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Abstract 

The Martin Vaz Archipelago is located at the parallel 20°S, 1200 km away from the 

Brazilian coastline and is composed of Plio-Pleistocenic alkaline rocks that represent 

the last volcanic event of the Vitória-Trindade Ridge. The Archipelago is divided into 

three main units: Pico das Gaivotas Unit (i) is made up of nosean-phonolite and phono-

tephrite domes and tephri-phonolite dykes with clinopyroxene, nosean and potassic 

feldspar phenocrysts, and scarce kaersutite anhedral phenocrysts; the Bandeira Unit (ii), 

in turn, comprises melanephelinitic and basanitic lava flows with olivine and 

clinopyroxene (diopside) phenocrysts; and lastly, the Basal Unit (iii) is composed of 

pyroclastic deposits with tuffs, lapilli-tuffs and lapillite. The clinopyroxene phenocrysts 

from Pico das Gaivotas and Bandeira Units have anhedral green cores with sieved and 

poikilitic textures and show reaction rims composed of opaque minerals, indicating 

disequilibrium and compositional changes in the liquid. This study provides mineral 

chemistry data indicating that clinopyroxene rims are more primitive (Mg# 57.46 – 

84.12) and enriched in Al-Ti-Fe3+-Ca compared to the Fe-rich green-cores, probably 

related with a more primitive Ca-rich magma input in the magmatic chamber after the 

green-core crystallization from a different liquid. Olivine crystals from Bandeira Unit 

show resorption features and no compositional affinity with the analyzed liquid, 

indicating that these crystals have a xenocrystic origin from mantle peridotitic source. 

Clinopyroxene geothermobarometry data suggest different pressure and temperature 
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conditions for cores and rims during crystallization, reflecting a polybaric evolutionary 

history. Pico das Gaivotas Unit clinopyroxene phenocrysts suggest a particularly higher-

pressure environment, and a complex evolutionary history.  

 

Keywords: Martin Vaz Archipelago, Magma chamber replenishment, Magma Mixing, 
Metasomatism, Green core clinopyroxenes. 
 

1 Introduction 

Green-core clinopyroxenes genesis has been interpreted as a result of magma mixing 

process (Dobosi & Fodor, 1992; Neumann et al., 1999), polybaric crystallization (Duda 

& Schmincke, 1985; Fodor et al., 1995; Santos, 2016), increased oxygen or water 

fugacity (Holm, 1982; Aurisicchio et al., 1988) or a xenocrystic origin related to the 

parental peridotites magmas (Jung et al., 2006). These variable origins should be 

analysed by observing the relationship between clinopyroxenes and olivines with high 

Mg# liquid content (Barton & Van Bergen, 1981; Fodor et al., 1995; Xu et al., 2003). 

Alumina contents reveal important information regarding to the depth of crystallization 

and relationship between crystalline phases from mantle-derived melts. According to 

Dobosi and Fodor (1992), high Al content expressed by AlVI/Al IV and Ti/Al ratios 

indicates crystallization in high pressure conditions. Le Bas (1962) suggests that the 

alumina content in clinopyroxenes increases with the alkalinity of the magma together 

with Ti and Fe (Barberi et al., 1971). Related to that, under conditions of high pressure 

and solid-liquid equilibrium, Al atoms enter in the octahedral sites in the forming 

compatible mineral phase. 

Martin Vaz Archipelago is located ca. 1200 km off Brazilian coastline in the parallel 

~20° S and it represents the last volcanic expression of the Vitória-Trindade Ridge 

during the Plio-Pleistocene (VTR - Figure 1). This archipelago is composed of a basal 

unit containing pyroclastic deposits covered by nephelinitic lava flows, that sometimes 

shows interbedding. These lava flows (Bandeira Unit - 0.49 ± 0.08 – 0.63 ± 0.12 Ma; 

Santos, 2016) are composed of two faciological units: (1) olivine basanite and (2) 

melanephelinite. Bandeira Unit is cut by Pico das Gaivotas Unit (0.64 ± 0.08 Ma - 

Santos, 2016) composed of tephri-phonolitic and nosean-phonolite domes and radial 

phono-tephritic dykes. 

The present work details petrographic features, mineral chemistry and 

geothermobarometry data of green core clinopyroxenes from Plio-Pleistocenic 

Jo
urn

al 
Pre-

pro
of



nephelinitic and phonolitic rocks from Martin Vaz main Island to access information 

related to evolutionary constraints and P-T crystallization conditions for the youngest 

peralkaline magmatism in the Brazilian territory.  

 

Figure 1: Localization of the Martin Vaz Archipelago, in the context of Vitória-
Trindade Ridge at the parallel 20º south, 1200 Km away from the Brazilian Coastline 
(data ETOPO-NOAA, Amante & Eakins, 2009; Google Earth Pro). 
 

2 Brief considerations on Martin Vaz Island geology and petrology 

There are few publications about Martin Vaz geology, since the archipelago is difficult 

to be accessed. The first detailed scale map (1:5000) was made by Santos et al. (2015, 

modified in Figure 5), which separated the lithotypes into four units: (i) the Basal one, 

composed of pyroclastic deposits (tuffs, lapilli-tuffs and lapillite), (ii) nephelinitic flows 

(Bandeira Unit) that occurs interbedded with the pyroclastic deposit and it has a 

petrographic distinction into two facies: olivine basanite and melanephelinite, and (iii) 

phono-tephrite/nosean-phonolite domes named as Pico das Gaivotas Unit with 

associated tephri-phonolite dykes, predominantly radial on the main island, also 

observed on the North and South islands and Pico das Agulhas islet (Santos et al., 

2015).  

Scorza (1964) first described the alkaline rocks of Martin Vaz Island as ankaratrite and 

haüynite. Cordani et al. (1970) obtained the first K-Ar ages from the same blocks 

described by Scorza (1964), with one absolute age of ca. 60 Ma for the ankaratrite, but 

considered questionable due to the tectonic context, and yielded a second age, younger 

than ca. 0.73 Ma for the hayünite. Santos & Marques (2007) acquired isotopic dating 

using U-Th-Ra and Th-Ra-Th methods and yielded ages of about 300 Ka. Santos (2013; 
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2016) and Santos et al. (2015) obtained 40Ar/39Ar ages between 0.49 ± 0.08 Ma and 

0.63 ± 0.12 Ma for the Bandeira Units, and 0.64 ± 0.08 Ma for Pico das Gaivotas Unit. 

Marques et al. (1999) and Siebel et al. (2000) presented studies of whole rock 

geochemistry, mineral chemical analysis and Nd, Sr and Pb isotopic data for Martin Vaz 

Island. Marques et al. (1999) studied one phonolitic sample from the island related to 

the Pico das Gaivotas Unit. Siebel et al. (2000) presented data for a basanite sample 

from Martin Vaz that can be related to the Bandeira Unit described here. Based on 

radiogenic isotopes, both works suggest that Martin Vaz rocks were generated with 

contribution from either depleted mantle (DMM or N-MORB) and enriched mantle 

(EM1 or HIMU) with minor contribution of HIMU, FOZO and C components. 

Nevertheless, Marques et al. (1999), analyzing the decoupling between Sr-Nd isotope 

and Rb/Sr – Sm/Nd ratios, suggested the involvement of a mantle metasomatic process 

with contribution of continental lithospheric mantle. Siebel et al. (2000) proposed the 

participation of oceanic lithosphere in the process due to the moderately high 
206Pb/204Pb content. The aforementioned works also correlated the primitive melt 

generation, that evolved by fractional crystallization, to the garnet-lherzolite stability 

field. 

Santos (2013; 2016) and Santos et al. (2015; 2018a) defined the evolution of Bandeira 

and Pico das Gaivotas Units rocks as a slow process in multiple-staged magmatic 

chamber, as suggested by the occurrence of millimetric zoned clinopyroxene 

phenocrysts presenting anhedral green-cores, sometimes brownish and yellowish cores 

(Fe and Al rich variations). According to these authors, the lavas from this archipelago 

were derived from low degree of partial melting (1-4%) of a metasomatized volatile-

rich garnet-lherzolite mantle source mixed with a more primitive carbonatitic CO2-rich 

magma in the sub oceanic lithosphere. 

 

3 Whole-rock geochemistry compiled data 

The lithogeochemical data here presented were compiled from Santos (2013; 2016) and 

Santos et al. (2018a) totalizing sixteen samples (MVA-01, MVA-02, MVA-03, MVA-

04, MVA-05A, MVA05B, MVA-06, MVA-07, MVA-08, MVA-09A, MVA-09B, 

MVA-10, MVA-11, MVA-12, MVA-13 and MVA-14) from lithotypes presented in 

Martin Vaz main Island. CIPW norm was calculated using Hollacher’s excel 

spreadsheets and is presented in Table 1 and used in rock classification according to Le 

Bas et al., (1986) and criteria described in Le Maître (2005). 
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Bandeira Unit (BU) – Alkaline rocks from BU have SiO2 content ranging from 38 to 

40 wt.%, MgO from 8 to 15 wt.%, TiO2 from 3 to 5 wt.% and P2 O5 content from 0.84 to 

1.69 wt. %. The samples from Bandeira unit are classified as foidite (Le Bas et al., 

1986; Fig. 2A). Seven samples of this unit (MVA-03, MVA-04, MVA-07, MVA-09A, 

MVA-09B, MVA-11, and MVA-14) are classified as melanephelinites (Santos et al., 

2018a), because they have less than 20% of normative nepheline and less than 5% of 

normative albite (Le Bas et al., 1986; Table 1). Samples MVA-10, MVA-12 and MVA-

13 have less than 20% of normative nepheline and more than 5% of normative albite 

(Table 1), containing olivine phenocrysts and classified as olivine basanite.  

 

 

Figure 2: A) TAS classification diagram according to Le Bas et al. (1986). B) 
Multielementar diagram (normalized to primitive mantle of McDonough and Sun, 1995) 
for PGU and BU from Martin Vaz Island. 
 

Pico das Gaivotas Unit (PGU) – Alkaline rocks from PGU show higher content of 

SiO2 - 46 to 52 wt.% and low content of MgO ranging from 0.23 to 2.12 wt.%; TiO2 

ranges from 0.50 to 1.58 wt. % and P2O5 from 0.08 to 0.78 wt. %. The PGU rocks are 

classified as phono-tephrite/tephri-phonolite and nosean-phonolite, according to TAS 

diagram (Le Bas et al., 1986; Figure 2A). Multielementar diagram (Fig. 2B) shows 

different patterns between Bandeira Unit (BU - black lines) and Pico das Gaivotas Unit 

(PGU – grey lines) reflecting variations in the crystalline phases (PGU - apatite and 

titanoaugite, presenting P and Ti negative anomalies, for example).  
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 Table 1 – Summarize CIPW norm for Martin Vaz rocks. Data according to Santos 
(2013; 2016) and Santos et al. (2018a). 
 

Normative  Bandeira Unit  Pico das Gaivotas Unit 

Minerals 
 

Melanephelinite 
 

Olivine basanite  
Tephri-phonolite/ 

Nosean-phonolite domes 
 Phono-tephrite 

dykes 

An  5.19  12.94  2.15  12.60 

Ab  0.67  7.67  15.75  11.18 

Or  0.00  4.59  32.03  29.20 

Ne  15.32  13.14  26.00  19.55 

Lct  6.87  0.00  0.00  0.00 

Di  24.73  26.89  10.97  8.04 

Ol  32.79  15.94  1.91  6.38 

Il  6.09  8.66  1.19  2.93 

Mag  2.07  2.19  0.50  1.00 

Ap  2.71  3.15  0.45  1.59 

Sum  96.43  95.17  90.95  92.44 

 

4 Materials and methods  

For mineral chemistry studies, three BU melanephelinite samples (MVA-03, MVA-04 

and MVA-09A) and one PGU dome sample (MVA-08) were analyzed. Core/rim 

differentiation was made through petrographic differences such as crystal shape, color, 

and texture. Analyses were made by electron microprobe technique using the ARL-

SEMQ probe from North Carolina State University (NCSU) and JEOL JXA-8283 from 

the Universidade Federal do Rio de Janeiro (UFRJ). In the NCSU analyses, olivine, 

clinopyroxene, orthopyroxene, plagioclase, microcline, and chromite were used as 

reference minerals supported by the Smithsonian Institute in addition to Ni- containing 

synthetic diopside. An electron beam of 1-2 mm in diameter was used for each 10 

second counting cycle per peak and bottom analyzes, operating at accelerated voltage of 

15 KeV and 0.015 mA beam current. The analyzes performed at the Electronic 

Microprobe Laboratory of the Department of Geology of UFRJ (LabSonda) had the 

analytical conditions of 15 KeV voltage, 20 nA filament current and 1 mm diameter 

beam. Sanidine, olivine, orthopyroxene, clinopyroxene, kaersutite and ilmenite were the 

reference minerals used in the quantitative analyses. 

For the geothermobarometry study, the less anhedral crystals, with exception of 

constant anhedral green (brownish)-cores were selected to achieve the most trustworthy 

crystal-liquid pair, nevertheless, these data are not 100% in equilibrium as showed in 

CPX-liquid predicted and measured in Fig. 8.  
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Excel® tables obtained from the Gabbrosoft’s website (https://www.gabbrosoft.org/) 

were used to calculate end-members and FeO and Fe2O3 stoichiometric estimations. 

Molecular composition was obtained through Putirka's geothermobarometry excel table, 

available in http://www.fresnostate.edu/csm/ees/faculty-staff/putirka.html. Pyroxene 

classification is based on Morimoto et al. (1988).  

Clinopyroxene thermobarometer was based on Putirka's P and T estimations (equations 

31 for pressure and 34 for temperature; see Putirka et al., 2008 and Neave & Putirka, 

2017 for details) which were developed for volcanic systems. This model can be used 

for hydrated or anhydrous ultramafic and intermediate rocks. Temperature of 1100 °C 

and one logarithmic unit above the quartz-fayalite-magnetite (QFM) buffer of oxygen 

fugacity is considered in this model. These calculations consider the jadeite molecules 

in the structure of clinopyroxenes and produce a standard error of ± 1.4 Kbar. 

Equilibrium value between crystal and liquid is assumed following values according to 

Roeder & Emslie (1970) of KD(Fe-Mg) cpx-liq = 0.27 ± 0.03. Differences between 

predicted and measured DiHd, EnFs and CaTs components to Martin Vaz 

clinopyroxenes approaches to zero. The composition of pyroxenes was selected from 

those whose sum was greater than 100% with K2O content of about 0.0 wt. % on the 

basis of six oxygen as presented in Longpré et al. (2008). 

To verify clinopyroxene pressure estimates, silica-activity barometer was utilized 

(Putirka, 2008). The Silica activity model provides pressure values in which a primitive 

melt was in equilibrium with olivine + (ortho-) pyroxene, but we considered it for the 

clinopyroxene-olivine paragenesis. The same comparison was made with olivine-liquid 

thermometer (Putirka, 2007), to ratify Bandeira Unit olivine crystallization temperature.  

 

5 Results  

5.1 Petrography 

5.1.1 The Bandeira Unit (BU)  

This unit consists of melanephelinites and olivine basanite showing hypocrystalline 

matrix and porphyritic texture with phenocrysts of olivine and pyroxene showing 

various sizes, even though clinopyroxene phenocrysts are rare or completely absent in 

the olivine basanite. Olivine phenocrysts have up to 1 mm, are anhedral or subhedral, 

and show resorption features (Fig. 3A), poikilitic texture and a weathered film of 

iddingsite is present. The matrix consists of feldspars, feldspathoids (mainly nepheline), 

perovskite and glass (less common). The accessory minerals include titanomagnetite (as 
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determined by backscattering) disseminated in the matrix as micro phenocrysts or 

included in the olivine and pyroxene phenocrysts, characterizing a poikilitic texture. 

 

5.1.2 The Pico das Gaivotas Unit (PGU)  

PGU is characterized by tephri-phonolite/phono-tephrite and nosean-phonolite domes 

and phono-tephrite dykes with phenocrysts of nosean and sanidine, and micro 

phenocrystals of nepheline, clinopyroxene, titanite and kaersutite (Figs. 3B and 3C). 

The matrix is holocrystalline, composed of feldspars and feldspathoids (mainly 

nepheline) and show magmatic flow texture. Apatite and titanomagnetite comprise 

accessory minerals. Nosean crystals are hexagonal or squared, euhedral or subhedral 

with about 0.66 mm in size (Fig. 3D). These crystals present zeolitization, sericitization 

and opaque reaction rims, as well as poikilitic texture with titanomagnetite and apatite 

inclusions, sometimes presenting needle-like forms. 

 

 

Figure 3: A) Resorbed olivine phenocrysts from Bandeira Unit melanephelinite. B) 
Sanidine phenocryst from phonolitic domes, Pico das Gaivotas Unit. C) PGU sample - 
Kaersutite phenocryst with opaque inclusions, nosean phenocrysts and cpx and titanite 
micro phenocrysts from nosean-phonolite neck. D) Nosean phenocryst with apatite 
inclusions and cpx microphenocrysts from Pico das Gaivotas phonolitic domes. 
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Abbreviations such as: ol – olivine, sa – sanidine, krs – kaersutite, cpx – clinopyroxene, 
tnt  – titanite and nos – nosean. A, B crossed polarizers, C, D parallel polarizers.  
 
Figure 4 presents Martin Vaz Archipelago geologic map modified from Santos et al. 

(2015), with the Bandeira Unit distinction in olivine basanite and melanephelinite 

faciological units.  

 

 

Figure 4: Martin Vaz simplified geological map modified from Santos et al. (2015). 
Olivine-basanite body was inferred by the localization of the three basanitic samples 
(MVA-10, MVA-12, MVA-13). Norte Island geology was made by photo 
interpretation.  
 

5.1.3 Clinopyroxenes 

Clinopyroxene crystals occur in a wide range of sizes and shapes, and in some of them 

the core-rim structure is noticeable. These cores are anhedral and show pleochroic 

green-core, sometimes brownish green, in average of 0.56 mm in size, with sieved and 

poikilitic textures containing apatite and opaque (mostly titanomagnetite) inclusions. 
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The crystals rims are subhedral to euhedral, presenting, sometimes, opaque replacement 

at the borders and magmatic resorption texture indicating crystal-liquid disequilibrium 

(Figs. 5A-E).  

Crystals without core-rim structure often occur as strips but also faceted, euhedral or 

subhedral with an average size of 0.33 mm. They also show magmatic resorption and 

opaque replacement at the borders and they also appear, sometimes, as 

glomeroporphyries (Fig. 5F).  

 

Figure 5: A) Green-core clinopyroxenes with sieved and poikilitic textures and 
subhedral brownish-green rims surrounded by titanomagnetite. Sample from Bandeira 
Unit melanephelinite. B and C) Represents green core clinopyroxenes with sieved and 
poikilitic textures with partial resorbed rim surrounded by titanomagnetite. Sample from 
Bandeira Unit melanephelinite. D) Large green-core clinopyroxene at the right, resorbed 
olivine phenocrysts up left and opaque micro phenocrysts scattered all over the matrix, 
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from Bandeira Unit melanephelinite. E) Glomeroporphyry formed, mainly, by 
clinopyroxenes with minor amount of green-core structures along with nepheline, 
titanite and opaque minerals. Sample from Pico das Gaivotas Unit phonolitic domes. F) 
Strongly zoned green core cpx with opaque inclusions from Pico das Gaivotas Unit 
nosean-phonolite domes. All photomicrographs are parallel polarizers. 
 
 

5.2 Mineral Chemistry 

5.2.1 Olivines 

Compositions of Martin Vaz melanephelinite olivines (Bandeira Unit) have slightly 

differences relative to grain size. Phenocrysts show values ranging from Fo80-88, matrix 

raging from Fo77-85 and a macro phenocryst with Fo85. Phenocrysts and macro-

phenocryst have low to high NiO contents ranging from 0.00 – 0.36 wt.%. Matrix 

crystals present mid-low to very high content, varying from 0.07 – 0.72. CaO contents 

range from 0.00 to 0.71 wt.% in phenocrysts and macro phenocryst and from 0.39 to 

0.86 in matrix olivines (Table 2).  

 

5.2.2 Clinopyroxenes 

Clinopyroxenes of melanephelinite rocks (BU) have green-core (Wo45–51 En18–35 Fs8-31) 

composition. The rims and intermediate points (called here as crystal mantle) of these 

minerals have similar composition such as (Wo45-51 En32-43 Fs8-23) (Fig. 6). The cores of 

these crystals have Mg# (100*[Mg]/[Mg + Fe]) ranging from 44.71 to 67.97, molecular 

Al composition ranging from 0.10 to 0.22 and Ti from 0.03 to 0.06. The crystal mantle 

has Mg# 69.10 to 75.51, molecular Al between 0.12 to 0.30 and Ti from 0.03 to 0.07. 

Finally, the crystal rims have 57.46 – 84.12 Mg#, 0.05 – 0.26 of Al and 0.03 – 0.09 of 

Ti (molecular Al and Ti calculated on basis of 32(O)). 
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Figure 6: Clinopyroxene compositions from Bandeira and Pico das Gaivotas Units (BU 
and PGU) and classification according to Morimoto et al. (1988). 
 

Clinopyroxenes phenocrysts of nosean-phonolite domes (PGU) also have green-core, 

with end-members composition of (Wo41-48 En18-28 Fs24-41). Mantles and rims of these 

minerals show compositions (Wo49-51 En31-35 Fs15-19) (Fig. 6). The cores have Mg# 

(43.73 – 56.14); Al (0.11 - 0.21) and Ti (0.02 - 0.06). Mantles have Mg# (62.08 - 

62.19), Al (0.15 - 0.18) and Ti (0.03 - 0.04) and rims have Mg# (68.43 - 70.03), Al 

(0.30 - 0.33) and Ti (0.09 - 0.1). The matrix clinopyroxenes of PGU have Mg# (80.97 - 

84.13), Al (0.11 - 0.26) and Ti (0.05 - 0.07). In general, all green core clinopyroxenes 

from Martin Vaz rocks are richer in FeO*, Na2O, SiO2 and poor in MgO, CaO and 

Al 2O3 comparatively to the rim and mantle (Table 3; Fig. 7). 
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Figure 7: Bandeira Unit and Pico das Gaivotas Unit major elements (wt.%) versus Mg# 
for Martin Vaz clinopyroxene phenocrysts. 
 

6 Geothermobarometry 

The clinopyroxene-liquid equilibrium test is based on the difference between observed 

and predicted (by regression analyses) clinopyroxene components (Putirka, 1999; 

2008), and it shows that all components (DiHd, EnFs and CaTs) from the majority of 

BU clinopyroxenes are near to 1:1 line (Fig. 8). However, PGU clinopyroxenes are 

outlying. In other words, considering 10% deviation of the line acceptable (Jeffery et 

al., 2013), most of BU clinopyroxene analyses are near to the equilibrium with melt, 

making them suitable for thermobarometric calculations. In turn, PGU clinopyroxene 

analyses show lack of equilibrium with melt and may present erratic thermobarometer 

calculations. For this reason, we also used in our model a liquid from which pyroxene 

may have crystallized (Fig. 8; MgO ca. 1.56 wt.%) replacing the whole-rock 

composition from MVA-08 sample (MgO ca. 0.6 wt.%). 
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Figure 8: Clinopyroxene-liquid equilibrium test based on the difference between 
observed and predicted DiHd, EnFs and CaTs clinopyroxene components (Putirka, 
1999; 2008). One-to-one line represents the crystal-liquid equilibrium and 10% of 
deviation is assumed to be acceptable (Jeffery et al., 2013). All clinopyroxene analyses 
of both Pico das Gaivotas and Bandeira Units were used in this test. Whole rock 
composition was used to represent the liquid. Red points represent whole rock 
composition for PGU with MVA-04 liquid in equilibrium with cpx (see Supp. Material 
1 and 4 for details). 
 

Geothermobarometry data from clinopyroxene-liquid composition, using Neave and 

Putirka (2017) model for anhydrous base indicate pressure and temperature conditions 

for the BU clinopyroxenes crystallization ranging from 10.4 – 16.1 Kbar and 1265.4 – 

1336.2 °C for the green-cores; 6.3 Kbar and 1178.0 °C for the mantle and -0.8 – 8.30 

Kbar and 1101.9 – 1232.9 °C for the rim (Fig. 9). Silica-activity barometer (Putirka, 

2008) was applied for validating the Bandeira Unit barometer and thus thermometer, 

once it shows pressure conditions at the moment that primitive liquid was in equilibrium 

with pyroxene + olivine. This barometer indicates pressure ranging from 9 – 22 Kbar 

for the Bandeira Unit whole rock compositions, using cpx-liquid temperature estimates 

for core and rim analyzes (Fig. 9 – grey field).   

For the PGU, we did a correction related to the liquid used in the calculations from 

which the clinopyroxene must have crystallized. MVA-08 liquid has a MgO content of 

0.6 wt.% and is unlike to have crystalized the observed cpx crystals. For this reason, 

another sample (MVA-02) liquid composition from the PGU was used (see Supp. 
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Material 1 excel spreadsheet for calculations purposes) in equilibrium with cpx so that 

the pair crystal-liquid could fall inside the equilibrium curves (Figure 8; MgO ca. 1.56 

wt.% - MVA-02).  

To testify the relations between the two samples (MVA-02 and MVA-08) a modal 

calculation and a fractional crystallization test by major element mass balance were 

made using the Petro Mode excel spreadsheet (available in 

http://hdl.lib.byu.edu/1877/2708; Supp. Material 4). From these tests, it was found that 

(i) from MVA-02 composition would be possible to crystallize a rock with the observed 

MVA-08 modal composition (11 to 17% of cpx), and (ii) by removing the observed 

mineral phases from the MVA-02 liquid composition, a rock with a similar composition 

of the MVA-08 would be generated. Therefore, it is acceptable that the MVA-02 

composition is used to meet the crystal-liquid equilibrium requirement.  

Geothermobarometer data indicate pressure and temperature conditions for the PGU 

clinopyroxene crystallization in equilibrium with liquid ranging from 15.7 – 24.3 Kbar 

and 1033.2 – 1132.6 °C for the cpx green-cores; 13.3 – 15.0 Kbar and 1004.1 – 1119.9 

°C for the cpx mantles and 14.4 – 15.1 Kbar and 1015.2 – 1018.3 °C for the crystal rims 

(Fig. 9).  

 
 
Figure 9: P and T estimates for clinopyroxene crystallization from their composition in 
equilibrium with melt, according to Neave and Putirka (2017). Grey area represents Si-
activity pressure range to Bandeira Unit rocks (Putirka, 2008). In red, P-T recalculations 
for the Pico das Gaivotas Unit using a new liquid from MVA-02 from which cpx 
crystallized (MgO ca. 1.56 wt.%). 
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Table 2: Olivine composition table (one point per sample) from microprobe analysis with end members and crystallization temperature estimates 

according to Putirka (2007). 

  MVA-04 (BU) MVA-09A (BU) 

  phenocryst phenocryst phenocryst phenocryst  phenocryst phenocryst phenocryst macro phenocryst matrix matrix matrix matrix 

SiO2 39.17 39.01 39.47 39.01  40.72 40.49 40.23 39.27 39.86 39.82 40.11 39.32 

Al 2O3 0.02 0 0 0.01  0 0 0 0 0 0 0 0 

FeO 17.19 17.38 16.29 16.62  11.65 12.80 15.75 13.63 17.00 19.57 13.85 17.04 

MnO 0.33 0.34 0.19 0.31  0.19 0.26 0.30 0.25 0.55 0.70 0.28 0.48 

MgO 42.57 41.62 43.33 42.07  46.61 46.46 44.47 45.37 42.18 39.63 45.39 42.57 

CaO 0 0.7 0.40 0.71  0.29 0.32 0.25 0.47 0.73 0.86 0.39 0.54 

Cr2O3 0.01 0 0.01 0  0 0 0 0 0 0 0 0 

NiO 0.02 0.02 0 0.04  0.31 0.33 0.21 0.36 0.18 0.07 0.25 0.72 

Total 99.34 99.08 99.71 98.79  99.79 100.69 101.23 99.37 100.53 100.69 100.29 100.69 

Fo 81.23 80.71 82.40 81.57  87.51 86.37 83.15 85.34 81.06 77.69 85.12 81.23 

Fa 18.39 18.90 17.38 18.08  12.27 13.34 16.52 14.38 18.32 21.51 14.57 18.23 

Tp 0.36 0.37 0.21 0.34  0.21 0.28 0.32 0.26 0.60 0.78 0.30 0.53 

T (°C) 1387 1377 1384 1303  1389 1392 1318 1379 1400 1417 1397 1412 
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Table 3a: Clinopyroxene composition table from microprobe analysis with end members calculation. Continue to the next page. 

MVA-03 (BU)  MVA-09A (BU) 

core core core core core core rim rim  core matrix matrix matrix 

SiO2 47.11 49.74 50.76 50.76 50.07 50.53 49.46 47.09  49.93 48.06 49.71 52.82 

TiO2 2.17 0.92 0.56 0.60 0.68 0.62 0.97 2.48  0.89 2.43 2.32 1.69 

Al 2O3 4.86 2.67 2.24 2.21 2.47 2.49 3.52 5.63  4.44 6.09 4.30 2.57 

FeO* 15.26 16.55 16.29 16.04 15.74 14.68 12.79 9.95  12.86 5.79 5.22 5.08 

MnO 0.02 0 0 0 0 0 0 0  0.53 0.08 0.09 0.10 

MgO 7.46 7.51 7.73 7.87 7.68 8.83 9.69 10.98  9.24 13.84 14.88 15.53 

CaO 20.56 18.84 18.79 18.94 19.36 20.5 21.34 22.54  19.87 22.78 22.30 22.79 

Na2O 1.94 2.81 3.09 3.00 2.81 2.32 1.74 1.13  1.89 0.59 0.57 0.55 

Cr2O3 0.02 0 0.01 0.01 0 0 0.02 0  0.03 0.45 0.04 0 

NiO 0.02 0 0 0 0 0.01 0 0.03  0 0 0 0 

ZnO 0.03 0.09 0.04 0.08 0.07 0 0.01 0  0 0 0 0 

Total 99.50 99.18 99.54 99.55 98.91 100.01 99.58 99.86  99.69 100.16 99.46 101.17 

Wo 48.14 44.88 44.70 44.89 45.95 46.53 45.27 49.54  46.45 48.93 47.31 47.13 

En 24.32 24.89 25.60 25.97 25.39 27.89 31.55 33.60  30.05 41.31 44.00 44.65 

Fs 27.52 30.22 29.68 29.12 28.65 25.57 23.16 16.84  23.50 9.73 8.67 8.25 
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Table 3b: Clinopyroxene composition table from microprobe analysis with end member calculation. 

 
MVA-04 (UB) 

 
MVA-08 (UPG) 

 core mantle rim  rim  rim  rim  rim   core core core mantle mantle rim  rim 

SiO2 49.19 46.05 47.90 45.85 49.61 48.97 45.88  49.01 48.88 52.84 48.78 46.32 44.80 45.9 

TiO2 0.91 2.48 2.28 3.20 2.18 1.86 2.84  1.11 1.20 0.79 1.47 2.53 3.45 3.01 

Al 2O3 2.43 6.77 5.28 6.46 3.46 4.20 7.20  3.15 3.65 2.42 3.50 6.02 7.40 6.78 

FeO 12.84 7.23 6.07 6.97 5.22 5.51 6.88  15.86 14.12 19.66 11.97 11.26 9.15 8.73 

MnO 0 0.04 0 0 0 0.02 0.04  0 0.01 0 0 0 0 0 

MgO 10.15 12.52 13.95 12.74 14.45 14.60 12.84  7.68 9.03 4.68 10.24 10.05 11.12 11.45 

CaO 22.17 24.01 24.77 24.57 24.45 24.70 24.35  19.6 21.15 15.07 22.16 22.52 23.11 23.13 

Na2O 0.99 0.47 0.29 0.34 0.34 0.38 0.41  2.37 1.89 4.05 1.22 1.32 0.76 0.76 

Cr2O3 0 0.36 0.04 0.04 0.02 0.23 0.22  0.02 0.01 0 0.03 0.01 0 0.01 

NiO 0.02 0 0 0.01 0 0 0  0 0 0 0.01 0.03 0 0 

ZnO 0.05 0 0.01 0.01 0.13 0.04 0  0 0 0.09 0 0.05 0 0.01 

Total 98.78 99.97 100.63 100.22 99.90 100.55 100.69  98.91 99.99 99.62 99.41 100.16 99.81 99.88 

Wo 47.98 51.04 50.67 51.54 50.29 50.11 51.20  46.23 47.46 40.91 48.55 49.87 50.64 50.49 

En 30.56 37.03 39.73 37.18 41.37 41.21 37.57  25.13 28.21 17.68 31.21 30.98 33.93 34.79 

Fs 21.44 11.91 9.58 11.26 8.33 8.66 11.21  28.63 24.32 41.40 20.22 19.14 15.42 14.70 
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7 Discussion 

7.1 Mineral chemistry correlation and Martin Vaz rocks evolution  

Santos et al. (2018a) suggested that Martin Vaz magmas have suffered volatile-rich 

melts and/or carbonatitic liquid influence on their genesis, which was also responsible 

for the formation of secondary mineral phases (e.g. apatite, kaersutite and phlogopite). 

Siebel et al. (2000) also suggested that titanite crystallization in Trindade and Martin 

Vaz phonolitic rocks must be responsible for the relative enrichment in HFSE and 

MREE and a concave downward in REE patterns. La/Sm and Sm/Yb ratios suggest that 

these magmas were generated by low degree partial melting in the garnet lherzolite 

field, as showed by Santos et al. (2018a). 

Martin Vaz Archipelago’s olivines are highly magnesian (Fo77-88) and are not related to 

the green-core clinopyroxenes. Most of them have relatively high CaO contents (> 0.2 

wt.%) that are considered to be a near-primary assemblage in equilibrium with mantle 

peridotites that crystallized at the beginning of magmatic differentiation (Kamenetsky et 

al., 1995; Di Battistini et al., 1998). However, most of them have low Cr2O3 and NiO 

contents to be related to mantle olivines. Only crystals with > Fo86 have NiO contents 

ca. 0.4 wt.% are consistent with the mantle olivine array defined by Takahashi et al. 

(1987). 

The olivine equilibrium curve with primitive melts (Fig. 10 – Rhodes et al., 1979) 

shows that the analyzed liquid (whole-rock composition ca. MgO 14 wt.%) would be in 

equilibrium with olivine phenocrysts with higher Fo content (Fo85-87) instead of olivine 

crystals with lower Fo content (Fo77-83). These relationships, together with the variated 

NiO content, may suggest that these crystals have a hybrid origin (Xu et al., 2003) from 

the highest magnesian phenocrysts, and are probably mantle xenocrysts. The phenocryst 

and matrix crystals disposition in the figure 10, however, represents chemical variation 

related to factional crystallization. Thus, these evidences point to a magma 

replenishment of a primitive magma, that could give a false idea of equilibrium for the 

highest magnesian olivines. 
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Figure 10: Fo contents of Martin Vaz olivine phenocrysts and matrix against whole 
rock Mg# values from Bandeira Unit, samples (MVA-04 and MVA-09A). Dashed lines 
denote the equilibrium curves between olivines and melt (after Putirka, 2007) calculated 
by using a Fe/Mgol/liq taken from Roeder and Emslie (1970) and Rhodes et al. (1979). 
 

7.2  Cpx mineral chemistry and geothermobarometry 

The contents of AlVI and AlIV are an important key to evidence differences in pressure 

conditions in green-core clinopyroxenes relative to the mantles and rims. Martin Vaz 

green-cores AlVI and AlIV contents are plotted into the Ca-Tschermak's molecule (Ts: 

CaAl2SiO6; Fig. 12) field, that is a high-pressure environment (Dobosi and Fodor, 

1992), opposing to the mantles and rims that are plotted into the low-pressure field of 

igneous rocks (“A” limit as defined by Aoki & Kushiro, 1968; Fig. 11). However, the 

Al IV content of Martin Vaz clinopyroxenes are lower than AlIV content of Colúmbia 

Seamount clinopyroxenes from the same volcanic ridge related to the Trindade Plume 

(Fig. 11A), but green-cores of Martin Vaz cpx have a similar AlVI content from 

Colúmbia phenocrysts. Al/Ti ratios support these differences in the P values as observed 
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in Fig. 11B. Green-core Al/Ti ratios plot around the line limit 0.25 (mostly lower than 

0.25) while rims Al/Ti ratios are more scattered but tend to plot between 0.25 and 0.5 

lines and are, in general, richer in Al and Ti (Fig. 11B), but in a disperse behavior that is 

consistent with variations in the thermobarometer data (Fig. 9).  

Beyond that, thermobarometric data indicate higher P and T conditions involved during 

core crystallization. Santos (2016) suggests multistage crystallization during the 

ascension of Martin Vaz magmas, evidenced by variation of P and T values of cpx 

cores, mantles, rims and as well those of the matrix. Dobosi & Fodor (1992) reported 

the occurrence of green core clinopyroxenes with similar aforementioned features and 

chemical contents, defining them as from a xenocrystic origin. 

The green-core clinopyroxenes analyzed in Martin Vaz Island have lower Mg# relative 

to the rim and mantle crystals, that indicate the input of a more primitive liquid in the 

magmatic chamber being supported by the resorption texture in olivine crystals. The 

observed microscopic features such as sieved and resorption textures support this latter 

statement. Santos (2016) suggests that the disequilibrium features occurred due to a 

hotter and more primitive magma injection. Such injections caused changes in the total 

liquid composition, temperature, pressure, and oxidation state (Pearce & Kolisnik, 

1990) and cause the crystallization of clinopyroxenes alternating growth/dissolution 

(see Dobosi & Fodor, 1992 for discussions). 

Lower Fe3+/Fe2+ ratios in the green-cores (Fig. 11C) can indicate an increase in ƒO2 that 

is supported by the decreasing in Si/Al ratios observed in the clinopyroxene rims and 

mantles (Fig. 11D), as suggested by Mollo & Vona (2014) experiments. The 

substitution for titanomagnetite in the outer crystals rims also indicates an increase in 

ƒO2 and an oxidized environment. This increase in oxygen fugacity corroborates with 

the idea of magma mixing contribution as process responsible to the Al-Ca-Fe3+-Ti-rich 

rims crystallization. 
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Figure 11: A) Atomic proportion of Al(VI) and Al(IV) in comparison with Colúmbia 
Seamount clinopyroxenes (data from Santos, 2016). Ts line represents the Ca-
Tschermak's molecule (CaAl2SiO6) which is a high-pressure field. The line A represents 
the limit of igneous pressure environment (Aoki & Kushiro, 1968). B) Atomic Al(total) 
versus Ti; lines represent Ti/Al ratios. C and D) Respectively, Fe3+/Fe2+ and Si/Al ratios 
against Mg#. 
  

The equilibrium diagram (Fig. 12; Rhodes et al., 1979) shows a progressive 

approximation to the melt equilibrium from green core to rims and cpx presented in the 

matrix (microphenocrysts) in BU. In PGU domes, however, the cores are closer to the 

equilibrium because these rocks became more evolved after rims crystallization, 

probably caused by a longer residence time of the magma in the chamber, that could 

have caused the evolution by fractional crystallization, even with the primitive magma 

replenishing such as suggested by Mg# content in clinopyroxenes (core ca. 30 and rim 

ca. 70). Regarding to this equilibrium relationship, we suggest that after green-core 

crystallization, a more primitive and Ca-rich liquid entered in the storage causing 

resorption and sieved textures (Fig. 5). Afterwards, mantle and rim were crystallized 

with progressively enrichment in Mg# values caused by diffusional re-equilibration 

between Fe and Mg (Chen et al., 2018). 

On the other hand, PGU rocks have MgO 0.6 wt.% (Santos et al., 2018a), a very low 

MgO content to crystallize cpx with the observed composition. Analyzing the 

equilibrium test (Fig. 9), cpx from PGU rocks are outlining the one-to-one curve, 
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indicating that these crystals crystallized from a different liquid, with at least MgO ca. 

1.56 wt.%. 

 

 

 
Figure 12: Mg# values in clinopyroxene phenocrysts and matrix versus Mg# liquid 
values for Martin Vaz rocks (points with ~12 Mg# (liquid) is from PGU samples). 
Dashed lines (after Rhodes et al., 1979) denote the equilibrium curves between 
clinopyroxenes and melt that calculated by using a Fe/Mgcpx/liq KD of 0.26 ± 0.05 
(Akinin et al., 2005). 
 

7.3 Evolution of magma chamber model 

The lower Na contents in mantles and rims can be explained by competition for Na with 

other groundmass mineral phases like nepheline and feldspars during crystallization 

such as suggested by Dobosi & Fodor (1992). Mark et al. (2010), however, suggested 

that the percolation of sodium-rich metasomatic fluid in garnet-lherzolite source can 

produce green-core clinopyroxenes rich in iron with up to 20% of aegirine component. 

Jung et al. (2006) reported the origin of green-cores in pyroxenes with deep-level 

crustal contamination and that higher content of Fe, Al, Na and Ti/Al ratios are 

indicative of high-pressure and that the studied case indicates deep crust storage and 

polybaric differentiation (Duda & Schmincke, 1985). 
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The chemical composition of Martin Vaz clinopyroxene phenocrysts are similar in each 

unit, indicating that they had the same sort of magmatic process, such as polybaric 

fractionation. It can be said, according to geothermobarometry data (Fig. 9), that these 

minerals crystallized in variable depth and, consequently, variable pressures and 

temperatures. Furthermore, olivine-liquid geothermometers indicates that these minerals 

crystallized at ~1448.6 °C (Putirka et al., 2007 – Table 2), in agreement with cpx-liquid 

thermobarometer. Silica-activity barometer is also in agreement with cpx-liquid model, 

reveling 9 – 23 Kbar for BU (Fig. 9).  

The high-pressure environment for PGU cpx suggests that these crystals crystallized in 

a variable depth range and evolved by fractional crystallization with a longer residence 

period in the magmatic chamber enabling strong chemical modifications. 

According to the petrography and chemical characteristics of Martin Vaz rocks it is 

possible to estimate a model for genesis and evolution of their magmas. Olivine crystals 

in Bandeira Unit have distinct compositions related to size variation (micro, pheno and 

macro phenocrysts – Table 2). According to the petrographic analyses, the macro 

phenocrysts show occasionally magmatic resorption, indicating instability due to 

disequilibrium with the liquid (Fig. 3A and Fig. 10). Green-core clinopyroxene crystals 

with disequilibrium texture surrounded by opaques (Ti-magnetite) and their brownish 

pleochroic rims represent chemical distinction between more evolved fassaitic cores and 

less evolved rims such as discussed throughout the text, indicating a physicochemical 

change in the system. 

These characteristics suggest a history of magma replenishing in multiple-staged 

magmatic chamber. The green-core clinopyroxenes have a genesis related to a more 

evolved magma in disequilibrium with a more primitive liquid that replenished the 

magmatic chamber. This event has caused the strong resorption of the cores and then 

favored the crystallization of Mg# richer rims, in which the composition is similar to the 

clinopyroxenes micro phenocrysts presented in the matrix (Fig. 13).       
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Figure 13: A) First green-core clinopyroxene crystallization stage from an evolved 
magma. B) Input of primitive magma into the magma chamber that originated the 
clinopyroxene rims and, possibly, other mineral phases from fractional crystallization, 
until the equilibrium with phonolitic liquid composition is reached (modified from 
Fodor et al., 1993).  
 
The data presented in this work show a complex evolutionary history for Martin Vaz 

magmas, involving polybaric crystallization, magma mixing and solid phase resorption, 

as well as fractional crystallization and density differentiation that is probably 

responsible for the faciological variation of melanephelinite and olivine basanite lava 

flows.  

 

8 Concluding remarks 

The Martin Vaz Archipelago magmas have a complex evolutionary history recorded in 

mineral and whole-rock chemistry. The island comprises a variety of lithologies such as 

melanephelinites, olivine basanite, phono-tephrite, tephri-phonolite and nosean-

phonolite. Analyzing mineral chemistry and petrographic features such as sieved and 

poikilitic textures, resorption and compositional zoning, we can conclude some topics 

from this geological history: 

(1)  Bandeira Unit has reliable thermobarometer data, as shown by the predicted and 

observed component equilibrium tests. However, Pico das Gaivotas Unit 
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clinopyroxenes are in disequilibrium with the analyzed liquid and must have 

crystallized from a different liquid with MgO > 1.56 wt.%. Therefore, PGU 

clinopyroxenes have a xenocrystic origin from a less evolved liquid such as 

calculated previously (MgO - 1.56 wt.%). 

(2) Olivine phenocrysts (> Fo86) have chemical composition like a near-primary 

assemblage in equilibrium with mantle peridotites. They are not in equilibrium 

with the analyzed liquid and must have been crystallized from more 

differentiated magmas. 

(3) Green-core clinopyroxenes have higher AlVI content and lower Ti/Al ratios than 

rims, characteristics that are in agreement with thermobarometer data, indicating 

that the green-cores crystallized in higher pressure conditions. These different 

pressure conditions configure polybaric crystallization events to Martin Vaz 

rocks, and the variation range in crystallization pressure and temperature 

conditions suggest that crystallization followed magma ascent.  

(4) Fe3+/Fe2+ and Si/Al ratios suggest an increase of ƒO2 from core to rim, probably 

caused by the input of a primitive Al-Ca-Fe3+-Ti-rich liquid in the magmatic 

chamber. 

(5) Green core clinopyroxenes probably crystallized from an evolved magma that 

must have suffered episodic magma mixing events, according to the observed 

zoning patterns in minerals, mostly feldspar and some euhedral clinopyroxene 

phenocrysts, in different mantle and crustal levels. The mixing (or the 

replenishment of the magmatic chamber) is responsible for the observed 

disequilibrium features, marked by resorption, lack of growth and compositional 

zoning, poikilitic and sieved textures, among others.  
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Supplementary Material 

 

Supplementary Table 1 – P-T clinopyroxene-liquid pair according to Dr. Keith Putirka 

excel spreadsheet. Details on thermobarometers models are inside the spreadsheet. 

Supplementary Table 2 – Silica-activity barometer according to Dr. Keith Putirka 

excel spreadsheet. Whole rock model, temperatures estimates by clinopyroxene-liquid 

model was used in this table. Details on the model are inside the spreadsheet. 

Supplementary Table 3 – Olivine-liquid thermometer for the Bandeira Unit samples, 

according to Dr. Keith Putirka excel spreadsheet. Details on the model are inside the 

spreadsheet. 

Supplementary Table 4 – Petro Mode excel spreadsheet with modal calculation from 

whole rock composition and major element mass balance calculation to test the 

derivation of a daughter liquid from a parent liquid by removal of mineral phases. 
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HIGHIGHTS 

• We detail new textural petrographic, mineral chemistry and 

geothermobarometric data of green-core clinopyroxenes from Martin Vaz 

Archipelago. 

• Mineral chemistry indicates that Al-Ti-Fe3+-Ca richer rims were generated after 

an input of primitive Ca-rich magma in the magmatic chamber. 

• Resorbed olivines without melt-cpx-equilibrium probably related to hybrid 

origin. 

• Geothermobarometric data suggest a polybaric evolutionary history. 
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