et al.,
2007; Muller-Lorch et al., 2007) could be related to the

ALKALINE IGNEOUS ROCK EVOLUTION

late-stage stability of zeolites instead of alkali feldspar and
related changes in pKyO, as discussed by Miiller-Lorch
et al. (2007). In any case, the general observation is that
K-rich HFSE-phases (astrophyllite or wadeite) formed
during magmatic conditions are relatively rare in syenitic
systems compared with granitic systems. This will be dis-
cussed in more detail below.

PERALKALINE GRANITES:
THE STABILITY OF ELPIDITE
AND DALYITE

In general, peralkaline granitic systems have been less
well studied than syenitic suites and, consequently, much
less information about the evolution of such rocks with re-
spect to their HFSE-rich silicates is available. As men-
tioned above, the two major mineralogical differences
between syenitic and granitic alkaline systems with respect
to their Zr-phases are the presence of elpidite or dalyite in
peralkaline granites instead of catapleite or wadeite in sy-
enites. Qualitatively, this can be explained by the higher
modal amount of SiO, relative to (NayO +4ZrOy)
and (KyO+4ZrOy) in the elpidite and dalyite formulae
('Table 1):

NayZrSizOg - 2HyO 435109 +HyO=NayZrSisO;5 - 3H O
Catapleite = Elpidite
K9ZrSisOg + 35109 = K9 ZrSigO1;
Wadeite = Dalyite.

Thus (at constant P, 7, aH,0O), elpidite and dalyite
formation requires higher SiOy activities in the melt than
catapleite or wadeite formation. Consequently, we plot
elpidite instead of catapleite and dalyite instead of wadeite
in the phase diagrams for granitic systems in Fig. 6.
Additionally, the stability of elpidite relative to catapleite
is also influenced by changes in water activity, which has,
however, no effect in these diagrams as both mineral pairs
have the same NayO/ZrO, and KyO/ZrO, ratios in their
structural formula (Table 1).

Agpaite-like mineral assemblages in
granitic systems

The original definition of agpaitic rocks as bearing
complex HFSE-silicates such as ecudialyte is restricted to
peralkaline syenitic rocks (Serensen, 1997, Le Maitre,
2002). However, mineral assemblages involving Zr- and
Ti-minerals in Qtz-bearing systems that closely resemble
those of the agpaitic systems allow for comparison with
syenitic systems.

(1) Eudialyte has been reported in peralkaline granitic
rocks from Antarctica (Harris & Rickard, 1987) and
the assemblage aen 4 eud is known from peralkaline
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Fig. 6. Qualitative p—p diagrams for alkaline granitic systems.
(For details, see text.)

granitic rocks from Ascension Island (Harris e al.,
1982).

(2) Na- and K-dominated equivalents of this assemblage
(ast+dal, aen+dal and ast+4elp) were reported

from the Strange Lake Complex, Canada (e.g.
Birkett et al., 1992; Salvi & Williams-Jones, 1995, 1996),
from the Amis Complex, Namibia (Schmitt et al.,
2000), from Gjerdingen, Norway (Raade & Mladeck,
1983) and from a number of other occurrences.

In some of the above occurrences, an evolutionary path
similar to that in syenitic systems can be reconstructed.
For example, the well-studied peralkaline granites from
the Strange Lake Complex (Canada) show an evolution
from early magmatic tit + zrn via transitional assemblages
(tit +elp and tit4dal) to a number of agpaite-like assem-
blages (ast+dal, aen+dal and aen-elp) during the
later stages of crystallization (Fig. 6). Peralkaline granites
from the Ilimaussaq Complex, Greenland (Ferguson,
1964, and our own observations) show an evolution
from ilm-+zrn via transitional aen-zrn to aen+elp,
again resembling an agpaite-like mineral assemblage.
Peralkaline granites from the Puklen Complex,
Greenland evolve from ilm +zrn to ast+zrn, reaching
transitional stages (Marks et al., 2003). Granites from
Gjerdingen, Norway (Raade & Mladeck, 1983) show the
two agpaite-like assemblages ast+dal and ast+elp.
Consequently, we see no reason against using the term
agpaitic granite for granitic rocks showing one of the
above-mentioned agpaite-like assemblages.

The distinct role of potassium in granitic
systems

K-rich agpaite-like assemblages are more commonly
observed in granitic than in syenitic systems. The occur-
rence of magmatic K-rich HFSE-phases (astrophyllite or
dalyite) in peralkaline granites suggests that granites have
higher pKyO than nepheline syenites. This may be related
to crustal contamination, which would result in increases
in both pKyO and pSiOy (up to quartz-saturation). As
discussed in detail by Frost & Frost (2010), the origin of
peralkaline granites can be explained by two end-member
processes: extreme differentiation of basaltic melts that
had normative anorthite [the ‘plagioclase effect’ of Bowen
(1945)] or contamination of nepheline syenites with crustal
melts. The most strongly peralkaline granites most prob-
ably form by the latter process (e.g. Marks et al., 2003).

A POSSIBLE LINK BETWEEN
PARENTAL MAGMA
COMPOSITIONS AND

THE EVOLUTION TREND

IN AGPAITES

As discussed above, two types of agpaitic evolutionary
trends can be distinguished in syenites: (1) the Ca-depleted
Ilimaussaq type and (2) the Tamazeght—Kola trend
showing no such Ca-depletion. Obviously, however, both
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Fig. 7. Whole-rock data for representative rocks of the Gardar
Province, the Kola Province and the Tamazeght complex plotted in
an Al vs ASI diagram using the definitions given by Frost & Frost
2008). Gray fields indicate the composition of important fractionat-
ing mineral phases.

trends involve an increase in Na. The deeper reason for
these different evolutionary paths can be evaluated by
comparing whole-rock data for the respective alkaline
provinces and taking into account the proposed parental
melt compositions for the different rock series. In Fig. 7,
whole-rock data for representative rocks of the Gardar
Province, the Kola Province and the Tamazeght complex
are plotted in an alkalinity index (AI) vs aluminium satur-
ation index (ASI) diagram using the definitions given by
Frost & Frost (2008).

For the Gardar suite, the most primitive basaltic volcan-
ic and dyke rocks (i.e. those with the highest Xyg, values

and Ni, Cr and Sc contents) are metaluminous with Al
values up to about 0-12, whereas evolved dyke rocks have
peralkaline compositions (AI<0). The primitive basaltic
rocks and their pyroxenes do not show any Eu anomaly
whereas the most evolved rock types have pronounced
negative Eu anomalies (e.g. Halama ef al., 2002, 2003,
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2004; Marks et al., 2004; Kohler et al., 2009). Thus, exten-
sive plagioclase fractionation occurred and these rocks are
good examples of the ‘plagioclase effect’ of Bowen (1945).
This is consistent with the generally accepted assumption
that the parental Gardar magmas were basalts with high
Al,O5/CaO ratios that accumulated at the crust-mantle
boundary, giving rise to extensive plagioclase £ cpx %ol

fractionation (e.g. Upton ef al., 2003, and references there-
in). The frequent occurrence of anorthositic xenoliths
throughout the province supports this model (e.g.
Bridgewater, 1967, Bridgewater & Harry, 1968, Halama
et al., 2002). From these plagioclase- and therefore
Ca-depleted melts (the mean core composition of the
plagioclase xenocrysts is around Ansy Halama et al.,
2002), the alkaline to peralkaline Gardar plutonic rocks
evolved by fractionation or accumulation of nepheline,
alkali feldspar and aegirine—arfvedsonite, eventually
giving rise to Ca-depleted high-Na agpaites (Fig. 5).

In contrast, rocks from the Palaecozoic Kola suite gener-
ally lack plagioclase, Eu anomalies are generally absent or
very minor, and there is no other indication for significant
amounts of plagioclase fractionation prior to the formation
of the peralkaline plutonic rocks (Kogarko, 1987, Kramm
& Kogarko, 1994; Arzamastsev et al., 2001, 2005). The
assumed parental melts for the peralkaline Kola rocks
(Fig. 7) are much less aluminous compared with the basalt-

ic Gardar parent magmas and may even be peralkaline in
composition (olivine nephelinites—melteigites, Kramm &
Kogarko, 1994; Arzamatsev et al., 2001). Thus, unlike in the
Gardar province, the Kola magmas underwent no signifi-
cant depletion of Ca early in their history, which allows
high-Ca agpaites (tit+ eud assemblage) to form (Fig. 5).
The formation of the Kola plutonic rocks themselves
can be explained by fractional crystallization combined
with different amounts of accumulation of alkali feldspar,
nepheline and clinopyroxene.

The evolution of the Tamazeght suite is slightly more
complex because two trends are present, indicating that
the Tamazeght rocks did not evolve from a single parental
melt composition (Marks et al., 20084, 20085). Given the
absence of significant Eu anomalies in the Tamazeght
rocks and minerals (e.g. Marks et al., 2008b), plagioclase

fractionation probably occurred only to a very minor
extent compared with the Gardar province, although
some rock types contain plagioclase, which formed prob-
ably during final low-pressure emplacement. The forma-
tion of the peralkaline rock types in Tamazeght might
be explained by fractionation and accumulation of alkali
feldspar, nepheline and clinopyroxene, and for some of the
rock types titanite also plays a significant role (Marks
et al., 20080). Similar to Kola, the absence of significant
plagioclase fractionation prevented the strong depletion
in Ca and thus led to the formation of similar Ca-rich
agpaites (Fig. 5. A multi-source evolution of the
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Tamazeght complex is also recorded by its petrology and
isotope geochemistry (Marks et al., 2008, 20085, 2009).

CONCLUSIONS

Alkaline syenitic rocks form from highly fractionated par-
ental magmas, which originated from partial melting of
mantle rocks (e.g. Serensen, 1997; Markl et al., 2010). The
formation of peralkaline granites is attributed to extreme
differentiation of basaltic melts or assimilation of crustal
melts by nepheline syenite magmas. Mineralogically,
evolved alkaline igneous rocks are characterized by large
amounts of alkali feldspar (plagioclase is absent in many
cases owing to their evolved character) and, for the SiO,-
undersaturated examples, the presence of nepheline, soda-
lite and other Na—Al-rich silicates. Biotite and Fe—Ti
oxides are typically unstable (at least in the most evolved
and generally peralkaline varieties) and are replaced by
Na—Fe-silicates, mostly arfvedsonite (sodic amphibole)
and aegirine (sodic—ferric pyroxene).

Within the syenitic group, both miaskitic and agpaitic
varieties can be distinguished; however, Serensen (1997)
noted the occurrence of transitional rocks, which contain
minerals typical of both miaskitic and agpaitic varieties
at the same time. Our work here shows how this mineral-
ogical transition depends on variations in the chemical po-
tentials of Nay,O, K,O and CaO in the melt and identifies
two evolutionary paths: (1) a Ca-depleted trend, which is
represented by the alkaline to peralkaline rocks of the
Gardar Province; (2) a high-Ca trend, which is typical of
the rocks of the Kola Peninsula and of the Tamazeght
Complex. Ca-depleted agpaites evolve from basaltic paren-
tal melts by extensive fractionation of plagioclase prior to
the formation of the peralkaline plutonic rocks. In con-
trast, high-Ca agpaites can form only if no such plagioclase
fractionation (and thus, Ca-depletion) occurred during
the early fractionation history of the precursor melts that
are probably nephelinitic in composition.

Thus far, the distinction between agpaitic and miaskitic
varieties of syenitic rocks has been based on the presence
of minerals that incorporate the HFSE. As complex
HFSE-bearing silicates such as eudialyte are not restricted
to SiOg-undersaturated rocks, we see no reason against
an extension of this classification to the generally rare
peralkaline granites containing eudialyte & aen, ast +dal,
aen+dal or ast+elp; for example, from Ascension
Island, Antarctica and the Strange Lake Complex in
Canada (Harris et al., 1982; Harris & Rickard, 1987; Salvi
& Williams-Jones, 1995, 1996).
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