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ABSTRACT

The Passa Quatro alkaline complex is one of the main intrusions found in the Serra do Mar
Cretaceous to Paleogene Igneous Province. It is formed mainly by nepheline syenites and alkali
syenites, with minor phonolitic dykes. The predominant felsic phases are alkali feldspar and
nepheline, with very minor sodic plagioclase in less silica undersaturated rocks. The main mafic
phases are clinopyroxene, amphibole, biotite and oxides. The wealth of accessory phases includes
titanite, eudialyte, astrophyllite-kupletskite, F-disilicates, phosphates and silicophosphates, and F-
REE- carbonates, with their specific ranges of composition. These accessory minerals often mantle
corroded zircon (and fluorite) crystals, testifying the petrographic transition from miaskitic to
agpaitic in the same rock. Looking at a regional scale, the three neighbouring complexes of Itatiaia,
Passa Quatro and Pocos de Caldas show similar mineral assemblages, but significant differences in
the type of agpaitic minerals. The Passa Quatro intrusion (with aegirine, titanite and minor
eudialyte) can be considered slightly more silica undersaturated and peralkaline than the nearby
Itatiaia complex, and has transitional features towards the highly agpaitic nepheline syenites of
Pocos de Caldas (with aegirine, titanite, eudialyte and aenigmatite). Eudialyte and titanite represent
the accessory phases able to influence the incompatible element behavior in the Serra do Mar

potassic intrusive province.

Keywords: agpaitic, miaskitic, nepheline syenites, disilicates, Passa Quatro, Brazil

INTRODUCTION

The Mesozoic to Cenozoic alkaline magmatism of southern Brazil crops out in the central

southeastern Brazilian Platform, close to Parand Basin (Fig. 1a) and spans from ~132 to ~58 Ma,
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with a peak at ~91-78 Ma (Morbidelli et al. 1995; Thompson ef al. 1998; Guarino et al. 2013 and
references therein). This magmatism has produced a large number of intrusive and sub-effusive
complexes. Two important magmatic provinces are in southern Brazil, the Alto Paranaiba and Serra
do Mar. The rocks belonging to these two provinces vary from strongly ultrabasic/ultramafic
(carbonatites, kimberlites and kamafugites) to silicic in composition, showing mildly sodic to
ultrapotassic affinity (Morbidelli ef al. 1995; Thompson et al. 1998; Brotzu et al. 2005, 2007;
Melluso et al. 2008, 2017; Azzone et al. 2009, 2013, 2016, 2017; Guarino et al. 2012, 2013, 2017;
Gomes et al. 2011, 2017, 2018). In southernmost Brazil and Uruguay, the Cretaceous alkaline rocks
(as Tunas, Cananéia, Piratini, Valle Chico/Mariscala) have mainly sodic affinity, with sporadic
potassic and ultrapotassic compositions (Gomes et al. 2011; Morbidelli et al. 1995; Lustrino ef al.
2005; Spinelli & Gomes 2008).

The Passa Quatro complex is an intrusive complex placed in the Serra do Mar Province. It is made
up of mildly to strongly undersaturated syenites and nepheline syenites, and is crosscut by
phonolitic dykes (Brotzu ef al. 1992). The present paper aims to contribute to a better knowledge of
type and composition of the accessory phases and their crystallization sequence and describe the
evolution and enrichment conditions undergone by magmas to generate the Passa Quatro rocks.
This study highlights the role that some accessory phases, such as titanite and eudialyte, have in the

geochemical behavior of REE and HFSE in the intrusions of the Serra do Mar Province.

GEOLOGICAL SETTING AND AGES

The Passa Quatro intrusive complex (Brotzu et al. 1992), is located about 150 km west of Rio de
Janeiro (Fig. 1b), close to the larger massif of Itatiaia (Brotzu et al. 1997; Melluso et al. 2017; Rosa
& Ruberti 2018). It is emplaced into the Precambrian basement, represented by the metamorphic
complexes of Juiz de Fora, Paraiba do Sul and Agungui Group (gneisses, migmatites, banded

granulites, kinzigites, basic amphibolites; Hasui & Oliveira 1984). The field relationships with host
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rocks are visible only in a few places, due to a large detrital talus and heavy forestation. Like the
Itatiaia massif, Passa Quatro is structurally linked to the SE-Brazilian continental rift, along the
Cabo Frio Magmatic Lineament (Riccomini et al. 2005 and references therein; Ferroni et al. 2018),
developed into the Ribeira folded belt in an ENE to EW transcurrent system at the end of the
Brasiliano cycle, and reactivated in connection with the Gondwana breakup (e.g., Ribeiro et al.
2018, and references therein). The Passa Quatro complex shows a subcircular shape, and covers an
area of approximately 148 km?; geological mapping and cross-cutting field relationships suggest
that it is made up of several distinct "ring-like" and "plug-like" bodies; however, post-emplacement
normal SW- and SE-trending tectonics of Cenozoic age (Sigolo 1988), widespread in the southern
part of the complex, and poor exposure and extensive weathering, preclude a better knowledge of
the emplacement order of different magma pulses. A K-Ar age of 66.7 = 3.3 Ma (Ribeiro Filho &
Cordani 1966, recalculated by Sonoki & Garda 1988) and the whole-rock Rb-Sr age of 77 + 3 Ma
(Brotzu et al. 1992) were reported for the Passa Quatro rocks. These values are close to the more
precise new U-Pb SHRIMP zircon ages reported by Rosa & Ruberti (2018) for the nearby Itatiaia
massif, which comprises a range of 67.5-71 Ma, with indication for decreasing ages towards NW.
This age interval is also similar to the K-Ar age of the age spread of the nearby Morro Redondo
alkaline massif: 67.2 =4 Ma (Ribeiro Filho & Cordani 1966, recalculated by Sonoki & Garda 1988)

to ~73 Ma (average age from determinations of Brotzu ef al. 1989).

ANALYTICAL TECHNIQUES

The bulk-rock compositions are reported in Brotzu et al. (1992). The chemical composition of the
main minerals (clinopyroxenes, feldspars, feldspathoids, amphiboles, micas and oxides) has been

reported in Brotzu et al. (1992). In this study we report the chemical composition of the accessory
minerals observed and identified in these rocks (Figs. 2 and 3; Suppl. Tab. A1). The chemical

composition of mineral phases was determined on polished thin sections at Dipartimento di Scienze



105  della Terra, dell’Ambiente e delle Risorse (Di.S.T.A.R.), University of Napoli Federico II (a JEOL
106 JSM-5310 microscope and an Oxford Instruments Microanalysis Unit, equipped with an INCA X-
107  act detector and operating at 15 kV primary beam voltage, 50-100 mA filament current, variable
108  spot size, from 30,000 to 200,000x magnification, 20 mm WD and 50 s net acquisition real time).
109  Measurements were made with an INCA X-stream pulse processor and with INCA Energy

110  software. Energy uses the XPP matrix correction scheme, developed by Pouchou & Pichoir (1988),
111  and the Pulse Pile up correction. The quant optimization is carried out using cobalt (FWHM -full
112 width at half maximum peak height- of the strobed zero = 60-65 eV). The following standards,

113  coming from Smithsonian Institute, were used for calibration: diopside (Ca), San Carlos olivine
114  (Mg), anorthoclase (Al, Si), albite (Na), rutile (T1), fayalite (Fe), Cr20s (Cr), rhodonite (Mn),

115  orthoclase (K), apatite (P), fluorite (F), barite (Ba), strontianite (Sr), zircon (Zr, Hf), synthetic

116 ~ Smithsonian orthophosphates (REE, Y, Sc), pure vanadium, niobium and tantalum (V, Nb, Ta),
117  Corning glass (Th and U), sphalerite (S, Zn), sodium chloride (Cl), and pollucite (Cs). The Ka, La,
118  Lp, or Ma lines were used for calibration, according to the element. Backscattered electron (BSE)
119  images were obtained with the same instrument.

120

121 CHEMISTRY AND PETROGRAPHY

122

123  The Passa Quatro alkaline rocks have a hypidiomorphic to slightly porphyritic structure, with

124  coarse-grained texture (Fig. 2); sometimes they have cumulus or flow textures involving large alkali
125  feldspar grains. These rocks are rich in alkali feldspar, while plagioclase is present in few samples.
126  They contain variable amounts in nepheline, typically occurring with euhedral to subhedral shape or
127  as interstitial phase. The mafic minerals are clinopyroxene, always present, amphibole, biotite and
128  oxides. The main accessory minerals are titanite/eudialyte, astrophyllite-group minerals, F-

129  disilicates, phosphates, silicophosphates and other Nb-Na-Mn-Zr-F-C-bearing accessory minerals.

130  The rocks are nepheline syenites with minor phonolites and syenites according to the Ri-R. diagram
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(Fig. 1b). They have a peralkaline index [P.I. = molar (Na+K)/Al)] ranging from 0.83-1.13,
similarly to the trends of other Serra do Mar complexes (Fig. 1c). These rocks are characterized by
relatively restricted major oxide variations, but with a very large range of trace element
concentration, in agreement with the high variability in the mineralogical features of the interstitial
phases (Brotzu et al. 1992). The chondrite-normalized REE patterns of the nepheline syenites are

moderately fractionated (Lan/Ybn from 14 to 44; the subscript “N” means chondrite-normalized

values). Similarly to the other Serra do Mar nepheline syenites, the Passa Quatro rocks plot towards

the phonolitic minimum in the Petrogeny Residua’s System (SiO2-nepheline-kalsilite) (Fig. 4).

MINERAL CHEMISTRY

The crystal chemical formulas of main minerals identified in the Passa Quatro rocks are listed in

Table 1.

Main mineral phases

Clinopyroxene is ubiquitous in the Passa Quatro rocks as phenocrysts and microlites in the
groundmass of fine-grained lithotypes, and range in composition from salite to aegirine. They show
variable composition in many chemical elements, as Mn (0.6-4.8 wt.% MnO), Na (1.7-13.7 wt.%
Na;0), Fe (13.6-29.5 wt.% FeO), and Ti (0-4.0 wt.% TiOz). Aegirine is often rich in ZrO: (up to 3
wt.%). Feldspar mostly has a perthitic structure, with exsolution lamellae of albite and orthoclase.
Rare oligoclase has been found as rim of alkali feldspar crystals in syenites. The composition is
mainly potassic, ranging in composition between anorthoclase to sanidine, and sometimes has
orthoclase enrichment from core-to-rim. Feldspathoids are principally nepheline, with minor
sodalite. Amphibole is widely present in these rocks as rims of salitic clinopyroxene, sometimes

well developed around aegirine borders or as idiomorphic crystals in pyroxene-free assemblages.
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Their composition is mostly hastingsite in non-peralkaline varieties, and rare arfvedsonite in
peralkaline syenites. Amphibole is rich in MnO, from 3.1 to 5.2 wt.%. Micas are a sporadic phase in
these rocks; they are Ti- or in Ti-Mn rich biotite (1.2-2.7 wt.% TiO2; 2.5-4.3 wt.% MnO). Oxides

are ilmenite and Mn-rich magnetite (1-8.8 wt.% MnO).

The composition of accessory mineral phases

Titanite is a common accessory phase in nepheline syenites. It can be considered the main

repository phase of HFSE and LREE (Table 2; Suppl. Tab. A2). The concentration of Nb.Os and
ZrO:> are variable from negligible to 8.4 wt.% and 3.7 wt.%, respectively. The highest concentration
of Nb and Zr can be related to the substitution of Ti with Zr and Nb. The ZREE-Os concentrations

reach up to 5.3 wt.%. These compositions are observed in titanite in other alkaline rocks elsewhere

(e.g., Wuetal 2016, Melluso et al., 2010, 2018).

Eudialyte is found in the phonolite PQ42 as crystals generally surrounded by F-disilicates and
fluorite. It is a solid solution between different end-members. The predominant end-member
components are oneillite (0.35-0.56 mol.%), kentbrooksite (0-0.56 mol.%), Ce-zirsilite (0-0.69
mol.%) and eudialyte (0-0.29 mol.%) according to the classification proposed by Pfaff ez al. (2010).
The variability in the end-members highlights wide chemical variations in XREE>O3 (2.8-7.5 wt.%),
Nb2Os (0.4-3.3 wt.%), ZrOz (10.1-12.7 wt.%), MnO (4.4-7.4 wt.%) and SrO (0.2-1.2 wt.%) (Fig.
Sa; Table 2; Suppl. Tab. A3). A mineral with a composition of a kentbrooksite was also analyzed
always in the phonolite PQ42. The wide chemical variation observed in the eudialyte minerals can
be linked to several cationic substitutions, such as Si — Nb, Fe — Mn, (Ca, Na) — (REE, Sr) (e.g.,

Johnsen et al. 2001).
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Astrophyllite-group minerals. According to the nomenclature of Piilonen et al. (2003), astrophyllite

and kupletskite are present at Passa Quatro (Fig. 5b; Table 2; Suppl. Tab. A4). The high F (up to
2.02 apfu), moderate Zr (up to 0.56 apfu) and low Nb (up to 0.16 apfu) contents in both minerals
suggest the following substitution Ti + F « Zr + (F, OH) (Piilonen et al. 2003). The astrophyllite
compositions are very similar to those described at Ilimaussaq (South Greenland; Macdonald ef al.

2007; Fig. 5b) and Junguni (Malawi; Woolley & Platt 1988).

F-disilicates. The main types of F-disilicates in the Passa Quatro rocks, following the compositional

ordering proposed by Melluso et al. (2014, 2017 and references therein), are rinkite, rosenbuschite,

hiortdahlite, wohlerite, ldvenite and Mn-bearing l&venite (Fig. 6a; Table 3; Suppl. Tab. A5). These

crystals show a different position in the groundmass of these rocks; sometimes they form plate-
shaped crystals, or intergrown between them, or have an interstitial position (Fig. 3). These F-
disilicates can be barely defined by a single composition; rather, they represent discrete phases
following a chemical solution of different end-members in the cuspidine — janhaugite series (Fig.
6a). Rosenbuschite is analyzed in sample PQ40A; 1avenite is found in samples PQ10 and PQ12.
The other samples instead show a variable presence of disilicates as rinkite and ldvenite, and minor
rosenbuschite in sample PQ39; wohlerite and hiortdahlite in sample PQ41; ldvenite and minor
rosenbuschite in sample PQ42; hiortdahlite and minor wohlerite in sample PQ6; and wohlerite and
minor lavenite and hiortdahlite in sample PQ12C. These minerals show a wide variability in their Zr
concentration, very low in rinkite (up to 0.4 wt.% ZrO), high and similar in rosenbuschite (12.1-
14.8 wt.% ZrO») and wohlerite (12.8-14.3 wt.% ZrO2) and slightly higher in hiortdahlite (14.4-18.8
wt.% ZrO2). On the other hand, the concentration of Zr in ldvenite varies between 0.3 and 23.4
wt.% ZrO», with negative correlation with T1 (1.9-19.7 wt.% TiOz). The Ti concentration is similar
in rinkite (7.7-9.0 wt.% TiO2) and rosenbuschite (8.1-9.8 wt.% TiOz) and is very low in wohlerite
(0.8-2.4 wt.% Ti0O2) and hiortdahlite (0.8-1.6 wt.% TiO2). The Mn-bearing lavenite has slightly

higher Mn concentration (9.9-15.5 wt.% in MnO) than l8venite (6.8-12.0 wt.% MnO). Mn-bearing
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lavenite has also higher concentration of Zr (22.7-33.1 wt.% ZrO;) and low variation in Ti (1.0-5.1
wt.% Ti0z). Wohlerite, hiortdahlite and rosenbuschite have similar Mn (2.0-5.0 wt.%, 2.3-3.7 wt.%
and 3.2-4.6 wt.% MnO, respectively), whereas rinkite has very low Mn (0-0.7 wt.% MnO). The
observed chemical substitutions in the Passa Quatro F-disilicates are related to the cationic
substitutions in the same site, as Ca — Na, and Fe — Zr+Nb (Fig. 6b and 6¢). The Ti/Fe — Mn

substitution is thus observed in the Mn-bearing lavenites.

Phosphates and silicophosphates. Apatite in the Passa Quatro rocks is enriched in REE (6.3-20.2

wt.% ZREE:0s; Table 2; Suppl. Tab. A6). In these rocks the apatite coexists with britholite, which
better includes the REE from the residual magma during crystallization. The ¥ REE2Os
concentrations of britholite increase up to 61.4 wt.%, with SiO2 up to 21.6 wt.%. The typical

substitution process for apatite and britholite is Ca+P — (L)REE+Si. These minerals have the same

substitution mechanisms defined for Itatiaia complex (Melluso et al. 2017; Fig. 5c¢).

Other minor accessory phases. Other Nb-Na-Mn-Zr-F-C-bearing accessory phases are present in

the Passa Quatro rocks, mainly in interstitial position (Suppl. Tab. A7). Zircon is a ubiquitous early
phase in the syenites. It is present as relict crystals surrounded by F-disilicates (Fig. 3). Baddeleyite
(Zr(Oy) is tiny crystals in sample PQ10. Garnet is analyzed in sample PQ19. It represents a solid
solution of andradite (79.1-89.0 mol.%) and grossular (1.8-14.5 mol.%), with moderate
concentration of Mn (1.7-2.0 wt.% MnO) (Locock 2008). Pyrochlore shows variable concentration

of UO:2 (0.6-8.7 wt.%). Hydroxymanganopyrochlore is identified in sample PQ10, with its high Mn

concentration (28.5-42.9 wt.% MnQ). Catapleiite is a hydrous phase rich in sodium (9.9-11.9 wt.%
Naz0) and zirconium (29.4-31.1 wt.% ZrO), and present in many nepheline-syenites. Pectolite is

also identified in nepheline syenites. Fluorite (CaF2) is a groundmass phase, crystallizes earlier than

some silicates and together with F-disilicates (Fig. 3). Undefined REE fluorocarbonates and REE
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carbonates are identified in the interstices. Sphalerite [Zn(Fe)S] and kalistronite [K2Sr(SOx):] are

also identified.

DISCUSSION

Crystallization of accessory phases in the Passa Quatro intrusion

The Passa Quatro rocks plot in the thermal trough between trachytic and phonolitic minima in the
nepheline—kalsilite—silica phase diagram, as expected from evolved rocks having sodic affinity and
silica-undersaturated composition (Fig. 4), confirming relatively low /iquidus temperatures and a
trend towards the phonolitic minimum.

Microscopic observation, back-scattered electron images and electron microprobe analyses of
mineral phases indicate that the main mineral assemblage is formed by clinopyroxene, alkali
feldspar and nepheline, followed by plagioclase, amphibole, and several accessory phases. The
fractional crystallization started with clinopyroxene and potassic alkali feldspar, whose removal
drove the liquids towards Na-rich compositions, then (Zr-bearing) aegirine and feldspathoids
(mainly nepheline) started to crystallize. Removal of these phases produced enrichment in the
incompatible elements (e.g., HFSE, REE) and fluorine = H>O and Cl in the liquids; therefore,
zircon, magmatic titanite or eudialyte could crystallize. The titanite crystallizes after aegirine and
magnetite; zircon and eudialyte crystallize before F-disilicates and fluorite. These enriched liquids
started to crystallize also HFSE-, REE- and F-enriched mineral phases, as F-disilicates,
astrophyllite-kupletskite, pyrochlore and fluorite, but their crystallization sequence is not easy to be
unequivocally defined. Hiortdahlite crystallized together with other F-disilicates, such as wohlerite,
and with fluorite and baddeleyite; 1avenite probably crystallized after kupletskite (and astrophyllite),
or at least simultaneously. At the end of this crystallization path, the residual liquids begin to

crystallize mineral phases containing CO2 and H-0, as undefined REE carbonates, undefined REE
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fluorocarbonates and hydroxy-manganopyrochlore that crystallize in a very late stage, while
catapleiite and pectolite represent the latest post-magmatic phases (as also reported by Larsen
2010). This crystallization scheme (Fig. 7) well describes the evolution and compositional changes
undergone by magmas that have generated Passa Quatro rocks through extensive crystallization
processes starting from mafic parental magmas (basanites and leucite-nephelinites). The
crystallization of HFSE-, REE- and F-enriched phases and their cationic substitution [Ca —
Na/Mn+Fe — Zr+Nb/Ti — Mn, Si — Nb/Fe — Mn/(Ca, Na) — (REE, Sr)] well reflect the
compositional changes undergone by magmas during its differentiation. These identified cationic
substitutions describe the chemical variations observed for the F-disilicates, which also represent
the main variation defined during magma differentiation. So this mineral assemblage, following the
enrichment in HFSEs, REEs, high F and minor CO: and H20, represents the typical chemical
feature of agpaitic magma in an environment at low oxygen fugacity, and related to temperature
decrease. The chemical feature of magmas suggest also an ultimately high degree of enrichment in
the metasomatized mantle sources (e.g., Arzamastsev et al. 2001; Upton et al. 2003; Guarino et al.

2013, 2017).

Regional significance

The typical agpaitic assemblage is defined by the presence of HFSE minerals such as eudialyte, F-
disilicates, and aenigmatite (see Marks & Markl, 2017). In the Serra do Mar Province, three
neighbouring complexes of Itatiaia, Passa Quatro and Pocos de Caldas show significant differences
in their agpaitic mineral assemblage. These complexes contain F-disilicates, fluorite and titanite as
main minerals (e.g., this study; Melluso et al. 2017; Brotzu et al. 1997; Ulbrich et al. 2002; Vlach et
al. 2018). Eudialyte is present in the Passa Quatro and Pocos de Caldas, aegirine is in the Passa
Quatro and Itatiaia, while aegirine and aenigmatite are found at Pogos de Caldas. The presence or

absence of eudialyte and aenigmatite minerals are due to their relative stability field which depends
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upon peralkalinity, silica activity (asio:), fo., and a0 (e.g., Andersen & Serensen 2005; Markl et al.
2010; Marks et al. 2011; Marks & Markl 2017). Therefore, the Passa Quatro intrusion can be
considered more silica undersaturated and peralkaline than the nearby Itatiaia complex, but has
transitional feature towards the highly agpaitic nepheline syenites of Pogos de Caldas (cf. Ulbrich et
al. 2002).

Looking at a regional scale, the REE concentrations in syenitic/phonolitic rocks, exemplified in
Figure 8, indicates a significantly similar geochemistry of REE in the alkaline complexes of Serra
do Mar down. We note that most of the nepheline syenites (and phonolites) of the Serra do Mar
province (Passa Quatro, Itatiaia, Morro Redondo, Morro de Sao Jodo, Cabo Frio; Fig. 8) contain
significant amounts of idiomorphic titanite in their mineral assemblages. Hence, even limited
removal of titanite is to be taken into account in the petrogenetic models involving REE, given the
elevated partition coefficients of the phase for middle REE (cf. Melluso et al. 2018 and references
therein). Different is for Monte de Trigo dykes, where the eudialyte is the main mineral that may
influence the REE pattern (Fig. 8), notwithstanding the presence of titanite. On the other hand,
within the magmatic evolution of complexes having silica-oversaturated, evolved felsic rocks (e.g.,
Valle Chico/Mariscala in Uruguay, Brandberg in Namibia, or also the silicic peralkaline rocks in the
African Rift), removal of titanite is considered to be less important than removal of other accessory
phases. The effects of significant removal of garnet are highlighted by the depletion of heavy REE
(and Y) in the most evolved phonolites of the Piratini field, in southermost Brazil (Barbieri et al.
1987). At the Amis peralkaline granite of Brandberg (Namibia; Schmitt ez al. 2000), the extreme
enrichment in HREE and the marked Eu trough cannot be the effect of removal of minor phases
rich in HREE (e.g., zircon, garnet, xenotime), together with alkali feldspar, and so is for the Valle
Chico intrusion, having granites and quartz syenites with chevkinite and monazite (Lustrino ef al.
2005 and authors’ unpublished data).

The similarity of the late-stage evolution (with concave REE pattern) in the Passa Quatro nepheline

syenites with that observed in volcanic sequences found elsewhere, even in different tectonic



311  settings, can be used to check the role of key accessory minerals. For example, the concave REE
312  patterns of trachytes from Ischia island (Italy), trachytes and phonolites of Libya and Madagascar
313  (Melluso et al. 2014, 2018; Lustrino et al. 2012; Cucciniello et al. 2016) and several other syenitic
314  intrusions elsewhere, indicate that titanite removal is a widespread and significant petrogenetic
315  process in highly evolved and oxidized alkaline magmas, and that exploitation of REE- and HFSE-
316  bearing nepheline syenitic rocks is to be carefully linked to the establishment of the degree of

317  magmatic evolution of the samples and with the presence (and removal) of titanite, plus other

318  scavenging accessory phases.

319

320 CONCLUSIONS

321

322  The wide, variable and problematic relationships between mineral assemblages in the intrusive
323  rocks of Passa Quatro testify complex conditions at the base of their formation. The crystallization
324  sequence is justified by fractional crystallization processes from parental mafic magmas at low
325  oxygen fugacity and high fluorine and chlorine activity. The Passa Quatro intrusion is, on the

326  average, more silica undersaturated and peralkaline than the nearby Itatiaia complex, thus being
327  transitional towards the highly agpaitic nepheline syenites of Pogos de Caldas. The presence of
328  noteworthy accessory phases, already described in the Serra do Mar alkaline Province, speak for the
329  importance of crystallization of REE-rich phases, such as eudialyte and titanite to assume

330  petrological importance to define the transition from miaskitic to agpaitic syenites, and then to
331  highly agpaitic nepheline syenites.
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Figure captions:

FI1G. 1: (a) Alkaline provinces of southeastern Brazil and their relationships with major structural
features (modified after Melluso ef al. 2017): 1) Late Ordovician to Early Cretaceous Parana
Basin; 2) Early Cretaceous tholeiitic lava flows; 3) Late Cretaceous Bauru Basin; 4) Offshore
marginal basins; 5) Alkaline provinces; 6) Age of alkaline rocks (diamonds: Permian-Triassic;
squares: Early Cretaceous; triangles: Late Cretaceous; circles: Paleogene); 7) Axes of main arcs
(AX, Alto Xingu; SV, Sao Vicente; BJ, Bom Jardim de Goias; PG, Ponta Grossa; RG, Rio
Grande; PP, Ponta Porad); 8) Torres Syncline; 9) Major fracture zones, in part deep lithospheric
faults (Rifts: MR, Mercedes; RM, Rio das Mortes; MG, Moirao; SR, Santa Rosa; AR, Asuncion;
Lineaments: TB, Transbrasiliano; AP, Alto Paranaiba; MJ, Moji-Guagu; CF, Cabo Frio; RT, Rio
Tieté; SL, Sao Carlos-Leme; PR, Paranapanema; PI, Piedade; GP, Guapiara; JC, Sao Jeronimo-
Curitiva; RA, Rio Alonzo; PQ, Rio Piquiri; AM, Santa Lucia-Aigua-Merin). Insets: 1) Parana
Basin contour. (b) Sketch map of the Passa Quatro intrusion (modified after Brotzu et al. 1992)
with location of the studied samples. (c) R1-R2 classification diagram (De La Roche et al. 1980).
(d). Differentiation Index (D.I.) vs. Peralkaline Index (P.I) diagram for the Passa Quatro rocks.
The data of syenites and phonolites of Morro Redondo, Itatiaia, Pogos de Caldas, Morro de Sao
Jodo and Montiquiera Range are taken from Brotzu et al. (1989, 1992, 2007), Lustrino ef al.
(2003), Azzone et al. (2018) and Melluso et al. (2017).

FIG. 2. Petrographic characteristics of main Passa Quatro nepheline syenites and PQ42 phonolite.
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Abbreviations: ae, aegirine; afs, alkali feldspar; ast, astrophyllite; bt, biotite; cpx, clinopyroxene;

F-dis, F-disilicate; ne, nepheline; op, opaque minerals; ttn, titanite.

FI1G. 3. Back-scattered images of main accessory minerals in Passa Quatro nepheline syenites and

PQ42 phonolite. Abbreviations: alk, alkali feldspar; anl, analcime; ap, apatite; cpx,
clinopyroxene; fluo, fluorite; hiort, hiortdahlite; 1av, lavenite; mgt, magnetite; ros, rosenbuschite;

woh, wohlerite; ttn, titanite; zirc, zircon.

FIG. 4. Nepheline-kalsilite-silica diagram (wt.%) for the rocks of Passa Quatro. Univariant lines

from Hamilton & Mackenzie (1965) and Gupta (2015). The composition of the nephelines is also

reported. The Morozevicz and Buerger compositions are the black dots.

FIG. 5. (a) Representative ternary plot of Passa Quatro eudialytes compared with those of Monte de

Trigo (Enrich et al. 2016), Sushina Hill (Chakrabarty et al. 2018), Gharyan (Lustrino et al. 2012)
and Ampasindava (Cucciniello et al. 2016). The diagram shows also the trend lines of the main
eudialytes in other complexes (Gualda & Vlach 1996; Johnsen & Gault 1997; Olivio &
Williams-Jones 1999; Johnsen & Grice 1999; Mitchell & Liferovich 2006; Marks et al. 2008;
Schilling et al. 2009, 2011; Wu et al. 2010), modified after Enrich et al. (2016). (b) Binary
diagram of Passa Quatro astrophyllite-group minerals. Astrophyllite from Ilimaussaq
(Macdonald et al. 2007) and kupletskite from Sushina Hill (Chakrabarty et al. 2018) are plotted
to comparison. (c¢) Apatite-britholite composition of Passa Quatro rocks, compared with Itatiaia

trend (Melluso et al. 2017).

FIG. 6. (a), (b) and (c). Chemical composition of the F-disilicates in the Passa Quatro nepheline

syenites. The reference compositions (black diamond) are those in the handbook of mineralogy
of the MSA (names underlined). Reference compositions are from Phlegrean Fields (Melluso et
al. 2012), Ischia (Melluso et al. 2014), Gharyan (Lustrino et al. 2012), Itatiaia (Melluso ef al.
2017) and Sushina Hill (Chakrabarty et al. 2018). The reference compositions of the Oslo Rift
nepheline syenites are taken from Andersen et al. (2010, 2012a,b). The structural formulae have

been calculated assuming Si+Al=8 cations.
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FIG. 7. Crystallization scheme on the evolution of Passa Quatro rocks.

FIG. 8. REE diagrams of the main complexes in the Serra do Mar Province.

Table caption:

TABLE 1. The crystal chemical formulas of minerals analyzed in the Passa Quatro rocks. Note: The
symbol [ is the vacancy in the site.

TABLE 2. Representative compositions of typical accessory minerals analyzed in the Passa Quatro
rocks.

TABLE 3. Representative compositions of F-disilicates. Cations are listed following site occupancy,

according to their formula.

Supplementary Tables:

Supplementary Table Al. Minerals analyzed in the main Passa Quatro rocks.
Supplementary Table A2. Titanite

Supplementary Table A3. Eudialyte

Supplementary Table A4. Astrophyllite and Kupletskite

Supplementary Table AS. F-Disilicates

Supplementary Table A6. Phosphates and Silicophosphates

Supplementary Table A7. Other accessory phases
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TABLE 1. THE CRYSTAL CHEMICAL FORMULAS OF MINERALS ANALYZED IN THE PASSA QUATRO
ROCKS. NOTE: THE SYMBOL O IS THE VACANCY IN THE SITE.

Alkali-feldspar

Plagioclase

Nepheline

[(K2.14-3.96, Nao-1.77, Cao-0.13, Sro-0.09, Ba0-0.03)z=4-4.15 (Al3.63-3.88, F€0-0.09, Na0.05-0.33)=4 (Si11.72-11.91,
Alo.09-0.28)5=12] O32

[(Na3.73-3.92, Cao-0.26, Ko-0.07, Sro-0.09, Bao-0.02)s=3.964 (Al3.41-4, Feo.0.13, Nao-0.46)s=4 (Si10.01-11.99,
Alo.01-1.99)5=12] O32

[(Nas.91-6.22, K1.11-1.52, Ca0-0.06, Sr0.04-0.11)5=7.26-7.75 (Al7.03-7.50, F€0.07-0.18, Si0.40-0.84)5=7.91-8.06 Sis O32]

Clinopyroxene/ [(Cao.05-0.89, Na0.12-0.91)5=0.95-1.03 (Mgo0.01-0.48, MNo.04-0.16, F€0.43-0.87, Ti0.02-0.08, Cro-0.06, Zr0-0.01)5=0.94-

108 Aegirine
Amphibole

Titanite

Eudialyte

Kentbrooksite

Rinkite

Rosenbuschite

Hiortdahlite

Wohlerite

Lavenite

(Si1.90-1.99, Alo-0.08)5=1.96-2.03] Os

[(Na1.17-3.03, Cao.12-1.65, K0.29-0.37, Sr0.02-0.07)s=3.13-3.59 (F€?*157-3.05, F€3*0.11-0.90, Mgo.72-1.92, Mno.40-
0.69, Ti0.13-0.35, V!Al0-0.14)5=5.5.08 (Si6.14-7.84, "VAlo.16-1.86)5=7.92-8 O22 (OHo.63-2, Fo-1.37)5=2]

[(Cao.91-1.04, Nao-0.07, Sro-0.02, LREEo-0.08)5=0.99-1.09 (Ti0.69-0.92, Alo-0.08, F€2*0.03-0.11, MNo-0.01, Zro-0.06,
Nbo-0.13)5=0.91-1.04 Sio.98-1.12 Os)

Eudialyte-group minerals

[(Na10.87-13.45, Ko-0.31, MNo.32-1.70, Sro.07-0.37, Lao.11-0.69, Ce€0.13-0.64, Ndo-0.21, [10.24-2.96)s=15-15.26 (Cas-

5.85, MNo.15-1)z=6 (F€1.33-2.27, MN0.73-1.67)5=3 (Zr2.65-3, Ti0.02-0.17, Nbo-0.18)z=3 (Si0.89-1.68, Nbo0.08-0.80, Tio-
0.35, Alo-0.21, Zro-0.22)z=2 (Si24072) (O, OH, H20)3 (Cl, OH) 5=2]

[(Na12.26, Ko.2a, Sro.gs, Lao.7s, Ceo.80)z=14.09 (Cas.05, Feo.95)s=6 Mn3.o1 Zr2.99 (Nbo.sa, Tio.0s, Alo.os,
Mgo.04, Feo.2s, Pbo.os, Uo.05)s=1.07 (Siza.80 O74) F1.81 - 2H20]

F-disilicates

[(Cas.49-6.60, Ceo0.94-1.19, Lao.s7-065, Ndo.o7-0.209, Smo-0.04)s=7.01-850 Naz (Naz27-2.77, Ca1.23-1.73)s=4
(Ti1.63-1.81, Fe€o-0.14, MNo-0.13, Mgo-0.08, Zro-0.05, Nb0.05-0.19)5=1.80-2.00 (Si7.91-8, Alo-0.09)s=8 O28 F4 (O1.87-
3.57, F4.43-6.13)5=4]

[(Cae.24-6.54, Nas.22-5.38, Sro.06-0.09, Lao-0.04, Ce0-0.04, Ndo-0.04, SMo-0.03)5=11.65-12.03 (Zr1.50-1.84, Ti1.54-
1.83, F€0.07-0.26, MN0.76-0.98, MQo0-0.05, ND0.07-0.18)5=4.40-4.71 (Si7.91-7.99, Al0.01-0.09)z=8 O28(02.08-3.05, F4.95-
5.92)5=8]

[(Car.92-9.46, Na3.03-3.80, Sr0.02-0.17, Y0-0.12, Lao-0.06, Ce0-0.11, Ndo-0.06, SMo-0.05)5=11.73-12.82 (Zr1.83-2.38,
Tio.16-0.31, Fe€0.15-0.35, Mno.50-0.85, Mgo-0.08, Nbo.20-0.38, Ca0.25-0.64)5=4 (Si7.96-8, Alo-0.04)s=8 O28 (O2.41-
2.98, F5.02-5.50)5=8]

{(Na3s.77-4.09, Cao-0.71, Sro.0s-0.15, Yo-0.12, Lao-0.05, Ceo-0.10, Ndo-0.03, SMo-0.09)s=4.06-4.87 (Car.03-7.55,
Feo.12:0.25, Mgo.06-0.26, MN0.09-0.57)5=7.61-8.11 (Zr1.71-1.88, Nb1.07-1.87, Ti0.16-0.48, MNo.17-0.72)s=4 (Si7.84-8,

Alo-0.16)s=8 O28 [(O,0H)4.18-5.87 F2.13-3.82]5=8}

{[(Nas4e5.95, Ca192-3.43, Sroo.19, Yo0.03, Lao-0.15 Ceo-0.11, Ndooos, Smo-0.07)s=s (Mn?*162-2.59,

Fe?*0.61-1.40, Tio-0.83, Mgo-0.19, Ca0.39-1.61)5=3.804.37 (Zr0.03-3.20, Ti0.22-363, Nbo.10-0.95)s=3.66-4 (Si7.90-,
Alo-0.10)s=8 O28 [(O,0H)2.77-5.37 F2.63-5.23]5=8}

Mn-bearing lavenite {(Nass0-6.98, Caoes-239, Sro-022, Laoo12, Ceoo.10, Ndo-oos, Smo-0.0s, NDbo-1.11)5=7.38-8.60

(Mn2*2.27.3.68, F€2*0.38-0.76, Tio-0.58, Mgo-0.11, Nb0.08-0.68)s=3.80-4.37 (Zr2.98-4.41, Ti0.01-0.98, ND0-0.63)5s=4-4.41
(Si7.92-8, Alo-0.08)z=8 O28 [(O,0OH)3.01-6.50 F1.50-4.99]5=8}
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TABLE 1. CONTINUED.

Astrophyllite

Kupletskite

Apatite

Britholite

Zircon

Garnet

Pyrochlore

Astrophyllite-group minerals

{(K174-1.84, Na1.22-1.33, C20.38-0.43, Sr0.04-0.08)s=341-3.61 (F€%*4.12-421, Mn2.53-2.61, MQ0.31-0.35)5=6.99-7.12

(Ti1.50-1.68, Nbo.0s-0.16, Alo.31-0.50, Zro.19-0.41)5=2.35-2.45 (Siz.67-7.85, Alo.15-0.33)z=8 O24 [F155.1.04, (O,
OH)s.06-5.45]5=7}

{(K165-1.78, Na1.14-1.18, Ca0.35.0.39, Sro.13-0.21)s=3.27-3.52 (Mna 2511, F€2*1.97.2.05, M0.12-0.14)5=6.99-7.21
(Ti1.39-1.51, Nbo-0.01, Alo.21-0.42, Zr0.45.0.57)z=2.16-2.51 (Si7.79-7.80, Alo.20-0.21)z=8 O24 [F1.38-2.02 (O, OH)s5.98-
5.62]5=7}

Phosphates and Silicophosphates

[(Cas.27-9.14, Nao.04-0.14, Feo-0.09, Sro.01-0.56, La0.17-0.44, Ce0.18-0.81, Ndo.01-0.18, Smo-0.05, Tho-0.03, Uo-
0.01)z=9.52-9.98 (P4.70-5.61, Si0.18-1.35, S0-0.03)5=5.80-6.08 O12 (Fo.76-1.95, Clo-0.03, OHo.04-1.24)5=2]

[(Ce2.46-3.13, La1.43-2.93, Ndo.14-0.95, Smo-0.06, Caz.se-5.43, Nao-073, Feo-0.04, Sro.01-0.57, Y0-0.41, Tho.os-
0.12, U0-0.05)5=9.73-10.18 (Si4.06-5.73, P0.17-1.73, S0-0.05)5=5.71-6.19 O12 (Fo.31-1.63, Clo-0.05, OHo.35-1.69)5=2]

Other minor accessory phases

[(Zro.95-1.01, Hfo-0.04, Yo0-0.03, Lao-0.01, C€0-0.01, SMo-0.01, Tho-0.01, U0-0.01)z=2-2.01 Sio.99-1 O4)]
{[(Caz.s2-287, Fe**0.0.04, MN?*0.07.0.13, Mgo-0.05)s=2.96-3 (Fe€3*1.58-1.85, Tio.01-0.10, Alo.07-0.40, F€%*0.0.02,

Mn3*0.0.09, Mgo-0.06,)z=2-2.04 (Si2.80-2.99, Alo.01-0.11)s=3 (O4)3]}

[(Cao.75-1.12, Nao.45-0.98, MNo-0.03, Sro-0.03, La0.01-0.05, Ce0.01-0.10, Pro-0.01, Ndo-0.01, Smo-0.01, Dyo-0.03,

Ero-0.02, Ybo-0.02, Tho-0.01, Uo.01-0.12, [0.01-043)s=2 (Nb1.29-1.81, Tao-0.07, Tio.14-0.56, Fe€0-0.05, Sio.00-
0.22)s=2 O (OHo-0.26, F0.74-1.21)]

Hydroxymanganopyrochlore  [(Mn1.36-2.01, Cao-0.24, Nao.os-0.30, Sro-0.02, Yo0-001, Ceo.01, Gdoo.01, Erooo1, Ho-

Catapleiite

Pectolite

0.04)x=2-2.13 (Ti1.27-1.64, Nb0.26-0.630, T@0-0.01, F€0.09-0.10)5=2 O (OHo.69-0.84, F0.03-0.09, Clo.13-0.22)]

[(Na1.33-1.59, Ca0.02-0.12, Mno-0.02, F€0.03-0.06, Sro.04-0.09, Lao-0.01, Ce0-0.01, Ndo-0.02, Smo-0.01, Nbo.o1-
0.06, [10.23-0.45)5=2 Zr0.99-1.04 Si2.97-3.02 Og * 2(H20, Fo.08-0.35, Clo-0.01)]

[Na1 (Ca1.37, Mnos7, Feo.o1, Mgo.o1)s=2.06 Siz.06 Os (OHo.s7, Fo.12, Clo.o1)s=1]
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TABLE 2. Representative compositions of typical accessory minerals analyzed in the Passa Quatro rocks.

SiO, (wt.%)
TiO,
AlL,O3
FeO
MnO
MgO
CaO
Na,O
K50
P20s
SrO
ZrO,
Y203
Nb,Os5
La,O4
Ce,03
Nd,O3
Sm,03
PbO
ThO,
uo,
-

Cr
Sum

SREE,O;

n.Oxygens

Formula
Si (apfu)
Ti

Al
Fe?*
Mn
Mg
Ca
Na
K

Sr
zr
Nb
La
Ce
Nd
Sm
Pb
Th

U

F-
cr
Sum

Titanite Titanite Eudialyte Eudialyte Kentsbrookite Astrophyllite Kupletskite Britholite  Apatite
PQ19 PQ41 PQ42 PQ42 PQ39 PQ10 PQ12 PQ12 PQ12
29.52 29.33 48.20 48.34 43.84 34.20 33.76 19.42 1.09
30.91 31.84 0.41 0.15 0.13 8.87 8.71 - -
0.67 1.38 0.20 0.17 0.08 1.61 1.54 0.07 0.05
3.23 2.29 4.27 4.82 2.58 21.96 10.25 - 0.13
0.36 0.25 5.38 5.53 6.29 13.32 25.82 - -

- - - - 0.05 1.04 0.41 - -
25.54 27.59 9.58 9.74 8.34 1.57 1.59 10.55 46.96
0.32 0.48 12.69 12.69 11.18 2.81 2.55 0.24 0.43

- - 0.35 0.22 0.33 6.08 6.05 - -

- - - - - - - 3.12 39.69

- - 0.23 0.52 2.92 0.54 1.53 2.92 5.83
0.85 0.93 12.28 11.64 10.85 3.75 5.00 - -

- - - - - - - 0.52 -
3.51 2.80 0.52 0.95 2.10 1.40 0.11 - -

- - 1.66 1.35 3.49 - - 30.03 3.06
1.02 - 2.1 1.83 3.87 - - 29.93 3.00
1.51 0.15 0.15 0.17 - - - 1.48 0.24
0.56 - - 0.46 - - - - -

- - - - 0.33 - - - -

- - - - - - - 2.06 0.05

- - - - 0.45 - - - -

- 1.64 - - 2.05 2.73 1.90 1.41 3.68

- - 0.98 0.79 - - - - 0.04
97.99 98.68 99.03 99.36 99.29 99.89 99.21 101.74  104.25

O=(F,CI") 0.59 1.56
Sum 101.14  102.70
3.09 0.15 3.93 3.82 7.36 - - 61.44 6.30

5 5 73 73 78 31 31 26 26
1.03 1.01 24.58 24.58 24.80 7.67 7.79 A site
0.81 0.82 0.16 0.06 0.06 1.50 1.51 Ca 3.07 8.82
0.03 0.06 0.12 0.10 0.05 0.64 0.63 Sr 0.46 0.59
0.09 0.07 1.82 2.05 1.22 4.12 1.98 La 3.01 0.20
0.01 0.01 2.33 2.38 3.01 2.53 5.05 Ce 2.97 0.19

- - - - 0.04 0.35 0.14 Nd 0.14 0.01
0.95 1.02 5.23 5.30 5.05 0.38 0.39 Fe - 0.02
0.02 0.03 12.55 12.51 12.26 1.22 1.14 Al 0.02 0.01

- - 0.23 0.14 0.24 1.74 1.78 Na 0.12 0.15

- - 0.07 0.15 0.96 0.07 0.21 Y 0.07 -
0.01 0.02 3.05 2.89 2.99 0.41 0.56 Th 0.13 0.002
0.06 0.04 0.12 0.22 0.54 0.14 0.01 Sum 10 10

- - 0.31 0.25 0.73 - -

0.01 0.39 0.34 0.80 - - T site
0.02 - 0.03 0.03 - - - Si 5.28 0.19
0.01 - 0.08 - - - P 0.72 5.81
- - - - 0.05 - - Sum 6 6
- - - - 0.05 - - F 1.18 1.95
0.18 1.83 1.94 1.38 Cl - 0.01

- - 0.85 0.68 - - - OH 0.82 0.04

3.0 3.3 51.8 51.8 54.7 22.7 22.6 Sum 2 2
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TABLE 3. Representative compositions of F-disilicates. Cations are listed following site occupancy, according to their formula.

Rinkite Rosenbuschite Hiortdahlite Wéhlerite Lavenite Mn-bearing lavenite
PQ68  PQ39 PQ39  PQ42 PQ12C PQ40A PQ12C PQ41 PQ42 PQ39 PQ12 PQ12
SiO, (wt.%) 31.27  29.52 31.45 31.58 29.58  30.32 29.03 29.85 31.12 30.66 29.92 29.51
TiO, 8.46 8.40 8.56 8.08 0.96 1.02 1.81 0.80 843 9.26 4.27 2.00
Al,O3 0.32 - 0.08 0.05 0.08 - - 0.51 0.09 - - 0.17
FeO 0.47 0.63 1.22 0.62 1.32 1.22 1.10 0.54 4.08 549 2.66 224
MnO 0.69 0.58 4.56 3.75 3.74 2.83 4.47 4.85 966 8.46 11.40 12.66
MgO - - - 0.12 0.19 - 0.64 0.15 0.17 0.16 0.11 0.10
Ca0 27.51 27.66 24.08 24.09 3046  31.52 26.23 25.67 13.27 14.54 2.59 4.94
Na,O 8.36 8.59 10.62  10.86 6.80 7.10 7.44 7.88 10.18 10.55 12.35 11.51
Sro - - 0.44 0.45 0.71 0.11 0.95 0.69 0.88 0.53 0.62 -
Zr0, - 0.37 12.11 14.75 1596 17.09 13.98 14.12 16.50 14.41 26.10 31.59
Nb,O5 - 0.42 0.97 0.58 1.66 2.15 9.25 12.83 288 278 9.66 1.34
La,0, 5.42 5.39 0.42 0.36 0.33 0.47 - - - - 0.16 0.61
Ce,03 9.49 10.02 0.26 0.38 0.87 0.46 - 0.05 0.06 - - 1.02
Nd,O5 3.21 3.04 - 0.42 0.14 - 0.34 - - - - 0.48
Sm,0, 0.35 - - - 0.41 - - 0.09 - 0.13 0.11 -
ThO, 0.11 - - - 0.03 - 0.11 0.05 - 0.09 - 0.56
uo, - 0.55 - - 0.04 0.2 0.12 0.11 - - - 0.61
F 5.00 7.15 8.12 7.22 6.94 7.32 4.67 4.43 536 6.64 1.79 2.58
Sum 100.6  102.30 1029 103.31 100.2 101.8 100.1 102.62 102.7 103.70 101.7 101.91
O=F" 2.10 3.01 3.42 3.04 2.92 3.08 1.97 1.87 226 280 0.75 1.09
Sum 98.5 99.3 99.5 100.3 97.3 98.8 98.2 100.8 100.4 100.9 101.0 100.83
>REE,O3 18.46 18.44 0.67 1.16 1.75 0.94 0.34 0.14 0.06 0.13 0.27 2.1
Cations per 8 silicon atoms (apfu)
Na 2 2 Ca 6.54 6.53 Ca 8.52 8.47 Ca 0.71 - Ca 281 257 Na 6.40 6.01
Na 5.22 5.33 Na 3.56 3.63 Na 3.97 4.01 Na 506 5.34 Ca 0.74 143
Na 2.10 2.51 Sr 0.07 0.07 Sr 0.11 0.02 Sr 0.15 0.11 Sr 0.13 0.08 Sr 0.10 -
Ca 1.90 1.49 La 0.04 0.03 La 0.03 0.05 La - - La - - La 0.02 0.06
Sum 4 4 Ce 0.02 0.04 Ce 0.09 0.04 Ce - 0.005 Ce 0.01 - Ce - 0.10
Nd - 0.04 Nd 0.01 - Nd 0.03 - Nd - - Nd - 0.05
Ca 5.55 6.54 Sm - - Sm 0.04 - Sm - 0.01 Sm - 0.01 Sm 0.01 -
La 0.51 0.54 Sum 12 12 Sum 12 12 Sum 5 4 Sum 8 8 Nb 0.65 -
Ce 0.88 0.99 Sum 8 7.6
Nd 0.29 0.29 Ti 1.63 1.54 Ti 0.19 0.20 Ca 7.03 7.23 Mn 210 1.87
Sm 0.03 - Fe 0.26 0.13 Fe 0.30 0.27 Fe 0.25 0.12 Fe 087 1.20 Mn 2.58 2.89
Sum 7 8 Mn 0.98 0.80 Mn 0.85 0.63 Mg 0.26 0.06 Ti 0.02 0.00 Fe 0.60 0.50
Mg - 0.05 Mg 0.07 0.00 Mn 0.45 0.57 Mg 0.07 0.06 Ti 0.26 0.41
Ti 1.61 1.71 zr 1.50 1.82 zr 2.10 2.20 Sum 8 8 Ca 0.84 1.50 Mg 0.05 0.04
Fe 0.10 0.14 Nb 0.11 0.07 Nb 0.20 0.26 Sum 4 4.6 Nb 0.52 0.16
Mn 0.15 0.13 Sum 4 4 Ca 0.28 0.44 zr 1.88 1.81 Sum 4 4
Mg - - Sum 4 4 T 0.37 0.16 Zr 206 1.83
Zr - 0.05 Nb 1.15 1.52 Ti 161 182 zZr 3.40 4.15
Nb - 0.05 Mn 0.59 0.51 Nb 033 0.33 Ti 0.60
Sum 2 2 Sum 4 4 Sum 4 4 Nb -
Sum 4 4.1
Si 7.90 8.00 Si 7.98 7.99 Si 7.97 8.00 Si 8.00 7.84 Si 7.97 8.00 Si 8.00 7.95
Al 0.10 - Al 0.02 0.01 Al 0.03 - Al - 0.16 Al 0.03 - Al - 0.05
(0] 28 28 (0] 28 28 (0] 28 28 o 28 28 o 28 28 (0] 28 28
F 4 4
(0] 3.95 2.39 (0] 2.08 267 O,0H 256 242 O,0H 424 4.51 O,0OH 3.88 3.02 O,0H 6.50 5.80
F 4.05 5.61 F 5.92 5.33 F 5.44 5.58 F 3.76 3.49 F 412 498 F 1.50 2.20
Sum 8 8 Sum 8 8 Sum 8 8 Sum 8 8 Sum 8 8 Sum 8 8




