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Eudialyte-group minerals from the Monte
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Gaston Eduardo Enrich Rojas'*, Excelso Ruberti?,
Rogério Guitarrari Azzone!, Celso de Barros Gomes!

ABSTRACT: The Monte de Trigo alkaline suite is a SiO,-
undersaturated ~ syenite-gabbroid association from the Serra do
Mar alkaline province. Eudialyte-group minerals (EGMs) occur in
one nepheline microsyenite dyke, associated with aegirine-augite,
wohlerite, magnetite, zircon, titanite, britholite, and
pyrochlore. Major compositional variations include Si (25.09-25.57
apfu), Nb (0.31- 0.76 apfu), Fe (1.40-2.13 apfu), and Mn
(1.36-2.08 apfu). The EGMs also contain relatively high contents
of Ca (6.13-7.10 apfu), moderate enrichment of rare earth elements
(0.38-0.67 apfu), and a relatively low Na content (11.02-12.28 apfu),
which can be correlated with their transitional agpaitic assemblage.
EGM compositions indicate a complex solid solution that includes
eudialyte, kentbrooksite, feklichevite, zirsilite-(Ce), georgbarsanovite,
and manganoeudialyte components. EGM trace element analyses
show low Srand Ba contents and a negative Eu/Eu* anomaly, which are
interpreted as characteristic of the parental magma due to the previous
fractionation of plagioclase and/or alkali feldspar. The EGMs from
the dyke border have higher contents of Fe, Sr (2,161-2,699 ppm),
Mg (1,179-3,582 ppm), and Zn (732— 852 ppm) than those at the
dyke center. These differences are related to the incorporation of
xenoliths and xenocrysts of melatheralitic host rock into the nepheline-
syenitic magma followed by crystal-melt diffusive exchange.

KEYWORDS: mineral chemistry; agpaitic rocks; Serra do Mar al-

kaline province.
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RESUMO: A suite alcalina do Monte de Trigo é uma associagio sie-
nitico-gabroide que pertence & provincia alcalina da Serra do Mar.
Minerais do grupo da eudialita (EGMs) ocorrem em um dique de ne-
Jfelina microssienito associados a egirina-augita, wihlerita, lavenita,
magnetita, zircdo, titanita, britolita e pirocloro. As principais variagoes
composicionais incluem Si (25,09-25,57 apfu), Nb (0,31-0,76 apfu),
Fe (1,40-2,13 apfu) e Mn (1,36-2,08 apfir). Os EGMs também contém
concentragoes relativamente altas de Ca (6,13-7,10 apfu), enriquecimen-
to moderado de elementos terras raras (0,38-0,67 apfu) e concentragoes
relativamente baixas de Na (11,02-12,28 apfun), o que pode ser corre-
lacionado com uma assembleia agpaitica transicional. As composicoes
dos EGMs indicam wma solugdo sélida complexa entre os componentes
eudialita, kentbrooksita, feklichevita, zirsilita-(Ce), georgbarsanovita
e manganoeudialita. Andlises de elementos tragos das EGMs mostram
baixas concentragies de Sr ¢ Ba e anomalia negativa de Eu/Eu*, que sio
interpretadas como uma caracteristica do magma parental por conta do
[fracionamento de plagiocldsio elou feldspato alcalino. Os EGMs da borda
do dique possuem concentragoes maiores de Fe, Sr (2.161-2.699 ppm),
Mg (1.179-3.582 ppm) and Zn (732-852 ppm) que aqueles do cen-
tro do dique. Essas diferengas estio relacionadas com a incorporagio de
xendlitos e xenocristais da rocha encaixante melateralitica no magma
nefelina-sienitico seguido de trocas difusivas entre os cristais e o liquido.

PALAVRAS-CHAVE: quimica mineral; rochas agpaiticas, provin-

cia alcalina da Serra do Mar.
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INTRODUCTION

The eudialyte group minerals (EGMs) consist of vari-
ous Na-, Ca-, and Zr-rich cyclosilicates with a wide com-
positional variation. Significant amounts of other elements,
such as Fe, Mn, Nb, rare earth elements (REE), Sr, and
Cl are reported in EGM compositions (Johnsen & Gault
1997, Johnsen & Grice 1999, Schilling et al. 2011b).
According to the International Mineralogical Association
(Johnsen et al. 2003), the general formula of the EGMs
is Na, [N(4)], [M(1)], [M(2)],[M3)) (M(4))Zt,(51,,0,.)
(O,0H,H,0) X,, in which the common elements assigned
to each site are as it follows:

B Siat M4);

Nb, Si, Ti, and W at M(3);

Fe, Mn, Na, Zr, K, and H,O at M),

Ca, Mn, and Fe at M(1);

Na, REE, St, K, Ca, Mn, and H,0 at N(4);
Cl, OH, E and CO, at X.

Rastsvetaeva & Chukanov (2012) list 25 known species
of EGMs, and recently a new member named Ilyukhinite
was described (Chukanov et al. 2015). This great diversity
is the result of the compositional and structural complex-
ity of the group.

Eudialyte was first described by Stromeyer (1819) as
one of the major constituents of nepheline syenites from
the Ilimaussaq Complex, Greenland. Since then, EGMs
have been recognized in nearly all occurrences of agpaitic
rocks, i.e., peralkaline nepheline syenites (and phono-
lites) that contain complex silicates of Zr, Ti, REE, E, and
other volatiles (Serensen 1997, Le Maitre 2002). EGMs
have been described in agpaitic rocks from Khibiny and
Lovozero, Kola Peninsula (Khomyakov 1995, Johnsen &
Gault 1997, Schilling et al. 2011b); Mont Saint-Hilaire,
Canada (Johnsen & Gault 1997, Johnsen & Grice 1999,
Schilling et al. 2011b); Langesundsfjord, Norway (Andersen
et al. 2010, Schilling et al. 2011b); Tamazeght, Morocco
(Schilling et al. 2009, Schilling et al. 2011b); Pogos de
Caldas, Brazil (Johnsen & Gault 1997, Ulbrich & Ulbrich
2000, Ulbrich et al. 2005, Schilling et al. 2011b); Cerro
Boggiani, Paraguay (Gomes et al. 1996, Carbonin et al.
2005); Pilanesberg, South Africa (Mitchell & Liferovich,
2006, Schilling et al. 2011a); Sushina Hill, India (Mitchell
& Chakrabarty, 2012); Agua de Pau volcano, Azores,
Portugal (Ridolfi et al. 2003); and Kilombe volcano, Kenya
Rift Valley (Ridolfi et al. 2006). The typical minerals
associated with EGMs include alkali feldspar, nepheline,
sodalite, aegirine, arfvedsonite, and several complex Zr-,
Nb-, Ti-, and REE-bearing silicates, such as astrophyllite,
lamprophyllite, rosenbuschite, rinkite, and wohlerite (e.g.,
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Sorensen 1997, Andersen et al. 2010, Marks et al. 2011,
Schilling et al. 2011b).

The present paper reports the occurrence of EGMs
from the alkaline suite of Monte de Trigo, a small island
(ca. 1 km?) situated near the towns of Sao Paulo and Rio de
Janeiro, at the western border of the Santos Basin (23°53’S,
45°47°W), in southeastern Brazil. They describes major and
trace element analyses of these EGMs, and their composi-
tion is discussed in terms of site assignment and possible
ideal components. The objectives of the study were to char-
acterize the EGMs at Monte de Trigo and to understand
how its petrological environment influences the major and
trace element compositions of the EGMs.

MAGMATIC CONTEXT

Several late cretaceous alkaline occurrences and widespread
lamprophyre dyke swarms intrude the Neoproterozoic Ribeira
belt in southeastern Brazil and constitute the Serra do Mar
Alkaline Province (Fig. 1A; Almeida 1983, Thompson et al.
1998, Riccomini et al. 2005, Brotzu et al. 2005). This prov-
ince is part of an extensive Meso-Cenozoic tholeiitic—alka-
line—carbonatitic magmatism that is spread over the central
and southeastern regions of the Brazilian Platform (Morbidelli
et al. 1995, Peate 1997, Comin-Chiaramonti & Gomes
2005). Syenites and nepheline syenites of miaskitic affinity
(i.e., nepheline syenites containing zircon or titanite or molar
(NaZO+KZO)/A1203 < 1 in bulk-rock composition; Serensen
1997, Le Maitre 2002) prevail in many occurrences in the
Serra do Mar Alkaline Province (Almeida 1983, Brotzu et al.
2005). Mafic-ultramafic intrusive lithologies only occur as
small, cumulate bodies associated with the syenitic stocks,
such as in Sao Sebastido (Enrich et al. 2005) and Morro de Sao
Jodo (Brotzu et al. 2007), except for the Ponte Nova mafic-ul-
tramafic massif, where felsic rocks are nearly absent (Azzone
et al. 2009). The presence of agpaitic rocks (i.e., nepheline
syenites and phonolites with molar (Na,0+K,0)/AL O, > 1
and complex silicates of Zr, Ti, REE, and F and others vol-
atiles; Serensen 1997, Le Maitre 2002) is restricted to a few
localities in this province, usually in small volumes associated
with large miaskitic bodies, as in the Pogos de Caldas, Itatiaia,
and Passa Quatro massifs (Fig. 1A; Brotzu etal. 1992, Brotzu
et al. 1997, Ulbrich & Ulbrich 2000, Enrich et al. 2005,
Ulbrich et al. 2005).

The Monte de Trigo alkaline suite (86.6 Ma, Enrich
et al. 2009) is a small, SiO -undersaturated syenite-gab-
broid intrusive suite (Fig. 1A) that belongs to the Serra do
Mar alkaline province. According to Enrich et al. (2009),
the alkaline suite is composed of different pulses of under-
saturated alkaline magmas. The oldest unit comprises a
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cumulate nepheline-bearing olivine melagabbros, melather-
alites (i.e., melanocratic nepheline gabbro, Le Maitre 2002)
and clinopyroxenites with wide modal variations and lay-
ering structures. A leucocratic medium-to-coarse-grained
nepheline syenite and nepheline-bearing alkali feldspar
syenite intrude the cumulate mafic-ultramafic unit and
compose most of the area of the suite. Alkali feldspar,
hedenbergite, hastingsite, and biotite are early magmatic
phases, whereas nepheline and analcime are late-crystal-
lized phases. Accessory minerals include apatite, magne-
tite, and titanite and characterize a miaskitic association.
Miaskitic and agpaitic nepheline microsyenite dykes cut the
cumulate mafic-ultramafic body and the nepheline syenite

stock and are interpreted as late-stage differentiates of the
nepheline syenite (Enrich et al. 2009).

NEPHELINE MICROSYENITE DYKES

Miaskitic nepheline microsyenites have hypidiomor-
phic to allotriomorphic texture with early crystallized alkali
feldspar, hastingsite, titanite, apatite, and magnetite, fol-
lowed by aegirine-augite and late-crystallized nepheline and
sodalite. Agpaitic nepheline microsyenites are less abun-
dant, vary from fine-to-medium-grained inequigranular
seriate texture to equigranular aplitic texture, and the origin
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Figure 1. (A) Geological map of the Serra do Mar alkaline province and surrounding area in southeastern Brazil,
modified from Almeida (1983). Inset: simplified geological map of Monte de Trigo Island (after Enrich et al. 2009);
(B) Field relations of the EGM-bearing nepheline microsyenite dyke of the Monte de Trigo suite; (C) Detail of (B)
showing corroded melatheralite xenoliths at the dyke border.
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of these dykes is interpreted as having crystallized from a
more evolved magma fraction than the miaskitic microsy-
enites ones. Alkali feldspar, nepheline, aegirine-augite, kato-
phorite, magnetite, wohlerite, hiortdahlite, and apatite are
early crystallized phases, whereas sodalite, analcime, ldvenite,
zircon, zirconolite, baddeleyite, pyrochlore, and britholite
are late-crystallized phases. Post-magmatic minerals include
fluorite, rutile, calcite, and pyrite.

Only one agpaitic nepheline microsyenite dyke contains
EGMs (Fig. 1B). This dyke is 50 cm wide and intrudes
melatheralites at the northern coast of the island. The dyke
exhibits an equigranular aplitic texture, which suggests
co-precipitation of most of the phases. Major phases include
mesoperthitic alkali feldspar (-45 vol%), nepheline (~35
vol%), and aegirine to aegirine-augite (~10 vol%). EGMs
(-2 vol%) are the most abundant accessory phases. These
minerals are colorless, subhedral, hexagonal- to round-
shaped, and exhibit low birefringence and moderate relief
(Fig. 2). Other accessory phases include Mn-rich magnetite
and subhedral wohlerite, each less than 1 vol%. Interstitial
titanite, zircon, and britholite occur as late- to post-magmatic
phases. The EGM-bearing nepheline microsyenite is classified
as low agpaitic or transitional agpaitic (Khomyakov 1995,
Serensen 1997) in accordance with its accessory minerals.

Near the border, the EGM-bearing dyke shows an increase
in the mafic mineral content, locally up to 25 vol%, as well
as some mafic aggregates (Figs. 1C and 3A). The latter is
composed of aegirine-augite and magnetite (Fig. 3B) and is
interpreted as corroded and re-equilibrated xenoliths and/
or xenocrysts of the melatheralite host-rock. Accessory min-
erals at the dyke border are EGMs and lavenite (Figs. 2C
and 3B). Late-magmatic phases include poikilitic titanite,
zirconolite, pyrochlore, and apatite.

‘The melatheralite host rock was transformed into a metaso-
matic granofels on a centimeter scale near the contact with
the dyke, by its reaction with the alkaline volatile-rich lig-
uid. Olivine, augite, and plagioclase from melatheralite were
replaced by aegirine-augite, magnesiokatophorite, biotite,
magnetite, and potassic feldspar (Fig. 3A). Aegirine-augite
is the most abundant mineral within the first millimeter
of the granofels. The granofels also has relict cores of aug-
ite with andradite rims, biotite, and magnesiokatophorite
pseudomorphs after augite and masses of potassic feldspar

after plagioclase (Fig. 3A and 3C).

ANALYTICAL METHODS

Major element analyses of the EGMs were performed
on standard carbon-coated thin sections in a Jeol JXA-8600
electron microprobe using a Noran Voyager 4.1 automation
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Figure 2. Photomicrographs of the EGMs from
the Monte de Trigo alkaline suite. (A) Granular
EGM in association with tabular mesoperthitic
feldspar, prismatic aegirine-augite and subhedral
magnesiokatophorite and nepheline grains (dyke
border); (B) Rounded EGM grains with alkali feldspar
and nepheline (dyke center); (C) Granular EGMs,
anhedral lavenite, and prismatic aegirine-augite
with alkali feldspar and nepheline (dyke border).
Mineral abbreviations: Ae-aug, aegirine-augite; Afs,
alkali feldspar; Eud, eudialyte; Lav, lavenite; Mkt,
magnesiokatophorite; Ne, nepheline.
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system at the Geoanalitica USP Core Facility of the University
of Sao Paulo (USP). The analyses of standards and unknown
samples were performed according to the electron micro-
probe settings of Williams (1996) (accelerating voltage of 25
kV and beam current of 100 nA) to properly quantify REE,
HESE, and other trace elements. The peak counting times
were 10-20 s (E Cl, Na, Si, K, Ca, Mn, Fe, Mg, Ti, and Al)
and 40—60 s (La, Ce, Pr, Nd, Gd, Er, Yb, Y, Zr, Hf, Nb, Ta,
U, Th, and Pb); the background counting times were half of
the corresponding peak values. The Na and F contents were
measured in the first minute of the analysis to prevent vola-
tilization/migration due to the high probe current. A 30-um
beam diameter was also employed to avoid volatilization/
migration. The small EGM grain size in the studied samples
together with the large beam diameter precluded a core-to-rim
characterization. A combination of well-characterized natural
and synthetic standards was used. The data were processed

using the PROZA procedure (Bastin et al. 1984). Special care
was taken in the selection of the peak and background posi-
tion to eliminate peak overlap. The detection limits were in
the range of 0.01-0.03 wt%, except for F (up to 0.15 wt%).

After the removal of carbon coating from the thin sec-
tions, #n situ trace-element analyses were performed on the
same grain and as close as possible to the microprobe spot
analysis using the laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) at the Geoanalitica-USP
Facility of the USP. The analytical work utilized a Perkin
Elmer Elan 6100 DRC ICP-MS instrument coupled with
a neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (New Wave UP 213 AF) operating at a wavelength of
213 nm in a He+Ar atmosphere. Laser ablation was per-
formed at 1.5 J/cm? at a pulse rate of 10 Hz. Due to the
small grain size, and to avoid mineral inclusions, a predeter-

mined line raster of 120 um with a 15-pm beam diameter

Figure 3 - (A) Contact between the EGM-bearing nepheline microsyenite dyke (left) and the melatheralite host
rock (right) from Monte de Trigo; (B) Detail of (A) showing aegirine-augite and magnetite mafic aggregate near
EGM and lavenite grains; (C) Detail of (A) showing the augite relict core with andradite border (top) and part of
biotite, magnesiokatophorite, and aegirine-augite pseudomorph after augite (bottom). Mineral abbreviations: Ae-
aug, aegirine-augite; Adr, andradite; Afs, alkali feldspar; Aug, augite; Bt, biotite; Eud, eudialyte; Lav, lavenite; Mkt,

magnesiokatophorite.
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ata 2-um/s scan speed was used. The Glitter 4.4.2 software
(Van Achterbergh et al. 2001) was used for data process-
ing with National Institute of Standards and Technology
(NIST) SRM 610 as the external standard and “*Ca as the
internal standard using values for CaO from the electron
microprobe analysis for the minerals. A linear adjustment
was selected as the interpolation method for drift control
and quantification. The relative errors (1G6) were in the
range of 5-10% for most of the trace elements. Detection
limits are usually between 0.1 and 2 ppm, except for Mg
and Zn, with values up to 20 ppm. Whenever an element
was analyzed with microprobe and LA-ICP-MS (e.g., Hf,
Ta, Pb, Mg, and some REE), the more precise data from
LA-ICP-MS were preferred.

EGM structural formulae were calculated according to
Johnsen & Grice (1999) and Johnsen et al. (2001) based on
29 cations (sum of Si, Al, Zr, Ti, Hf, Nb, W and Ta) and
constraining all Fe and Mn to be divalent.

The bulk-rock compositions of major and some trace
elements were analyzed in a fused glass disc and pressed
powder pellets using a Philips PW 2400 X-ray fluorescence
spectrometer at the Geoanalitica-USP Facility of the USP
using standard methods as described by Mori et al. (1999).
Weight loss on ignition (LOI) was evaluated using standard
gravimetric techniques. Trace elements and REE were ana-
lyzed in a Perkin Elmer Elan 6100 DRC ICP-MS at the
Geoanalitica-USP Facility of the USP following the proce-
dures delineated in Navarro et al. (2008).

RESULTS

Bulk-rock composition

Bulk-rock data for selected agpaitic dykes from Monte de
Trigo are presented in Table 1. These rocks have SiO, con-
tents varying from 57.6 wt% to 59.9 wt% and Na,0+K O
from 13.2 wt% to 14.4 wt%. All dykes are peralkaline (molar
(Na,0+K,0)/AL O, > 1) and contain EGMs, wohlerite, lave-
nite, and/or hiortdahlite. Major compositional differences
among the dykes are controlled by the amounts of mafic and
accessory phases they contain. The least evolved agpaitic vari-
ety is EGM-free, aegirine-rich (-7 vol%), has low mg# (molar
MgO/(MgO+FeOv) = 0.09), REE (267 ppm) and Zr (969
ppm) contents, and relatively high SiO, (59.91 wt%) and
Fe,O, (5.38 wt%) contents. The EGM-free evolved variety
has high REE contents (569 ppm), which are associated with
their relatively high britholite modal content.

The EGM-bearing nepheline microsyenite dyke (per-
alkaline index = 1.08) has a sodic character (Na,0/K O =
2.5), with the lowest K,O content and highest Na,O content
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Table 1. Major (wt.%) and trace element (ppm) bulk
compositions of the studied EGM-bearing nepheline
microsyenite dyke (center), the melatheralite host-rock
and representative EGM-free nepheline microsyenite
from Monte de Trigo alkaline suite

Sample mtrOlb® | mtrO4c® | mtrOlh® | mtr0Olds
Sio, 57.61 59.91 57.58 40.45
TiO, 0.12 0.28 0.23 291
AlLO, 21.09 17.76 21.12 109
Fe,O, 415 5.38 3.47 14.62
MnO 0.233 0.214 0.213 0.189
MgO 0.04 0.27 0.12 12.79
CaO 0.69 0.94 0.77 15.17
Na O 10.98 7.8 10.13 091
K,0 44 5.4 4.86 0.47
PO, <0.003 0.029 0.004 0.19
LOI 0.43 0.64 0.60 0.60
Total 99.75 98.63 99.10 99.20
PId 1.08 1.05 1.04 0.18
\ 5 5 4 480
Cr <2 <2 <2 561
Co <3 <3 <3 67
Ni 2 <2 2 231
Sc <4 4 <4 34
Zn 130 117 180 78
Sr 18 20 44 669
Ga 59 43 55 18
Rb 297 243 282 11.4
Y 51.3 36.4 73.7 17.9
Zr 2,672 969 2,611 138
Nb 383 182 314 13
Cs 1.62 1 429 0.2
Ba 23 21.7 49.6 169
La 86.9 42.6 157 16.5
Ce 210 130 276 39.8
Pr 12.1 12.8 218 6.14
Nd 35 46.7 63 284
Sm 6.42 8.46 10.4 6.54
Eu 0.4 0.45 1.55 2.04
Gd 6.18 7.32 8.83 6.13
Tb 1.25 12 1.69 0.83
Dy 7.8 6.92 103 431
Ho 1.8 1.45 2.3 0.77
Er 5.59 421 7.12 1.86
Tm 0.91 0.62 1.12 0.23
Yb 5.96 4.03 7.27 13
Lu 0.93 0.64 1.06 0.19
Hf 57.9 237 52.9 4.2
Ta 26.5 12.7 18 151
Pb 253 05.4 43 01.6
Th 3.54 3.64 434 0.95
U 2.75 2.81 189 0.85

2EGM-bearing nepheline microsyenite dyke (centre); P°EGM-free
nepheline microsyenite dyke; ‘Melatheralite (wall rock of the EGM-
bearing nepheline microsyenite dyke); Peralkaline index: molar
(Na,0+K,0)/AlL,0,.
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among the dykes (4.4 wt% and 10.98 wt%, respectively).
This dyke has an extremely low mg# (0.02), Ba (23 ppm), and
Sr (18 ppm) contents and high Zr (2672 ppm), Nb (383 ppm),
Rb (297 ppm), Y (51.3 ppm), and REE (381.2 ppm) con-
tents (Table 1). The chondrite-normalized REE pattern
exhibits light REE enrichment, with a La /Yb_ ratio of 9.9
and with a negative Eu/Eu* (C1 chondrite-normalized ratio
of Eu/(Sm*Gd)"?) anomaly of 0.20.

The melatheralite host rock has cumulate diopside and
olivine crystals and exhibits high MgO (12.79 wt%), Fe,O,
(14.62 wt%), and CaO (15.17 wt%) contents, and low Na,O
(0.91 wt%) and K,O (0.47 wt%) contents. Trace elements
include high Cr (561 ppm), Ni (231 ppm), and Sr (669 ppm)
contents. The REE content is low (XREE = 115 ppm) and
has a low light REE enrichment, with a LaN/YbN ratio of
8.6 and no europium anomaly (Eu/Eu* = 0.98).

EGM compositions
The major and trace element compositions of the EGMs from
Monte de Trigo are listed in Table 2. The studied EGMs have

high SiO, (46.02—48.07 wt%) content with significant amounts
of ZrO, (11.11-12.11 wi%), Na,O (10.73-11.86 wt%), and
CaO (10.76-12.51 wt%). In addition, they contain nearly equal
concentrations of FeO (3.13-4.83 wt%) and MnO (3.01-4.52
wt%). Other major elements include Nb, O, (1.28-3.09 wt%),
REE O, (2.00-3.43 wt%), and CI (1.67-1.85 wt%).

The most significant minor and trace element data
include TiO, (0.16-0.34 wt%), HFO, (0.12-0.26 wt%),
Ta,0, (0.05-0.29 wi%), Y,0, (0.37-0.86 wt%), PbO (0.09—
0.22 wt%), KZO (0.23-0.50 wt%), F (0.13-0.31 wt%),
Mg (60-3582 ppm), Sr (108-2,699 ppm), Zn (401-
852 ppm), and W (216-882 ppm).

Compositions of other accessory phases
Wohlerite (Na,Ca) (Mn,Ca,Fe, Ti) (ZNb) (Si,0,) (O,F) ]
and lavenite [Na,(Ca,Mn,Fe) Zr,(Nb,Ti),(5i,0,) O,F,(EO),],
minerals of the cuspidine group (Mellini & Merlino 1979,
Mellini 1981, Merlino & Perchiazzi 1988, Chakhmouradian
et al. 2008), are the major accessory phases that crystal-
lize contemporaneously with EGMs in the studied dyke.

Table 2. Compositions of the EGMs from the Monte de Trigo alkaline suite. Representative analysis of lavenite

(Lav) and wohlerite (W6h) were also included

Analysis® 1 ‘ 2 ‘ 3 ‘ 4 5 ‘ 6 ‘ 7 ‘ 8 ‘ 9
wWt%®
Sio, 47.62 46.60 47.12 47.26 46.02 46.86 46.75 46.83 47.48
ALO, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01
TiO, 0.33 0.22 0.25 0.34 0.16 0.23 0.23 0.21 0.23
ZrO, 1194 11.78 11.85 11.98 11.57 11.78 11.77 11.84 11.78
HfO2 0.23 0.22 0.25 0.22 0.25 0.21 0.23 0.26 0.24
Nb,O, 2.05 2.52 2.46 191 3.09 2.57 2.71 2.68 2.35
TaZO5 0.20 0.23 0.19 0.17 0.22 0.20 0.16 0.25 0.25
Y,0, 0.86 0.79 0.86 0.86 0.73 0.80 0.82 0.80 0.85
REEZO3 293 3.36 3.13 2.38 343 3.09 3.00 2.86 2.72
FeO 3.33 3.17 3.24 3.44 3.28 3.56 3.51 3.13 3.28
MnO 4.00 434 423 3.88 4.52 4.05 4.20 4.30 4.09
Ca0 12.51 12.01 11.96 12.04 12.01 12.04 11.84 12.27 12.12
NaZO 10.73 11.37 11.50 11.86 11.33 11.45 11.48 11.29 11.46
K,0 0.24 0.23 0.25 0.28 0.27 0.33 0.23 0.23 0.24
a 1.75 1.73 1.73 1.78 1.67 1.68 1.74 1.75 1.77
F 0.20 0.25 0.23 0.27 0.17 0.14 0.18 0.24 0.31
HZOC 1.75 1.66 1.71 1.65 1.75 1.81 1.74 1.68 1.63
-0=F(l 0.48 0.50 0.49 0.51 0.45 0.44 0.47 0.50 0.53
Total? 100.43 100.27 100.75 99.97 100.35 100.67 100.39 100.39 100.51
Structural formulae (a.p.f.u.)
Si 25.226 25.126 25.150 25.227 25.024 25133 25.106 25.096 25.218
Zr 3.085 3.097 3.084 3.119 3.066 3.080 3.081 3.094 3.051
Ti 0.129 0.087 0.101 0.135 0.064 0.092 0.094 0.083 0.093
Nb 0.490 0.615 0.593 0.460 0.759 0.622 0.657 0.650 0.565
Fe 1.476 1.429 1.446 1.534 1.491 1.596 1.577 1.402 1.455
Mn 1.794 1.981 1913 1.756 2.083 1.838 1.912 1.951 1.839
Continue...
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Table 2. Continuation

Analysis? 1 2 3 4 5 6 7 8 9
REE 0.559 0.652 0.600 0.471 0.673 0.597 0.580 0.569 0.536
Ca 7.098 6.937 6.839 6.886 6.996 6.916 6.811 7.046 6.896
Y 0.242 0.226 0.244 0.243 0211 0.228 0234 0.228 0.241
Na 11.016 11.890 11.899 12.277 11.939 11.910 11.951 11.724 11.802
K 0.163 0.159 0.172 0.189 0.184 0.228 0.155 0.156 0.163
F 0.340 0.428 0.390 0.447 0.296 0.232 0.299 0.402 0.521
Cl 1.571 1.583 1.568 1.613 1.539 1.531 1.587 1.591 1.594
H 3.089 2.989 3.042 2.940 3.165 3.237 3.114 3.007 2.885
Trace elements (ppm)f
Mg 103 248 146 72 154 181 150 157
Sc 25 27 25 29 29 26
Zn 467 535 477 495 505 401
Ga 73 97 91 106 96 87
Rb 28 31 31 18 27 21
Sr 117 152 112 121 108 127
Mo 32 43 48 116 62 43
Cs 17 16 18 10 15 17
Ba 4 8 6 5 6 4
La 7,689 9,253 8,198 5,986 9,427 8,217 7,969 7,973 7,282
Ce 10,019 11,283 10,621 9,050 11,880 10,559 10,032 10,732 10,083
Pr 802 928 849 581 927 846 783 667 786
Nd 2,362 2,734 2,577 2,092 2,716 2,495 2,402 2,298 2,306
Sm 527 574 541 543 557 532
Eu 32 41 39 38 36 39
Gd 632 714 642 902 651 669 662 1,006 842
Tb 140 158 151 144 147 146
Dy 1,009 1,088 1,079 1,029 1,032 1,094
Ho 232 247 262 247 236 254
Er 692 728 768 883 750 731 769 840 936
Tm 109 119 122 115 114 123
Yb 764 776 837 843 815 765 822 957 1,019
Lu 100 098 112 107 102 108
Y 377 402 409 882 634 216
Pb 1,117 1,425 1,267 882 1,345 1,229 1,321 1,550 1,402
Th 7 6 9 7 8 7
9) 25 28 31 25 29 33
Analysis 10 11 12 13 14 15 Lav Woh
wt%
Sio, 47.64 46.84 48.07 48.28 47.46 46.27 29.39 28.91
ALO, 0.07 <0.01 021 0.02 0.07 0.02 <0.01 <0.01
TiO, 0.24 0.18 0.24 0.22 0.30 0.17 3.61 1.37
Zr0, 11.40 11.81 11.11 12.11 12.02 12.01 27.08 15.23
HfO, 0.23 0.23 0.12 0.14 0.14 0.13 0.27 0.34
Nb,O, 2.41 2.57 1.77 1.55 1.28 2.56 3.38 13.55
Ta,0, 0.22 0.29 0.05 0.07 0.08 0.06 0.09 0.47
Y0, 0.79 0.84 0.47 0.39 0.37 0.39 0.36 0.32
REE,O, 2.75 2.90 2.47 2.00 1.99 2.86 0.145 0.811
FeO 3.20 3.19 4.08 4.83 4.76 427 3.77 0.42
MnO 4.09 4.25 3.21 3.04 3.01 3.65 4.03 1.59
Cao 11.82 12.15 10.76 11.42 11.77 11.86 13.02 25.79
Na,0 11.52 11.52 11.68 11.24 11.48 10.92 12.04 8.05
Continue...
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Table 2. Continuation

Analysis 10 11 12 13 14 15 Lav Woh
K,0 0.45 0.25 0.43 0.37 0.50 0.24 <0.01 <0.01
a 1.70 1.76 1.75 1.85 1.81 1.80 <0.01 <0.01
F 0.14 0.13 0.15 0.29 0.20 0.18 4.54 3.72
H,0¢ 1.82 1.78 1.79 1.64 1.69 1.68
-0=FCl 0.44 0.45 0.46 0.54 0.49 0.48 191 1.57
Totald 100.39 100.45 98.87 99.92 99.30 99.58 99.81 99.02

Structural formulae (a.p.f.u.)
Si 25.306 25.135 25.568 25.401 25.399 25.090
Zr 2.953 3.090 2.881 3.107 3.136 3.175
Ti 0.095 0.073 0.097 0.086 0.120 0.069
Nb 0.579 0.624 0.425 0.369 0.311 0.627
Fe 1.421 1.432 1.814 2.124 2.129 1.937
Mn 1.841 1.930 1.445 1.356 1.366 1.676
REE 0.544 0.574 0.477 0.381 0.394 0.562
Ca 6.728 6.984 6.129 6.434 6.746 6.891
Y 0.222 0238 0.134 0.108 0.106 0.112
Na 11.858 11.979 12.041 11.463 11914 11.475
K 0.307 0.169 0.292 0.250 0.339 0.168
F 0.240 0217 0.252 0.476 0.337 0.309
Cl 1.531 1.599 1.581 1.647 1.640 1.657
H 3228 3.184 3.167 2.877 3.023 3.034

Trace elements (ppm)

Mg 127 60 1,547 1,179 3,582 1,301 3,819 083
Sc 29 27 25 63 35
Zn 831 732 852 329 27
Ga 76 61 86 <01 23
Rb 121 73 56 <01 <01
Sr 2,161 2,315 2,699 75 12
Mo 41 41 106 18 24
Cs 39 31 27
Ba 3 1 4 <1 <1
La 7,418 7,930 7,967 5,868 5,679 8,993 54 1,018
Ce 10,519 10,912 8,639 7,120 7,539 10,257 120 2,515
Pr 743 803 675 586 675 817 14 304
Nd 2,435 2,452 1,870 1,750 1,938 2,325 56 1,179
Sm 362 343 413 24 304
Eu 27 24 28 3 20
Gd 685 937 402 355 564 427 65 288
Tb 74 64 73 26 64
Dy 465 403 445 251 449
Ho 94 78 94 66 98
Er 944 1,032 234 215 350 238 216 299
Tm 33 34 36 38 47
Yb 755 711 237 226 307 241 294 337
Lu 26 28 27 36 45
W 232 353 576 7 127
Pb 1,439 1,374 1,537 1,644 1,476 2,011 19 52
Th 58 112 130 33 9
U 12 8 7 21 69

*The EGM analyses 1-11 and the wdhlerite are from the dyke center (sample mtrOlb); the EGM analyses 12-15 and the lavenite are from the
dyke border (sample mtrOla); ®major element contents (wt.%) were determined by electron probe micro-analyzer (EPMA); cestimated considering
Cl+F+OH=5 a.p.f.u; ‘Yincludes H,0 and trace elements; °structural formulae calculated on the basis of 29 cations (Si+Al+Zr+Ti+Hf +Nb+W+Ta), with all
Fe and Mn constrained to be divalent; ‘trace element (ppm) as well as HfO,, Ta,0, and PbO (wt%) were determined by inductively coupled plasma mass
spectrometry (ICP-MS), except from analyses 4, 8, 9, 10, 11, and 14, that were only EPMA data are available.
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Representative analyses of wohlerite and lvenite are pre-
sented in Table 2. These phases have lower SiO, and higher
ZrO, contents than EGMs. Wohlerite has higher Nb,O,
and CaO contents than lavenite does, whereas the latter has
high MnO, FeO, and Na,O contents. Both minerals have
almost no LILE, but they are enriched to a variable degree in
REE. Wahlerite contains greater amounts of light REE than
lavenite does. The La, /Yb, ratios of wohlerite and lavenite
are 2.05 and 0.12, respectively, which are significantly lower
than the values for EGMs from the dyke center (4.8-8.0),
EGMs from the dyke border (12.5-25.0) and the bulk-rock
composition (9.9). The Eu/Eu* anomaly is somewhat similar
to that observed in the EGMs and bulk-rock analysis. Livenite
also has high contents of Mg (3,819 ppm) and Zn (329 ppm).

DISCUSSION

EGM compositional variation
and molecular components

According to the calculated structural formulae (Table 2),
Si contents are sufficient to fill 25 tetrahedral positions, whereas
the Zr (plus minor content of Hf) and Ca amounts fill the Z
and M(1) positions, respectively. In the Xsite, Cl prevails over E

The most extensive variation in the EGM composition
from Monte de Trigo involves Fe and Mn at the M(2) site
and Si and Nb at the M(3,4) site (Fig. 4). Both variations
correspond to the solid solution between eudialyte and kent-
brooksite components, recognized as the major substitu-
tion of the EGMs worldwide by Johnsen et al. (1998) and
Johnsen & Grice (1999), although excluding the F and CI
contents. In fact, some analyses present Mn as dominant
cation in M(2) site with the X site occupied by Cl, which
probably is a mineral still not approved by the International
Mineralogical Association. A slight excess of Zr from the
Z site could be located with Nb and Si in the A(3,4) site,
together with minor to trace contents of Ti, Ta, and W.

Other significant major element variations in the EGMs
from Monte de Trigo occur at the N(1-5) site. Most of the
15 positions of the NV(1-5) sites are filled with Na, which
varies from 11.02 to 12.28 apfu. The remaining positions
may include other elements, such as REE, Y, Ca, and Mn,
probably at the V(4) site (Rastsvetaeva 2007). The sum of
the Fe and Mn contents (3.259 to 3.613 apfus) exceeds the
three available M(2) positions. This excess suggests that small
amounts of the georgbarsanovite component are present in
the solid solution, in which Mn is located at the N(4) site
(Khomyakov et al. 2005, Rastsvetaeva 2007). Similarly,
the Ca content (6.129 to 7.098 apfir) exceeds the required
amount to fulfill the six positions of the M(1) site (Fig. 4),
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with the surplus Ca most likely located at the N(4) site,
composing the feklichevite member (Pekov et al. 2001).

The N(4) site also includes REE (0.381 to 0.673 apfu)
and Y (0.106 to 0.244 apfu), which indicates the presence of
a zirsilite-(Ce) component (Khomyakov et al. 2003). Light
REE enrichment is observed in the C1 chondrite-normal-
ized REE diagram (Fig. 5A), with La /Sm  ratios ranging
from 9.1 to 13.7 and Gd,/Lu, ratios ranging from 0.71 to
1.95. A clearly marked negative Eu/Eu* anomaly is present,
with values varying from 0.17 to 0.23.

Thus, the EGMs from Monte de Trigo are best represented
by a complex solid solution involving eudialyte, feklichevite,
zirsilite-(Ce), georgbarsanovite, and kentbrooksite components
(Fig. 4). Part of the Mn content of the EGMs may be responsible
for the formation of minor quantities of the manganoeudialyte
member (Nomura et al. 2010) rather than kentbrooksite to com-
pensate for the Nb deficiency, assuming all of the Nb-bearing
components are present. The EGM:s from the dyke border are
more enriched in the eudialyte component, whereas the EGMs
from the dyke center are more enriched in the feklichevite, zir-
silite-(Ce) and kentbrooksite components (Fig. 4).

The trace element contents normalized according to
the bulk composition of the host dyke are shown in Figure
5B. The EGMs from the dyke border have significantly
higher contents of Sr, Th, Zn, and Mg and significantly
lower contents of Hf, Ta, and heavy REE than those from
the dyke center. The low K, Rb, and Ba EGM/bulk-rock
ratios suggest an incompatible behavior, i.e., they are not
incorporated in the EGM structure. Thus, the andrianovite
component, an EGM similar to kentbrooksite and zirsi-
lite-(Ce), but with K located at the N(4) site (Khomyakov
etal. 2008), is irrelevant in the composition of the EGMs
from Monte de Trigo, despite the high K and Rb contents
of the bulk rock (Table 1). This finding suggests that K and
Rb prefer other minerals, such as alkali feldspar. The con-
tents of Mg, Zn, Ga, S, Th, and U in EGMs are slightly
higher than the ones in the host rock, which suggests
that they are neutral to compatible in the EGM struc-
ture, whereas Pb is highly compatible, with EGM/bulk-
rock ratios near 100, probably because the ionic radius of
Pb (Shannon 1976) is similar to the size of the N(4) site
(Johnsen & Grice 1999).

Petrologic implications

The EGMs from Monte de Trigo are distinguished by rel-
atively high contents of Ca, moderate enrichment of Nb and
REE, and a somewhat low content of Na when compared with
the compositions from other localities worldwide (e.g., Deer
et al. 1986, Johnsen & Gault 1997, Johnsen & Grice 1999,
Wuetal. 2010, Schilling etal. 2011b). The EGMs from Monte
de Trigo do have Na, Nb, Ca, and REE contents similar to
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those of the EGMs from Langesundsfjord and North Qé6roq
(Fig. 4) (Bollingberg et al. 1983, Coulson & Chambers 1996,

Coulson

1997, Wu et al. 2010).

The Na-poor and Ca-rich composition of the ana-
lyzed EGMs may be a consequence of transitional agpaitic
magma composition. The accessory mineral assemblage
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Figure 4. Plot of Nb vs. Si, Mn, Ca, YREEs+Y and Na (apfu) for the EGMs from Monte de Trigo. Blue squares, the
EGMs from the dyke border; open circles, the EGMs from the dyke center; black squares, theoretical end-members
of the EGMs. Trend lines of the worldwide EGM compositions are compiled from Coulson & Chambers (1996),
Gualda & Vlach (1996), Coulson (1997), Johnsen & Gault (1997), Olivio & Williams-Jones (1999), Johnsen & Grice
(1999), Mitchell & Liferovich (2006), Marks et al. (2008), Schilling et al. (2009, 2011b), and Wu et al. (2010).
Component abbreviations: eud, eudialyte; Mn-eud, manganoeudialyte; fekl, feklichevite; ktb, kentbrooksite; georg,
georgbarsanovite; zirs, zirsilite-(Ce).
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from Monte de Trigo, as well as those from Langesundsfjord
and North Qo6roq, includes complex Na-Ca-Zr-F silicate
minerals, such as wohlerite and lavenite (Coulson 1997,
Enrich et al. 2009, Andersen et al. 2010), which is typical
of transitional agpaitic rocks (Serensen 1997, Andersen
et al. 2010, Marks et al. 2011). This assemblage suggests
that the miaskitic to agpaitic transition in the Monte de
Trigo alkaline suite follows the increasing fluorine trend
of Andersen et al. (2010). The EGM crystallization along
this fluorine trend, according to these authors, can occur
if chlorine or HCl activity is sufficiently high. This seems
to be the case for the EGMs from Monte de Trigo, as evi-
denced by their relatively high Cl content.
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Figure 5. (A) C1 chondrite-normalized Ree diagram for
EGMs. Chondrite values are from McDonough & Sun
(1995); (B) Bulk-rock-normalized multi-element
diagram of the EGMs from Monte de Trigo. The
bulk-rock values are from the EGM-bearing
nepheline microsyenite dyke center sample (Table 1).
Blue squares, the EGMs from the dyke border; open
circles, the EGMs from the dyke center. The bulk-rock
data from the dyke center (blue diamonds), lavenite
(open triangle) and wdhlerite (black cross) are also
plotted for comparison.
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Most of the trace element contents of the EGMs from
Monte de Trigo vary within the ranges of EGMs from other
localities (Wu et al. 2010, Schilling et al. 2011b), especially
the HFSEs and REE. Major differences of the analyzed
EGMs include low-Sr and Ba contents and a negative Eu/
Eu* ratio (Fig. 6). These differences are also found in the
bulk composition of the EGM-bearing nepheline microsy-
enite dyke (Table 1), which suggests that EGMs crystal-
lized in an environment where Eu, Sr, and Ba were already
depleted. This depletion could be assigned to previous
extensive fractionation of plagioclase and/or alkali feldspar
(e.g., Blundy & Wood 1991, Bédard 2006, Brotzu et al.
2007, Henderson & Pierozynski 2012, Carvalho & Janasi
2012) from the parental melt, similar to the interpretation by
Schilling et al. (2011b) regarding the same features observed
in the EGMs from Ilimaussaq and Mont Saint-Hilaire.

Extensive plagioclase fractionation is usually related
to alkaline massifs with a basanite/alkali basalt parental
melt, whereas it is absent for nephelinite parental magma
(Marks et al. 2011, Schilling et al. 2011a, 2011b). Thus,
EGMs that are crystallized from agpaitic residual liquids
derived from basanite/alkali basalt and nephelinite parental
magmas should present Sr-poor and Sr-rich trends, respec-
tively. The compositional trends for EGMs from several
occurrences are shown in the FeO-SrO-REE, O, diagram
(Fig 7). The FeO-rich corner characterizes the composi-
tion of early magmatic EGMs, as indicated by Schilling
et al. (2011b). Both REE- and Sr-rich end-members of
EGMs are related to late-magmatic and/or post-mag-
matic hydrothermal fluids, as are, for example, the final
compositions of the EGM trends from the Pilanesberg
and Saint-Hilaire complexes (Olivio & Williams-Jones
1999, Mitchell & Liferovich 2006, Grice & Gault 20006,
Schilling et al. 2011b). The Sr-poor EGM trends found
at Saint-Hilaire and Ilimaussaq reflect their basanite/
alkali basalt parental magma (Larsen & Serensen 1987,
Bailey et al. 2001, Schilling et al. 2011a). Conversely, the
Sr-rich EGM trends found at Pocos de Caldas, Gardiner,
Khibina and Lovozero could be linked to their nephelinite
parental magma (Nielsen 1980, Kramm & Kogarko 1994,
Serensen 1997, Ulbrich et al. 2005, Kogarko et al. 2010).
The EGM:s from Monte de Trigo have relative Fe and REE
enrichment that, together with the EGM texture, agrees
with its magmatic origin. The St-poor EGM trends found
in Monte de Trigo reflect their basanite/alkali basalt paren-
tal magma. A mafic dyke with basanite composition has
already been described in Monte de Trigo (Thompson et al.
1998, Enrich et al. 2009), and it probably represents the
parental magma for this alkaline suite. Again, the EGMs
from Monte de Trigo are plotted close to the north Qéroq
and Langesundsfjord EGM data.
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Figure 6. Plot of Nb vs. Si, Mn, Ca, YREE+Y and Na (apfu) for the EGMs from Monte de Trigo. Trend lines of the
worldwide EGM compositions are compiled from Gualda & Vlach (1996), Johnsen & Gault (1997), Johnsen & Grice
(1999), Marks et al. (2008), Schilling et al. (2009, 2011b), and Wu et al. (2010). Blue squares, the EGMs from the
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Some additional considerations about the compositional
differences between the EGMs from the dyke border in rela-
tion to those from the center also could be made. The EGMs
from the dyke border have the highest Mg (up to 3,582 ppm)
and Zn (up to 852 ppm) contents of the worldwide EGMs
(up to 1,000 ppm and 200 ppm for Mg and Zn, respectively;
Deer et al. 1986, Gualda & Vlach 1996, Johnsen et al. 1998,
Johnsen & Grice 1999, Ridolfi et al. 2003, Bulakh & Petrov
2004, Marks et al. 2008, Wu etal. 2010, Schilling et al. 2011b).
Such high Mg and Zn contents, associated to relatively high
Fe and Sr in these EGMs, could be related to the incorpora-
tion and reaction of the melatheralite xenoliths, as these ele-
ments are more abundant in the melatheralite (Table 1). The
local-scale reaction due to the diffusive exchange between the
melatheralite and the agpaitic magma at dyke border are sug-
gested by the presence of corroded xenoliths (Fig. 1C), large
mafic aggregates (Fig. 3B) and metasomatic granofels (Fig.
3A), and by the increase in modal mafic mineral content, up
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to 25% in volume. In addition, livenite from the dyke bor-
der has higher Mg and Zn contents than wohlerite from the
dyke center (Table 2).

Other difference in EGM composition is related to the
lower heavy REE contents of the EGMs at the dyke border
than at the dyke center (Fig. 5). This seems to be a con-
sequence of the crystallization of livenite rather than of
wohlerite. Our data show that ldvenite preferentially incor-
porates the heavy REE, whereas wohlerite incorporates both
the light and heavy REE (Fig. 5). The ldvenite concomitant
crystallization leads to a concurrence in the heavy REE par-
titioning between EGMs and lavenite.

CONCLUSIONS

The studied EGMs from Monte de Trigo reveal characteristics

of their crystallization environment, i.e., magma composition
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and concomitant crystallizing phases. The EGMs are charac-
terized by moderate variations in Fe and Mn at the M(2) site
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Figure 7. Ternary plot of FeO-SrO-REE, O, for the EGMs
from Monte de Trigo. Trend lines of the worldwide EGM
compositions are compiled from Coulson & Chambers
(1996), Gualda & Vlach (1996), Coulson (1997),
Johnsen & Gault (1997), Olivio & Williams-Jones
(1999), Johnsen & Grice (1999), Mitchell & Liferovich
(2006), Marks et al. (2008), Schilling et al. (2009,
2011b), and Wu et al. (2010). Blue squares, the EGMs
from the dyke border; open circles, the EGMs from the
dyke center.

and Si and Nb at the M(3,4) site, which are recognized as the
major substitution of EGMs worldwide. The relatively Na-poor,
Ca-rich EGM compositions seem to be related to the Monte
de Trigo transitional agpaitic rocks association, which con-
tain wohlerite and ldvenite, and thus follow an agpaitic fluo-
rine-rich trend. The low-Ba, Sr, and Eu contents are related to
previous plagioclase fractionation during magmatic evolution
and support the interpretation of a basanite parental magma
for the suite. The incorporation and reaction of melatheralite
xenoliths into the agpaitic magma could lead to higher Fe, Sr,
Mg, and Zn contents in the EGMs found near the dyke bor-
der. Finally, the relative depletion of heavy REE in the EGMs
from the dyke border seems to be related to the presence of
lavenite, which strongly partitions heavy REE.
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