Journal Pre-proof =

Journal of

South American
Earth Sciences

Green core clinopyroxenes from Martin Vaz archipelago Plio-Pleistocenic alkaline
rocks, south atlantic ocean, Brazil: A magma mixing and polybaric crystallization
record

André Leite de Oliveira, Anderson Costa dos Santos, Camila Cardoso Nogueira,

Thais Mothé Maia, Mauro César Geraldes

PIl: S0895-9811(20)30494-6

DOI: https://doi.org/10.1016/j.jsames.2020.102951
Reference: SAMES 102951

To appearin:  Journal of South American Earth Sciences

Received Date: 15 May 2020
Revised Date: 7 October 2020
Accepted Date: 7 October 2020

Please cite this article as: Leite de Oliveira, André., Costa dos Santos, A., Nogueira, C.C., Maia,
Thai.Mothé., Geraldes, Mauro.Cé., Green core clinopyroxenes from Martin Vaz archipelago
Plio-Pleistocenic alkaline rocks, south atlantic ocean, Brazil: A magma mixing and polybaric
crystallization record, Journal of South American Earth Sciences (2020), doi: https://doi.org/10.1016/
j-jsames.2020.102951.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jsames.2020.102951
https://doi.org/10.1016/j.jsames.2020.102951
https://doi.org/10.1016/j.jsames.2020.102951

Journal of South American Earth Science
Rio de Janeiro, august 21st, 2020

Author Statement

Dear Editor-in-chief,

Please find bellow the authorships contributioated to the manuscript entitled “Green-
core clinopyroxenes from Martin Vaz ArchipelagooPRleistocenic alkaline rocks, South
Atlantic Ocean, Brazil: a magma mixing and polybamiystallization record”, SAMES
NUMBER: SAMES-D-20-00295.

André Leite de Oliveira: conceptualization, devehmmt, validation, investigation,

original draft, formal analyzes and visualizationderson C. dos Santos:
conceptualization, methodology, investigation, tegees, data curation, supervison and
project administration. Camila C. Nogueira: invgation, supervision, review and

editing. Thais M. Maia: formal analysis. Mauro Cer@des: resources, project
administration and funding acquisition.



Green core clinopyroxenes from Martin Vaz Archipelago Plio-
Pleistocenic alkaline rocks, South Atlantic OcearBrazil: a magma
mixing and polybaric crystallization record

2André Leite de Oliveirat’Anderson Costa dos Santd$Tamila Cardoso Nogueira;
4Thais Mothé Maia*®™auro César Geraldes

'Universidade do Estado do Rio de Janeiro (UERJ)ulBade de Geologia,
Departamento de Mineralogia e Petrologia ignea (DMPao Francisco Xavier Street,
524 - 4033A, Rio de Janeiro (RJ), Brai%*, Tektos and GeoAtlantico groups, Rio de
Janeiro State University/Geobiotec, Geosciencesaibagnt, Aveiro University, 3810-
193 Aveiro, Portugal.

'aCorresponding author: andre.leite.quatis@gmail.com

ORCID: ‘https://orcid.org/0000-0001-6340-567%https://orcid.org/0000-0003-2526-
8620; ‘https://orcid.org/0000-0002-5201-2367https://orcid.org/0000-0002-5956-
6362; https://orcid.org/0000-0003-2914-2814

Abstract

The Martin Vaz Archipelago is located at the palal0°S, 1200 km away from the
Brazilian coastline and is composed of Plio-Plaistoc alkaline rocks that represent
the last volcanic event of the Vitéria-Trindade g&d The Archipelago is divided into
three main units: Pico das Gaivotas Unit (i) is ema@ of nosean-phonolite and phono-
tephrite domes and tephri-phonolite dykes with apyroxene, nosean and potassic
feldspar phenocrysts, and scarce kaersutite anhgueaocrysts; the Bandeira Unit (ii),
in turn, comprises melanephelinitic and basanitwal flows with olivine and
clinopyroxene (diopside) phenocrysts; and lastiy Basal Unit (iii) is composed of
pyroclastic deposits with tuffs, lapilli-tuffs anapillite. The clinopyroxene phenocrysts
from Pico das Gaivotas and Bandeira Units have dmahgreen cores with sieved and
poikilitic textures and show reaction rims composd#dopaque minerals, indicating
disequilibrium and compositional changes in theiitig This study provides mineral
chemistry data indicating that clinopyroxene rimie aore primitive (Mg# 57.46 —
84.12) and enriched in Al-Ti-B&Ca compared to the Fe-rich green-cores, probably
related with a more primitive Ca-rich magma inputhe magmatic chamber after the
green-core crystallization from a different liqui@livine crystals from Bandeira Unit
show resorption features and no compositional i&ffinvith the analyzed liquid,
indicating that these crystals have a xenocrydiigirofrom mantle peridotitic source.

Clinopyroxene geothermobarometry data suggestrdiffepressure and temperature



conditions for cores and rims during crystallizatioeflecting a polybaric evolutionary
history. Pico das Gaivotas Unit clinopyroxene pluepsis suggest a particularly higher-

pressure environment, and a complex evolutionastphy.

Keywords: Martin Vaz Archipelago, Magma chamber replenishmbtdgma Mixing,
MetasomatismGreen core clinopyroxenes

1 Introduction
Green-core clinopyroxenes genesis has been intedpes a result of magma mixing
process (Dobosi & Fodor, 1992; Neumaetral, 1999), polybaric crystallization (Duda
& Schmincke, 1985; Fodoet al, 1995; Santos, 2016), increased oxygen or water
fugacity (Holm, 1982; Aurisicchiet al, 1988) or a xenocrystic origin related to the
parental peridotites magmas (Juag al, 2006). These variable origins should be
analysed by observing the relationship betweeropifroxenes and olivines with high
Mg# liquid content (Barton & Van Bergen, 1981, Fodbal, 1995; Xuet al, 2003).
Alumina contents reveal important information refyag to the depth of crystallization
and relationship between crystalline phases fromti@alerived melts. According to
Dobosi and Fodor (1992), high Al content expresbgdAl''//AI"Y and Ti/Al ratios
indicates crystallization in high pressure condisioLe Bas (1962) suggests that the
alumina content in clinopyroxenes increases withdtkalinity of the magma together
with Ti and Fe (Barberet al, 1971). Related to that, under conditions of fpghssure
and solid-liquid equilibrium, Al atoms enter in tloetahedral sites in the forming

compatible mineral phase.

Martin Vaz Archipelaqgo is locateda. 1200 km off Brazilian coastline in the parallel

~20° S and it represents the last volcanic expvasef the Vitéria-Trindade Ridge

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

unit containing pyroclastic deposits covered byhaipitic lava flows, that sometimes
shows interbedding. These lava flows (Bandeira Ufit49 + 0.08 — 0.63 + 0.12 Ma;
Santos, 2016) are composed of two faciologicalsunit) olivine basanite and (2)

melanephelinite. Bandeira Unit is cut by Pico dasmv@tas Unit (0.64 + 0.08 Ma -

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

phono-tephritic dykes.

The present work details petrographic features, emin chemistry and

geothermobarometry data of qgreen core clinopyroxefimm Plio-Pleistocenic




nephelinitic and phonolitic rocks from Martin Vazam Island to access information

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

peralkaline magmatism in the Brazilian territory.
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Figure 1: Localization of the Martin Vaz Archipelago, in theontext of Vitoria-
Trindade Ridge at the parallel 20° south, 1200 Kwayafrom the Brazilian Coastline
(data ETOPO-NOAA, Amante & Eakins, 2009; GoogletE#&ro).

2 Brief considerations on Martin Vaz Island geology ad petrology
There are few publications about Martin Vaz geolaggce the archipelago is difficult
to be accessed. The first detailed scale map (0)5@8s made by Santes al. (2015,
modified in Figure 5), which separated the lith@gpnto four units: (i) the Basal one,
composed of pyroclastic deposits (tuffs, lapillifsuand lapillite), (ii) nephelinitic flows
(Bandeira Unit) that occurs interbedded with theoplastic deposit and it has a
petrographic distinction into two facies: olivinadanite and melanephelinite, and (iii)
phono-tephrite/nosean-phonolite domes named as HBa® Gaivotas Unit with
associated tephri-phonolite dykes, predominantigiataon the main island, also
observed on the North and South islands and PisoAdmilhas islet (Santost al.,
2015).
Scorza (1964) first described the alkaline rock#laftin Vaz Island as ankaratrite and
hatlynite. Cordanet al. (1970) obtained the first K-Ar ages from the sabhecks

described by Scorza (1964), with one absolute &ga. 60 Ma for the ankaratrite, but

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

thanca. 0.73 Ma for the haylnite. Santos & Marques (2083fuired isotopic dating
using U-Th-Ra and Th-Ra-Th methods and vielded afiabout 300 Ka. Santos (2013;




2016) and Santost al. (2015) obtainedAr/*°Ar ages between 0.49 + 0.08 Ma and
0.63 + 0.12 Ma for the Bandeira Units, and 0.64@80Ma for Pico das Gaivotas Unit.
Marqueset al. (1999) and Siebekt al. (2000) presented studies of whole rock

geochemistry, mineral chemical analysis and NdrrPb isotopic data for Martin Vaz

Island. Marque®t al (1999) studied one phonolitic sample from thandl related to

the Pico das Gaivotas Unit. Sielstlal (2000) presented data for a basanite sample

from Martin Vaz that can be related to the Band&irdat described here. Based on

radiogenic isotopes, both works suggest that Maviz rocks were generated with
contribution from either depleted mantle (DMM orNNORB) and enriched mantle
(EM1 or HIMU) with minor contribution of HIMU, FOZOand C components.
Nevertheless, Marquest al. (1999), analyzing the decoupling between Sr-Ndoiget

and Rb/Sr — Sm/Nd ratios, suggested the involveroeatmantle metasomatic process

with contribution of continental lithospheric mantiSiebelet al. (2000) proposed the
participation of oceanic lithosphere in the proceiige to the moderately high

2Ppf%Ph content. The aforementioned works also cormlate primitive melt

generation, that evolved by fractional crystaliiaat to the garnet-lherzolite stability
field.
Santos (2013; 2016) and Sang&isal. (2015; 2018a) defined the evolution of Bandeira

and Pico das Gaivotas Units rocks as a slow protessultiple-staged magmatic

chamber, as suggested by the occurrence of milicnetoned clinopyroxene

phenocrysts presenting anhedral green-cores, sosgtrownish and yellowish cores
(Fe and Al rich variations). According to thesehaus, the lavas from this archipelago
were derived from low degree of partial meltingd@®) of a metasomatized volatile-

rich garnet-lherzolite mantle source mixed with arenprimitive_carbonatitic Cé&xich

magma in the sub oceanic lithosphere.

3 Whole-rock geochemistry compiled data
The lithogeochemical data here presented were dedhfstom Santos (2013; 2016) and
Santoset al. (2018a) totalizing sixteen samples (MVA-01, MVA-G4VA-03, MVA-
04, MVA-05A, MVAO5B, MVA-06, MVA-07, MVA-08, MVA-09A, MVA-09B,
MVA-10, MVA-11, MVA-12, MVA-13 and MVA-14) from lihotypes presented in

Martin Vaz main Island. CIPW norm was calculatedings Hollacher’'s excel

spreadsheets and is presented in Table 1 and musedki classification according to Le
Baset al, (1986) and criteria described in Le Maitre (2005




Bandeira Unit (BU) — Alkaline rocks from BU have Sp@ontent ranging from 38 to
40 wt.%, MgO from 8 to 15 wt.%, Tigdrom 3 to 5 wt.% and FOs content from 0.84 to
1.69 wt. %. The samples from Bandeira unit aresdiesl as_foidite (Le Ba®t al,
1986; Fig. 2A). Seven samples of this unit (MVA-08YA-04, MVA-07, MVA-09A,
MVA-09B, MVA-11, and MVA-14) are classified as makphelinites (Santost al,
2018a), because they have less than 20% of nomnaépheline and less than 5% of
normative albite (Le Bast al, 1986; Table 1). Samples MVA-10, MVA-12 and MVA-

13 have less than 20% of normative nepheline ane fimn 5% of normative albite

(Table 1), containing olivine phenocrysts and dfassas olivine basanite.
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Figure 2: A) TAS classification diagram according to Le Bes al. (1986). B)
Multielementar diagram (normalized to primitive niiarof McDonough and Sun, 1995)
for PGU and BU from Martin Vaz Island.

Pico das Gaivotas Unit(PGU) — Alkaline rocks from PGU show higher cornteh
SiO, - 46 to 52 wt.% and low content of MgO rangingnir®.23 to 2.12 wt.%; Ti®
ranges from 0.50 to 1.58 wt. % angOR from 0.08 to 0.78 wt. %. The PGU rocks are
classified as phono-tephrite/tephri-phonolite am$aan-phonolite, according to TAS
diagram (Le Bas et al., 1986; Figure 2A). Multiertar diagram (Fig. 2B) shows

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

(PGU — grey lines) reflecting variations in the stalline phases (PGU - apatite and

titanoauqite, presenting P and Ti negative anomdior example).




Table 1 — Summarize CIPW norm for Martin Vaz rocks. Datzading to_Santos
(2013; 2016) and Santes al.(2018a).

Normative Bandeira Unit Pico das Gaivotas Unit
Tephri-phonolite/ Phono-tephrite

Minerals Melanephelinite  Olivine basanite Nosean-phonolite dome: 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 271 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 melanepitelisamples (MVA-03, MVA-04
and MVA-09A) and one PGU dome sample (MVA-08) wenealyzed. Core/rim
differentiation was made through petrographic défees such as crystal shape, color,

and texture. Analyses were made by electron miokmprtechnique using the ARL-
SEMQ probe from North Carolina State University (Sl@) and JEOL JXA-8283 from
the Universidade Federal do Rio de Janeiro (UFRJjhe NCSU analyses, olivine,
clinopyroxene, orthopyroxene, plagioclase, microgliand chromite were used as
reference minerals supported by the Smithsoniatitdies in addition to Ni- containing
synthetic diopside. An electron beam of 1-2 mm ianteter was used for each 10
second counting cycle per peak and bottom analygpesating at accelerated voltage of
15 KeV and 0.015 mA beam current. The analyzesopedd at the Electronic
Microprobe Laboratory of the Department of GeolagyUFRJ (LabSonda) had the
analytical conditions of 15 KeV voltage, 20 nA filant current and 1 mm diameter
beam. Sanidine, olivine, orthopyroxene, clinopyrexekaersutite and ilmenite were the
reference minerals used in the quantitative analyse

For the geothermobarometry study, the less anhedmsatals, with exception of

constant anhedral green (brownish)-cores wereteeléo achieve the most trustworthy

crystal-liquid pair, nevertheless, these data ate1®0% in equilibrium as showed in

CPX-liquid predicted and measured in Fig. 8.




Excel® tables obtained from the Gabbrosoft's webglittps://www.gabbrosoft.org/)

were used to calculate end-members and FeO as@; [s¢oichiometric estimations.
Molecular composition was obtained through Putirkgothermobarometry excel table,

available in _http://www.fresnostate.edu/csm/eesitgestaff/putirka.html. Pyroxene

classification is based on Morimogb al (1988).

Clinopyroxene thermobarometer was based on Pwgifkand T estimations (equations
31 for pressure and 34 for temperature; see Putirkd, 2008 and Neave & Putirka,
2017 for details) which were developed for volcasystems. This model can be used

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

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

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

in the structure of clinopyroxenes and produce anddrd error of = 1.4 Kbar.
Equilibrium value between crystal and liquid iswased following values according to
Roeder & Emslie (1970) of §{Fe-Mg) ™" = 0.27 + 0.03. Differences between
predicted and measured DiHd, EnFs and CaTs componén Martin Vaz

clinopyroxenes approaches to zero. The composdfopyroxenes was selected from

those whose sum was greater than 100% wi® Bontent of about 0.0 wt. % on the

basis of six oxygen as presented in Lonagiral (2008).

To verify clinopyroxene pressure estimates, silictvity barometer was utilized

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

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

clinopyroxene-olivine paragenesis. The same cormganvas made with olivine-liquid

thermometer (Putirka, 2007), to ratify Bandeiratuivine crystallization temperature.

5 Results
5.1 Petrography
5.1.1 The Bandeira Unit (BU)
This unit consists of melanephelinites and oliviresanite showing hypocrystalline
matrix and porphyritic texture with phenocrysts afvine and pyroxene showing

various sizes, even though clinopyroxene phenceryst rare or completely absent in

the olivine basanite. Olivine phenocrysts have aid tmm, are anhedral or subhedral,

and show resorption features (Fig. 3A), poikilitexture and a weathered film of
iddingsite is present. The matrix consists of felds, feldspathoids (mainly nepheline),

perovskite and glass (less common). The accessiograts include titanomagnetite (as



determined by backscattering) disseminated in tlarimnas micro phenocrysts or

included in the olivine and pyroxene phenocrystsyracterizing a poikilitic texture.

5.1.2 The Pico das Gaivotas Unit (PGU)
PGU is characterized by tephri-phonolite/phono-téphand nosean-phonolite domes
and phono-tephrite dykes with phenocrysts of nosead sanidine, and micro
phenocrystals of nepheline, clinopyroxene, titamitel kaersutite (Figs. 3B and 3C).
The matrix is holocrystalline, composed of feldspand feldspathoids (mainly
nepheline) and show magmatic flow texture. Apatted titanomagnetite comprise
accessory minerals. Nosean crystals are hexagorsjuared, euhedral or subhedral
with about 0.66 mm in size (Fig. 3D). These crysfakesent zeolitization, sericitization

and opaque reaction rims, as well as poikiliticttiesx with titanomagnetite and apatite

inclusions, sometimes presenting needle-like forms.

Figure 3: A) Resorbed olivine phenocrysts from Bandeira Unglanephelinite. B)
Sanidine phenocryst from phonolitic domes, Pico @as/otas Unit. C) PGU sample -
Kaersutite phenocryst with opaque inclusions, nogggenocrysts and cpx and titanite
micro phenocrysts from nosean-phonolite neck. Dsddm phenocryst with apatite
inclusions and cpx microphenocrysts from Pico dasv@as phonolitic domes.



Abbreviations such asi — olivine,sa— sanidinekrs — kaersutitegcpx — clinopyroxene,
tnt — titanite andhos— nosean. A, B crossed polarizers, C, D paratidnzers.

Figure 4 presents Martin Vaz Archipelago geologi@pnmodified from Santost al
(2015), with the Bandeira Unit distinction in olv basanite and melanephelinite

faciological units.
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Figure 4: Martin Vaz simplified geological map modified froBantoset al (2015).
Olivine-basanite body was inferred by the localmatof the three basanitic samples
(MVA-10, MVA-12, MVA-13). Norte Island geology wasmade by photo
interpretation.

5.1.3 Clinopyroxenes
Clinopyroxene crystals occur in a wide range oésiand shapes, and in some of them
the core-rim structure is noticeable. These coresamhedral and show pleochroic
green-core, sometimes brownish green, in avera@eb6f mm in size, with sieved and

poikilitic textures containing apatite and opaqueos$tly titanomagnetite) inclusions.



The crystals rims are subhedral to euhedral, pteggrsometimes, opaque replacement
at the borders and magmatic resorption texturecatohg crystal-liquid disequilibrium
(Figs. 5A-E).

Crystals without core-rim structure often occursa$ps but also faceted, euhedral or
subhedral with an average size of 0.33 mm. They st®w magmatic resorption and
opaque replacement at the borders and they alsoeapppsometimes, as
glomeroporphyries (Fig. 5F).

- —_— e SR

Figure 5: A) Green-core clinopyroxenes with sieved and pui&iltextures and

subhedral brownish-green rims surrounded by titaagmatite. Sample from Bandeira
Unit melanephelinite. B and C) Represents greee cbnopyroxenes with sieved and
poikilitic textures with partial resorbed rim suaraded by titanomagnetite. Sample from
Bandeira Unit melanephelinite. D) Large green-adireopyroxene at the right, resorbed
olivine phenocrysts up left and opaque micro pheysis scattered all over the matrix,



from Bandeira Unit melanephelinite. E) Glomeropgmyh formed, mainly, by

clinopyroxenes with minor amount of green-core dtrites along with nepheline,
titanite and opaque minerals. Sample from PicoGkasotas Unit phonolitic domes. F)
Strongly zoned green core cpx with opaque inclssistom Pico das Gaivotas Unit
nosean-phonolite domes. All photomicrographs arelighpolarizers.

5.2Mineral Chemistry
5.2.1 Olivines

Compositions of Martin Vaz melanephelinite olivinéBandeira Unit) have slightly
differences relative to grain size. Phenocrystsastialues ranging from Fggg matrix
raging from Fe;gs and a macro phenocryst with gso Phenocrysts and macro-
phenocryst have low to high NiO contents rangingmr0.00 — 0.36 wt.%. Matrix
crystals present mid-low to very high content, wagyfrom 0.07 — 0.72. CaO contents
range from 0.00 to 0.71 wt.% in phenocrysts andrmm@benocryst and from 0.39 to

0.86 in matrix olivines (Table 2).

5.2.2 Clinopyroxenes
Clinopyroxenes of melanephelinite rocks (BU) haveeg-core (Wg_s1Emg 35F-31)
composition. The rims and intermediate points échhere as crystal mantle) of these
minerals have similar composition such as (§@Ens»-a3 F$.239) (Fig. 6). The cores of
these crystals have Mg# (100*[Mg]/[Mg + Fe]) rangiitom 44.71 to 67.97, molecular
Al composition ranging from 0.10 to 0.22 and Tifr®.03 to 0.06. The crystal mantle
has Mg# 69.10 to 75.51, molecular Al between 0dlR.B0 and Ti from 0.03 to 0.07.
Finally, the crystal rims have 57.46 — 84.12 Mg#50- 0.26 of Al and 0.03 — 0.09 of
Ti (molecular Al and Ti calculated on basis of 3O
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Figure 6: Clinopyroxene compositions from Bandeira and Rias Gaivotas Units (BU
and PGU) and classification according to Morimetal (1988).

Clinopyroxenes phenocrysts of nosean-phonolite d¢aff&U) also have green-core,
with end-members composition of (WasEmns-2s F$4.47). Mantles and rims of these

minerals show compositions (a1 Ers13s FSis19 (Fig. 6). The cores have Mg#

(43.73 —56.14); Al (0.11 - 0.21) and Ti (0.02 0®). Mantles have Mg# (62.08 -

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

(0.30 - 0.33) and Ti (0.09 - 0.1). The matrix cliyooxenes of PGU have Mg# (80.97 -
84.13), Al (0.11 - 0.26) and Ti (0.05 - 0.07). lengral, all green core clinopyroxenes
from Martin Vaz rocks are richer in FeO*, p& SiQ and poor in MgO, CaO and

Al,0O3 comparatively to the rim and mantle (Table 3; Fig.
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Figure 7: Bandeira Unit and Pico das Gaivotas Unit majomeliets (wt.% versusMg#
for Martin Vaz clinopyroxene phenocrysts.

6 Geothermobarometry

The clinopyroxene-liguid equilibrium test is bassd the difference between observed

and predicted (by regression analyses) clinopyrexeamponents (Putirka, 1999;

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

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

outlying. In other words, considering 10% deviatiminthe line acceptable (Jeffery

al., 2013), most of BU clinopyroxene analyses are nedhe equilibrium with melt,

making them suitable for thermobarometric calcolai In turn, PGU clinopyroxene

analyses show lack of equilibrium with melt and npagsent erratic thermobarometer

calculations. For this reason, we also used innoodel a liguid from which pyroxene

may have crystallized (Fig. 8; Mg@a 1.56 wt.%) replacing the whole-rock
composition from MVA-08 sample (Mg@Ga. 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 clirmy@nwe components (Putirka,
1999; 2008). One-to-one line represents the cHistald equilibrium and 10% of
deviation is assumed to be acceptable (Jeterl., 2013). All clinopyroxene analyses
of both Pico das Gaivotas and Bandeira Units wesedun this test. Whole rock
composition was used to represent the liquid. Rethtp represent whole rock
composition for PGU with MVA-04 liquid in equilibuim with cpx (see Supp. Material

1 and 4 for details).

Geothermobarometry data from clinopyroxene-liquameposition, using Neave and
Putirka (2017) model for anhydrous base indicagssure and temperature conditions
for the BU clinopyroxenes crystallization rangimgrh 10.4 — 16.1 Kbar and 1265.4 —
1336.2 °C for the green-cores; 6.3 Kbar and 1178.@or the mantle and -0.8 — 8.30
Kbar and 1101.9 — 1232.9 °C for the rim (Fig. 9Jic&activity barometer (Putirka,

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

once it shows pressure conditions at the momenhptiraitive liquid was in equilibrium

with pyroxene + olivine. This barometer indicateggsure ranging from 9 — 22 Kbar

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

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

For the PGU, we did a correction related to tha&itlqused in the calculations from

which the clinopyroxene must have crystallized. MO8 liquid has a MgO content of

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

another sample (MVA-02) liquid composition from tR&GU was used (see Supp.




Material 1 excel spreadsheet for calculations psepdin equilibrium with cpx so that

the pair crystal-liguid could fall inside the edoilum curves (Figure 8; Mg®@a. 1.56
wt.% - MVA-02).
To testify the relations between the two sample&¥/AM2 and MVA-08) a modal

calculation and a fractional crystallization test lmajor element mass balance were

made using the Petro Mode excel spreadsheet (BMaila in
http://hdl.lib.byu.edu/1877/2708; Supp. Material Bjom these tests, it was found that

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

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

mineral phases from the MVA-02 liquid compositianock with a similar composition
of the MVA-08 would be generated. Therefore, itasceptable that the MVA-02

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

Geothermobarometer data indicate pressure and tetape conditions for the PGU
clinopyroxene crystallization in equilibrium witiglid ranging from 15.7 — 24.3 Kbar
and 1033.2 — 1132.6 °C for the cpx green-cores 43.5.0 Kbar and 1004.1 — 1119.9
°C for the cpx mantles and 14.4 — 15.1 Kbar ancbI0% 1018.3 °C for the crystal rims

(Fig. 9).
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Figure 9: P and T estimates for clinopyroxene crystallizafimm their composition in
equilibrium with melt, according to Neave and Fu&if2017). Grey area represents Si-
activity pressure range to Bandeira Unit rocks i(Rat 2008). In red, P-T recalculations
for the Pico das Gaivotas Unit using a new liguidnf MVA-02 from which cpx
crystallized (MgQOca. 1.56 wt.%).



Table 2: Olivine composition table (one point per samptepf microprobe analysis with end members and diiggton 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
SiO, 39.17 39.01 39.47 39.01 40.72 40.49 40.23 39.27 .8639 39.82 40.11 39.32
Al,03 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 .0017 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 4537 1842 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
Cr,03 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 0.07 502 0.72
Total 99.34 99.08 99.71 98.79 99.79 100.69 101.23 99.37100.53 100.69 100.29 100.69
Fo 81.23 80.71 82.40 81.57 87.51 86.37 83.15 85.34 .0681 77.69 85.12 81.23
Fa 18.39 18.90 17.38 18.08 12.27 13.34 16.52 14.38 .3218 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




Table 3a: Clinopyroxene composition table from microprobalgsis with end members calculation. Continue ®rtbxt page.

SiO,
TiO,
Al,03
FeO*
MnO
MgO
CaO
Na,O
Cr,03
NiO
Zn0O

Total

En

Fs

MVA-03 (BU) MVA-09A (BU)
core core core core core core rim rim core matrix matrix matrix
47.11 49.74 50.76 50.76 50.07 50.53 49.46 47.09 49.93 48.06 49.71 52.82
2.17 0.92 0.56 0.60 0.68 0.62 0.97 2.48 0.89 2.43 2.32 1.69
4.86 2.67 2.24 2.21 2.47 2.49 3.52 5.63 4.44 6.09 4.30 2.57
15.26 16.55 16.29 16.04 15.74 14.68 12.79 9.95 8612. 5.79 5.22 5.08
0.02 0 0 0 0 0 0 0 0.53 0.08 0.09 0.10
7.46 7.51 7.73 7.87 7.68 8.83 9.69 10.98 9.24 43.8 14.88 15.53
20.56 18.84 18.79 18.94 19.36 20.5 21.34 22.54 8719. 22.78 22.30 22.79
1.94 2.81 3.09 3.00 2.81 2.32 1.74 1.13 1.89 0.59 0.57 0.55
0.02 0 0.01 0.01 0 0 0.02 0 0.03 0.45 0.04 0
0.02 0 0 0 0 0.01 0 0.03 0 0 0 0
0.03 0.09 0.04 0.08 0.07 0 0.01 0 0 0 0 0
99.50 99.18 99.54 99.55 98.91 100.01 99.58 99.86 99.69 100.16 99.46 101.17
48.14 44.88 44.70 44.89 45.95 46.53 45.27 49.54 46.45 48.93 47.31 47.13
24.32 24.89 25.60 25.97 25.39 27.89 31.55 33.60 30.05 41.31 44.00 44.65
27.52 30.22 29.68 29.12 28.65 25.57 23.16 16.84 23.50 9.73 8.67 8.25




Table 3b: Clinopyroxene compaosition table from microprobalgsis with end member calculation.

Sio,
TiO,
Al,O3
FeO
MnO
MgO
CaO
Na,O
Cr,03
NiO
ZnO

Total

En
Fs

MVA-04 (UB) MVA-08 (UPG)
core mantle rim rim rim rim rim core core core mantle mantle rim rim
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
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
243 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
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
0 0.04 0 0 0 0.02 0.04 0 0.01 0 0 0 0 0
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
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
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
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
0.02 0 0 0.01 0 0 0 0 0 0 0.01 0.03 0 0
0.05 0 0.01 0.01 0.13 0.04 0 0 0 0.09 0 0.05 0 0.01
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
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
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
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




7 Discussion

7.1Mineral chemistry correlation and Martin Vaz rocks evolution
Santoset al. (2018a) suggested that Martin Vaz magmas havesrgadffvolatile-rich
melts and/or carbonatitic liquid influence on thgénesis, which was also responsible
for the formation of secondary mineral phases (@pagtite, kaersutite and phlogopite).
Siebelet al (2000) also suggested that titanite crystalloain Trindade and Martin
Vaz phonolitic rocks must be responsible for thiatree enrichment in HFSE and
MREE and a concave downward in REE patterns. La8thSm/Yb ratios suggest that
these magmas were generated by low degree pargiinghin the garnet Iherzolite
field, as showed by Santesal (2018a).
Martin Vaz Archipelago’s olivines are highly magias(Fg7.s9 and are not related to
the green-core clinopyroxenes. Most of them halaively high CaO contents (> 0.2
wt.%) that are considered to be a near-primarynaSkge in equilibrium with mantle
peridotites that crystallized at the beginning @gmatic differentiation (Kamenetslkey
al., 1995; Di Battistiniet al, 1998). However, most of them have lows@y and NiO
contents to be related to mantle olivines. Onlystals with > Fgs have NiO contents
ca 0.4 wt.% are consistent with the mantle olivimeay defined by Takahasleit al
(1987).
The olivine equilibrium curve with primitive melt§~ig. 10 — Rhodest al., 1979)

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

equilibrium with olivine phenocrysts with higher Eontent (Fes.s;) instead of olivine

crystals with lower Fo content (9. These relationships, together with the variated

NiO content, may suggest that these crystals hdwdad origin (Xuet al, 2003) from
the highest magnesian phenocrysts, and are prob@biyle xenocrysts. The phenocryst
and matrix crystals disposition in the figure 10wever, represents chemical variation
related to factional crystallization. Thus, thesgidences point to a magma
replenishment of a primitive magma, that could gavialse idea of equilibrium for the

highest magnesian olivines.
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7.2 Cpx mineral chemistry and geothermobarometry

The contents of Al and AlY are an important key to evidence differences sgure
conditions in green-core clinopyroxenes relativeh®e mantles and rims. Martin Vaz
green-cores A and AlY contents are plotted into the Ca-Tschermak's rmbse(Ts:
CaAlLSiGs; Fig. 12) field, that is a high-pressure enviromtnéDobosi and Fodor,
1992), opposing to the mantles and rims that avdqul into the low-pressure field of
igneous rocks (“A” limit as defined by Aoki & Kugia, 1968; Fig. 11). However, the
Al content of Martin Vaz clinopyroxenes are lowerntha" content of Colimbia
Seamount clinopyroxenes from the same volcaniceriddated to the Trindade Plume
(Fig. 11A), but green-cores of Martin Vaz cpx haaesimilar A" content from

Columbia phenocrysts. Al/Ti ratios support thedéedeénces in the P values as observed



in Fig. 11B. Green-core Al/Ti ratios plot arouncetine limit 0.25 (mostly lower than
0.25) while rims Al/Ti ratios are more scattered tend to plot between 0.25 and 0.5
lines and are, in general, richer in Al and Ti (Fi@B), but in a disperse behavior that is
consistent with variations in the thermobarometgadFig. 9).

Beyond that, thermobarometric data indicate highand T conditions involved during
core crystallization. Santos (2016) suggests mages crystallization during the
ascension of Martin Vaz magmas, evidenced by vanabf P and T values of cpx
cores, mantles, rims and as well those of the malobosi & Fodor (1992) reported
the occurrence of green core clinopyroxenes withilar aforementioned features and
chemical contents, defining them as from a xenacrgsigin.

The green-core clinopyroxenes analyzed in Martia \&and have lower Mg# relative
to the rim and mantle crystals, that indicate tygut of a more primitive liquid in the
magmatic chamber being supported by the resorpgérture in olivine crystals. The
observed microscopic features such as sieved aodptéon textures support this latter
statement. Santos (2016) suggests that the dig@quih features occurred due to a
hotter and more primitive magma injection. Sucledtipns caused changes in the total
liquid composition, temperature, pressure, and abot state (Pearce & Kolisnik,
1990) and cause the crystallization of clinopyr@eeralternating growth/dissolution
(see Dobosi & Fodor, 1992 for discussions).

Lower FE*/F€” ratios in the green-cores (Fig. 11C) can indieaténcrease in f{hat

is supported by the decreasing in Si/Al ratios ol=# in the clinopyroxene rims and

mantles (Fig. 11D), as suqggested by Mollo & Vond1@) experiments. The

substitution for titanomagnetite in the outer cajstrims also indicates an increase in
fO, and an oxidized environment. This increase in exyfugacity corroborates with
the idea of magma mixing contribution as procespaasible to the Al-Ca-B&Ti-rich

rims crystallization.
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Figure 11: A) Atomic proportion of A" and A" in comparison with Colimbia
Seamount clinopyroxenes (data from Santos, 2016).life represents the Ca-
Tschermak's molecule (CaAliOs) which is a high-pressure field. The line A regmes
the limit of igneous pressure environment (Aoki &sdfiro, 1968). B) Atomic Abra
versusTi; lines represent Ti/Al ratios. C and D) Respedy, F€*/Fe" and Si/Al ratios
against Mg#.

The equilibrium diagram (Fig. 12; Rhodest al, 1979) shows a progressive
approximation to the melt equilibrium from greerreeto rims and cpx presented in the
matrix (microphenocrysts) in BU. In PGU domes, heere the cores are closer to the
equilibrium because these rocks became more evolfeat rims crystallization,

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

have caused the evolution by fractional crystdilira even with the primitive magma

replenishing such as suggested by Mg# contentinomyroxenes (corea. 30 and rim

ca. 70). Regarding to this equilibrium relationshipe suggest that after green-core
crystallization, a more primitive and Ca-rich liquentered in the storage causing
resorption and sieved textures (Fig. 5). Afterwamsntle and rim were crystallized
with progressively enrichment in Mg# values causgddiffusional re-equilibration
between Fe and Mg (Chemal.,2018).

On the other hand, PGU rocks have MgO 0.6 wt.% t(i3aat al, 2018a), a very low
MgO content to crystallize cpx with the observedmposition. Analyzing the

equilibrium test (Fig. 9), cpx from PGU rocks aratlming the one-to-one curve,




indicating that these crystals crystallized froiferent liquid, with at least Mg@a.
1.56 wt.%.
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Figure 12: Mg# values in clinopyroxene phenocrysts and matarsusMg# liquid
values for Martin Vaz rocks (points with ~12 Mg#q(id) is from PGU samples).
Dashed lines (after Rhodest al, 1979) denote the equilibrium curves between
clinopyroxenes and melt that calculated by usin§eaMd™"@ Ky of 0.26 + 0.05
(Akinin et al, 2005).

7.3Evolution of magma chamber model
The lower Na contents in mantles and rims can Ipéagxed by competition for Na with
other groundmass mineral phases like nephelinefalddpars during crystallization
such as suggested by Dobosi & Fodor (1992). M#rél (2010), however, suggested
that the percolation of sodium-rich metasomaticdflun garnet-lherzolite source can
produce green-core clinopyroxenes rich in iron wighto 20% of aegirine component.
Junget al (2006) reported the origin of green-cores in pgrees with deep-level
crustal contamination and that higher content of K& Na and Ti/Al ratios are
indicative of high-pressure and that the studiesedadicates deep crust storage and
polybaric differentiation (Duda & Schmincke, 1985).



The chemical composition of Martin Vaz clinopyroggohenocrysts are similar in each
unit, indicating that they had the same sort of maigc process, such as polybaric
fractionation. It can be said, according to geati@yarometry data (Fig. 9), that these
minerals crystallized in variable depth and, coosedjy, variable pressures and
temperatures. Furthermore, olivine-liquid geothematers indicates that these minerals
crystallized at ~1448.6 °C (Putirled al, 2007 — Table 2), in agreement with cpx-liquid

thermobarometer. Silica-activity barometer is atsagreement with cpx-liquid model,
reveling 9 — 23 Kbar for BU (Fig. 9).

The high-pressure environment for PGU cpx sugdésisthese crystals crystallized in

a variable depth range and evolved by fractiongdtatlization with a longer residence

period in the magmatic chamber enabling strong edEmModifications.

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

possible to estimate a model for genesis and awalaf their magmas. Olivine crystals
in Bandeira Unit have distinct compositions relatedize variation (micro, pheno and
macro phenocrysts — Table 2). According to the queaphic analyses, the macro
phenocrysts show occasionally magmatic resorptiadjcating instability due to

disequilibrium with the liquid (Fig. 3A and Fig. 10Green-core clinopyroxene crystals
with disequilibrium texture surrounded by opaguésniagnetite) and their brownish

pleochroic rims represent chemical distinction lestiwmore evolved fassaitic cores and

less evolved rims such as discussed throughoutettie indicating a physicochemical

change in the system.

These characteristics suggest a history of magméenishing in multiple-staged

magmatic chamber. The green-core clinopyroxeneg laagenesis related to a more
evolved magma in disequilibrium with a more priwetiliquid that replenished the

magmatic chamber. This event has caused the stesugption of the cores and then
favored the crystallization of Mg# richems, in which the composition is similar to the
clinopyroxenes micro phenocrysts presented in tagix(Fig. 13).



¥
&
A B p

Magma chamber

\

Gases present
at the top

cpx
e 0%,
32

Mafic and ultramafic cumulates
’ / 5 I
Primitive magma
i entering the magma chamber

Figure 13: A) First green-core clinopyroxene crystallizatiestage from an evolved
magma. B) Input of primitive magma into the magnieamber that originated the
clinopyroxene rims and, possibly, other mineral g@safrom fractional crystallization,
until the equilibrium with phonolitic liquid compi®n is reached (modified from

Fodoret al, 1993).

The data presented in this work show a complexutiolary history for Martin Vaz

magmas, involving polybaric crystallization, magm&ing and solid phase resorption,
as well as fractional crystallization and densitiffedentiation that is probably

responsible for the faciological variation of medghelinite and olivine basanite lava

flows.

8 Concluding remarks

The Martin Vaz Archipelago magmas have a complestutnary history recorded in

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

melanephelinites, olivine basanite, phono-tephritephri-phonolite  and nosean-

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

poikilitic textures, resorption and compositionanmg, we can conclude some topics

from this geological history:

(1) Bandeira Unit has reliable thermobarometer datghawn by the predicted and

observed component equilibrium tests. However, Ries Gaivotas Unit




clinopyroxenes are in disequilibrium with the arra&g liguid and must have

crystallized from a different liquid with MgO > B5wt.%. Therefore, PGU

clinopyroxenes have a xenocrystic origin from aslesolved liquid such as

calculated previously (MgO - 1.56 wt.%).

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

assemblage in equilibrium with mantle peridotit€Eeey are not in equilibrium

with the analyzed liguid and must have been crystal from more

differentiated magmas.

(3) Green-core clinopyroxenes have highef' Alontent and lower Ti/Al ratios than

rims, characteristics that are in agreement wigénrttobarometer data, indicating

that the green-cores crystallized in higher pressanditions. These different

pressure conditions configure polybaric crystatlma events to Martin Vaz

rocks, and the variation range in crystallizatioregsure and temperature

conditions suqggest that crystallization followedgma ascent.

(4) FE'Fe?* and Si/Al ratios suggest an increase op fidm core to rim, probably

caused by the input of a primitive Al-Ca¥-di-rich liquid in the magmatic

chamber.

(5) Green core clinopyroxenes probably crystallizednfran evolved magma that

must have suffered episodic magma mixing eventording to the observed

zoning patterns in minerals, mostly feldspar anches@uhedral clinopyroxene

phenocrysts, in different mantle and crustal levelfie mixing (or the

replenishment of the magmatic chamber) is resptmnsibr the observed

disequilibrium features, marked by resorption, la€kirowth and compositional

zoning, poikilitic and sieved textures, among asher
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Supplementary Material

Supplementary Table 1- P-T clinopyroxene-liquid pair according to Dr.itkePutirka
excel spreadsheet. Details on thermobarometersimaeinside the spreadsheet.
Supplementary Table 2— Silica-activity barometer according to Dr. Keiutirka
excel spreadsheet. Whole rock model, temperatigtgmages by clinopyroxene-liquid
model was used in this table. Details on the madeinside the spreadsheet.
Supplementary Table 3— Olivine-liquid thermometer for the Bandeira Usé@mples,
according to Dr. Keith Putirka excel spreadsheetails on the model are inside the
spreadsheet.

Supplementary Table 4— Petro Mode excel spreadsheet with modal calonldtom
whole rock composition and major element mass loalacalculation to test the
derivation of a daughter liquid from a parent ldjby removal of mineral phases.



HIGHIGHTS

We detal new textural petrographic, mineral chemistry and
geothermobarometric data of green-core clinopyroxenes from Martin Vaz
Archipelago.

Mineral chemistry indicates that Al-Ti-"**-Ca richer rims were generated after
an input of primitive Carrich 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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