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RESUMO 

Os xenólitos plutônicos são fonte de informações e evidências sobre processos magmáticos que 

ocorrem em profundidade, nas zonas alimentadoras de edifícios vulcânicos. Novos dados 

petrográficos, geoquímicos, isotópicos e geocronológicos são apresentados para um xenólito 

classificado como kaersutita diorito, do depósito piroclástico da unidade basal do Arquipélago 

de Fernando de Noronha (FNA), no Sudoeste do Oceano Atlântico. A amostra é formada 

principalmente por kaersutita, andesina, diopsídeo e flogopita, associado com magnetita e 

ilmenita, juntamente com minerais acessórios, como apatita, titanita e zircão. As assinaturas de 

elementos principais e traços das análises de rocha total apresentam composições subsaturadas 

em sílica e padrões enriquecidos de ETR leves (La/YbN = 13-14) que são semelhantes às outras 

rochas da FNA. As análises de isótopos de Nd produzem valores de ƐNd de +1,7 a +2,2. Análises 

de U-Pb em zircão obtidas a partir do kaersutita diorito forneceram uma idade de cristalização 

de 13,69 ± 0,07 Ma, enquanto uma idade U-Pb calculada utilizando titanita e apatita registra 

uma idade U-Pb mais recente de 9,76 ± 0,94 Ma, refletindo um evento térmico mais jovem, 

provavelmente relacionado ao magmatismo explosivo que formou o depósito piroclástico da 

unidade basal da FNA. Essas idades também indicam que o magmatismo da FNA foi 

contemporâneo com o magmatismo continental terrestre encontrado no nordeste do Brasil. 

PALAVRAS-CHAVES: ROCHAS PLUTÔNICAS, APATITA, TITANITA, ZIRCÃO 



 

 

ABSTRACT 

Plutonic xenoliths are a potential wealth of information and evidence about magmatic 

processes that occur at depth, in the feeder zones of volcanic edifices. New petrographic, 

geochemical, isotopic, and geochronology data are presented for kaersutite diorite derived from 

a pyroclastic deposit from the basal unit of the Fernando de Noronha Archipelago (FNA), in 

the Southwest Atlantic Ocean. The kaersutite diorite consist primarily of andesine, diopside, 

kaersutite, phlogopite, and minor amounts of magnetite and ilmenite, along with accessory 

minerals such as apatite, titanite, and zircon. Major and trace element signatures from bulk-

rock analyses yield silica under-saturated compositions and light REE enriched patterns 

(La/YbN = 13-14) that are similar to the other rocks from the FNA. Nd isotope analyses yield 

ƐNd values of +1.7 to +2.2. U-Pb analyses of zircon obtained from the kaersutite diorite 

provided a crystallization age of 13.69 ± 0.07 Ma, while a combined titanite-apatite U-Pb age 

record a younger U-Pb age at 9.76 ± 0.94 Ma, reflecting a younger thermal event, probably 

related to the explosive magmatism that formed the pyroclastic deposit of the basal unit of 

FNA. These ages also indicate that the FNA magmatism was coeval with onshore continental 

magmatism found in northeastern Brazil.  

KEYWORDS: PLUTONIC ROCKS, APATITE, TITANITE, ZIRCON 



 

 

LIST OF FIGURES 

Figure 1 A) Location of the Fernando de Noronha Ridge and the La Romanche, Chain and 

Fernando de Noronha (FN) Fracture Zones. B) Details of Fernando de Noronha Ridge. C) 

Simplified geologic map of Fernando de Noronha Archipelago (after Almeida 1955). The study 

area is within the square at Enseada da Caieira. Age data in millions of years from Perlingeiro 

et al. (2013). Abbreviations: W.R. = whole-rock, Or = orthoclase, Ne = nepheline, and Krs = 

kaersutite............................................................................................................................. 19 

Figure 2 A-B) Field photos of kaersutite diorite. C-H) Thin section under polarized light. C and 

D) The relationship between the rock-forming minerals. The opaque minerals (mainly oxides) 

have an intergranular texture. E) Xenocryst apatite crystal with reabsorbed borders. F) Opaque 

minerals between amphibole and andesine with intergranular texture. G) Apatite inclusion in 

diopside. H) Cumulate textures. I-K) Thin sections on backscattering images. C at plane-

polarized light; D-H at crossed polarized light. Abbreviations stand for Op: Opaque; Pho: 

phlogopite; Di: Diopside; Amp: Amphibole; And: Andesine; Apa: Apatite; Ilm: Ilmenite; Mag: 

Magnetite. ........................................................................................................................... 24 

Figure 3 Mineral chemistry classification for the kaersutite diorite. A) Classification diagram 

for feldspar - Orthoclase (Or), Anorthite (An), Albite (Ab) - (MacKenzie, 1989). The 

plagioclase in the kaersutite diorite is andesine, shaded areas are compiled data from mineral 

chemistry of subvolcanic xenoliths (Ulbrich and Lopes, 2000). B) The FeO-TiO2-Fe2O3 ternary 

diagram (Deer et al., 1992; Dunlop, 1990)). The data are plotted as magnetite associated with 

the titanohematite series. C) Classification diagram for the pyroxenes analyzed - enstatite (En), 

ferrosilite (Fs), wollastonite (Wo), diopside (Di), and hedenbergite (Hd) (Morimoto et al., 

1988). The clinopyroxene in the kaersutite diorite is diopside, shaded areas are compiled data 

from mineral chemistry of subvolcanic xenoliths (Ulbrich and Lopes, 2000). D) Biotite 

classification diagram (Rieder et al., 1999). The data is plotted in the phlogopite field. E) 

Amphibole classification diagram for CaB ≥ 1.5 and (Na+K)A ≥ 0.5 and for Ti < 0.5 and Ti ≥ 

0.5 apfu (Leake et al., 1997) The amphiboles plotted mainly in the pargasite field, but some 

amphiboles with higher Ti content plotted in the kaersutite field. Abbreviation stands for apfu.: 

atom per formula unit. ......................................................................................................... 25 

Figure 4 Major elements versus MgO (in wt. %). Samples from this study are highlighted in 

black (n = 3) and compiled samples from Remédios Formations, Quixaba Formation, and São 

José Formation. Total of compiled samples = 161 (Guimarães et al., 2020; Kay and Gast, 1973; 

Lopes, 2002, 1997; Maringolo, 1995; Perlingeiro, 2012). .................................................... 27 

Figure 5 Primitive Mantle-normalized REE diagram (McDonough and Sun, 1995). Kaersutite 

diorite highlighted in black and compiled samples from across the FNA (n = 43; Lopes, 2002).

 ........................................................................................................................................... 28 

Figure 6 Trace element spider diagram. Kaersutite diorite highlighted in black (n = 3) and 

compiled samples (n = 122) in gray (Guimarães et al., 2020; Kay and Gast, 1973; Lopes, 2002, 

1997; Maringolo, 1995; Perlingeiro, 2012). A) All samples normalized by primitive mantle 

(Sun and McDonough, 1989) B) Samples normative by OIB (Sun and McDonough, 1989). *Cs, 

Rb and Th were removed due to analytical problems. .......................................................... 29 

Figure 7 143Nd/144Nd versus SiO2 (wt. %). The colored areas represent the compiled data 

(Lopes, 2002; Perlingeiro, 2012)......................................................................................... 30 



 

 

 

 

Figure 8 Pressure versus temperature of the amphibole (Ridolfi, 2021). The amphibole varies 

between 880.5-1068.2 ºC, and 275 – 775.6 MPa.................................................................. 30 

Figure 9 Representative zircons from the sample. Scale bar represents 100 μm. Sector zoning 

occurs in A, D, E and F. Oscillatory zoning is present in A, C, D, E, F, G, and H. Homogeneous 

crystals also occur, like B or patchy zoning also is common as observed in F. Gray circles 

represent the spot-analyses location. The 206Pb/238U age for each spot is in Ma.................... 31 

Figure 10 Zircon data for the kaersutite diorite. Concordia diagrams and 206Pb/238U Weighted 

Mean, both using 24 concordant data, from Isoplot R (Vermeesch, 2018). ........................... 32 

Figure 11 A) CL images of titanite crystals. The scale bar is 200 μm. B) Titanite U-Pb diagrams. 

MSWD-mean square of weighted deviations. C) CL images of apatite crystals. The scale bar 

is 200 μm. D) Apatite-Titanite U-Pb diagrams. MSWD-mean square of weighted deviations. 

Gray circles represent the spot location. .............................................................................. 33 

Figure 12 Schematic diagram of the magmatism emplacement with compiled ages, methods, 

and rock type. The rectangles represent the age (black line) with the error bar. The oldest 

recorded age is present in this study, followed by an alkali-basalt plug, dated to almost one 

million years later, followed by a hiatus of 2.5 million years. There is a peak of magmatism 

registered between 10 and 9 Ma, followed by a hiatus of almost 3 million years, with the 

beginning of the Quixaba event, where there is intercalation between effusive and explosive 

volcanism. ........................................................................................................................... 38 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

LIST OF TABLES 

Table 1 Major element geochemistry (in weight percentage – wt. %). ¹Duplicated sample... 26 

Table 2 Rare Earth Elements data from the kaersutite diorite (in ppm) ................................ 28 

Table 3 Trace elements data from the kaersutite diorite. ¹Duplicated sample. (in ppm) ........ 29 

Table 4 Pyroxenes – Mineral Chemistry .............................................................................. 52 

Table 5 Feldspar – Mineral Chemistry ................................................................................. 53 

Table 6 Amphibole – Mineral Chemistry............................................................................. 54 

Table 7 Ilmenite – Mineral Chemistry ................................................................................. 55 

Table 8 Phlogopite - Mineral Chemistry .............................................................................. 56 

Table 9 Magnetite - Mineral Chemistry ............................................................................... 56 

Table 10 Apatite - Mineral Chemistry ................................................................................. 57 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

TABLE OF CONTENTS 

OVERVIEW ................................................................................................................... 13 

First U-Pb age constraints from plutonic xenolith preserved in alkaline volcanic rocks of the 

Brazilian oceanic Fernando de Noronha Archipelago, Southwest Atlantic Ocean ............. 15 

1. INTRODUCTION ................................................................................................... 15 

2. GEOLOGICAL SETTING ...................................................................................... 16 

2.1. Stratigraphy and Geochronology ....................................................................... 17 

2.2. Lithogeochemistry ............................................................................................. 20 

2.3. Isotopic Geochemistry ....................................................................................... 20 

3. ANALYTICAL METHODS .................................................................................... 20 

3.1. Sampling and petrography ................................................................................. 20 

3.2. Whole-rock analyses ......................................................................................... 21 

3.3. Mineral chemistry.............................................................................................. 21 

3.4. U-Pb Geochronology ......................................................................................... 21 

3.5. Nd Isotope Analyses .......................................................................................... 22 

4. RESULTS ............................................................................................................... 23 

4.1. Petrography and Mineral Chemistry .................................................................. 23 

4.2. Geochemistry .................................................................................................... 26 

4.2.1. Whole-rock analysis ................................................................................... 26 

4.2.2. Rare earth elements .................................................................................... 28 

4.2.3. Trace Elements ........................................................................................... 29 

4.2.4. Isotope geochemistry .................................................................................. 29 



 

 

 

 

4.3. Thermobarometry .............................................................................................. 30 

4.4. U-Pb dating ....................................................................................................... 31 

4.4.1. Zircon......................................................................................................... 31 

4.4.2. Titanite and Apatite .................................................................................... 32 

5. DISCUSSION ......................................................................................................... 33 

5.1. Geochemical and petrographic approach to understanding the origin of the plutonic 

xenoliths ...................................................................................................................... 33 

5.2. U-Pb Dating and Geodynamic Implications ....................................................... 35 

6. CONCLUSIONS ..................................................................................................... 39 

REFERENCES ................................................................................................................ 41 

APPENDIX A – Mineral Chemistry ................................................................................ 52 

APPENDIX B – Mineral Chemistry Spot Maps ............................................................... 58 

APPENDIX C – U-Pb Methodology – Reference Data for Apatite and Titanite ............... 59 

APPENDIX D – U-Pb Methodology – Sample Data for Apatite and Titanite ................... 61 

APPENDIX E – U-Pb Methodology – Sample Data for Zircon ........................................ 62 

ANNEX A – The state of the art of low-temperature thermochronometry in Brazil .......... 63 



13 

 

 

OVERVIEW 

This work is part of the Project “Geomorfologia Ambiental das Ilhas Oceânicas 

Fernando de Noronha e Trindade: compartimentação do relevo, evolução quaternária e 

interações solo-água”, coordinated by Prof. Dr. Fábio Soares de Oliveira (IGC-UFMG).  

This master dissertation has the goal of improving and contributing to the geotectonic 

knowledge about the Fernando de Noronha Archipelago, by analyzing plutonic xenoliths 

preserved in the pyroclastic deposits of the exposed lowermost Remédios Formation.  

To achieve the main aim of this master dissertation, we collected and prepared samples 

from plutonic xenolith hosted in the pyroclastic rocks from the Remédios Formation.  

In Chapter 2 we present, in article form, new U-Pb ages for zircon, apatite, and titanite 

as well as Nd isotopic (whole-rock) analyses for plutonic xenolith from Remédios Formation. 

In addition, new whole-rock geochemical analyses and mineral chemistry for the plutonic 

xenoliths of the Remédios Formation are provided with the goal of constraining the timing and 

source of the magma emplacement on the Fernando de Noronha Archipelago. 

In addition, fieldwork undertaken in June 2019, identified three other topics of scientific 

interest for which samples were collected: i) isotopic and fossiliferous analysis in biogenic 

calcarenite; ii) analysis in mantle xenolith; iii) dikes samples from “Enseada da Caieira” for 

petrography, mineral chemistry, geochemistry, and isotopic analysis. These topics are in 

development and are not presented in this volume; 

i) isotopic and fossiliferous analysis in biogenic calcarenite: three detailed sections in 

the Caracas Formation outcrop were done: Rasa Island, Ponta das Caracas and Atalaia 

Beach. A total of 28 samples were collected and prepared and sent to LABISE-UFPE 

for stable isotopic analysis (carbon and oxygen). Ten thin sections for petrographic and 

fossiliferous analysis were also made. These samples will be used to understanding 

paleoclimatic conditions and constrain the geomorphologic evolution of the oceanic 

island within the project “Geomorfologia Ambiental das Ilhas Oceânicas Fernando de 

Noronha e Trindade: compartimentação do relevo, evolução quaternária e interações 

solo-água”.  
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ii) analysis in mantle xenolith. We collected samples from São José Island, where 

mantle xenoliths occur in basanite outcrops. These samples will be used in collaboration 

with UERJ to be part of another Master’s project, in order to compare the mantle 

xenoliths from Fernando de Noronha with the ones from Trindade Island, in 

collaboration with Prof. Dr. Anderson Costa dos Santos (UERJ/DMPI/Tektos and 

GeoBioTec Groups). 

iii) dikes samples from “Enseada da Caieira”. We analysed 16 thin sections from eight 

dikes of “Enseada da Caieira” (petrography, mineral chemistry LMic – EPMA, 

geochemistry and isotopic analyses Sm-Nd). A new approach based on machine 

learning and data-driven process to understand the geochemistry of the multi-zoned 

pyroxenes phenocrysts and their implications in the magmatic emplacement was done 

and comprised the second paper in preparation, as well as the geochemistry and isotopic 

data will be part of a third paper, encompassing a geochemical modeling approach.  

I also participated as a collaborator in the research analyzing the offshore magmatism 

from the Brazilian equatorial margin, with Prof. Dr. Anderson Costa dos Santos 

(UERJ/DMPI/Tektos and GeoBioTec Groups), analyzing some basalt samples dragged from 

guyots. Another product of this master dissertation was the collaboration in a review paper of 

the data set and advances of thermochronology in Brazil, which is published in the Journal of 

the Geological Survey of Brazil (ANNEX I). 

In addition, apatite was also separated for thermochronology data at the University of 

Glasgow, but due to analytical reasons, the thermochronology data was not possible to obtain. 

Whole-rock isotopic analysis for Hf was also completed, but due to problems at the 

laboratories, we are awaiting the results, as well as Lu-Hf and REE in situ in the zircons. 
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First U-Pb age constraints from plutonic xenolith preserved in alkaline volcanic rocks of 

the Brazilian oceanic Fernando de Noronha Archipelago, Southwest Atlantic Ocean 

1. INTRODUCTION 

Ocean island volcanoes can be unique environments in which to study intraplate 

magmatism (Pimentel et al., 2020). Although these islands consist almost entirely of volcanic 

to subvolcanic rocks, rare examples of plutonic rocks brought to the surface by rapidly rising 

explosive volcanism have been documented on a number of oceanic islands. Plutonic rocks 

have been described in the Azores, the Canary Islands, Hawaii, Tristan da Cunha, Ascension, 

the Trindade Island and Fernando de Noronha and others (e.g. Le Maitre 1969; Borley et al. 

1971; Weis 1983; Mattioli et al. 1997; Marques et al. 1999; Ulbrich and Lopes 2000; Vazquez 

et al. 2007; Platevoet et al. 2014; Bongiolo et al. 2015; Gao et al. 2016; Pires and Bongiolo 

2016). These plutonic rocks preserve evidence of the deeper levels of the magmatic plumbing 

systems of these islands. Some of them have been interpreted as cognate xenoliths, representing 

residues from crystallization within the magma chambers (e.g. Mattioli et al. 1997; Ulbrich and 

Lopes 2000). However, a recent U-Pb dating study of zircons from beach sands on the Canary 

Islands revealed a hidden plutonic history of these islands that is buried underneath younger 

volcanic activity (Sagan et al., 2020). Thus, these plutonic fragments are a potential source of 

information about magmatic processes that occur at depth in the feeder zones to volcanoes 

(Lacroix, 1893). The presence of key accessory minerals, e.g. zircon, titanite, and apatite, in 

the plutonic rocks can provide an extensive history of the timing and evolution of intraplate 

volcanism (Allibon et al., 2011; Ashwal et al., 2017; Belousova et al., 2002; Sagan et al., 2020; 

Vazquez et al., 2007).  

The Fernando de Noronha Archipelago (FNA) is a highly dissected upper portion of a 

Miocene-Pleistocene volcanic structure that rises 4 km above the ocean floor and reaches 323 

m above sea level. Plutonic xenoliths on the archipelago of Fernando de Noronha have been 

found within pyroclastic rocks of the basal Remédios Formation and have been classified as 

clinopyroxenites, clinopyroxene hornblendites, kaersutite gabbros, layered kaersutite diorites, 

a kaersutite monzogabbros, and monzodiorites (Almeida, 1955; Ulbrich and Lopes, 2000). 

A better understanding and analysis of these fragments can provide more information 

about the earliest magmatic process, emplacement and geochemical evolution of the FNA and 

other volcanic island settings. In order to constrain the timing and source of the magma 
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emplacement on Fernando de Noronha Island, we present new U-Pb ages for zircon, apatite, 

and titanite as well as Nd isotope (whole-rock) analyses for plutonic xenoliths from the 

Remédios Formation. In addition, new whole-rock geochemical analyses and mineral 

chemistry for the plutonic xenoliths of the Remédios Formation  

2. GEOLOGICAL SETTING 

The Fernando de Noronha Archipelago (FNA) consists of the main island of Fernando de 

Noronha and 20 islets located 370 km east of the northern Brazilian coast between latitudes 

3°54'36'' and 3°46'48"S and longitudes 32°20'24" and 32°31'48''W in South Atlantic Ocean 

(Figure 1A). The archipelago trends in the NE-SW direction for 14 km, covering 26 km² and 

represents the easternmost expression of a line of seamounts referred to as the Fernando de 

Noronha Ridge (Gorini and Bryan, 1974) near the Fernando de Noronha Fracture Zone (Figure 

1A-1B), which extends eastwards from the Brazilian coast into the South Atlantic Ocean. The 

lineament includes the Rocas Atoll, located between Fernando de Noronha and the continent, 

as well as a number of volcanic seamounts (guyots), e.g Guará and Sirius Banks, Touros and 

Baião Guyots, Drina Shoal, and Bentes Seamount. Fernando de Noronha Ridge is located 

southeastern of the North Brazilian Ridge (Hayes and Ewing, 1970) and, together with some 

other adjacent guyots and volcanic lineament, comprises the Brazilian Equatorial Margin 

(Santos et al., 2022). 

Geological studies of the FNA started in the 19th and early 20th centuries (e.g. Branner, 

1889; Darwin et al., 1839; Smith and Burri, 1933; Williams, 1889), but systematic geological 

and petrological studies only began in the middle of the 20th century with work by Almeida 

(1955). Gorini and Bryan (1976) related the archipelago with the Jean Charcot Fracture Zone, 

while Bryan et al. (1972) correlated it with the Chain Fracture Zone. Almeida (1983) and 

Almeida et al. (1988) subsequently proposed that the magmatism of Fernando de Noronha and 

alkaline magmatism of a similar age in northern Brazil were a product of magmatism associated 

with the Fernando de Noronha Fracture Zone.  

In the following decades, multiple studies suggested that magmatism along the fracture 

zone was the product of a Pleistocene-aged plume-fed hotspot that formed an alignment of 

islands and guyots due to the South American plate’s westward movement over the stationary 

plume head (Almeida, 2006; Fodor et al., 2002, 1998; Mizusaki et al., 2002; Mohriak, 2020; 

Morgan, 1983, 1971; Rivalenti et al., 2007, 2000; Steinberger, 2000; Teixeira, 2003; Ulbrich 
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et al., 2004). This was supported by geochemical and isotopic data from the archipelago 

(Gerlach et al., 1987; Lopes and Ulbrich, 2006; Schwab and Bloch, 1986; Stormer J. C. and 

Whitney, 1978) and by comparisons with other oceanic islands in the Atlantic Ocean (Mitchell-

Thomé, 1970), including the Cape Verde Islands (Gunn and Watkins, 1976) and Trindade 

Island (Weaver, 1990).  

A number of recent studies have argued against the mantle-plume driven model due to 

the lack of age progression or geophysical evidence of a deep mantle plume upwelling beneath 

the archipelago (Montelli et al., 2004). Alternative models included magmatism produced by 

small-scale plate-driven convection leading to melting of an enriched mantle over a protracted 

period of time (King, 2007; King and Ritsema, 2000; Knesel et al., 2011; Lopes and Ulbrich, 

2015; Perlingeiro et al., 2013). Guimarães et al. (2020) compared the ages from the continental 

and oceanic alkaline rocks of northeastern Brazil with the onshore/offshore alkaline 

magmatism associated with the Cameroon line of Africa and subsequently proposed an 

alternative to the deep-mantle plume origin and the edge-driven convection model. Due to the 

lack of progressive ages and the longevity of both magmatic settings combined with low 

3He/4He values for the Cameroon line (Barfod et al., 1999), they proposed that the alkaline 

magmatism of both locations was the product of the melting of enriched mantle that drained 

outward from beneath the two continents during the breakup of Gondwana (Guimarães et al., 

2020). 

2.1. Stratigraphy and Geochronology 

 Almeida (1955) defined three volcanic formations on the FNA from oldest to youngest: 

Remédios, Quixaba and São José (Figure 1C). The Remédios Formation mostly occupies the 

central portion of the main island of Fernando de Noronha. It consists of volcaniclastic deposits 

(agglomerates, breccias, tuffs) intruded by domes (mainly phonolite), plugs (essexite, trachyte, 

alkali-basalt), and various dikes of ultrabasic composition (ankaratrites, limburgites, basanites, 

and tephrites) to basic-intermediate composition (tephrite, phonolitic tephrite, tephritic 

phonolite, phonolite, alkali basalt, trachyandesite, trachyte, and alkaline lamprophyre), that 

also cut the earlier intrusions (Almeida, 1955). The pyroclastic unit also contains fragmentary 

clasts of volcanic, subvolcanic, and plutonic rocks (Ulbrich and Lopes, 2000). The Remédios 

Formation and Quixaba Formation are separated by an erosional surface (Almeida, 1955). The 

Quixaba Formation occurs in the northeastern and southwestern edges of the main island, 

covering ca. 80% of area and consists of melanephelinitic flows intercalated with volcaniclastic 
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rocks of the same composition. The São José Formation consists of basanites that are notable 

for the presence of dunite, lherzolite, and harzburgite xenoliths.  

The presence of subvolcanic rocks such as clinopyroxenite and clinopyroxene 

hornblendite, kaersutite gabbro, layered kaersutite diorite, a kaersutite monzogabbro, and 

monzodiorite with alkali feldspar oikocrysts within pyroclastic rocks of the Remédios 

Formation as xenoliths were described by Ulbrich and Lopes (2000). These rocks commonly 

have a layered structure or cumulus and intercumulus textures, suggesting crystal sorting and 

accumulation within a magma chamber. Ti-magnetite - ilmenite thermometry points to 

equilibration temperatures of ca. 800 ºC for a clinopyroxene hornblendite (Ulbrich and Lopes, 

2000). 

The magmatism of Fernando de Noronha has been extensively dated using the 40K/40Ar 

(Cordani, 1970; Kogarko et al., 2007) and 40Ar/39Ar methodologies (Buikin et al., 2010; 

Perlingeiro et al., 2013). Cordani (1970), using the 40K/40Ar method, established that the 

phonolitic rocks from the Remédios Formation yielded ages close to 9 Ma, while alkali basalt 

resulted in ages up to 12 Ma (Cordani, 1970), both related to the Remédios Formation. This 

same study also revealed that the São José formation may be synchronous with the Remédios 

event and that lava flows related to the Quixaba Formation yield ages ranging from 6.3-1.7 Ma 

(Cordani, 1970). Kogarko et al. (2007) identified the trachytes (11.8–11.7 Ma) of Remédios 

Formation and basanites (11.7 ± 0.6 Ma) from São José Formation as the oldest rocks in FNA. 

Buikin et al. (2010) applied the 40Ar/39Ar method to the previous analysed rocks 40K/40Ar ages 

(ca. 9-12 Ma, Cordani 1970), and confirmed the age for the Remédios Formations, but obtained 

an age of 8.57 ± 0.42 Ma for the São José Formation and a much older age of 16.37 ± 1.86 Ma, 

for Quixaba Formation.  

High-resolution laser-heating 40Ar/39Ar geochronology (Perlingeiro, 2012; Perlingeiro 

et al., 2013) defined two magmatic stages separated by a hiatus of 3 Ma in FNA. The earliest 

potassic series of the Remédios Formation was emplaced from 12.8 ± 0.3 to 12.0 ± 0.1 Ma, 

followed by a period of sodic and strongly alkaline magma, at 10.9 ± 0.1 and 9.4 ± 0.2 Ma. 

This sodic series is contemporaneous with the emplacement of the São José Formation between 

9.8 ± 0.5 and 9.0 ± 0.1 Ma. The next major magmatic event associated with the Quixaba 

Formation yields ages of 6.2 ± 0.1 to 1.3 ± 0.1 Ma. The phonolites from Remédios Formations 

have also been dated using the 40Ar/39Ar technique giving ages between 9.4 ± 0.2 and 10.4 ± 

0.1 Ma for whole-rock data and mineral samples (feldspar, orthoclase, nepheline, and 
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kaersutite). Finally, an alkali-basalt pyroclast within the pyroclastic unit of the Remédios 

Formation was dated at 12.5 ± 0.1 Ma (Cordani, 1970; Perlingeiro, 2012; Perlingeiro et al., 

2013). 

 
 
Figure 1 A) Location of the Fernando de Noronha Ridge and the La Romanche, Chain and Fernando de Noronha (FN) Fracture 
Zones. B) Details of Fernando de Noronha Ridge. C) Simplified geologic map of Fernando de Noronha Archipelago (after 
Almeida 1955). The study area is within the square at Enseada da Caieira. Age data in millions of years from Perlingeiro et al. 
(2013). Abbreviations: W.R. = whole-rock, Or = orthoclase, Ne = nepheline, and Krs = kaersutite. 
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2.2. Lithogeochemistry 

In general, Fernando de Noronha magmatism is highly alkaline and strongly silica 

undersaturated compared with other South Atlantic Ocean islands such as Ascension, Bouvet, 

Saint Helena, Gough, and Tristan da Cunha (Weaver, 1990; Weaver et al., 1987) 

The Remédios Formation is divided into a sodic series (basanite, tephrite, tephri-

phonolite, essexite, phonolite) and a moderately potassic sequence (alkali basalt, 

trachyandesite, trachyte). Both series present continuous trends in major and trace element 

discrimination diagrams suggesting that they are associated by fractional crystallization. The 

melanephelinites from Quixaba Formation is mostly composed of strongly silica-

undersaturated (SiO2 37 – 43 wt. %) sodic magmatic rocks, while basanite from Quixaba 

Formation as well as São José Formation are slightly more enriched (SiO2 45 – 46 wt. %, Lopes 

and Ulbrich, 2015). 

2.3. Isotopic Geochemistry 

 Gerlach et al. (1987) characterized the isotopic composition from the rocks from FNA, 

based into two age-compositional groups in which the older units, mainly formed by alkali 

basalts and trachytes are characterized by less radiogenic Nd-isotopic compositions 

(143Nd/144Nd = 0.51271 – 0.51281) compared to the younger units mainly formed by 

nephelinites, ankaratrites, and melilitites with 143Nd/144Nd = 0.51277 – 0.51290. Lopes (2002) 

and Perlingeiro (2012) have also shown that the potassic-series rocks contain the highest 

87Sr/86Sr and the lowest 143Nd/144Nd ratios compared to all of the rocks from the archipelago, 

while the lamprophyres represent a transitional value between the potassic and sodic series of 

Remédios Formation. The São José Formation has a similar Nd isotopic composition to the 

sodic series of the Remédios Formation, and sodic basalts in the Quixaba Formation, while the 

Quixaba Formation has Nd isotopic ratios ranging from 0.51279 to 0.51286. 

3. ANALYTICAL METHODS 

3.1. Sampling and petrography 

We collected 10 samples of plutonic rocks from the Remédios Formation from a single 

outcrop at Enseada da Caieira. The petrography was done using optical and scanning electron 
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microscopes. The rock nomenclature is from Le Maitre et al. (2002) and the mineral 

abbreviation is derived from Whitney and Evans (2010). 

3.2. Whole-rock analyses  

Major and trace element analyses for three samples were obtained from SGS Geosol 

laboratories (Brazil) using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES) for the major elements (Al2O3, CaO, Cr2O3, FE2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, 

TiO2) with a detection limit (dl) 0.01% as well as Ba, Sr, Zr (dl = 10 ppm), Zn and V (dl = 5 

ppm). Trace element data was obtained via inductively coupled plasma mass spectrometry 

(ICP-MS) for the following elements Ce, Ga La, Nd Sm Th, W and Yb (dl = 0.1 ppm), Sn (dl 

= 0.3 ppm), Co, Tl (dl = 0.5 ppm), Cs, Dy, Er, Eu, Gd, Hf, Ho, Lu, Nb, Pr, Ta, Tb, Tm, U and 

Y (dl = 0.05 ppm), Cu, Ni (dl = 5 ppm), Mo (dl = 2 ppm) and Pb (dl = 0.2 ppm).  

3.3. Mineral chemistry 

Mineral chemistry analyses were performed on polished and carbon-coated thin 

sections using a JEOL JXA-8230 electron microprobe micro-analyzer (EPMA), equipped with 

five wavelength-dispersive spectrometers, at Microscopy and Microanalysis Laboratory 

(LMic) of Universidade Federal de Ouro Preto – UFOP (Brazil). The analytical conditions were 

15 kV accelerating voltage and an electron beam current of 20 nA, with a 1μm beam diameter. 

Matrix ZAF corrections were applied. Pyroxene analyses with totals <98.5 or >101.5% were 

rejected. The calibration standards were anorthoclase (Na2O), calcium fluoride (F), zircon 

(ZrO2), quartz (Si), corundum (Al2O3), olivine (MgO), barium sulfate (BaSO4), magnetite 

(FeO), scapolite (Cl), chromite (Cr2O3), glass (V2O3), nickel (Ni), fluor-apatite (P2O5, CaO), 

strontianite (SrO), rutile (TiO2), microcline (K2O) and manganese (MnO). Total iron content 

was taken as FeO. The calculation of end-member proportions was done using the GabbroSoft 

spreadsheet using stoichiometry, in which it calculated the FeO and Fe2O3 from FeO*, 

considering the criteria adopted by (Droop, 1987).  

3.4. U-Pb Geochronology 

One plutonic sample (a kaersutite diorite) was selected for U-Pb geochronology. This 

sample was crushed using a mill disk, and the minerals were concentrated using mineral 

separation techniques (gravimetric and magnetic-Frantz isodynamic separator). Zircon, titanite 

and apatite were handpicked under a binocular microscope, mounted in epoxy, and polished. 
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Cathodoluminescence and backscattered images of the crystals were obtained. U-Pb isotopic 

data were obtained from titanite and apatite using a Laser Ablation Inductively Coupled Mass 

Spectrometer (LA-ICP-MS) at LOPAG - Universidade de Ouro Preto, Brazil. The isotopic data 

for the zircons were obtained using a NuAttom LA-ICP-MS hosted at the GEOTOP 

Laboratories at the Université du Québec à Montréal (Canada). 

For the zircons, 174 spots were analyzed in 167 crystals. The primary reference material 

was the 91500 zircon standard (Wiedenbeck et al., 2004, 1995) and the secondary reference 

materials were Plengai (206Pb/238U age: 4.4 ± 0.1Ma, Li et al. (2010), and Plesovice (206Pb/238U 

age: 337.13 ± 0.37Ma, Sláma et al. (2008). For the apatite, the secondary reference material 

was the Madagascar apatite (206Pb/238U age: 474.3 ± 1.1 Ma, Thomson et al. (2009, 2012) and 

the 401 apatite (206Pb/238U age: 530.3 ± 1.5 Ma, Thompson et al. (2016). For the titanite, the 

secondary reference material was the MKED1 titanite (06Pb/238U age: 1517.32  ± 0.32 Ma, 

Spandler et al. (2016) and Khan titanite (522.2 ± 2.2 Ma, Kinny et al. 1994; Heaman 2009). 

Eight spots were analysed on the apatite and thirteen on the titanite. The primary reference 

materials are used to monitor and correct mass fractionation and instrumental drift, while the 

secondary reference materials are used to monitor data accuracy and precision, correct for mass 

bias and fractionation based on the isotopic ratios of primary reference material that were 

measured. The data were reduced in Iolite (Paton et al., 2011, 2010; Petrus and Kamber, 2012) 

and the age calculated in IsoplotR (Vermeesch, 2018). 

3.5. Nd Isotope Analyses 

Two kaersutite diorites that showed little or no evidence for weathering or secondary 

alteration were selected for Nd isotope analysis. The powdered samples were weighed out into 

Teflon vials (~0.08 g) and were digested using a mixture of HF–HNO3 acids at 90ºC for one 

week. The resulting solution was evaporated and re-dissolved in concentrated nitric acid 

overnight. This solution was evaporated and re-dissolved in 6 mol/L HCl at 90ºC. The 

separation and purification for Nd is based on the technique of Pin and Santos Zalduegui 

(1997). The method is briefly described as follows: Iron was removed from the sample solution 

using AG1X8 resin; Rare Earth elements were concentrated using EichromTRU resin and Nd 

was extracted using Eichrom LN-Spec resin. The Nd isotope analyses were performed in the 

GEOTOP Laboratories at the Université du Québec à Montréal (Canada), using a NuPlasma II 

multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS). The analyses of 

the JNd1 standard reference materials during the period of this study yielded mean ratios 
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143Nd/144Nd = 0.512085 ± 0.000006 (2σ) compared to the published value of 0.512115 ± 7 

(Tanaka et al., 2000). The samples were corrected by a factor of 0.000024 due to the difference 

between the reference material values. The standards (BHVO-2) yielded corrected values after 

the correction was applied between 0.512952 ± 0.000008 and 0.512960 ± 0.000008, while the 

published value is 0.512957 (Raczek et al., 2003). The results gave a variance (2σ) in the order 

of 10-5 and 10-6. 

4. RESULTS 

4.1. Petrography and Mineral Chemistry 

The kaersutite diorite occur mainly as salt and pepper colored lapilli and block 

fragments (2 – 10 cm) in the pyroclastic deposit of Remédios Formation. The xenolith range 

from angular fragments with sharp corners to sub-rounded with variable sphericity, with fine 

to medium grain size, and occasionally oriented crystals (Figure 2 B). The salt and pepper 

coloration results from the weathering of plagioclase and mafic minerals on surface exposures 

(Figure 2 A, B). The kaersutite diorite are composed of pargasite – kaersutite (40%), andesine 

(35%), phlogopite (20%), and diopside (10%). Apatite, magnetite, ilmenite and titanite occur 

as minor phases, while zircon occurs as accessory mineral, as well as rare pyrite and ordonezite 

(ZnSb2O6) occur as microinclusions (< 25 μm) in the diopside. Diopside, phlogopite, apatite, 

and ilmenite/magnetite sometimes occur as inclusions in pargasite – kaersutite. The andesine 

crystals occur as subhedral prisms between the mafic assemblages and show minor alteration 

to calcite and clay-minerals along cleavage surfaces. Pargasite – kaersutite and phlogopite are 

subhedral to euhedral. Magnetite associated with ilmenite is anhedral and occurs with 

interstitial textures, slightly weathered, while euhedral small crystals of magnetite occur as 

inclusions in pargasite – kaersutite. Titanite occurs as fine-grained crystals in andesine and 

enveloping ilmenite when included in silicates. Apatite crystals occur as euhedral inclusion in 

various minerals. Rare apatite xenocrysts with reabsorption textures are observed (Figure 2E). 
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Figure 2 A-B) Field photos of kaersutite diorite. C-H) Thin section under polarized light. C and D) The relationship between 
the rock-forming minerals. The opaque minerals (mainly oxides) have an intergranular texture. E) Xenocryst apatite crystal 
with reabsorbed borders. F) Opaque minerals between amphibole and andesine with intergranular texture. G) Apatite inclusion 
in diopside. H) Cumulate textures. I-K) Thin sections on backscattering images. C at plane-polarized light; D-H at crossed 
polarized light. Abbreviations stand for Op: Opaque; Pho: phlogopite; Di: Diopside; Amp: Amphibole; And: Andesine; Apa: 
Apatite; Ilm: Ilmenite; Mag: Magnetite.  

Mineral analyses reveal that the plagioclase has a composition in the andesine field - 

Ab52An47Or2 (Figure 3A) and the clinopyroxenes (Figure 2K, Figure 3C) lie in the diopside 

field (Morimoto et al., 1988) with Mg# = 77.9 – 88.1. The amphibole compositions range from 

pargasite to kaersutite (Leake et al., 1997) due to variable Ti content and are enriched in K 

(0.25-0.31 apfu.) with Mg# between 59.6 – 68.9 (Figure 3E). The phlogopite was classified 



25 

 

 

based on the relationship between AlVI, and the Fe and Mg content (Deer et al., 1992) with 

MgO values varying between 15.0 – 16.8%, and TiO2 varying between 3.5 – 4.5% (Figure 3D). 

 

Figure 3 Mineral chemistry classification for the kaersutite diorite. A) Classification diagram for feldspar - Orthoclase (Or), 
Anorthite (An), Albite (Ab) - (MacKenzie, 1989). The plagioclase in the kaersutite diorite is andesine, shaded areas are 
compiled data from mineral chemistry of subvolcanic xenoliths (Ulbrich and Lopes, 2000). B) The FeO-TiO2-Fe2O3 ternary 
diagram (Deer et al., 1992; Dunlop, 1990)). The data are plotted as magnetite associated with the titanohematite series. C) 
Classification diagram for the pyroxenes analyzed - enstatite (En), ferrosilite (Fs), wollastonite (Wo), diopside (Di), and 
hedenbergite (Hd) (Morimoto et al., 1988). The clinopyroxene in the kaersutite diorite is diopside, shaded areas are compiled 

data from mineral chemistry of subvolcanic xenoliths (Ulbrich and Lopes, 2000). D) Biotite classification diagram (Rieder et 
al., 1999). The data is plotted in the phlogopite field. E) Amphibole classification diagram for CaB ≥ 1.5 and (Na+K)A ≥ 0.5 
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and for Ti < 0.5 and Ti ≥ 0.5 apfu (Leake et al., 1997) The amphiboles plotted mainly in the pargasite field, but some 
amphiboles with higher Ti content plotted in the kaersutite field. Abbreviation stands for apfu.: atom per formula unit. 

4.2. Geochemistry 

4.2.1. Whole-rock analysis 

Two samples (17F and 17M) and one duplicated were analysed for major and minor 

elements (Table 1). The relatively low LOI values (2.28 – 1.23%), associated with petrographic 

analyses are indicative of the low degree of alteration present in the samples. Figure 4 compares 

the major elements variations of the samples with a compilation of whole-rock geochemistry 

of the FNA.  

Table 1 Major element geochemistry (in weight percentage – wt. %). ¹Duplicated sample. 

Sample SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 LOI ∑ 

17F 38.02 4.52 13.83 12.65 <0.01 0.22 6.99 13.04 2.66 1.87 1.79 2.28 97.87 

17M 40.27 4.35 14.7 12.09 <0.01 0.22 6.89 11.46 3.06 1.76 1.82 1.23 98.85 

17M¹ 39.74 4.26 14.52 12 <0.01 0.22 6.73 11.29 3.00 1.69 1.81 - - 
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Figure 4 Major elements versus MgO (in wt. %). Samples from this study are highlighted in black (n = 3) and compiled samples 

from Remédios Formations, Quixaba Formation, and São José Formation. Total of compiled samples = 161 (Guimarães et al., 
2020; Kay and Gast, 1973; Lopes, 2002, 1997; Maringolo, 1995; Perlingeiro, 2012). 

Harker diagrams for the compiled whole-rock FNA data show trends consistent with 

increasing magmatic differentiation (decreasing MgO content). SiO2, Al2O3 Na2O, and K2O 

increase while FeOt, CaO, TiO2, and P2O5 decrease against decreasing MgO. The Remédios 

Formation depicts a wide variety of compositions while Quixaba Formation and São José 

Formations are restricted to the high MgO field (Figure 4). 

The kaersutite diorite studied here are under-saturated in silica and fall within the 

Remédios Formation in the Harker diagrams. The relatively high content of TiO2 may be 
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related to titanite and ilmenite accumulation, while the high P2O5 most likely reflects apatite 

accumulation. 

4.2.2. Rare earth elements  

Chondrite-normalized rare earth elements (REE) patterns for the kaersutite diorite 

(Table 2) are plotted with compiled data from the surrounding rocks and shown in Figure 5. 

The kaersutite diorite yield linear light REE enriched patterns (La/YbN = 13-14) that are similar 

to the majority of REE profiles for the Remédios, Quixaba, and São José formations. Although 

some samples from the Remédios Formation have concave patterns. The sample also tend to 

be enriched in all REE compared to the other lithologies but are slightly depleted in the light 

REE. 

Table 2 Rare Earth Elements data from the kaersutite diorite (in ppm) 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

17F 53.0 119 16.69 71.9 15.4 4.56 13.61 1.8 9.67 1.63 4 0.49 2.7 0.36 

17M 59.7 144.9 20.65 90.6 18.7 5.45 16.36 2.12 11.08 1.9 4.53 0.54 3 0.39 

 

 

Figure 5 Primitive Mantle-normalized REE diagram (McDonough and Sun, 1995). Kaersutite diorite highlighted in black and 
compiled samples from across the FNA (n = 43; Lopes, 2002). 



29 

 

 

4.2.3. Trace Elements 

The trace elements (Table 3) are presented in trace element normalized diagrams in 

Figure 6a (Primitive Mantle) and b (Ocean Island Basalts; OIB) using the normalization values 

from Sun and McDonough 1989). The samples yield profiles that are similar to those of other 

rocks from the archipelago. The overall concentrations of the trace elements plot at the lower 

end of the Remédios Formation and overlap those of the Quixaba and São José Formations. 

The higher concentrations of Rb and Ba in the sample is consistent with the compatibility of 

these elements with hydrous K-bearing phases such as kaersutite  and phlogopite that are 

abundant in the rocks. 

Table 3 Trace elements data from the kaersutite diorite. ¹Duplicated sample. (in ppm) 

Sample Ba Rb Sr Y Zr Nb Th Ga Zn Cu Ni V Hf Cs Ta Co U W Tl Sn Mo 

17F 406 58.3 1036 40.1 254 50.86 0.6 21.4 107 23 14 362 5.42 1.66 2.3 28.3 1.18 <0,1 <0.5 0.4 <2 

17M 346 342 1106 47.01 238 51.13 <0.1 22.1 119 18 12 351 5.6 46.43 2.45 27 1.05 2.4 <0.5 0.7 <2 

17M¹ 342 -- 1093 -- 243 -- -- -- 114 -- -- 346 -- -- -- -- -- -- -- -- -- 

 

 

Figure 6 Trace element spider diagram. Kaersutite diorite highlighted in black (n = 3) and compiled samples (n = 122) in gray 
(Guimarães et al., 2020; Kay and Gast, 1973; Lopes, 2002, 1997; Maringolo, 1995; Perlingeiro, 2012). A) All samples 
normalized by primitive mantle (Sun and McDonough, 1989) B) Samples normative by OIB (Sun and McDonough, 1989). 
*Cs, Rb and Th were removed due to analytical problems. 

4.2.4. Isotope geochemistry 

The Nd isotope ratios of the two kaersutite diorite samples are 143Nd/144Nd = 0.512749 

(ƐNd = +2.2) and 0.512726 (ƐNd = +1.7). These isotopic compositions are lower than the 

majority of Nd isotope compositions for Fernando de Noronha but similar to those of the early 
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K-series from Remédios (Figure 7, in red). A comparison with previous Nd isotope data is 

shown in Figure 7. 

 

Figure 7 143Nd/144Nd versus SiO2 (wt. %). The colored areas represent the compiled data (Lopes, 2002; Perlingeiro, 2012) 

4.3. Thermobarometry 

Thermobarometry calculations were performed for calcic amphiboles from their major 

elements (Ridolfi, 2021; Ridolfi and Renzulli, 2011). The amphiboles from the sample yielded 

temperatures of 880.5 – 1068.2 ºC, and pressures of 275.0 – 775.6 MPa. These values 

correspond to calculated depths (White, 2020) of 10 – 29 km consistent with a source in the 

lithospheric mantle (Figure 8). 

 

Figure 8 Pressure versus temperature of the amphibole (Ridolfi, 2021). The amphibole varies between 880.5-1068.2 ºC, and 
275 – 775.6 MPa.  
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4.4. U-Pb dating 

Zircon, titanite, and apatite grains from one sample of the kaersutite diorite from the 

Remédios Formation were analyzed for U-Pb isotopes. 

4.4.1. Zircon 

More than 160 zircons grains were found, described, and dated. A total of 174 laser 

spot analyses were carried out. The zircon grains are colorless to pinkish-yellowish and range 

from 50 to 350 μm in size. The zircons are euhedral to subhedral, and some crystals present 

oscillatory and sector zoning, while others show a homogeneous interior with patchy zoning 

and dissolution textures (Figure 9). Homogeneous crystals show a low luminescence response 

to cathodoluminescence. The Th/U ratios of the zircons are variable, ranging from 0.38 to 2.83. 

Titanite and apatite occur as inclusions in some zircon crystals.  

 

Figure 9 Representative zircons from the sample. Scale bar represents 100 μm. Sector zoning occurs in A, D, E and F. 
Oscillatory zoning is present in A, C, D, E, F, G, and H. Homogeneous crystals also occur, like B or patchy zoning also is 
common as observed in F. Gray circles represent the spot-analyses location. The 206Pb/238U age for each spot is in Ma. 

From 163 grains, 174 U-Pb spot analyses show spreading dates along the Concordia. 

Aiming to determine the more accurate crystallization age (i.e. the beginning of the U-Pb 

isotopic system stabilization); we took twenty-four oldest spots that outline a continuous 
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spreading pattern in the Concordia. We calculate a Concordia age of 13.69 ± 0.07 Ma (MSWD 

= 5.5) with a 206Pb/238U weighted mean age of 13.70 ± 0.07 (MSWD = 0.67). This age is 

interpreted as the beginning of the igneous crystallization of the kaersutite diorite (Figure 10), 

and it has regional importance as it is the oldest age determined in the FNA.  

 

Figure 10 Zircon data for the kaersutite diorite. Concordia diagrams and 206Pb/238U Weighted Mean, both using 24 concordant 
data, from Isoplot R (Vermeesch, 2018). 

4.4.2. Titanite and Apatite 

Titanite grains vary between 700 and 320μm, are generally euhedral to subhedral, and 

have homogeneous textures (Figure 11A), with colors ranging from colorless, to brownish or 

yellowish.The laser ablation data are discordant due to the incorporation of common-Pb, 

however, the grains contain a range in U/Pb (Figure 11B) and therefore the spread of the data 

in TeraWasserberg space was enough to obtain a regression line with a lower intercept age of 

10.7 ± 2.4 Ma. (MSWD = 0.49, n = 13). Apatite grains vary between 720-200 μm and are 

normally colorless and predominantly long prismatic euhedral to subhedral homogeneous 

crystals or fragments of euhedral crystals (Figure 11C). Due to the relatively high content of 

common lead and the limited spread in U/Pb, it was not possible to calculate an age using the 

apatite crystals alone. By combining the apatite and titanite data together, a linear regression 

of the data yielded a lower intercept age with the Concordia of 9.76 ± 0.94 Ma (MSWD = 0.76, 

n = 21), which is more precise than the titanite age (Figure 11D).  
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Figure 11 A) CL images of titanite crystals. The scale bar is 200 μm. B) Titanite U-Pb diagrams. MSWD-mean square of 
weighted deviations. C) CL images of apatite crystals. The scale bar is 200 μm. D) Apatite-Titanite U-Pb diagrams. MSWD-
mean square of weighted deviations. Gray circles represent the spot location.  

5. DISCUSSION 

5.1. Geochemical and petrographic approach to understanding the origin of the plutonic 

xenoliths 

The highly undersaturated magmatism of Fernando de Noronha is interpreted to reflect 

a lower degree of partial melting compared to the other OIB settings in the South Atlantic 

Ocean (Weaver et al., 1987). Rocks of the FNA yield spidergram patterns that are generally 

typical of OIB (Sun and McDonough 1989), but slightly enriched in HFSE and marked by 

positive Rb anomalies. The relative enrichment of REE in the plutonic xenolith compared with 

the compiled geochemistry from the FNA (Figure 6) can be explained by the abundance of 

amphiboles in the samples, which contains significant amounts of these elements (Bottazzi et 

al., 1999). These plutonic rocks have been interpreted as representing fractionating phases 

(cognate xenoliths) in the magma chamber or previous intrusions brought to the surface by the 

eruption related to the Remédios Formation (Ulbrich and Lopes, 2000). 



34 

 

 

Gerlach et al. (1987) used existing geochronology and new isotope data to divide the geology 

of the FNA between the older alkali basalts and trachytes and the younger, more alkaline Si-

undersaturated (nephelinites, ankaratrites, and melilitites). At least two separate components in 

the sources of both series were identified on the basis of Pb and Sr isotope: one possibly derived 

from delaminated subcontinental lithosphere, one similar to the source of St. Helena lavas, and 

a possible third source related to the younger magmatism that may be derived from the depleted 

mantle. More recently, Perlingeiro (2012) suggested that the early potassic series of the 

Remédios Formation, was derived from an enriched-mantle (EM2) source. The later sodic 

series of the Remédios Formation and the São José Formation, have low Sr isotopic ratios and 

higher Pb and Nd isotopic ratios that are indicative of a HIMU source (Perlingeiro, 2012).  

The relative contributions of the four common mantle end members (HIMU, EM1, 

EM2, MORB), to the FNA are investigated in a plot of CaO/Al2O3 vs K2O/TiO2 containing the 

compiled FNA data (with 10%< MgO <16%), plutonic samples and the four mantle end-

members (Jackson and Dasgupta, 2008; Zindler and Hart, 1986). The FNA data plot between 

the EM2 and HIMU end members and the plutonic sample (MgO ca. 7%) is located near the 

EM2 field. This is in agreement with the interpretation of Perlingeiro (2012) that the early 

potassic series is derived from an enriched mantle. 

Alkaline lavas in oceanic island settings are thought to be derived from the melting of 

metasomatized lithospheric mantle containing hydrous phases, such as amphibole and 

phlogopite (Clague and Frey, 1982; Class and Goldstein, 1997; Kesson and Price, 1972; Pilet 

et al., 2011, 2008; Sun and Hanson, 1975). Neither amphibole, nor phlogopite are stable at the 

temperatures of upwelling deep mantle plumes or the temperatures of the convecting upper 

mantle, thus the presence of these K-bearing phases might indicate evidence of melting of 

metasomatized lithospheric mantle. These minerals thus suggest that, the mantle was infiltrated 

(metasomatized) by fluids or volatile-rich melts prior to melting resulting in a lowering of the 

solidus temperature of the lithospheric mantle (Class and Goldstein, 1997). The high Rb and 

Ba contents of the FNA rocks relative to other incompatible elements due to the melting of K-

bearing hydrous phases such as kaersutite  and phlogopite are consistent with a small degree 

of melting of an enriched lithospheric mantle.  

Nd isotopic data for the FNA rocks is similar to data from other volcanic occurrences 

along the east coast of Brazil. This includes the Abrolhos Volcanic Complex (Fodor et al., 

1989), Trindade Island (Bongiolo et al., 2015; Halliday et al., 1992; Marques et al., 1999; Siebel 
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et al., 2000), the Martin Vaz Archipelago (Santos et al., 2018; Siebel et al., 2000), and 

Columbia Seamount (Fodor and Hanan, 2000). The 143Nd/144Nd isotopes composition of the 

samples (0.512726 - 0.512749) as well those of the early K-series of the Remédios Formation 

(Figure 7) are the lowest values among the FNA rocks. As a group, these early FNA samples 

are enriched compared to typical MORB depleted mantle values (Ito et al., 1987) and add 

further evidence for melting of an enriched source mantle lithosphere.  

 Lopes and Ulbrich (2015) argue that the plutonic xenoliths with phaneritic cumulus 

texture from the pyroclastic unit of the Remédios Formation represent samples from different 

crystallization states of ancient magma chambers beneath FNA. The presence of calcic 

pyroxene, kaersutite and biotite suggests that the fractionating magma was a silica saturated or 

undersaturated hydrous alkaline magma. The mineralogy of the samples are consistent with 

initial fractionation of diopside, phlogopite, and apatite, followed by amphibole and 

plagioclase, with apatite, magnetite, titanite, and zircon as accessory phases. The crystallization 

of the main minerals probably controlled the silica-saturation trend of the Remédios Formation. 

5.2. U-Pb Dating and Geodynamic Implications 

The ages determined by mineral isochron or mineral-whole rock isochron records the 

time-lapsed since the samples passed below the closure temperature for the specific decay 

system of the mineral, and are often referred to as cooling ages (Ganguly and Tirone, 2009). 

Because the closure temperature for Pb diffusion in zircon is extremely high, U-Pb dating of 

zircon is regarded as recording the time of zircon crystallization (Cherniak and Watson, 2001; 

Cherniak, 2003). Although apatite and titanite have lower closer temperatures for Pb diffusion 

than zircon, U-Pb ages of these minerals may be interpreted as either crystallization or cooling 

ages depending on the geological context (Cherniak and Watson, 2001; Cherniak, 2003; Chew 

et al., 2014). The combination of these three minerals with different closure temperatures for 

the Pb diffusion can provide information regarding the time and temperature of the magma 

evolution and emplacement.  

The zircons extracted from the kaersutite diorite show a combination of dissolution, 

oscillatory, and zoning pattern textures under cathodoluminescence, due to the heterogeneous 

distribution of trace elements. The dissolution textures may indicate the alternation between 

periods of zircon under-saturation followed by periods of zircon-saturation in the melt (Hoskin 

and Schaltegger, 2003; Schaltegger and Davies, 2017). 
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Zirconium is an incompatible element and therefore its concentration in a melt rises 

during fractional crystallization. Due to the changing composition of the magma during the 

crystallization, the zircon saturation conditions also change, and when the system has the 

conditions favorable for zircon crystallization, it precipitates (Davies et al., 2021). Generally, 

zircon precipitates in a wide range of rock types, with some exceptions – such as SiO2-poor 

magmas and highly alkaline magmas (Burnham, 2018).  

Apatite (Ca5(PO4)3(F, Cl, OH)) is also a common accessory mineral in most igneous 

rocks types (Watson, 1980, 1979) and is extensively used as a U-Pb geochronometer (Chew et 

al., 2014, 2011; Oosthuyzen and Burger, 1973; Pochon et al., 2016; Storey et al., 2007; 

Thomson et al., 2012; Zhang et al., 2018). Past studies have documented that the diffusion of 

Pb between apatite and the surrounding magmas occurs at a lower temperature (typically 

between ca. 350 – 550 °C depending on the grain size) than that of zircon ( > 900 ºC, diffusion 

temperature for Pb) (Chamberlain and Bowring, 2001; Cherniak et al., 1991; Cherniak and 

Watson, 2001; Chew and Spikings, 2015; Harrison et al., 2002). Unlike zircon, apatite also 

incorporates common lead in its crystal lattice that leads to anomalous ages without proper 

correction (Chew et al., 2014; Wohlgemuth-Ueberwasser et al., 2017). Titanite (CaTiSiO5) is 

also a useful geochronometer (e.g. Frost et al. 2001; Storey et al. 2007; Sun et al. 2012; Spencer 

et al. 2013; Chew et al. 2014) as it can host U in its structures along with limited amounts of 

common Pb (Kirkland et al., 2017; Kohn, 2017; Spandler et al., 2016). The closure temperature 

for Pb diffusion in titanite is estimated to be ca. 650 – 700 ºC depending on its grain size 

(Cherniak, 1993; Pidgeon et al., 1996; Scott and St-Onge, 1995). 

A number of the 40K/40Ar and 40Ar/39Ar ages disagree with the field observations with 

respect to the stratigraphic order of the formations (Almeida, 1955; Buikin et al., 2010; 

Cordani, 1970; Kogarko et al., 2007). To avoid this confusion, we discuss only the recent 

40Ar/39Ar ages produced by laser-heating (Perlingeiro et al., 2013) which are in agreement with 

the field observations (Figure 1C). 

The 13.69 ± 0.07 Ma U-Pb age determined from the zircons from the kaersutite diorite 

is the oldest age yet determined for magmatism on Fernando de Noronha and in combinations 

with the apatite and titanite ages provides context to the timing and evolution of the magmatism 

on the island.  
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The zircon age indicates that there was magmatism activity related to the FNA 

occurring prior to the earliest magmatism related to the alkali-basalt samples (Perlingeiro, 

2012). The time recorded by the alkali-basalt clast within the pyroclastic deposit was 12.5 ± 

0.1 Ma by 40Ar/39Ar (Perlingeiro et al., 2013) and an extensive plug of alkali-basalt on Enseada 

dos Abreus is dated at 12.8 ± 0.3 Ma (Perlingeiro, 2012). The U-Pb zircon age provides 

evidence of magmatism as early as 13.69 ± 0.07 Ma.  

The younger combined apatite and titanite age of 9.76 ± 0.94 Ma from the kaersutite 

diorite likely reflects the lower closure temperature for these minerals compared to zircon. 

Thus, the age difference may possibly reflect a resetting of the isotopic clock of the apatite and 

titanite by another thermal (volcanic) event, while the zircon ages reflect the crystallization age 

of the kaersutite diorite preserved within the pyroclastic deposit. The heating event may be 

related to the explosive magmatism that produced the pyroclastic deposits of the Remédios 

Formations. In this scenario, the titanite age of 10.7 Ma could represent a mixed-age between 

the crystallization age and the reheating that produced the explosive magmatism, leading to a 

partial Pb loss. 

Previous 40Ar/39Ar studies (Perlingeiro et al., 2013) constrained the age of the Remédios 

Formation between 12.5 ± 0.1 and 9.4 ± 0.2 Ma, and indicate that the São José Formation with 

ages of 9.2 ± 0.5 to 9.0 ± 0.1 Ma was contemporaneous with the later Remédios volcanism. 

Based on a geochronological compilation, Perlingeiro et al. (2013) suggested that the peak of 

magmatism occurred around 10.2 Ma. The 40Ar/39Ar age of 12.5 ± 0.1 Ma is derived from a 

pyroclastic deposit from the Remédios Formation (sample UCFN30, Perlingeiro et al. (2013)). 

Given that, the major mineral and main source of K in this sample is alkali feldspar, it is entirely 

plausible that the 12.5 Ma age reflects that of a lithic fragment derived from a previously 

crystallized alkali-basalt plug or dike. For example, an extensive plug of alkali-basalt on 

Enseada dos Abreus is dated at 12.8 ± 0.3 Ma (Perlingeiro, 2012). 

Therefore, this multiphase U-Pb approach reveals that evidence for a magmatic event 

record by the 13.69 ± 0.07 Ma zircon age preceded the magmatic event documented by the age 

of the alkali-basalt plug at 12.8 ± 0.3 Ma (Perlingeiro, 2012) and the alkali-basalt within the 

pyroclast deposit at 12.5 ± 0.3 Ma (Perlingeiro et al., 2013). With the combined titanite-apatite 

data from this study, it is possible to constrain the age of the pyroclastic deposit at 9.76 ± 0.94 

Ma. With the addition of this new data, the following volcanic chronology is suggested: 

eruption of the alkali-basalt at 12.8 ± 0.3 Ma (Perlingeiro, 2012) followed by a sequence of 
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intrusions (phonolite, exessite, basanite; (Perlingeiro et al., 2013) and eruptions (pyroclast 

deposit) after a 2.4 million year hiatus (Figure 12). It is suggested that the constrained age of 

the Remédios Formation could be between 10.4 ± 0.1 and 9.4 ± 0.2 Ma (Perlingeiro et al., 

2013), and the alkali-basalt dated at 12.8 ± 0.3 Ma (Perlingeiro, 2012), with 2.4 million years 

of hiatus could be referred as another older formation (Figure 12). Thus, a review of the 

stratigraphy of FNA, excluding the alkali-basalt as a separated unit is suggested. 

 

Figure 12 Schematic diagram of the magmatism emplacement with compiled ages, methods, and rock type. The rectangles 
represent the age (black line) with the error bar. The oldest recorded age is present in this study, followed by an alkali-basalt 
plug, dated to almost one million years later, followed by a hiatus of 2.5 million years. There is a peak of magmatism registered 
between 10 and 9 Ma, followed by a hiatus of almost 3 million years, with the beginning of the Quixaba event, where there is 
intercalation between effusive and explosive volcanism.  

Published 40Ar/39Ar data from the Cenozoic continental magmatic provinces of 

Northeast Brazil range between 51.8 ± 0.9 Ma to 7.1 ± 0.3 Ma (Guimarães et al., 2020; Knesel 

et al., 2011; Silveira, 2006; Souza et al., 2003), showing contemporaneous activity with the 

Fernando de Noronha Archipelago during the Late Miocene (Cordani, 1970; Perlingeiro et al., 

2013). The 13.69 Ma age obtained in this study from the kaersutite diorite suggest that the 

overlap in contemporaneous volcanic activity is more significant than previously thought. 

Given that the Fernando de Noronha Archipelago represents only a small highly dissected 

upper portion of a volcanic body that is 4 km high and 75 km in length (Almeida, 1955; Bryan 

et al., 1972), it is likely that a significant portion of the geological history of the FNA remains 
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to be discovered. The ages from the Fernando de Noronha Archipelago also overlap with both 

oceanic and continental magmatism related to the Cameroon line (Guimarães et al., 2020).  

This contemporaneous late Miocene magmatic activity across Northeastern Brazil is 

not consistent with volcanic activity erupting through lithospheric plates moving over a 

stationary deep-mantle plume (Fodor et al., 1998; Morgan, 1983; Rivalenti et al., 2007, 2000). 

The highly alkaline nature of this volcanism generated from a source containing amphibole and 

phlogopite (Class and Goldstein, 1997), as well as the lithospheric temperatures (880.5 - 1068.2 

ºC) and pressures (275-775.6 MPa) obtained from calcic amphibole thermobarometry (Ridolfi, 

2021) are more are more consistent with melt derivation from the lithospheric mantle (White, 

2020) 

A spreading rate of 20 mm/y for the Atlantic Ocean (Müller et al., 2008) over a fixed 

plume, would give a hotspot track of about 250 km over a period of 13.69 Ma. This track length 

is four times longer than that of the FNA (60 km) alone and less than half the track length of 

the FNA ridge (approximately 650 km long). Neither of these scenarios can explain the lack of 

the progression ages and synchronous magmatic activity (Knesel et al., 2011; Perlingeiro et al., 

2013), nor the lack of seismic evidence for a deep mantle upwelling (Montelli et al., 2004). It 

is unlikely that FNA magmatism can be related to a simple stationary plume model. 

Alternatively, King and Ritsema (2000) proposed that FNA magmatism might be the product 

of lithospheric downwelling due to edge-driven convection. This is based on evidence for the 

contribution of the continental lithospheric mantle (Gerlach et al., 1987; Knesel et al., 2011; 

Weaver, 1990), and the lack of age progression related to the mantle plume theory (King, 2007; 

King and Ritsema, 2000; Perlingeiro et al., 2013). 

6. CONCLUSIONS  

Intraplate magmatism in the South Atlantic Ocean such as is found in the Brazilian, 

Fernando de Noronha Archipelago provides important insights about the geodynamics of the 

rupture of Gondwana and the opening of the Atlantic Ocean. Our contribution of new 

geochemical, isotopic and geochronological data for plutonic rocks sheds new light on the 

timing and sources of magmatism within the FNA. The xenoliths represent remnants of the 

early magmatic evolution of the FNA that do not outcrop and were brought to the surface by a 

younger pyroclastic eruption.  
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U-Pb zircon dating of a plutonic sample yielded an age of 13.69 ± 0.07 Ma and is interpreted 

as the crystallization age of the kaersutite diorite. A U-Pb analysis of titanite and apatite from 

the same sample yielded an age of 9.76 ± 0.94 M that is interpreted as the eruption age of the 

pyroclastic unit of the Remédios Formation from which the kaersutite diorite was sampled. 

This represents a reinterpretation of previous studies that suggest that volcanic activity related 

to the Remédios Formation pyroclast deposit was at 12.5 ± 0.1 Ma due to an alkali basalt dated 

(Cordani, 1970; Perlingeiro et al., 2013). The 13.69 ± 0.07 Ma age of the sample also indicates 

that the timing of plutonic magmatic activity of the FNA more significantly overlaps with the 

period of onshore magmatism present in Northeastern Brazil (Knesel et al., 2011; Perlingeiro 

et al., 2013) than previously thought. The revised chronology of events also reveals a greater 

overlap between FNA magmatism and onshore and offshore magmatism present in the 

Cameroon Line (Guimarães et al., 2020). 

Geochemical and isotopic data for the kaersutite diorite are similar to the earliest 

potassic series from Fernando de Noronha (Lopes and Ulbrich, 2015; Perlingeiro et al., 2013), 

and are consistent with derivation from enriched mantle source (EM2 component; Jackson and 

Dasgupta 2008; Perlingeiro 2012) 

Future investigation of detrital zircons in either sedimentary rocks or beach sands from 

the FNA would help further constrain the temporal evolution of the FNA and ocean islands in 

general. Zircons are chemically inert, resistant to mechanical abrasion, and can provide 

important information about ages (U-Pb) and geochemistry (Hf and O isotopes) of the magma 

composition for portions of the island that had been already eroded (Sagan et al., 2020). Future 

geochronological studies of the guyots related to the FNA and the Brazilian continental margin 

would provide a better understanding of the age and evolution of the Fernando de Noronha 

Ridge.  
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APPENDIX A – Mineral Chemistry 

 

Table 4 Pyroxenes – Mineral Chemistry 

Spot 31 32 33 

SiO2 48.548 49.421 48.55 

TiO2 2.089 2.182 3.357 

Al2O3 5.683 5.822 4.24 

FeOt 6.68 6.494 8.631 

Cr2O3 0.01 0.04 0.039 

MnO 0.28 0.196 0.275 

NiO 0.029 0.004 0.006 

MgO 13.171 13.221 12.822 

CaO 23.094 22.921 22.05 

Na2O 0.706 0.705 0.668 

 K2O 0.032 0.048 0.029 

ZrO2 0 0.096 0 

Si 1.807 1.819 1.814 

Al IV 0.193 0.181 0.186 

Al VI 0.056 0.071 0.001 

Ti 0.058 0.060 0.094 

Fe+3 0.107 0.061 0.066 

Fe+2 0.099 0.138 0.202 

Cr 0.000 0.001 0.001 

Mn 0.009 0.006 0.009 

Mg 0.731 0.725 0.714 

Ca 0.921 0.904 0.883 

Na 0.051 0.050 0.048 

K 0.002 0.002 0.001 

Mg# 88.1 84.0 77.9 

Wo 49.335 49.275 47.106 

En 39.154 39.551 38.117 

Fs 11.512 11.174 14.777 
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Table 5 Feldspar – Mineral Chemistry 

Spot 15 16 17 

SiO2 56.651 56.636 56.588 

TiO2 0.010 0.008 0.035 

Al2O3 27.742 27.496 27.836 

FeO 0.253 0.280 0.342 

CaO 9.535 9.625 9.643 

Na2O 5.725 5.882 6.029 

K2O 0.445 0.189 0.231 

Total 100.361 100.116 100.704 

Si 10.149 10.167 10.114 

Ti 0.001 0.001 0.005 

Al 5.857 5.817 5.863 

Fe2+ 0.038 0.042 0.051 

Ca 1.830 1.851 1.846 

Na 1.988 2.047 2.089 

K 0.102 0.043 0.053 

An 46.683 46.965 46.298 

Ab 50.723 51.937 52.382 

Or 2.594 1.098 1.321 
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Table 6 Amphibole – Mineral Chemistry 

Spot 1 2 3 4 9 10 11 12 25 26 27 28 

Type Pargasite Pargasite Kaersutite  Pargasite Pargasite Pargasite Pargasite Pargasite Pargasite Pargasite Kaersutite  Pargasite 

SiO2   
40.706 40.895 41.130 40.457 41.282 42.279 40.424 40.224 41.186 40.745 39.851 40.075 

TiO2   
3.538 4.022 4.835 3.962 3.372 2.918 3.835 3.529 3.673 3.969 7.173 4.265 

Al2O3  
11.936 12.173 12.640 12.864 11.666 11.018 12.657 12.470 13.061 12.901 12.436 12.668 

Cr2O3  
0.045 0.000 0.031 0.024 0.057 0.000 0.020 0.000 0.000 0.000 0.007 0.000 

FeOt    13.707 12.613 11.031 11.576 13.236 13.020 13.136 13.783 11.484 10.566 10.615 12.989 

MnO    0.221 0.187 0.160 0.161 0.194 0.191 0.278 0.183 0.228 0.142 0.162 0.192 

MgO    11.332 12.053 12.829 12.039 11.509 12.317 11.253 11.349 12.801 13.079 12.748 11.514 

CaO    11.967 11.944 11.964 12.183 12.006 11.889 12.213 11.923 11.999 11.988 11.692 12.041 

Na2O   2.180 2.196 2.280 2.293 2.232 2.136 2.302 2.153 2.305 2.241 2.199 2.202 

K2O    1.631 1.568 1.348 1.367 1.511 1.440 1.339 1.552 1.388 1.355 1.395 1.437 

ZrO2   
0.025 0.000 0.000 0.106 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

F      0.215 0.147 0.354 0.110 0.029 0.068 0.189 0.219 0.173 0.053 0.138 0.200 

Cl     0.095 0.051 0.026 0.030 0.093 0.098 0.053 0.077 0.020 0.022 0.024 0.036 

Total F-Cl 0.310 0.198 0.380 0.140 0.122 0.166 0.242 0.296 0.193 0.075 0.162 0.236 

Total Oxides 97.288 97.651 98.248 97.032 97.065 97.208 97.457 97.166 98.125 96.986 98.278 97.383 

Total 97.598 97.849 98.628 97.172 97.187 97.374 97.699 97.462 98.318 97.061 98.440 97.619 

Si 6.142 6.109 6.053 6.056 6.218 6.327 6.070 6.068 6.069 6.061 5.874 6.020 

Al IV 1.858 1.891 1.947 1.944 1.782 1.673 1.930 1.932 1.931 1.939 2.126 1.980 

Al VI 0.265 0.253 0.245 0.325 0.288 0.270 0.309 0.285 0.337 0.323 0.034 0.263 

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.064 0.072 0.003 0.000 0.000 

Cr 0.005 0.000 0.004 0.003 0.007 0.000 0.002 0.000 0.000 0.000 0.001 0.000 

Ti 0.402 0.452 0.535 0.446 0.382 0.328 0.433 0.400 0.407 0.444 0.795 0.482 

Fe2+ 1.729 1.576 1.357 1.449 1.667 1.590 1.649 1.675 1.343 1.311 1.308 1.632 

Mn 0.028 0.024 0.020 0.020 0.025 0.024 0.035 0.023 0.028 0.018 0.020 0.024 

Mg 2.549 2.684 2.815 2.687 2.584 2.748 2.519 2.552 2.812 2.901 2.801 2.579 

Ca 1.935 1.912 1.886 1.954 1.937 1.906 1.965 1.927 1.894 1.911 1.846 1.938 

Na 0.638 0.636 0.651 0.665 0.652 0.620 0.670 0.630 0.658 0.646 0.628 0.641 

K 0.314 0.299 0.253 0.261 0.290 0.275 0.256 0.299 0.261 0.257 0.262 0.275 

Mg# 59.579 63.014 67.464 64.964 60.788 63.345 60.432 60.377 67.672 68.865 68.164 61.247 
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Table 7 Ilmenite – Mineral Chemistry 

Spot 20 21 22 

TiO2 45.139 45.403 45.068 

Al2O3 0.051 0.047 0.088 

Cr2O3  0.018 0.009 0.000 

FeOt 51.092 51.283 51.191 

MnO 0.992 1.095 1.047 

MgO 0.987 1.041 0.939 

CaO 0.019 0.001 0.010 

Total 98.298 98.879 98.343 

Ti 1.717 1.717 1.714 

Al 0.003 0.003 0.005 

Fe2+ 2.161 2.156 2.164 

Mn 0.042 0.047 0.045 

Mg 0.074 0.078 0.071 

Ca 0.001 0.000 0.001 

Fe/Fe+Mg 0.967 0.965 0.968 

Fe2+ 1.600 1.592 1.598 

Fe3+ 0.561 0.564 0.566 

SiO2 0.015 0.000 0.010 

TiO2 45.139 45.403 45.068 

Al2O3 0.051 0.047 0.088 

Fe2O3 14.737 14.903 14.879 

FeO 37.831 37.873 37.802 

MnO 0.992 1.095 1.047 

MgO 0.987 1.041 0.939 

CaO 0.019 0.001 0.010 

TOTAL 99.771 100.363 99.843 
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Table 8 Phlogopite - Mineral Chemistry 

Spot 5 6 7 8 13 14 36 37 

SiO2 37.109 36.854 37.044 36.827 36.804 37.546 37.196 36.85 

TiO2 3.686 3.889 3.76 4.511 4.43 4.261 3.851 3.517 

Al2O3 14.933 14.827 14.808 14.954 14.758 14.521 15.751 15.451 

FeO 12.767 11.947 12.893 12.431 13.414 13.443 12.634 12.351 

MnO 0.103 0.171 0.109 0.089 0.096 0.133 0.109 0.089 

MgO 16.180 16.603 16.715 15.997 15.027 15.926 16.764 16.791 

CaO 0.069 0.14 0.172 0.13 0.134 0.14 0.015 0.058 

Na2O 0.636 0.787 0.636 0.7 0.543 0.613 0.782 0.698 

K2O 8.855 8.634 9.015 9.416 9.09 8.423 9.279 8.932 

Cl 0.116 0.101 0.091 0.045 0.1 0.102 0.066 0.056 

F 0.247 0.31 0.273 0.331 0.211 0.134 0.266 0.161 

Total 94.701 94.263 95.516 95.431 94.607 95.242 96.713 94.954 

Si 5.536 5.510 5.494 5.472 5.523 5.563 5.440 5.469 

AlIV 2.464 2.490 2.506 2.528 2.477 2.437 2.560 2.531 

AlVI 0.161 0.122 0.082 0.091 0.132 0.099 0.155 0.172 

Ti 0.414 0.437 0.419 0.504 0.500 0.475 0.424 0.393 

Fe2+ 1.592 1.493 1.599 1.545 1.683 1.666 1.545 1.533 

Mn 0.013 0.022 0.014 0.011 0.012 0.017 0.014 0.011 

Mg 3.598 3.700 3.696 3.544 3.362 3.518 3.655 3.715 

Ca 0.011 0.022 0.027 0.021 0.022 0.022 0.002 0.009 

Na 0.184 0.228 0.183 0.202 0.158 0.176 0.222 0.201 

K 1.685 1.646 1.705 1.785 1.740 1.592 1.731 1.691 

Cl 0.029 0.026 0.023 0.011 0.025 0.026 0.016 0.014 

F 0.117 0.147 0.128 0.156 0.100 0.063 0.123 0.076 

Total 15.658 15.672 15.725 15.702 15.609 15.565 15.747 15.725 

 

Table 9 Magnetite - Mineral Chemistry 

Spots 23 24 

SiO2 0.43 0.343 

TiO2 0.566 0.322 

Al2O3 0.932 1.92 

Cr2O3 0.306 0.265 

FeO 85.34 85.234 

MnO 0.165 0.126 

MgO 0.177 0.299 

CaO 0.049 0.048 

Total 87.965* 88.557* 

*altered magnetite. 
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Table 10 Apatite - Mineral Chemistry 

Spots 18 19 

CaO 54.428 54.351 

Na2O 0.129 0.153 

MnO 0.095 0.012 

FeO 0.084 0.116 

P2O5 40.772 41.263 

SiO2 0.229 0.273 

Cl 0.819 0.807 

F 2.777 2.857 

Total 99.333 99.832 
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APPENDIX B – Mineral Chemistry Spot Maps 
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APPENDIX C – U-Pb Methodology – Reference Data for Apatite and Titanite 

SPOT U(ppm) Th/U 202Hg(cps) 204Pb(cps) 207Pb(cps) 206Pb(cps) 208Pb(cps) 207Pb/206Pb 2σ(%) 207Pb/235U 2σ(%) 206Pb/238U 2σ(%) ρ 206Pb/238U 2σ(s) 207Pb/235U 2σ(s) 207Pb/206Pb 2σ(s) 

TANZ PRIMARY STD 600 Ma                  

001 0.00 1.554 3154.824 2888.282 16930.83 284922.20 0.00 0.061 1.2 0.800 2.4 0.096 2.1 0.9 589 12 597 11 627 26 

002 0.00 1.370 3175.997 3006.067 12945.63 222257.28 0.00 0.059 2.8 0.819 4.6 0.100 3.6 0.8 613 21 607 21 585 61 

011 0.00 1.469 3670.527 3228.555 15965.06 269409.29 0.00 0.060 1.2 0.814 2.4 0.098 2.1 0.9 602 12 605 11 617 26 

012 0.00 1.455 3710.306 3248.450 15792.34 268762.11 0.00 0.060 1.2 0.806 2.4 0.098 2.1 0.9 602 12 600 11 593 25 

021 0.00 1.331 4217.617 3468.668 10998.60 185403.62 0.00 0.060 1.2 0.811 2.4 0.098 2.1 0.9 601 12 603 11 610 27 

                     

001 0.00 1.459 3770.896 3316.361 16258.61 270802.02 0.00 0.061 0.9 0.815 1.3 0.098 0.9 0.7 601 5 605 6 622 20 

002 0.00 1.511 3797.676 3313.095 15609.92 264591.77 0.00 0.060 1.0 0.802 1.3 0.098 0.9 0.7 601 5 598 6 589 21 

011 0.00 1.487 3822.008 3257.621 15608.58 264819.17 0.00 0.060 1.0 0.803 1.3 0.097 0.9 0.7 599 5 598 6 597 21 

012 0.00 1.490 3787.144 3243.777 15708.45 264825.11 0.00 0.060 1.3 0.809 1.7 0.097 1.0 0.6 599 6 602 8 610 29 

021 0.00 1.361 3752.441 3261.505 13295.58 226144.02 0.00 0.060 1.0 0.812 1.3 0.098 0.8 0.7 604 5 604 6 603 21 

022 0.00 1.485 3725.423 3256.111 15503.99 262867.28 0.00 0.060 1.0 0.807 1.3 0.097 0.8 0.6 599 5 601 6 609 21 

                     

SPOT U(ppm) Th/U 202Hg(cps) 204Pb(cps) 207Pb(cps) 206Pb(cps) 208Pb(cps) 207Pb/206Pb 2σ(%) 207Pb/235U 2σ(%) 206Pb/238U 2σ(%) ρ 206Pb/238U 2σ(s) 207Pb/235U 2σ(s) 207Pb/206Pb 2σ(s) 

SECONDARY APATITE REF MATERIAL - 401 apatite 508 Ma                

003 13.62 12.717 3226.385 2978.577 6473.86 92151.22 0.00 0.072 2.4 0.838 3.2 0.084 2.1 0.7 522 11 618 15 990 49 

004 13.47 12.582 3289.239 3002.677 6120.25 89417.97 0.00 0.070 1.8 0.803 2.8 0.083 2.1 0.8 514 11 599 13 933 37 

005 13.17 12.211 3382.501 3040.562 5932.90 87316.07 0.00 0.070 2.0 0.796 2.9 0.083 2.1 0.7 513 11 595 13 919 41 

006 13.09 12.107 3420.049 3533.936 13189.31 100951.29 0.00 0.133 6.6 1.772 7.6 0.096 3.7 0.5 593 21 1035 51 2143 116 

SECONDARY APATITE REF MATERIAL - MADAGASCAR apatite 470 Ma               

007 15.75 44.734 3445.567 3344.096 9489.70 100458.76 0.00 0.097 1.4 1.062 2.5 0.080 2.1 0.8 495 10 735 13 1559 26 

008 16.07 45.507 3523.206 3372.031 9577.34 102718.67 0.00 0.095 1.4 1.046 2.6 0.080 2.1 0.8 495 10 727 13 1527 27 

009 15.95 45.074 3554.922 3437.632 9737.83 102062.22 0.00 0.097 1.3 1.073 2.5 0.080 2.1 0.8 496 10 740 13 1574 25 

010 16.10 44.704 3619.646 3452.589 9764.07 103181.18 0.00 0.096 1.5 1.068 2.6 0.080 2.1 0.8 498 10 738 14 1556 28 

SECONDARY TITANITE REF MATERIAL - MKED apatite 1518 Ma               



60 

 

 

003 104.56 3.942 3827.148 3833.102 227027.61 2408736.20 0.00 0.095 2.5 3.482 2.5 0.265 0.5 0.2 1517 6 1523 20 1532 46 

004 102.93 3.966 3821.873 3370.546 217768.10 2367087.65 0.00 0.094 2.5 3.445 2.6 0.265 0.6 0.2 1513 8 1515 21 1517 48 

005 99.47 3.970 3833.757 3389.718 208707.11 2269263.18 0.00 0.096 2.7 3.471 2.9 0.262 0.9 0.3 1501 12 1521 23 1547 51 

006 104.01 3.868 3818.812 3369.739 220783.92 2401986.31 0.00 0.098 2.4 3.567 2.4 0.265 0.3 0.1 1516 4 1542 19 1578 45 

023 105.33 3.769 3770.876 4021.289 227067.25 2360558.86 0.00 0.096 1.5 3.512 1.8 0.265 1.0 0.6 1516 14 1530 15 1549 29 

024 104.32 3.846 3790.514 3367.352 216478.69 2341350.49 0.00 0.092 1.1 3.382 1.5 0.266 1.0 0.6 1518 13 1500 12 1475 22 

025 109.08 4.044 3783.565 3583.466 229641.30 2458901.32 0.00 0.093 0.9 3.430 1.3 0.266 0.8 0.7 1522 11 1511 10 1496 18 

026 108.76 3.947 3808.655 3292.225 225950.03 2459271.34 0.00 0.092 0.9 3.385 1.2 0.267 0.8 0.7 1526 11 1501 10 1466 18 

SECONDARY TITANITE REF MATERIAL - KAHN apatite 518 Ma               

007 597.77 0.861 3817.824 17548.862 238796.95 4208050.92 0.00 0.059 1.2 0.674 1.6 0.083 1.0 0.6 513 5 523 7 567 26 

008 586.09 0.845 3861.104 17504.850 240667.04 4179723.83 0.00 0.060 1.0 0.693 1.4 0.084 0.9 0.7 519 5 535 6 601 22 

009 570.22 1.051 3865.762 17485.135 230750.95 4057497.11 0.00 0.059 1.1 0.683 1.4 0.084 0.9 0.6 518 4 529 6 575 24 

010 564.99 1.092 3840.584 17197.096 226285.13 3982837.10 0.00 0.059 1.2 0.676 1.6 0.083 1.1 0.7 513 5 524 7 574 27 
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APPENDIX D – U-Pb Methodology – Sample Data for Apatite and Titanite 

SPOT U(ppm) Th/U 202Hg(cps) 204Pb(cps) 207Pb(cps) 206Pb(cps) 208Pb(cps) 207Pb/206Pb 2σ(%) 207Pb/235U 2σ(%) 206Pb/238U 2σ(%) ρ 206Pb/238U 2σ(s) 207Pb/235U 2σ(s) 207Pb/206Pb 2σ(s) 

SAMPLE APATITE                                      

013   4.39 7.100 3722.350 4934.457 24213.58 29996.11 0.00 0.819 3.3 9.765 5.1 0.087 3.8 0.8 535 20 2413 48 4955 47 

014   4.40 6.494 3720.941 4439.990 17738.52 22691.49 0.00 0.793 2.2 7.200 3.3 0.066 2.5 0.8 411 10 2137 30 4910 31 

015   3.83 5.270 3738.322 5494.074 34924.44 44658.42 0.00 0.792 1.6 16.232 2.8 0.149 2.3 0.8 893 19 2891 27 4908 22 

016   3.79 5.234 3728.029 4612.330 20785.90 26839.57 0.00 0.785 2.1 9.761 3.5 0.090 2.8 0.8 557 15 2413 33 4894 30 

017   4.50 4.997 3719.273 4980.492 27001.81 34959.02 0.00 0.782 1.8 10.588 3.0 0.098 2.4 0.8 604 14 2488 28 4889 25 

018   2.98 6.731 3739.664 4366.310 13652.60 17514.90 0.00 0.790 3.0 8.210 4.1 0.075 2.8 0.7 468 13 2254 38 4904 43 

019   2.67 6.366 3813.098 4160.841 13928.85 17993.54 0.00 0.784 2.8 9.325 4.1 0.086 3.1 0.7 533 16 2370 39 4893 39 

020   5.19 5.188 3758.086 6810.337 27341.68 35222.37 0.00 0.785 1.7 9.321 2.9 0.086 2.4 0.8 533 12 2370 27 4894 24 

SAMPLE TITANITE                                     

013   17.74 10.792 3654.547 4251.037 13119.72 18721.21 0.00 0.699 6.5 1.214 8.7 0.013 5.9 0.7 81 5 807 50 4729 93 

014   16.45 11.407 3677.250 3851.432 8335.41 12831.83 0.00 0.654 7.0 0.839 7.6 0.009 2.9 0.4 60 2 619 36 4632 101 

015   16.49 10.907 3667.927 3834.041 7663.07 11772.20 0.00 0.656 61.6 0.772 61.7 0.009 4.4 0.1 55 2 581 318 4638 889 

016   24.75 4.952 3697.912 3752.367 6444.07 11255.33 0.00 0.578 5.6 0.431 6.4 0.005 3.1 0.5 35 1 364 20 4453 82 

017   23.77 5.335 3699.273 3675.401 6039.61 10417.12 0.00 0.583 14.5 0.420 14.8 0.005 3.1 0.2 34 1 356 45 4467 211 

018   26.23 4.861 3722.698 3686.488 6459.67 11428.29 0.00 0.568 14.4 0.406 15.4 0.005 5.3 0.3 33 2 346 46 4429 211 

019   19.13 4.614 3721.698 3674.461 5639.67 9328.08 0.00 0.610 16.7 0.488 17.4 0.006 4.9 0.3 37 2 403 60 4532 243 

020   20.78 5.337 3668.861 3771.458 6977.11 11359.56 0.00 0.620 8.2 0.555 9.0 0.006 3.6 0.4 42 1 448 33 4556 119 

029   19.58 4.996 3670.101 3642.389 6213.29 10354.72 0.00 0.607 11.0 0.522 12.1 0.006 4.9 0.4 40 2 426 43 4525 160 

030   19.85 5.474 3674.356 3656.629 6454.06 10393.61 0.00 0.628 10.6 0.535 11.8 0.006 5.1 0.4 40 2 435 42 4575 153 

031   23.04 4.278 3643.486 3761.837 8669.23 13604.38 0.00 0.646 13.0 0.621 15.9 0.007 9.1 0.6 45 4 491 64 4615 188 

032   20.47 5.579 3656.406 3741.114 7826.65 12259.47 0.00 0.645 8.9 0.628 10.2 0.007 5.1 0.5 45 2 495 41 4612 128 

033   21.34 4.737 3652.448 3957.860 11900.50 16989.35 0.00 0.706 3.9 0.914 6.7 0.009 5.4 0.8 60 3 659 33 4744 56 
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APPENDIX E – U-Pb Methodology – Sample Data for Zircon 

Sample U pmm (mean) Pb ppm (mean) Th ppm (mean) Th/U 207Pb/235U 2σ (abs) 238U/206Pb 2σ (abs) 207Pb/206Pb 2σ (abs) ρ Age  207Pb/235U SE Age  206Pb/238U SE Concordia Age SE 

FN-1 628.332 18.661 1778.945 2.831 0.015 0.003 481.2347 18.244 0.047345 0.00914 0.28001 13.67 1.3 13.38 0.3 13.4 0.2 

FN-2 389.090 2.868 425.060 1.092 0.016 0.004 480.181 19.91638 0.056574 0.0142 -0.19908 16.35 2.1 13.41 0.3 13.32 0.3 

FN-3 513.384 3.330 498.724 0.971 0.013 0.003 479.1701 31.22443 0.042406 0.01004 0.34131 12.31 1.4 13.44 0.4 13.32 0.4 

FN-4 236.249 0.510 91.059 0.385 0.014 0.004 479.3208 25.94319 0.050889 0.01542 0.04677 14.75 2.2 13.44 0.4 13.44 0.4 

FN-5 152.752 0.852 74.098 0.485 0.015 0.012 478.8345 33.09753 0.049836 0.041 0.13775 14.46 5.9 13.45 0.5 13.46 0.5 

FN-6 248.032 1.447 232.216 0.936 0.005 0.006 478.3759 25.566 0.021166 0.02209 0.14874 6.17 3.2 13.46 0.4 13.29 0.4 

FN-7 407.743 2.357 572.494 1.404 0.013 0.003 477.9218 19.66479 0.043152 0.01113 0.53016 12.56 1.5 13.47 0.3 13.39 0.2 

FN-8 393.188 7.026 750.647 1.909 0.023 0.005 477.486 28.63612 0.072666 0.01433 0.08402 21.08 2.1 13.49 0.4 13.45 0.4 

FN-9 514.305 5.327 616.920 1.200 0.019 0.003 477.0511 19.00803 0.061484 0.01139 0.25106 17.88 1.6 13.5 0.3 13.64 0.3 

FN-10 156.072 1.787 242.080 1.551 0.015 0.008 475.9393 32.29138 0.050219 0.02931 0.05348 14.66 4.3 13.53 0.5 13.54 0.5 

FN-11 243.592 1.811 340.476 1.398 0.010 0.006 475.704 28.58868 0.037133 0.01899 0.11577 10.87 2.7 13.54 0.4 13.48 0.4 

FN-12 88.349 0.500 65.236 0.738 0.022 0.014 474.7024 49.47501 0.059472 0.04573 0.40343 17.38 6.3 13.57 0.7 13.72 0.7 

FN-13 672.169 12.867 1517.666 2.258 0.017 0.003 469.476 19.11277 0.058924 0.00922 -0.00342 17.41 1.4 13.72 0.3 13.67 0.3 

FN-14 252.299 2.373 348.753 1.382 0.017 0.005 466.3357 29.84956 0.056605 0.01716 0.27458 16.85 2.4 13.81 0.4 13.94 0.4 

FN-15 2089.722 12.862 2527.944 1.210 0.012 0.001 465.7148 15.19907 0.04355 0.00456 0.25571 13 0.7 13.83 0.2 13.75 0.2 

FN-16 134.909 1.320 124.122 0.920 0.022 0.008 465.3369 25.04096 0.068908 0.02483 0.25336 20.51 3.6 13.84 0.4 13.98 0.4 

FN-17 304.634 4.249 497.653 1.634 0.012 0.005 465.0063 27.75872 0.038193 0.01442 0.22538 11.43 2.1 13.85 0.4 13.73 0.4 

FN-18 85.346 0.482 72.933 0.855 0.011 0.012 464.1126 45.95781 0.032933 0.0407 -0.09896 9.88 6.1 13.87 0.7 13.9 0.7 

FN-19 160.376 1.130 134.370 0.838 0.015 0.009 461.437 34.64561 0.053496 0.03269 0.05408 16.1 4.9 13.96 0.5 13.96 0.5 

FN-20 616.033 8.949 1222.745 1.985 0.017 0.003 460.3528 17.60216 0.058096 0.01128 0.19784 17.51 1.7 13.99 0.3 14.08 0.3 

FN-21 191.008 1.744 187.093 0.980 0.019 0.009 456.5731 30.495 0.052205 0.0282 -0.33406 15.88 4.5 14.1 0.5 14.04 0.4 

FN-22 785.656 8.096 1175.947 1.497 0.013 0.002 452.5488 24.2255 0.04246 0.00678 0.17265 13.05 1 14.23 0.4 14.14 0.4 

FN-23 568.091 8.670 1144.481 2.015 0.018 0.003 451.4178 20.59872 0.060032 0.00819 0.29654 18.44 1.2 14.26 0.3 14.52 0.3 

FN-24 135.701 0.979 68.615 0.506 0.019 0.009 447.435 35.59161 0.055088 0.02631 0.16572 17.08 4 14.39 0.6 14.45 0.6 
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ANNEX A – The state of the art of low-temperature thermochronometry in Brazil 
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