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RESUMO

A regido de back-arc continental da Patagbnia oferece a oportunidade de estudar a
composicdo do manto terrestre, pois amostras de xenolitos mantélicos trazidas a
superficie por lavas basalticas. Ambas fornecem valiosas informagdes sobre a fonte,
bem como dos processos metassoméaticos que promovem heterogeneidades
geoquimicas e isotdpicas no manto subcontinental. Com o objetivo de compreender a
génese e a contribuicdo de agentes metassomaticos em amostras de xenolitos
mantélicos e de basaltos alcalinos, o presente estudo reporta novos dados
geoquimicos, idades K-Ar, isétopos de Sr-Nd-Pb e is6topos de gases nobres.

Com base nas composi¢cdes mineralégicas, geoquimicas e isotopicas (Sr-Nd-Pb), o
primeiro manuscrito desta tese propde dois novos grupos de basaltos datados do
Cenozoico com assinatura intraplaca, Grupo | e Grupo Il. A area de estudo esta
amplamente distribuida através do back-arc continental da Patagbnia. Os basaltos do
Grupo | séo resultantes de baixos graus de fuséo parcial (<3%) a partir de uma fonte
astenosférica com flogopita estavel na zona de estabilidade de granada-peridotitos
(113-134 km) com razdes isotopicas de Sr-Nd-Pb representativas de OIB depletado.
Essas caracteristicas sugerem que o vulcanismo intraplaca tem relagcdo com
anomalias composicionais (‘wetspots”), o que poderia estar relacionado a uma
anomalia térmica abaixo da Patagonia (Tp = 1400-1563°C). Por outro lado, sugerimos
que a fusdo parcial (5-10%) de veios piroxeniticos proximos ao limite litosfera-
astenosfera (89-94 km) foram capazes de produzir as caracteristicas geoquimicas e
isotépicas de manto enriquecido (EMI) observadas nos basaltos do Grupo Il sem a
influéncia de anomalia térmica (Tp = 1305-1364°C). Em geral, a quantidade de
componentes derivados da placa diminui em direcdo a leste, refletindo variacéo
geoquimica a partir da distancia do arco vulcanico.

O segundo manuscrito apresenta novos dados geoquimicos e isotépicos (Sr-Nd-Pb)
de amostras de espinélio-lherzolitos e de seus basaltos hospedeiros. A area de estudo
é representada por um fluxo de lava proximo a cidade de Coyhaique, back-arc chileno.
Essa ocorréncia € uma das mais proximas da margem convergente, estando a ~320
km da fossa do Chile. A idade K-Ar obtida para as amostras do basalto hospedeiro
sdo de 54 Ma. Com base nos dados geoquimicos e isotdpicos, esse basalto alcalino
apresenta assinatura do tipo OIB (OIB-like), foi gerado a partir de baixos graus de
fusao parcial (até 6%) dentro do campo de estabilidade da granada e, provavelmente,
€ o resultado da ressurgéncia astenosférica através da abertura de uma janela

astenosférica como consequéncia da subduccdo da dorsal de Farallon-Aluk. Os
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espinélio-lherzolitos mostram caracteristicas marcantes de metassomatismo
relacionado a zona de subduccéo, tais como pronunciadas anomalias negativas de
Nb-Ta-Ti. No entanto, com base nos dados geoquimicos e isotopicos, essas rochas
requerem um SCLM heterogéneo, resultante da mistura entre um componente
depletado (DMM ou PREMA) e até 15% de componentes derivados da placa oceénica
de Aluk. O agente metassomatizante € representado por diferentes proporcdes de
liquidos resultantes da fusdo de sedimentos da fossa do Chile (até 60%) e de uma
crosta oceéanica modificada (mais de 40%).

Por fim, o terceiro manuscrito é baseado em composic¢des inéditas de gases nobres e
em novas razodes isotopicas de Sr-Nd-Pb de xendlitos mantélicos do Campo Vulcanico
de Pali-Aike e de Gobernador Gregores. Os dados isotopicos de gases nobres indicam
que o SCLM patagénico reflete a mistura entre o ar e dois membros finais mantélicos.
Os peridotitos de Pali-Aike representam o SCLM desgaseificado e intrinseco com
assinatura fortemente radiogénica/nucleogénica, como mostrado pelas elevadas
razdes de “He/*He, 2!Ne/*’Ne, e “°Ar/*5Ar comparadas a fonte de MORB. Em relacéo
aos componentes mantélicos, os peridotitos de Gobernador Gregores representam
uma mistura entre o SCLM (Pali-Aike) e o MORB. O metassomatismo de um
componente do tipo MORB pode ser observado através das composicdes isotopicas
de He e Ne, podendo ser tectonicamente explicado pela ressurgéncia do manto
astenosférico em resposta a abertura de uma janela astenosférica abaixo da
PatagOnia como consequéncia da subduccdo da dorsal do Chile. Adicionalmente,
essas rochas mostram composicoes depletadas de Sr-Nd-Pb e uma idade de 13,64 +
0,83 Ma foi obtida através de uma isécrona de Rb-Sr baseada na composicéo
isotdpica da rocha-total, clinopiroxénio e flogopita. Esses dados representam a idade
de formacado da flogopita, que € um mineral essencial para determinar a idade do
metassomatismo e sua potencial associagdo com eventos geotectonicos. Sendo
assim, é possivel relacionar a formacdo desse mineral com a colisdo da dorsal do

Chile contra a fossa do Chile e a subsequente abertura da janela astenosférica.



ABSTRACT

Patagonian continental back-arc offers the opportunity to study the mantle composition
because of mantle xenoliths brought to the surface by basaltic lavas. Both provide
valuable information about the mantle source, as well as metasomatic processes that
promote geochemical and isotopic heterogeneities in the subcontinental mantle. In
order to understand the mantle source and contribution of metasomatic agents in
samples of mantle xenoliths and alkaline basalts, this study reports new geochemical
data, K-Ar ages, Sr-Nd-Pb isotopes and noble gas isotopes.

Based on mineralogical, geochemical and Sr-Nd-Pb isotope compositions, the first
manuscript of this thesis suggests two new groups of Cenozoic Patagonian basalts
with intraplate signatures, Group | and Group Il. The studied area is widely distributed
through Patagonian continental back-arc. Group | basalts results from small degrees
of partial melting (<3%) of a phlogopite-bearing garnet peridotite mantle source at
asthenospheric depths (113-134 km) with Sr-Nd-Pb isotopic ratios that represent a
depleted OIB-like component. These features suggest a relation between intraplate
volcanism and compositional anomalies (“wetspot”), which could be related to a
thermal anomaly beneath Patagonia (Te = 1400-1563°C). On the other hand, partial
melting (5-10%) of pyroxenite veins close to the lithosphere-asthenosphere boundary
(89-94 km) were capable to produce the geochemical and isotopic features of enriched
mantle component (EMI) of Group Il basalts without thermal anomaly (Tp = 1305-
1364°C). In general, the amount of slab components decreases eastward, reflecting
across-arc geochemical variation.

The second manuscript presents new geochemical and Sr-Nd-Pb isotopic data for
spinel-lherzolites and its host basalt. The studied area is represented by a lava flow
near Coyhaique, Chilean back-arc. This occurrence is one of the closest to the
convergent margin, being ~320 km from the Chile trench. New K-Ar ages for host
basalt yielded 54 Ma. Based on geochemical and isotopic data, this OIB-like alkaline
basalt was generated by small degrees of partial melting (up to 6%) within the garnet
stability field, probably resulting from asthenospheric upwelling through slab window
within the subducting Farallén-Aluk spreading ridge. Spinel-lherzolites show marked
features of subduction zone metasomatism, such as pronounced negative Nb-Ta-Ti
anomalies. However, based on the geochemical and isotopic data, these rocks require
a heterogeneous SCLM resulting from mixing between depleted component (DMM or
PREMA) and up to 15% of slab-derived components associated to subduction of Aluk

oceanic plate. The enriched component added to the SCLM was metasomatized by
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different extents of melts from subducted Chile trench sediments (up to 60%) and
modified oceanic crusts (more than 40%).

Finally, the third manuscript is based on inedited noble gas compositions and on new
Sr-Nd-Pb isotopic ratios of mantle xenoliths from Pali-Aike Volcanic Field and
Gobernador Gregores. Noble gas data indicate that Patagonian SCLM reflects a
mixing between air and two mantle endmembers. Pali-Aike peridotites represent
degassed and intrinsic SCLM with strongly radiogenic/nucleogenic signature by higher
“Hel*He, 2Ne/??Ne, and “4°Ar/*6Ar ratios than MORB source. In terms of mantle
components, GG peridotites represent a mixing between SCLM (Pali-Aike) and MORB.
The metasomatism with MORB-like signature can be tectonically explained by
asthenospheric mantle upwelling in response to the opening of a slab window beneath
Patagonia because of Chile Ridge subduction. Additionally, these rocks show depleted
Sr-Nd-Pb isotopic data and an age of 13.64 + 0.83 Ma was obtained by Rb-Sr isochron
including whole-rock, clinopyroxene and phlogopite. This data represents the formation
age of phlogopite, which is a key mineral to determine the time of metasomatic imprint
and its potential association with geotectonic events. Thus, it is possible to associate
the formation of this mineral to collision of Chile Ridge against Chile trench, and the

subsequent opening of slab window.



ESTRUTURA DA TESE

Esta tese de doutorado tem como base trés manuscritos submetidos a
periodicos internacionais a saber: 1) Journal of Petrology; 2) Lithos; e 3) Earth and
Planetary Science Letters. Consequentemente, sua estrutura esta apresentada da

seguinte forma:

1) Apresentacéo
2) Introducgéo
3) Caracterizacao do problema
4) Obijetivos
5) Isétopos de gases nobres aplicados ao estudo de reservatérios mantélicos
6) Contexto geologico
7) Métodos analiticos
8) Analise integradora dos manuscritos submetidos
e Referéncias
e Manuscritos submetidos a periédicos internacionais de alto fator de
impacto, corpo editorial permanente e revisores independentes. E
importante ressaltar que os manuscritos apresentados nessa tese de

doutorado foram escritos pelo candidato a Doutor em Ciéncias.



1. APRESENTACAO

A presente tese corresponde ao produto final do projeto de doutorado intitulado:
“Heterogeneidade geoquimica e isotopica (Sr-Nd-Pb e gases nobres) do manto
superior patagonico: deplecdo e metassomatismo em um ambiente de back-arc
continental”. As atividades desenvolvidas durante o periodo de doutorado contaram
com as facilidades e infraestrutura oferecidas pelo Instituto de Geociéncias (IG) da
Universidade Federal do Rio Grande do Sul (UFRGS), e pelo Graduate School of
Science e Earthquake Research Institute, ambos da Universidade de Téquio. O estudo
realizado na UFRGS teve a orientagdo do Prof. Dr. Rommulo Vieira Conceigéo,
enquanto que as atividades realizadas na Universidade de Toéquio tiveram a

orientacdo dos Profs. Drs. Yuji Orihashi e Hirochika Sumino.

2. INTRODUCAO

Ao longo do tempo geoldgico, o0 manto terrestre tem registrado uma complexa
histéria envolvendo deplecéo e enriquecimento de elementos maiores, traco e terras
raras em resposta a fusdo parcial e ao metassomatismo, como revelado por estudos
de xendlitos derivados do manto de todo o mundo (e.g., Stern et al., 1999; Gorring &
Kay, 2000; Grégoire et al., 2000; Kilian & Stern, 2002; Niu, 2004; Workman & Hart,
2005; Mukasa et al., 2007; Ntaflos et al., 2007; Godard et al., 2008). Dessa forma, as
heterogeneidades observadas em basaltos alcalinos continentais, por vezes, ndo séo
facilmente explicadas pela fusdo parcial de um manto peridotitico, exigindo um manto
com heterogeneidade litolégica (piroxenitos ou eclogitos) para explicar sua
petrogénese (e.g., Herzberg, 2011). Adicionalmente, eventos metassomaticos
desempenham papel importante na composi¢cdo mineralogia e na quimica do manto,
estando o metassomatismo modal relacionado a ocorréncia de fases hidratadas (e.g.,
pargasita e flogopita), enquanto que o metassomatismo criptico esta relacionado a
presenca de fluidos ou liquidos enriguecidos em elementos incompativeis. Assim,
diferentes fontes mantélicas tém sido propostas para explicar a fonte de basaltos
alcalinos e de xendlitos mantélicos, tais como a relacdo eclogito/piroxenito
(Hirschmann et al., 2003; Kogiso et al., 2003; Kogiso & Hirschmann, 2006; Yang &
Zhou, 2013), metassomatismo modal (e.g., glimerito e/ou hornblendito; McKenzie &
O’Nions, 1995; Spéath et al., 2001; Yang et al., 2003; Pilet et al., 2005, 2008; Johnson

et al., 2005; Mayer et al.,, 2013), metassomatismo relacionado a liquidos/fluidos
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derivados da placa subductante (e.g., Gazel et al., 2011; Dyhr et al., 2013; Kay et al.,
2013), e metassomatismo relacionados a liquidos carbonatiticos (Gorring & Kay, 2000;
Dasgupta et al., 2007; Zeng et al., 2010).

3. CARACTERIZACAO DO PROBLEMA

O estudo das caracteristicas do manto, de sua heterogeneidade e dos
processos relacionados a sua evolucéo é restrito a algumas rochas de ocorréncia e
volumes limitados (e.g. magmas alcalinos) ou a pequenos fragmentos deste manto
hospedados em rochas basélticas (e.g., xendlitos mantélicos). A area de estudo (Fig.
1) estd amplamente distribuida na regido de back-arc continental da Patagbnia
(Argentina e Chile; 36°S - 52°S) e oferece a oportunidade de estudar as caracteristicas
petrogréficas, geoquimicas e isotopicas do manto sob essa regido, uma vez que seja
coberta por vulcanismo basaltico recente datado do Cenozoico, que por vezes
hospeda xendlitos ultramaficos, amostras diretas do manto superior.

Nessas latitudes, a interacdo do manto depletado com componentes
enriquecidos é possivel pela formacdo de subduccdes pretéritas e da configuracéo
atual da margem oeste da América do Sul, que € caracterizada pela subduccéo das
placas oceanicas de Nazca e Antartica sob a placa continental Sul-americana.
Portanto, o limite convergente andino favorece a fertilizacdo da cunha do manto
através da introducdo de sedimentos terrigenos/pelagicos, fluidos ricos em H:20,
crosta oceanica (alterada ou nao), e liquidos adakiticos. Outro processo tectdnico,
com importante participacdo na evolucdo geoquimica do manto patagénico durante o
Cenozoico, é a colisédo de dorsais oceanicas, tais como a de Farallon-Aluk durante o
Paleoceno-Eoceno e atualmente a do Chile. Em ambos os casos esse fendbmeno teve
a abertura de janelas astenosféricas e a consequente ressurgéncia do manto
astenosférico como resultado.

Estudos prévios realizados a partir de dados geoquimicos e isotdépicos em
amostras de xendlitos mantélicos (litosfera) (e.g., Stern et al., 1999; Gorring & Kay,
2000; Laurora et al., 2001; Rivalenti et al., 2004, 2007; Bjerg et al., 2005, 2009;
Conceicgéao et al., 2005; Schilling et al., 2005, 2008; Ntaflos et al., 2007; Gervasoni et
al., 2012; Dantas et al., 2009; Jalowitzki et al., 2010; Bertotto et al., 2013; Faccini et
al., 2013; Mundl et al., 2015) e de basaltos alcalinos (litosfera/astenosfera) (e.g., Stern
et al., 1990; Ramos & Kay, 1992; Gorring et al., 1997, 2003; Espinoza et al., 2005;
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Guivel et al., 2006; Kay et al., 2004, 2006a, 2007, 2013; Jalowitzki et al., 2008;
D’Orazio et al., 2000, 2004; Bruni et al., 2008; Bertotto et al., 2009; Varekamp et al.,
2010; Dyhr et al., 2013; Sgager & Holm, 2013; Sgager et al., 2013, 2015; Massaferro
et al., 2014) tém mostrado que processos metassomaticos exercem importante
contribuicdo na mineralogia e na assinatura geoquimica do manto da Patagbnia, que

€ bastante heterogéneo.
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Figura 1. Mapa da localizacdo da area de estudo (modificado de Stern et al., 1990) mostrando o sul da
América do Sul na sua configuracgado tectbnica atual. A regido de coleta das amostras estéa indicada por
nameros: De la Laguna (1), Agua Poca (2), Huanul (3), El Mojon (PM4), Ingeniero Jacobacci (5),
Aznares (6), Estancia Alvarez (7), Prahuaniyeu (8), Matilde (11) de los Chenques (12), Laguna Ana
(14), Estancia Brazo Norte (16), Cueva de Fell (17), Laguna Timone (18), Cerro Redondo (22),
Gobernador Gregores (23), Coyhaique (25).

4. OBJETIVOS

A geoquimica de elementos, bem como o estudo isotopico de Sr-Nd-Pb (e.qg.,
Zindler & Hart, 1986; Hart et al., 1992; Workman et al., 2004; Stracke et al., 2005;
Jackson & Dasgupta, 2008; Salters & Sachi-Kocher, 2010; Hanyu et al., 2014), e de
gases nobres (e.g., Sarda et al., 1988; Hiyagon et al., 1992; Dunai & Baur, 1995;
Burnard et al., 1997; Moreira et al., 1998; Trieloff et al., 2000; Hopp et al., 2004; Buikin
et al., 2005; Gautheron et al., 2005; Sumino et al., 2006, 2010; Parai et al., 2009, 2012;
Tucker et al., 2012; Tucker & Mukhopadhyay, 2014), sdo poderosas ferramentas na
identificacdo de reservatérios mantélicos e de agentes metassomaticos. Portanto, com
o intuito de fornecer informacdes sobre a fonte mantélica, condi¢cbes de presséo e
temperatura, grau de fusdo parcial, assim como da contribuicdo de eventos
metassomaticos de diferentes por¢cées do manto da Patagonia (litosfera/astenosfera),
serdo apresentamos dados de elementos maiores e tracos, juntamente com idades K-
Ar e composicdes isotopicas nos sistemas Sr-Nd-Pb e gases nobres.

Cabe ressaltar que estudos prévios envolvendo a aplicacdo de is6topos de
gases nobres em amostras de xendlitos mantélicos da regido de back-arc continental
da Patagbnia sao escassos e se limitam a publicacdo de uma tese de doutorado que
apresentou dados is6topos de He em apenas 6 amostras do campo vulcanico de Pali-
Aike (Bruni, 2004) e de resumos em congressos cientificos nacionais e internacionais
(Conceicao et al., 2007, 2009; Jalowitzki et al., 2012, 2014), sem ainda terem sido

publicados em periddicos cientificas indexados.

5. ISOTOPOS DE GASES NOBRES APLICADOS AO ESTUDO DE
RESERVATORIOS MANTELICOS

Os isotopos de gases nobres sdo uma poderosa ferramenta na identificacdo de

reservatorios mantélicos (e.g., manto superior, manto inferior, crosta continental e
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atmosfera) devido a sua abundancia, que é muito baixa (exceto pelo Ar), ja que foram
excluidos dos materiais solidos durante a formacéo planetaria no interior do sistema
solar (Graham, 2002). Nesse contexto, xendlitos mantélicos, basaltos de cadeias
meso-oceanicas (mid-ocean ridge basalts; MORBS) e basaltos de ilhas oceénicas
(ocean island basalts; OIBs) fornecem valiosas informacfes acerca de reservatorios
mantélicos. A erupcao de lavas oceéanicas é a melhor oportunidade para o estudo de
gases nobres, pois a rapida formacéo de vidro vulcanico durante o contato com a agua
do mar favorece o aprisionamento de volateis. Alternativamente, as inclusdes fluidas
aprisionadas em feno ou xenocristais de basaltos alcalinos ou de peridotitos (e.qg.,
olivina, ortopiroxénio e clinopiroxénio) também podem ser analisadas com preciséo
para a obtencédo da composicdo dos gases nobres.

Mudancas mensuraveis nas composic¢des de is6topos de gases nobres estao
intimamente relacionadas aos processos geoquimicos que controlam a distribuicédo de
K, U e Th. A composicao isotopica de cada gas nobre é modificada pelo decaimento
radioativo de um ou mais desses elementos. A distribuicdo geoquimica de He esta
diretamente relacionada a uma produgao de particulas a por U e Th. A composigao
isotépica Ne em sistemas terrestres é modificado por processos em que o ?Ne é
predominantemente produzido quando néutrons ou particulas a colidem com atomos
de Mg e O. Ja o decaimento radioativo de “°K geralmente controla a composi¢éo
isotdpica de Ar. Pequenas quantidades de 84Kr e 8Kr foram produzidas ao longo do
tempo geoldgico pela fissdo espontanea do 238U. A producgdo de 131.132134136Xe
ocorreu ao longo do tempo geoldgico pela fissdo espontanea do 238U e do extinto 2*4Pu
(meia-vida t12 = 82 Ma), enquanto a producéo de '2°X ocorreu através do decaimento
radioativo do extinto 1?°| (t12 = 17 Ma). Em sintese, os is6topos de gases nobres séo
caracterizados por componentes de diferentes origens, tais como primordial (e.g.,
razdes enriquecidas em 3He, ?°Ne, 22Ne, %6Ar, 38Ar, 130Xe, 132Xe), radiogénica (razbes
enriguecidas em “He, “°Ar e 129Xe), fissiogénica (razdes enriquecidas em 84Kr, 86Kr e
126Xe), nucleogénica (razdes enriquecidas em 2!Ne), e cosmogénica (e.g., razées
enriquecidas em He e ?!Ne).

A concentracdo de He na atmosfera € extremamente baixa (5,24 ppm) e,
portanto, os efeitos de contaminagdo do ar que normalmente afetam as anélises dos
gases nobres pesados (Ne-Ar-Kr-Xe) estdo ausentes nesse sistema isotopico. O
manto superior, definido como fonte de MORBs, é desgaseificado e
composicionalmente homogéneo em relacdo a He (*He/*He = 8 + 1 Ra; Sarda et al.,
1988; Moreira et al., 1998) onde Ra é a razdo atmosférica atual de 3He/*He (1,4x10°)
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(Ozima & Podosek, 1983). O manto inferior, definido como fonte de OIBs, tem
natureza relativamente ndo desgaseificada e aquelas localidades relacionadas a
ocorréncia de plumas mantélicas (e.g., Havai, Islandia e Réunion) usualmente tém
elevadas razdes 3He/*He quando comparadas a MORBs, podendo chegar a 50 Ra
(e.g., Stuart et al., 2003). Entretanto, alguns HIMU-OIBs (high-u = elevado 238U/?%4Pb;
Hart et al., 1992) (e.g., Acores, Santa Helena, Mangaia, Tubuaii e Tristdo da Cunha),
apresentam razées 3He/*He inferiores a MORBs (entre 4 a 8 Ra), que refletem
elevadas razdes (U+Th)/*He na fonte. As fontes de OIB sdo mais enriquecidas em U
e Th que as de MORB, o que indica que as fontes relacionadas as plumas mantélicas
sdo enriquecidas em 3He primordial quando comparadas a MORB devido as suas
elevadas razées 3He/*He. O manto litosférico subcontinental (SCLM) é uma parte
importante do manto superior isolada do manto convectivo (MORB) e apresenta razao
3He/*He radiogénica (6 *+ 1; Gautheron & Moreira, 2002; Gautheron et al., 2005).

Os isotopos de Ne, assim como os demais is6topos de gases nobres pesados,
sdo mais abundantes na atmosfera e isso pode resultar na contaminacdo quase
inevitavel de Ne proveniente do ar em rochas mantélicas. O aumento da razao
2INe/?’Ne associado com razdes “°Ne/?*’Ne inferiores a atmosférica, juntamente com
o enriquecimento de 3He devido a exposicdo de rochas mantélicas na superficie
terrestre caracterizam a contribuicAo de um componente cosmogénico. As razdes
isotopicas de Ne definidas para MORBs, OIBs e SCLM sdo mais elevadas que a
atmosférica (*°°Ne/*’Ne = 9,8; ?!Ne/??Ne = 0,029) e formam tendéncias que sdo
interpretadas como a mistura entre a contaminacdo atmosférica e membros finais
mantélicos enriquecidos em 2°Ne e ?!Ne. Os membros finais desgaseificados (MORB,
HIMU e SCLM) mostram progressivo enriquecimento seletivo de ?!Ne [elevadas
razGes (U+Th)/?°Ne] (Fig. 2).

A razdo “°Ar/*8Ar da atmosfera terrestre é de 296 e todas as outras rochas
terrestres tém razGes mais elevadas devido ao decaimento radioativo do 4°K (ti2 =
1,25 Ga), que resulta na producéo de “°Ar. Os isétopos de 6Ar e 3Ar sédo primordiais
em sua origem e ndo tém contribui¢des significativas no interior do planeta. As razdes
38Ar/36Ar geralmente tém valores proximos a razdo atmosférica (0,188) em rochas
mantélicas.

Dados isotépicos de Kr e Xe ndo sdo comuns na literatura, pois a composi¢ao
isotopica de Kr e Xe em rochas mantélicas € praticamente a mesma da atmosfera
(atualmente). O Unico reservatorio mantélico relativamente bem definido para Xe € o
MORB (e.g., Staudacher & Allegre, 1982; Kunz et al., 1998; Tucker et al., 2012).



12

Adicionalmente, Holland et al. (2009) obtiveram dados de Kr e Xe para amostras de
gas de Bravo Dome, Novo México, Estados Unidos. Com base em analises de alta
precisao, eles sugeriram que o interior do planeta tem composicfes similares aquelas
definidas para a média de condritos carbonaceos (AVCC).

Uma série de estudos com base em is6topos de gases nobres (principalmente
isétopos de He) tem sido realizada através da analise de xendlitos mantélicos de
diferentes localidades: 1) Europa (Dunai & Baur, 1995; Gautheron & Moreira, 2002;
Gautheron et al., 2005); 2) Australia (Matsumoto et al., 1998, 2000; Czuppon et al.,
2009); 3) Estados Unidos (Dodson & Brandon, 1999); 4) extremo leste russo
(Yamamoto et al., 2004); 5) Peninsula coreana (Kim et al., 2005); 6) Asia Central
(Barry et al., 2007); 7) Tasméania (Czuppon et al., 2010).
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Figura 2. °Ne/??Ne versus 2'Ne/?2Ne. Esse diagrama mostra o nitido enriguecimento de 2'Ne em

diferentes membros finais do manto.

6. CONTEXTO GEOLOGICO

A cordilheira dos Andes se estende por mais de 7.500km ao longo da margem
oeste da América do Sul, desde a costa do Caribe (ao norte) até Cabo Horn (ao sul).
A atividade vulcanica de arco continental, entretanto, esta restrita a quatro regides
separadas a partir das variagcdes do angulo de subduccéo das placas oceanicas ao
longo da margem ativa e da presenca de dorsais meso-oceanicas subductantes: Zona
Vulcanica Norte (ZVN; 5°N - 2°S), Zona Vulcanica Central (ZVC; 14°S - 27°S), Zona
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Vulcanica Sul (ZVS; 33°S - 46°S) e Zona Vulcanica Austral (ZVA; 49°S - 55°S) (e.g.,
Ramos, 1999; Stern, 2004) (Fig. 1).

A Cordilheira dos Andes € atualmente caracterizada por um complexo sistema
de placas tectbnicas no qual as placas oceéanicas de Nazca, Antértica, Scotia e Cocos
subductam a placa continental Sul-americana com diferentes velocidades e angulos
de mergulho (Fig. 1). Adicionalmente, a margem oeste da América do Sul, na latitude
das ZVS e ZVA, foi submetida a uma vasta historia de colisbes e consequente
subduccao de dorsais oceanicas ao longo do Cenozoico, tais como a de Farallon-Aluk
durante o Paleoceno-Eoceno e atualmente a do Chile (e.g., Aragon et al., 2013;
Breitsprecher & Thorkelson, 2009; Cande & Leslie, 1986). Esses processos permitiram
a abertura de sucessivas janelas astenosféricas abaixo da Patagbnia, como registrado
pelos basaltos alcalinos de platd eocénicos da Patagbnia Central (Espinoza et al.,
2005; Morata et al., 2000; Parada et al., 2001; Ramos & Kay, 1992).

Ainda no Cenozoico, as erupcdes de grandes volumes de lava basaltica na
margem oriental da Cordilheira dos Andes deram lugar a extensos platés e a centenas
de cones monogenéticos de composicao basaltica e/ou piroclastica em um ambiente
geotectdnico de back-arc continental. Os produtos vulcanicos aflorantes no extra
back-arc andino sdo caracterizados por um volumoso magmatismo toleitico do tipo
platd, seguido por um magmatismo do tipo pés-platd, que € menos volumoso e
apresenta afinidade alcalina (Stern et al., 1990; Gorring et al., 1997). A maioria dessas
lavas, especialmente aquelas com afinidade alcalina, tem caracteristicas geoquimicas
tipicas de um ambiente intraplaca (OIB-like), com razdes isotépicas de Sr-Nd-Pb
moderadamente depletadas (Gorring & Kay, 2001).

Devido a vasta extensao territorial da Patagbnia, que de norte a sul se estende
por mais de 2000 km, e para simplificar os modelos geodinamicos propostos para a
evolucao tectono-magmatica da regido, a area de estudo sera seccionada com base
nas mais importantes provincias vulcanicas: 1) Provincia Vulcanica de Payenia (34°S
a 38°S), 2) Provincia de Somun Cura e seu prolongamento meridional (de 40°S a
45°S), e 3) PatagoOnia austral (49°S a 52°S).

O wvulcanismo de Payenia (Mioceno inferior aos tempos historicos) esta
relacionado a um periodo transitorio de subduc¢édo sub-horizontal que teve inicio a
aproximadamente 20 Ma e culminou em aproximadamente 5 Ma, quando a atividade
vulcénica se tornou progressivamente mais enriquecida em componentes derivados
de placa devido & migracéo para leste do arco vulcanico (e.g., Kay et al., 2004, 2006a-

b). Estes processos estdo relacionados com o aumento do angulo de subduccao
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durante o processo de roll-back (alivio de pressao pela inversdo do esfor¢o da placa
subductante) (e.g., Ramos & Kay, 2006; Ramos et al.,, 2014). Posteriormente, o
volumoso vulcanismo plio-pleistocénico foi associado ao aumento da inclinacdo da
placa de Nazca ap6s um periodo de subduccdo de baixo angulo, o que favorece a
ressurgéncia do manto astenosférico (e.g., Kay & Mancilla, 2001; Kay et al., 2004,
2006a-b; Kay & Copeland, 2006; Folguera et al., 2009; Germa et al., 2010; Gudnason
et al., 2012; Dyhr et al., 2013; Sgager & Holm, 2013; Sgager et al., 2013, 2015).

A provincia magmatica de Somuan Cura (41°S - 43°S) data do Eoceno superior
ao Pleistoceno (e.g., Ardolino, 1981; Orihashi et al., 2005, 2006; Kay et al., 2007) e
representa o platd de maior extensdo da Patago6nia (55000 km?, acrescido 6600 km?
das mesetas adjacentes; Kay et al., 2006a). A origem da provincia de Somun Cura e
de seu prolongamento austral tem sido atribuida: 1) as anomalias térmicas (hotspots)
transitorias associadas a dinamica e reorganizacdo da placa subductante (Kay et al.,
1993, 2004); 2) as plumas de ascensao astenosférica (asthenospheric corner flow) em
decorréncia de combinacdo de roll-back e topografia da placa com convexidade
voltada para cima (de Ignéacio et al., 2001); 3) ao afinamento litosférico extensional
atribuido a ressurgéncia da astenosfera através da formacdo de uma janela
astenosférica em resposta a mudancas na geometria da zona de subduccdo (Mufioz
et al., 2000); ou 4) a ressurgéncia de uma astenosfera hidratada causada pela fusdo
induzida pela desidratacdo da zona de transicdo do manto (Orihashi et al., 2005, 2006;
Honda et al., 2006).

Modelos petrolégicos prévios para a regido mais ao sul da Patagonia (sul de
47°S) foram propostos com base em dados geoquimicos e cronoldgicos, estando a
maioria deles relacionada com a sucessiva subduccao de diferentes segmentos da
dorsal do Chile (Chile Ridge) (e.g., Charrier et al., 1979; Stern et al., 1990; Ramos &
Kay, 1992; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001; Guivel et al., 2006;
Boutonnet et al., 2010; Espinoza et al., 2010; Ramirez de Arellano et al., 2012). Com
base em idades K-Ar, Charrier et al. (1979) definiram que ndo ha evidéncias que
relacionem o magmatismo da Meseta del Lago Buenos Aires (MLBA) com a
subduccédo da dorsal do Chile. Entretanto, de acordo com Ramos & Kay (1992), a
maioria dos basaltos de platd datados do Mioceno superior ao recente entre 46°S e
49°S tem afinidade geoquimica com basaltos do tipo OIB; e quase todos podem ser
relacionados com a abertura de janelas astenosférica em resposta a colisdo dos
segmentos da dorsal do Chile com a fossa do Chile. Para a mesma latitude, Gorring

et al. (1997, 2003) definiram que todos as lavas pés-platé (3,4-0,1 Ma) foram geradas
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apos a passagem da dorsal do Chile a aproximadamente 6 Ma, sobrepondo as lavas
de platd, que sdo de 2 a 5 Ma mais antigas. Esses basaltos mais antigos teriam
erupcionado durante ou imediatamente apos a colisdo da dorsal do Chile. Com base
nos dados geocronoldgicos disponiveis, a aproximadamente 47°S, um modelo
alternativo foi proposto por Guivel et al. (2006), onde tanto os magmas do tipo OIB
quanto os intermédios teriam sido gerados a partir de um manto astenosférico
profundo que ascendeu através do rompimento da placa oceénica (slab tear model) a
aproximadamente 15 Ma, quando os segmentos mais ao sul da dorsal do Chile
colidiram com a fossa do Chile. O modelo de rompimento de placa implica na formacéo
de uma Unica janela astenosférica subparalela a fossa, e que a atividade vulcanica
pré-data a subduccéo da dorsal do Chile. Boutonnet et al. (2010) e Espinoza et al.
(2010) estudaram a relacdo espaco-temporal entre o magmatismo bimodal na
Patagonia Central (aproximadamente 47°S). Esses autores supuseram que a
migracdo do arco vulcanico para o leste esta associada a diminuicdo do angulo de
subduccéo, seguido por uma subduccao sub-horizontal transitéria, que promoveu a
geracdo de uma hidratacdo secundaria devido a desidratacdo da placa oceéanica na
cunha do manto até 300 km a leste da presente localizacdo da fossa oceénica.
Alternativamente, Ramirez de Arellano et al. (2012) propuseram que a transi¢ao entre
0 magmatismo calcio-alcalino para alcalino, bem como a ocorréncia do magmatismo
transicional a alcalino a aproximadamente 1 a 2 Ma antes de subduccdo dos
segmentos da dorsal do Chile, ndo estao restritas ao modelo de janela astenosférica.
Eles também sugeriram que o0s basaltos transicionais refletem a diminuicdo de
componentes derivados da placa na cunha do manto, o que provavelmente esta
relacionado com a migracdo para o leste do arco magmatico durante o Mioceno. O
modelo de janela astenosférica também foi proposto para Estancia Glencross Area
(EGA) e Pali-Aike Volcanic Field (PAVF) (aproximadamente 52°S; D’Orazio et al.,
2000, 2001). Este modelo implica na ressurgéncia de uma astenosfera primitiva
através de uma janela astenosférica a aproximadamente 14 Ma como consequéncia
da colisdo da dorsal do Chile com a fossa do Chile. Em um estudo regional,
envolvendo basaltos alcalinos amplamente distribuidos na Patagbnia (34°S - 52°S),
Stern et al. (1990) dividiu essas rochas em basaltos “cratbnicos” e “transicionais”. Eles
atribuiram a geracdo dos basaltos “cratonicos” aos baixos graus de fuséo parcial de
uma astenosfera do tipo “pudim de ameixa” (“plume-pudding”), como resultado da
subduccéao da litosfera oceéanica. Por outro lado, os basaltos “transitorios” representam

a composi¢cdo geoquimica intermediaria entre os basaltos “cratonicos” e basaltos
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andinos, com a incorporacdo de componentes derivados de placa em quantidades
menores do que as observadas abaixo do arco vulcanico andino.

Suites de xendlitos mantélicos de natureza mafica e ultraméfica séo
comumente hospedadas por lavas alcalinas na regido de back-arc patagénico. Essas
amostras representam fragmentos intrinsecos do manto litosférico continental e
apresentam uma complexa historia de deplecdo e enriquecimento relacionadas,
respectivamente, a processos de fuséo parcial e eventos metassomaticos. Portanto,
essas rochas fornecem valiosas informacdes sobre a heterogeneidade mineralégica
e quimica dessa regido do planeta.

Diversas localidades da Patagdnia tém sido objeto de numerosos estudos,
estando entre as mais importantes: Agua Poca (e.g., Bertotto, 2000; Jalowitzki et al.,
2010; Bertotto et al., 2013), Prahuaniyeu (Bjerg et al., 2009), Cerro de los Chenques
(e.g., Rivalenti et al., 2007; Dantas et al., 2009), Tres Lagos (Ntaflos et al., 2007),
Cerro del Fraile (e.g., Kilian & Stern, 2002; Faccini et al., 2013), Cerro Redondo
(Schilling et al., 2005), Gobernador Gregores (e.g., Gorring & Kay, 2000; Laurora et
al., 2001; Rivalenti et al., 2004; Zaffarana et al., 2014), Cerro Clark (Dantas et al.,
2009); Pali-Aike (e.g., Stern et al., 1999; Gervasoni et al., 2012; Zaffarana et al., 2014).
Adicionalmente, alguns estudos discutiram as diferencas petrograficas, geoquimicas
e isotopicas em escala regional, onde amostras de diferentes localidades foram
comparadas (e.g., Rivalenti et al., 2004; Bjerg et al., 2005; Conceicéo et al., 2005;
Schilling et al., 2008; Mundl et al., 2015). Entretanto, a natureza e a evolucédo dos
varios dominios do manto, assim como a influéncia de componentes relacionados a

zona de subduccéo ou de liquidos de origem astenosférica permanecem em debate.

7. METODOS ANALITICOS

As atividades desenvolvidas durante o periodo de doutorado contaram com as
facilidades e infraestrutura oferecidas pelo IG-UFRGS, e pelos Graduate School of

Science e Earthquake Research Institute, ambos da Universidade de Toquio.

7.1. Amostragem

Amostras de basaltos alcalinos e xendlitos mantélicos de 17 pequenos vulcdes
extintos localizados na Patagbnia (Argentina e Chile; 36°S - 52°S) foram coletadas

durante trés campanhas de campo (2004, 2007 e 2010). A coleta de amostras foi
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realizada nas areas pertencentes as Provincias de La Pampa, Mendoza, Rio Negro,
Chubut e Santa Cruz (Argentina) e no Parque Nacional de Pali-Aike (Chile).

7.2. Preparacéo de amostras

7.2.1. Confeccao de laminas delgadas

Fatias de aproximadamente 2 cm de espessura de basaltos e de xendlitos
foram serradas e, quando necessario, impregnadas a vacuo com resina colorida para
posterior identificacdo em microscopio binocular, permanecendo na estufa a 100°C
até que toda a umidade fosse evaporada. Na etapa seguinte uma fina fatia foi
separada, lixada com lixas de distintos potenciais de desbaste (120, 220, 600, 1200,
2500 e 4000 grana), e submetida a processos de abrasdo com abrasivos de carbeto
de silicio (900 pym) e 6xido de aluminio (9,5 um). O acabamento final das laminas
(polimento) é feito com politriz com a aplicagdo de 100 rotagbes por minuto (rpm)

durante aproximadamente 5 minutos com abrasivo composto por alumina (0,3 ym).

7.2.2. Rocha total

O restante das amostras foi fragmentado, quarteado, e parte desses
fragmentos foi reduzida com auxilio de cadinho (grau) de agata e pistilo.
Posteriormente, a amostra foi submetida ao processo de pulverizagédo com a utilizagéo
de pulverizador de bolas de 4gata, que permite a obtencéo de fracdes inferiores a 200
mesh para realizacdo das analises quimicas de rocha total (XRF, LA-ICPMS e
isétopos de Sr-Nd-Pb). A rotacéo e o periodo de duracao do processo de pulverizacao

das amostras séo de 300 rpm e 30 minutos, respectivamente.

7.3. Petrografia e contagem modal

A descrigdo petrografica e dos aspectos texturais dos xenolitos mantélicos e
dos basaltos alcalinos foram realizadas com auxilio de microscopio Optico petrografico
e com analises no Microscopio Eletrénico de Varredura (MEV), com sistema EDS
(Energy Dispersive System). O MEV utilizado foi o Jeol 6610-LV, instalado no
Laboratério de Geologia Isotopica da UFRGS.
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As observacdes petrogréficas aplicadas aos xendlitos mantélicos tiveram como
objetivo principal identificar a paragénese mineral e as principais texturas, que tiveram
como base o artigo de Mercier & Nicolas (1975). As composicdes modais das
amostras de xendlitos mantélicos foram calculadas e, posteriormente, a soma das
propor¢ces minerais foi recalculada para 100%. A andlise petrografica dos basaltos
foi realizada com o intuito de determinar texturas e a assembleia mineraldgica

representativa das rochas em estudo.

7.4. Geoquimica de rocha total

Com o objetivo de correlacionar qguimicamente as rochas basalticas estudadas,
foram realizadas andlises geoquimicas em rocha total para elementos maiores, tracos
e terras raras com a colaboracédo do Prof. Dr. Yuji Orihashi (Earthquake Research
Institute, the University of Tokyo).

Os elementos maiores e as concentra¢gdes de alguns elementos (Sc, V, Cr, Co,
Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb e Ba) foram determinados por fluorescéncia de raios-X
(XRF, PW2400; Philips Japan Ltd.) e as concentragdes de outros elementos trago
foram obtidas através do método LA-ICPMS (Plasma Quad 3; VG Scienta Holdings
AB) durante os meses de setembro a novembro de 2010. O sistema de laser ablation
€ 0 UP-213 laser system (New Wave Research) de frequéncia quadruplicada Nd-YAG
UV (I = 213 nm) com comprimento de onda de 266 nm e diametro de amostragem de
40 uym. O sistema do laser foi operado na modalidade do Q-interruptor, com energia
de pulso de ~100 mJ/cm?, repeticéo do pulso de 10 Hz e ablacéo de 120 s. Em ordem,
para minimizar o fracionamento elementar durante a ablagéo, o ponto da ablag&o foi
alterado a cada 20 s, totalizando seis crateras de ablacdo com 3x2 de grade e um
intervalo de 100 um foi produzido dentro do periodo da integracao (120 s).

No caso especifico deste estudo foram adotados os padrdes JB-2 (basalto). As
pastilhas fundidas de vidro para analise de XRF foram preparadas a partir da mistura
de 1,8 g de p6 da amostra com 3,6 g de metaborato/tetraborato de litio. 0,54 g de
nitrato do litio foram adicionados como oxidante do ferro na amostra de rocha total e
misturado por trés minutos. Esta mistura foi aquecida até 1200°C durante 15 minutos
em um cadinho 95%Pt-5%Au com diametro interno de 30 mm, usado em um
amostrador automatico de pastilha de vidro fundida. O procedimento detalhado e teste
de homogeneizacao da pastilha de vidro fundida para analise de elementos maiores
na XRF séo descritas por Tanaka & Orihashi (1997) e Tani et al. (2002). A descricao
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detalhada sobre o método empregado na obten¢do dos dados por XRF e LA-ICPMS
foram descritos por Tani et al. (2002) e por Orihashi & Hirata (2003), respectivamente.

A geoquimica de rocha total das amostras de xendlitos mantélicos foi realizada
no The Earth Resources Research and Analysis (TERRA), do Departamento de
Ciéncias da Terra, Memorial University of Newfoundland, Canada. As abundancias de
elementos maiores e traco foram obtidas através da fluorescéncia de raios-X (Bruker
S8 Tiger sequential wavelength-dispersive XRF) e ICP-MS (PerkinElmer ELAN
DRCII). Os dados de XRF foram obtidos através de pastilhas fundidas, que foram
preparadas pela mistura de 1,5 g de p6é de rocha com 6,0 g de metaborato de litio e
1,5 g de tetraborato de litio. A mistura foi colocada num cadinho de platina e algumas
gotas de brometo de litio foram adicionadas como um agente umedecedor. Os
cadinhos foram entédo colocados no Leco Fluxer e aquecidos a ~850°C durante 8,5
minutos e fundido a ~1050°C durante 11,5 minutos. Dados de ICP-MS foram obtidos
por andlise de solucdo, onde 0,1 g de pé de amostra foi digerida com a técnica de
digestdo de alta pressdo desenvolvida por Diegor et al. (2001). Para esse método,
utilizam-se frascos de politetrafluoretiieno ao invés dos convencionais frascos de
teflon (Savilex®). A vantagem desse método € sua rapidez na total digestdo das
amostras, sendo realizado em apenas 4 dias, e a eficiéncia em dissolver minerais mais
resistentes, como granada e espinélio. As amostras (0,1 g cada), junto de 3 ml de
HNOs3 8 M e 2 ml HF 30%, foram acopladas as bombas de politetrafluoretileno, que
entdo foram condicionadas a uma temperatura de 200°C em um forno por 24 horas.
Depois do aquecimento, as bombas foram abertas, e sobre uma chapa quente (70°C),
a digestdo deu continuidade. Apds a evaporacdo dos primeiros reagentes, foram
realizados mais dois ciclos de ataque quimico com HNO3s sobre chapa quente e bomba
aberta. Este procedimento de digestdo durou trés dias. No final do ataque, foram
adicionados a solucéo 1,35 ml de acido oxalico (0,22 M) para complexar o Fe e outros
elementos tracos em solucéo, 0,665 ml de mistura de HF-HBr (0.1 M HF / 0,45 M HBr)
para estabilizar os elementos Nb e Ta, e acido bdrico para complexar o excesso de
ions F.

Apenas 0,5 ml das amostras dissolvidas sao entdo condicionadas em tubos de
ensaio junto de 4,5 ml de 0,2 N HNOs e mais 5 ml da solu¢cdo de padrdo interno
funcionando como um spike. Outro tubo de ensaio com mais 0.5 ml de amostra
dissolvida e 9.5 ml de 0,2 N HNOs também foram analisados. Para as analises, o
tempo de contagem total por massa foi de 10 s e 0 tempo de permanéncia por massa

foi de 0,05 s. Trés padrbées externos foram usados com diferentes elementos e com
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diferentes concentragcbes de cada um deles. Padrbes internos também foram
aplicados (Sc, Na, Re e U) com diferentes concentra¢des. O indio (In) foi usado como
padrao interno e seu sinal foi utilizado para corre¢édo do drift. A sensibilidade das
massas foi determinada por calibracbes externas. Paras as determinacdes das
massas de Nb, Ta e Mo, utilizou-se calibracdes por substituicdo (surrogate calibration)
usando os elementos Zr e Hf (Jenner et al., 1990). A aplicacao dos padrdes internos,
0 uso dos padrbes externos e a calibracdo por substituicdo séo estratégias para lidar
com os efeitos da matriz, interferéncias e o drift durante as analises. Informacodes
detalhas sobre o método aplicado encontra-se no trabalho realizado por Jenner et al.
(1990). A reducdo dos dados foi feita depois das analises, em uma planilha Excel

pertencente ao laboratorio.

7.5. Datagao K-Ar

As idades obtidas para basaltos alcalinos que hospedam xendlitos mantélicos
provenientes de 13 vulcdes extintos da Patagdnia foram determinadas através do
método K-Ar sem spike (unspiked), na qual a concentracdo do “°Ar radiogénico é
determinada por uma comparacéo direta entre a razéo “°Ar/3Ar, a intensidade de sinal
do “°Ar das amostras e do volume de Ar atmosférico volumétricamente calibrado nas
mesmas condi¢cdes no espectrometro de massa. O método pode datar precisamente
rochas mais jovens que 0,1 Ma, uma vez que permite a medicdo de pequenas
quantidades de “°Ar radiogénico e determina a composicao isotdpica do Ar inicial na
amostra por medir a razdo 32Ar/*%Ar sem assumir que a razdo *°Ar/?®Ar na amostra é
igual ao valor atmosférico atual de 296 (ver Nagao et al., 1991 e Orihashi et al., 2004).

As analises de Ar foram realizadas com o uso de um espectrémetro de massa
com linha de gas acoplada MS-IlII (modified-VG5400) no Geochemical Research
Center (antigo Earthquake Chemistry Laboratory), Graduate School of Science, the
University of Tokyo. Amostras de rocha total foram trituradas e peneiradas na fragéo
entre 60-80 mesh e tiveram os minerais ferromagnéticos removidos com uso de ima
de mao, posteriormente foram lavadas com agua Milli-Q, postas em um ultrassom por
15 minutos e, por fim, foram secas a 110°C em uma estufa. Parte da amostra (0,3-0,6
g) foi fundida a 1700°C e o gas evaporado foi purificado. As analises isotopicas de Ar
foram realizadas com uma quantidade relativamente pequena de gas Ar (<2x107cm?
STP). Se a quantidade de gas Ar extraido da amostra excede esse limite, a quantidade

7

de gas Ar é reduzida usando-se a linha de purificacdo. Incertezas sobre a
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sensibilidade do “°Ar e a razdo “°Ar/*®Ar sdo estimados em 5% e 0,2%,
respectivamente, com base em medicdes repetidas do padrdao atmosférico contendo
1,5x107cm?® STP de 4°Ar. A qualidade das idades K-Ar obtidas neste estudo foi
baseada no uso de dois padrdes de referéncia. Um deles € o YZ1, que € um basalto
quaternario do vulcdo Zao (Japao), cuja idade de referéncia obtida pelo método de
diluicdo isotopica € 0.227 + 0.009 Ma; e o outro € o Baba tuff, que é biotita com idade
de referéncia de 11.81 £ 0.10 Ma (Nagao et al., 1996).

As concentragOes de K foram determinadas na fluorescéncia de raios-X (XRF)
(Phillips PW2400) com o uso de uma aliquota da fracdo de rocha total triturada e
peneirada utilizada para a analise de Ar. As analises de XRF foram realizadas no
Earthquake Research Institute, the University of Tokyo. Maiores detalhes dos
procedimentos empregados na obtencédo dos dados sdo descritos em Nagao et al.
(1991) e Orihashi et al. (2004).

7.6. Sistemas isotépicos Sr-Nd-Pb

As andlises isotopicas em rocha total nos sistemas isotépicos Sr-Nd-Pb foram
geradas no Laboratorio de Geologia Isotépica (LGl) do Centro de Estudos em
Petrologia e Geoquimica (CPGq) - IG da UFRGS com a utilizacdo de dois
espectrometros de massa multi-coletores por ionizacéo termal TIMS (Sector 54; VG
Scienta Holdings e Triton; Thermo Scientific). As andlises de basaltos alcalinos foram
realizadas sem adicao de tracadores (spikes), pois as idades absolutas das amostras
estudadas foram determinadas atravées do método K-Ar. Entretanto, as andlises
isotdpicas de xenolitos mantélicos tiveram adicéo de spikes.

As amostras pulverizadas de rocha total (< 200 mesh) foram pesadas (0,1 g)
em frascos de teflon (Savillex®) e ainda na balanca de precisédo foram adicionadas 15
gotas de HNOs concentrado. Para realizacdo das analises de Rb-Sr e Sm-Nd foram
adicionadas quantidades especificas de spikes mistos. As analises de Pb foram
realizadas sem adicdo de spikes. Procedimentos especificos foram utilizados na
dissolucéo total das amostras (processo de “abertura®) com diferentes volumes e
concentragdes de HF, HNO3s e HCI. Apds a dissolugéo, as amostras foram diluidas em
3ml de HCI 2,5N e dispostas em tubos de ensaio.

A separacao do Rb, Sr, Sm e Nd foi feita através de colunas preenchidas por
resina de troca catibnica AG-50W-X8 (200-400 mesh) e anidnica LN-B50-A (100-150

pm) de acordo com procedimentos envolvendo HCIl. As amostras de solugbes
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individuais de Rb, Sr, Sm e Nd foram secas na chapa elétrica e depositadas com
auxilio de 2 p de HsPO4 com concentragOes especificas para cada um dos elementos
sobre filamentos simples de Ta (Rb, Sr e Sm) e triplo de Ta-Re-Ta (Nd). As razdes
isotopicas foram determinadas no modo static multi-coletor, utilizando coletores
Faraday. As razdes de Sr e Nd foram normalizadas para 2Sr/%8Sr = 0.1194 e
146Nd/144Nd = 0.7219, respectivamente.

Para as medicdes isotopicas de Pb-Pb, uma aliquota de 1 ml da mesma solucéao
de rocha total foi utilizada. A separacdo do Pb foi feita através de colunas
cromatograficas preenchidas por resina aniénica (200-400 mesh, AG1X; Bio-Rad
Laboratories Inc.) de acordo com procedimentos envolvendo HBr. As razbes
isotopicas de Pb das amostras de basaltos alcalinos foram determinadas por
espectrometria de massa com plasma indutivamente acoplado (ICP-MS, Neptune;
Finnigan MAT GmbH). Uma solu¢cdo de HNOs com 50 ppb de TI foi utilizada para
corrigir o fraccionamento de Pb durante as andlises. As razdes isotopicas de Pb para
amostras de xenolitos mantélicos foram determinadas no Triton. Nesse caso, as
solucbes de Pb foram secas na chapa elétrica e depositadas com auxilio de 2u de
silica gel e 2p de HsPO4 em filamento simples de Ta. Para os valores dos padrdes de

referéncias, veja mais detalhes nos capitulos referentes aos manuscritos.

7.7. Determinacédo de is6topos de gases nobres

As anadlises de gases nobres em xendlitos mantélicos foram realizadas em
amostras de rocha total (todos minerais que compdem a rocha) e em minerais
separados de olivina. Em ambos os casos as amostras foram desagregadas com o
uso de um gral de 4gata e a por¢cao mais superficial das amostras foi descartada com
0 intuito de evitar a contaminacdo gerada pelo contato do xendlito mantélico com o
basalto hospedeiro, pela alteracdo superficial (intemperismo) e pela exposi¢cdo das
amostras aos raios coésmicos. As amostras desagregadas foram peneiradas e
separadas em trés fracdes (0,5-1; 1-2 e > 2 mm), sendo que apenas as fracdes entre
1-2 e > 2 mm foram utilizadas para esse estudo. Apos selecionar cuidadosamente 0s
minerais sem alteracdo com auxilio de uma lupa binocular, as amostras foram
dispostas em beckers com etanol (EtOH 99,5%), levadas a um ultrassom durante 30
minutos por duas vezes e, posteriormente, foram levadas ao forno (T = 150°C) durante
24 horas. Na etapa seguinte, as amostras foram pesadas em uma balanca de precisao

(~0,5 g para analises por fusdo e ~1 g para analises envolvendo a quebra dos
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minerais; ver detalhes a seguir). No caso das amostras destinadas as andlises por

fusdo as mesmas foram embrulhadas em papel aluminio de 10 um de espessura e

dispostas no porta amostras, que comporta até 24 amostras sem gue ocorra a quebra

da condigcdo de vacuo. Aqueles minerais destinados as andlises por quebra foram

dispostos diretamente nos tubos de aco inoxidavel utilizados nos procedimentos de

analise.

A metodologia empregada nesse estudo foi baseada em trés etapas:

ii)

Analises isotopicas de He, Ne e Ar através do método de fuséo total (single
step heating). Essa etapa da pesquisa teve a finalidade de determinar a
concentracdo de gases nobres que cada uma das amostras possui {[*He],
[°Ne] e [*°Ar]}. No total foram analisadas 82 amostras representativas de
rocha total e cada amostra demorou pouco mais de 3 horas para ser
analisada. Vale salientar que essa metodologia foi empregada na obtencao
de dados em xendlitos mantélicos de Agua Poca, EI Mojon, Estancia
Alvarez, Cerro Chenque, Cerro de los Chenques, Tres Lagos, Cerro
Redondo, Laguna Ana, e Laguna Timone.

Andlises isotdpicas envolvendo todos os gases nobres (He, Ne, Ar, Kr, Xe)
foram determinadas através do método de quebra de minerais (crushing).
Nessa etapa, as localidades com a maior concentracdo de gases nobres
foram selecionadas como prioridade de estudo. Dessa forma, as 3 amostras
mais enriquecidas em gases nobres de Laguna Ana (PM14), Laguna
Timone (PM18) e Gobernador Gregores (PM23) foram selecionadas para
analise, que durou pouco mais de 4 horas para cada amostra. Nesse caso
foram aplicados diferentes nimeros de strokes (batidas) para triturar as
amostras e, consequentemente, liberar os gases que estdo aprisionados
em suas inclusdes fluidas. O numero de strokes aplicado foi de 100, 500,
1000 e 2000 (o ultimo foi aplicado diversas vezes enquanto a amostra
apresentava enriquecimento na concentracdo de gases nobres). Sendo
assim, uma mesma amostra péde ser analisada até 8 vezes. No total foram
realizadas 61 analises isotdpicas através desse método.

A terceira etapa da pesquisa levou em consideracéo os resultados obtidos
na segunda (crushing) para determinar que localidades e que amostras

deveriam ser selecionadas para que minerais de olivina fossem separados
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e analisados. A andlise de minerais separados foi necessaria naqueles
casos em que foram observadas variacGes significativas nas razdes
isotopicas de He durante os diferentes niUmeros de strokes aplicados ou
gquando amostras de uma mesma localidade mostraram diferentes
assinaturas isotopicas de Ne. Essa variacao sugere que a diferenca nas
razdes isotopicas de He e Ne esta relacionada a ocorréncia de minerais
com diferentes assinaturas isotdpicas ou a processos secundarios de
enriquecimento em 3He cosmogénico, “He radiogénico e ?!Ne cosmogénico
ou nucleogénico. No total foram realizadas 21 analises isotdpicas em

minerais separados de olivina.

Os gases nobres foram extraidos dos minerais selecionados (tamanho de
cristal > 1 mm, mas sempre priorizando a andlise dos minerais de maior dimensao)
sob condi¢cdo de vacuo através do método descrito por Nagao et al. (1996) e Sumino
et al. (2001). A extracdo dos gases nobres é realizada de duas maneiras: 1) durante
o processo de fuséo total (single step heating), onde aproximadamente 0,5 g da
amostra € completamente fundida a 1800°C; e 2) na quebra de minerais (crushing),
onde aproximadamente 1 g de amostra é depositado na base do tubo de aco
inoxidavel (crusher) e é triturada com o uso de um pistédo de niquel movido a partir de
bobinas magnéticas.

As composicdes elementares e isotopicas dos gases nobres foram obtidas
através de uma linha de gas acoplada em um espectrémetro de massa. E na linha de
gas que ocorrem as etapas de separacao dos diferentes isotopos e a purificacdo, que
consiste na eliminacédo dos gases residuais durante a andlise. Os espectrémetros de
massa utilizados nas leituras isotdpicas e € do tipo sector, versdo modificada de um
VG5400 (MS-llIl e MS-1V). A sensibilidade e os fatores de correcdo de discriminagao
de massa para o sistema de espectrometria de massa sédo determinados através da
medicdo de constantes atmosféricas conhecidas através do mesmo procedimento
aplicado para andlise de amostras. Incertezas experimentais nas concentracdes de
cada um dos gases nobres foram estimadas em 5% para He e Ar; e em 10% para Ne,
Kr e Xe com base na reprodutibilidade das medi¢des dos padrées de géas (e.g., HESJ
= He standard of Japan). As incertezas admitidas para as razdes isotopicas estdo em
um desvio-padrao (10), incluindo incertezas de correcdo em branco e discriminacao

€m massa.
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Antes das analises terem inicio, a linha de gas e o porta amostras (forno ou
crushers, dependendo do método aplicado) é aquecido com temperatura superior a
250°C por mais de 24 horas com o0 objetivo de reduzir a contaminacao atmosférica.
Apés essa etapa ter sido concluida, os gases nobres aprisionados nas amostras sao
liberados de acordo com cada um dos métodos de extracao (fusdo ou quebra) e, em
seguida, sao inseridos na linha de gas. Cada um dos processos descritos abaixo
envolve a abertura e fechamento de valvulas que isolam ou conectam as diferentes
partes da linha de gés.

Brancos foram determinados antes do inicio das andlises isotOpicas
envolvendo amostras de rocha. Para cada conjunto de amostra depositada e
analisada por fusdo (geralmente 20 ou 24 amostras) um valor de branco foi
determinado e aplicado para corrigir os valores de He, Ne e Ar. No caso especifico
das analises por crushing, brancos individuais foram determinados para cada uma das
amostras. Os valores dos brancos referentes aos experimentos por fusao séo: (2-4) x
1011 cm?3 STP para “He; (1-9) x 10*2 cm3 STP para °Ne e (2-12) x 10° cm® STP para
40Ar. Os valores dos brancos referentes aos experimentos por crushing séo: (2-4) x
1011 cm3 STP para “He; (2-4) x 1013 cm3 STP para °Ne e (3-5) x 101 cm® STP para
40Ar. A contribuicdo dos brancos as amostras analisadas é muito préxima no caso do
He em ambos os métodos empregados, mas ele € menor nos experimentos por
crushing nos casos do Ne a Ar. O procedimento aplicado na analise isotopica
propriamente dita € explicado a seguir.

Primeiramente, os gases nobres liberados séo purificados com o0 uso de uma
armadilha aquecida a ~800°C composta por Ti e Zr (Til; Ti-Zr getter) que aprisiona 0s
demais gases (e.g. H, CO2**, CO2*). A seguir, 0 Ar, Kr e Xe sdo aprisionados em uma
armadilha de carvao (charcoal trap, CH1), que é resfriada com nitrogénio liquido. O
He e o Ne, que n&o sédo aprisionados durante esses processos iniciais de purificacdo
e separacao isotdpica (permanecendo na linha de gas), sdo submetidos a um segundo
processo de purificacdo através de uma segunda armadilha de Ti-Zr aquecida a
~800°C (Ti2) e por uma segunda charcoal trap (CH2) resfriada com nitrogénio liquido.
Finalmente, o Ne é separado do He com o uso de uma terceira armadilha resfriada a
15 K (-260°C; Cryo trap).

Cada um dos gases nobres separados é sucessivamente introduzido e
analisado no espectrometro de massas (VG5400 modificado). Os isétopos de He séo
0s primeiros a serem medidos e a analise é realizada com o uso de dois coletores:

Axial no caso do 3He e High Faraday no caso do “He. A seguir, os isétopos de Ne sédo
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liberados da Cryo aplicando-se uma temperatura de 45 K (-230°C) e analisados no
espectrometro de massas através do Axial. Com o objetivo de reduzir a interferéncia
do “Ar** e CO2** (M = 44) sobre os is6topos de °Ne e ??Ne, respectivamente, uma
outra armadilha composta pelo mesmo material da Cryo esta localizada na entrada do
espectrometro de massas (armadilha CHns). A CHns é resfriada com nitrogénio
liquido pouco antes do Ne ser introduzido no espectrometro de massas e volta a ser
aquecida ap6s a analise isotdpica. As alturas dos picos definidos para “°Ar e CO2 séo
medidos no inicio e no final de cada analise de Ne para que os valores obtidos sejam
corrigidos. Os gases nobres que ficaram aprisionados na CH1 (Ar, Kr e Xe) sao
liberados através da remocéao do nitrogénio liquido. Para que o aguecimento ocorra
com maior eficacia, a CH1 é previamente aquecida como uso de um recipiente
contendo agua quente e de uma pipeta. Em seguida o forno é recolocado na CH1 e
0s gases presentes na linha de gas sao novamente purificados pelas duas armadilhas
aguecidas de Ti-Zr (Til e Ti2). A seguir o Kr e 0 Xe sdo aprisionados na Cryo a uma
temperatura de 95 K (-180°C) e o Ar € introduzido no espectrémetro de massas para
ser analisado através do multi-coletor Daly (Daly multiplier collector). O Kr é liberado
da Cryo a 135 K (-140°C) e é introduzido no espectrémetro de massas. Por fim, o Xe
é liberado da Cryo a 200 K (-73°C) e é introduzido no espectrbmetro de massas.

Ambos sao analisados pelo Axial.

8. ANALISE INTEGRADORA DOS MANUSCRITOS SUBMETIDOS

ARTIGO 1
Submetido ao Journal of Petrology em 19 de maio de 2015.
Geochemistry and geochronology of Cenozoic alkaline basalts from Patagonia (36°S

- 52°S): Constraints for their mantle sources and petrogenesis.

A separacdo de dois novos grupos de basaltos Cenozoicos de composicao
alcalina do tipo OIB coletados em uma vasta extensao territorial do back-arc
continental da Patagobnia (36°S - 52°S) foi possivel através de dados geoquimicos de
elementos maiores, trago e is6topos de Sr-Nd-Pb, além de novas idades K-Ar. Com
base nos resultados obtidos foi possivel identificar que a fonte mantélica do
magmatismo alcalino patagénico é mineraldgica e composicionalmente heterogénea,

com a contribuicdo de fluidos provenientes de diferentes origens. Ambos 0s grupos
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sao enriquecidos em elementos terras raras leves (ETRL) em relagdo aos pesados
(ETRP), o que demonstra forte afinidade com basaltos do tipo OIB. Além disso,
estimativas de pressao obtidas com base no método empirico proposto por Albarede
(1992) demonstram que as amostras estudadas foram geradas na zona de
estabilidade da granada. As principais consideragdes acerca do presente estudo estéo

a sequir.

Grupo |: Basanitos e nefelinitos séo o resultado de baixas taxas de fusao parcial (F <
3%) a partir de um granada-peridotito com flogopita estavel na fonte. Pronunciadas
anomalias negativas de Rb, K, Pb e Ti acompanhadas de forte enriquecimento em
Nb-Ta no diagrama multielementar, assim como baixas razdées Rb-Sr, K/(La, Ce) e
elevadas razbes Ce/Pb, corroboram com a presenca de flogopita residual na fonte.
Elevadas razdes “3Nd/***Nd associadas as baixas razées 8Sr/®Sr observadas nas
amostras do Grupo | sugerem que a formacdo da flogopita no manto abaixo da
PatagOnia esta relacionada ao evento de subduccdo atual, em que as placas
oceanicas de Nazca e Antartica subductam sob a placa continental Sul-americana.
Estimativas de P-T foram definidas e sugerem a participacdo do manto astenosférico
com profundidade variando de 113 a 134 km na génese dessas rochas. A origem da
flogopita na fonte dos basaltos do Grupo | pode estar relacionada com a desidratac&o
de serpentinitos, que fornece Rb, K, e H20 em quantidade suficiente para formar este
mineral. Posteriormente, a quebra da flogopita favoreceu o processo envolvendo
baixos graus de fusdo parcial de um liquido silicatico hidratado rico em alcalis derivado
da interacdo de uma astenosfera mais quente no meio da cunha do manto. A presenca
de flogopita estavel no manto astenosférico anomalamente quente (Tp = 1400-
1563°C) pode sugerir que a génese do vulcanismo intraplaca esté relacionada a
anomalias composicionais (“wetspots”). As estimativas de temperatura foram

calculadas pelos métodos de Albarede (1992) e Herzberg & Asimow (2008).

Grupo II: Traquibasaltos, basanitos e mugearitos séo o resultado de baixas taxas de
fuséo parcial (F = 5-10%) a partir de um granada-piroxenito com metassomatismo
criptico na fonte (enriguecimento em LILE e Pb). Além disso, esses basaltos tém
elevadas anomalias de K/K* e Pb/Pb* (usualmente >1) e razbes isotOpicas
ligeiramente mais radiogénicas quando comparadas aos basaltos do Grupo I.
Estimativas de P-T foram definidas e sugerem que a fonte do magmatismo dos

basaltos do Grupo Il esta restrita ao limite litosfera-astenosfera (<100 km, Stern et al.,
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1999), com profundidade variando de 89 a 94 km. Portanto, as amostras do Grupo Il
sao o resultado do processo de fusao parcial do manto litosférico metassomatizado
por veios ou cumulatos de composicao piroxenitica, cuja origem esta relacionada a
subduccao atual das placas oceéanicas de Nazca e Antartica sob a placa continental
Sul-americana.

Adicionalmente, de acordo com variacdes espaco-temporais, as profundidades
estimadas para as fontes mantélicas desempenham um papel importante na génese
dos basaltos dos Grupos | e Il. No entanto, localmente também foi possivel distinguir
os Grupos | e Il devido as idades K-Ar, através da proximidade com o arco vulcanico

e pelas variacdes e latitudes.

ARTIGO 2

Submetido a Lithos em 30 de novembro de 2015.

Slab-derived components in the subcontinental lithospheric mantle of the Paleocene-
Eocene subduction zone beneath Chilean Patagonia: Geochemistry and Sr-Nd-Pb
isotopes of mantle xenoliths and their host basalts.

A area de estudo esta localizada proxima a cidade de Coyhaique, Patag6nia
Chilena. Juntamente com Cerro del Fraile e Chile Chico, que também estédo
localizados entre 280-300 km da fossa do Chile, os spinélio-lherzolitos anidros de
Coyhaique fornecem a rara oportunidade de estudar fragmentos do manto litosférico
proximo a placa de Nazca. Esses Iherzolitos foram trazidos até a superficie por um
magmatismo alcalino eocénico (54 Ma). A determinacéo da idade do magmatismo de
composicado alcalina, assim como das caracteristicas geoquimica e isotdpicas tanto
do basalto hospedeiro quanto dos lherzolitos, foi possivel através de datacfes K-Ar e
geoquimica de rocha total. Com base nesses dados, foi possivel determinar que o
basalto hospedeiro é do tipo OIB, sendo resultado de baixas taxas de fusdo parcial
(até 6%) dentro do campo de estabilidade granada. A provavel origem desse
magmatismo esta relacionada a ressurgéncia do manto astenosférico através da
abertura de uma janela astenosférica associada a colisdo da dorsal de Farallon-Aluk
contra a placa Sul-americana durante o Paleoceno-Eoceno. Os espinélio-lherzolitos
anidros de Coyhaique, em sua totalidade, tém caracteristicas tipicas de zonas de
subduccéao, tais como pronunciadas anomalias negativas de Nb-Ta-Ti. Entretanto,
variagbes composicionais significativas evidenciam que o manto litosférico nessa

regido é bastante heterogéneo. As composicdes isotopicas menos radiogénicas de
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Sr-Pb e mais radiogénicas de Nd sugerem a participagdo de um componente
depletado [Depleted MORB mantle (DMM; Workman & Hart, 2005) ou Prevalent
Mantle (PREMA; Warner et al., 1986)] na génese das amostras que apresentam
padréo subhorizontalizado a depletado em ETRL em relagdo aos ETRP no diagrama
multielementar. Seguindo a mesma logica, aguelas amostras com elevadas razdes de
Sr-Pb e baixas razbes de Nd apresentam enriquecimento de ETRL em relacdo aos
ETRP, 0 que sugere um processo metassomatico tardio com caracteristicas de manto
enriquecido (EM-2; Workman et al., 2004). Portanto, a mistura de um componente
depletado (DMM ou PREMA) com até 15% de componentes derivados da placa
oceanica de Aluk é necessaria para explicar o SCLM abaixo de Coyhaique. Nesse
caso, 0 agente metassomatizante é representado por diferentes proporcdes de
liguidos resultantes da fusao de sedimentos da fossa do Chile (até 60%) e de uma

crosta oceénica modificada (mais de 40%).

ARTIGO 3
Submetido a Earth and Planetary Science Letters em 01 de dezembro de 2015.
Noble gas composition of subcontinental lithospheric mantle: an extensively degassed

Earth reservoir of Southern Hemisphere.

Embora as composi¢cfes de gases nobres de MORBs e OIBs sejam bem
definidas (e.g., Sarda et al., 1988; Hiyagon et al., 1992; Burnard et al., 1997; Moreira
et al.,, 1998; Trieloff et al., 2000; Mukhopadhyay, 2012), a composi¢cdo do SCLM
permanece pouco conhecida. Amostras de rocha total e de olivina foram utilizadas
para a obtencdo de dados inéditos de gases nobres (He, Ne, Ar, Kr, Xe) em xendlitos
mantélicos de duas localidades inseridas no contexto tecno-magmético da Zona
Vulcanica Austral (49°S - 55°S). Os locais de coleta de amostras foram o Campo
Vulcanico de Pali-Aike e o centro eruptivo de Gobernador Gregores. Os resultados
obtidos indicam que o SCLM da Patagonia é isotopicamente heterogéneo, pois reflete
a mistura entre trés componentes: o ar e dois membros finais mantélicos. E importante
ressaltar que a discusséo dos resultados esta baseada nos dados obtidos atraves do
método por quebra (crushing), pois ele minimiza o efeito do hélio radiogénico (*He) e
cosmogénico (®He) aprisionados na matriz da rocha. Os xendlitos mantélicos de Pali-
Aike representam o SCLM desgaseificado e intrinseco, sendo caracterizado por
apresentar raz6es mais radiogénicas/nucleogénicas que as observadas em MORBs.

Esse reservatério mantélico é definido por elevados valores de (U+Th+K)/(®*He, %*Ne,



30

36Ar). Pali-Aike apresenta razées de 3He/*Heaverace = 6,87 + 0,04 Ra (SCLM =6 + 1;
Gautheron & Moreira, 2002; Gautheron et al., 2005) (onde 1Ra corresponde a razao
atmosférica de 1.4x10%; Ozima & Podosek, 1983). As razdes de ?!Ne/?’Ne) variam
entre 0.085 e 0.094 [onde (E) = razéo extrapolada para Neon-B 2°Ne/?’Ne = 12,5]
(SCLM europeu ?!Ne/??NeE) = 0.07; Hopp et al., 2004; Buikin et al., 2005). As medidas
de 4CAr/3®Ar variam de valores préximos as razdes atmosféricas (510) e alcangam
16400, com 4%°Ar/%¢Arg) variando entre 31100%%4%0¢gg00 € 54000%14200 9500 (SCLM
europeu “°Ar/3®Ar = 34000-52000; Buikin et al., 2005). Adicionalmente, as razées
3He/?’Ne do SCLM patagobnico (entre 12,00-13,70) sdo mais elevadas do que as
definidas para MORBs (*He/??Ne = 8.30-9.80; Tucker & Mukhopadhyay, 2014),
corroborando com o fato de o SCLM ser mais desgaseificado, radiogénico e
nucleogénico. Comparativamente, as razdes apresentadas acima de fato sdo mais
radiogénicas/nucleogénicas que as de MORBs (e.g., *He/*He = 8 + 1 Ra; ?Ne/?’Ne =
0.06; “9Ar/3¢Ar ~40000) (e.g., Sarda et al., 1988; Moreira et al., 1998; Tucker et al.,
2012). Diferentemente, os peridotitos de Gobernador Gregores representam uma
mistura entre o SCLM (Pali-Aike) e 0 MORB. Esse metassomatismo é evidenciado
pelas composicdes isotépicas de He e Ne, podendo ser tectonicamente explicado pela
ressurgéncia do manto astenosférico em resposta a abertura de uma janela
astenosférica abaixo da Patagdnia como consequéncia da subduccao da dorsal do
Chile. Xendlitos mantélicos costumam néo apresentar dados de Xe suficientemente
diferentes do ar devido a sua baixa concentracao. Entretanto, considerando-se 10 de
incerteza, algumas amostras de Pali-Aike e Gobernador Gregores mostram
composicdes claramente distintas das do ar, mas similares as definidas para MORBs.
Isso sugere que o excesso de 2°Xe a %6Xe observado no SCLM é pelo menos igual
ao de MORBs. Assim como € amplamente observado em estudos prévios de amostras
de xendlitos mantélicos de varias partes do planeta, as composi¢des de Kr sdo muito
préximas as da atmosfera, o que inviabiliza tecer qualquer tipo de interpretacdo com
base nos resultados obtidos. Adicionalmente, os peridotitos de Pali-Aike e Gobernador
Gregores mostram composicdes depletadas de Sr-Nd-Pb. Uma idade de 13,64 + 0,83
Ma foi obtida para PAVF através de uma isécrona de Rb-Sr baseada na composicao
isotdpica da rocha-total, clinopiroxénio e flogopita. Esses dados representam a idade
de formacado da flogopita, que € um mineral essencial para determinar a idade do
metassomatismo e sua potencial associagcdo com eventos geotectonicos. Sendo
assim, é possivel relacionar a formacéo desse mineral com a colisdo da dorsal do

Chile contra a fossa do Chile e a subsequente abertura da janela astenosférica.
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ABSTRACT

The Patagonian Basaltic Province, located on the extra-Andean back-arc (Argentina and
Chile), is characterized mainly by large volumes of Cenozoic mafic magmas. Based on their
mineralogy, geochemical and Sr—Nd-Pb isotope compositions, we newly defined two groups
of the Cenozoic Patagonian basaltic rocks with intraplate signatures.

Group | basalts comprise basanites and nephelinites with prominent negative Rb, K, Pb, and
Ti anomalies coupled with positive Nb—Ta anomalies. These basaltic rocks have low Rb/Sr
and K/(La, Ce) ratios, negative K/K* (0.14-0.34) anomalies, and high Ce/Pb ratio, which
have indicated that phlogopite existed as a residual phase during small degrees of partial
melting (<3%) of a garnet-peridotite at asthenospheric depths (113-134 km). The Group |
Sr—Nd-Pb isotopic ratios (8"Sr/%Sr; = 0.703179-0.703403; 13 Nd/**4Nd; =
0.512776-0.512967; 2°°Pb/2%*Ph = 18.597-19.186; 2°7Pb/?%*Ph = 15.563-15.660; 2°8Ph/2%*Ph =
38.423-38.997) represent a depleted OIB-like component. Moreover, they show identical
isotopic ratios of phlogopites from Patagonian mantle xenoliths. These isotope signatures
suggest a relation of intraplate volcanism with compositional anomalies (‘“wet spot”). The
calculated potential temperatures (Tp) for Group | basalts are higher (1400-1563°C) than
normal ambient mantle temperature (1350+50°C), perhaps because of a thermal anomaly
beneath Patagonia.

Group Il basalts consist of trachybasalts, basanites and mugearites characterized by variable
enrichments in LILE (e.g., Cs, Ba, K, Sr) and Pb with respect to HFSE (e.g., Nb-Ta) and REE
(e.g., La, Ce), as well as positive K/K* and Pb/Pb* anomalies. These basalts have slight
radiogenic Sr—Nd and less radiogenic Pb—Pb isotopic ratios than those of Group | basalts,
indicating the contribution of an enriched mantle component (EMI). In general, the amount of

slab components decreases eastward, reflecting across-arc geochemical variation. Although
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Group Il basalts display EM affinity, they have high Nb/Ta (>18), Ce/Pb (>20), Nb/U (>37),
and Nb/Nb* (>1) ratios, and low La/Nb (<1) ratios, similar to basalts of Group I and to
worldwide intraplate basalts from continental and oceanic settings. The calculated Tp for
Group 1l basalts (1305-1364°C) overlap the normal ambient mantle temperature (1350+£50°C),
which excludes the influence of any thermal anomaly. Therefore, we argue that the mixing
process among a depleted mantle-wedge, a melt with ancient OIB-like composition and the
subducted oceanic lithosphere allowed the generation of pyroxenite veins close to the
lithosphere—asthenosphere boundary (89-94 km), with partial melting (5-10%) capable of
producing the features of EMI Group |1 basalts.

Finally, based on spatiotemporal variations (K—Ar ages, latitude, longitude and depths), the
Cenozoic Patagonian basalts presented in this study show a complex tectono-magmatic
evolution. In general, the mantle source depth seems to play an important role in the genesis
of all Group | and Il basalts. However, in Payenia volcanic province, it was possible to divide
Group I and Il basalts based on their eruption ages, where Group Il (Pleistocene) are younger
than Group | (Miocene). The across-arc geochemical variation was identified in
Plio—Pleistocene basalts from Meseta de Somun Cura, where Group Il basalts are located
nearer the volcanic arc than Group | basalts are. In southern Patagonia, Group I and Il basalts
can be divided based on the westward increase of slab-derived components, latitude and
eruption ages. The interaction with enriched components is restricted to older lavas located

close to the Austral Volcanic Zone and at the latitude of Meseta Central.

KEY WORDS: Patagonian alkaline basalts; Subcontinental mantle sources; Sr—Nd—-Pb

isotopes; K—Ar ages; Wet spot.
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INTRODUCTION

Geochemical and isotopic heterogeneities observed worldwide in continental alkaline
basalts cannot always be explained as the result of simple partial melting of a peridotitic mantle
source. Instead, they require a mantle with lithological heterogeneities (pyroxenite or eclogite)
to explain their petrogenesis (e.g., Herzberg, 2011; Zhang et al., 2012). Consequently, to
elucidate the origin of intraplate alkaline basalts, different mantle sources have been suggested
in previous reports of the literature: 1) the eclogite/pyroxenite relation (Hirschmann et al.,
2003; Kogiso et al., 2003; Kogiso & Hirschmann, 2006; Yang & Zhou, 2013), 2) hydrous
metasomatism [e.g., glimerite and/or hornblendite — McKenzie & O’Nions (1995); Spéth et al.
(2001); Yang et al. (2003); Johnson et al. (2005); Pilet et al. (2005, 2008, 2010); Mayer et al.
(2013)], 3) slab-derived metasomatism (Gazel et al., 2011; Dyhr et al., 2013; Kay et al., 2013),
and 4) carbonatitic metasomatism [carbonated peridotite — Gorring & Kay (2000); Dasgupta et
al. (2007); Zeng et al. (2010)].

Although the mantle source of continental alkaline basalts remains a matter of considerable
debate, the Patagonian Basaltic Province offers an opportunity to investigate the previously
described mantle processes. This volcanic province, located in the extra-Andean continental
back-arc (approx. 36°S — 52°S), represents one of the largest Cenozoic magmatic events in the
world (e.g., Kay et al., 2004). Several reports have described that OIB-like alkaline basalts
collected in Patagonia reflect different sources and a rather complex history of metasomatism
(e.g., Stern et al., 1990; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2004; Kay et al.,
2004, 2007, 2013; Espinoza et al., 2005; Guivel et al., 2006; Bruni et al., 2008; Jalowitzki et al.,
2008, 2009; Bertotto et al., 2009; Varekamp et al., 2010, 2015; Dyhr et al., 2013; Sgager &

Holm, 2013; Sgager et al., 2013, 2015; Massaferro et al., 2014).
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Based on major and trace elements as well as Sr—Nd-Pb—O isotopic composition, Stern et
al. (1990) classified the Pliocene to Quaternary alkali basalts from Patagonian plateaus as
“cratonic” and “transitional”. The cratonic basalts do not include slab-derived components and
display strong geochemical similarity with ocean island basalts (OIBs). The geochemical
features of transitional basalts suggest the introduction of slab-derived components in lesser
amounts than those observed below the Andean volcanic arc.

To provide insights into the mantle source, as well as partial melting and metasomatic
processes related to the genesis of these rockse.g.,, we present major and trace elements data
(including REES), together with Sr—Nd-Pb isotopic compositions, and K—Ar ages of 35
volcanic rocks collected from the whole Patagonian Basaltic Province (36°S — 52°S).
Consequently, these new data contribute to a better understanding of the origin and evolution

of this important igneous province.

GEOLOGICAL SETTING

The Patagonian western margin is currently characterized by a complex subduction zone,
where the Nazca and Antarctic oceanic plates subduct beneath the South American continental
plate with different speeds and angles of dip (Fig. 1). The Andean volcanic arc, at the same
latitude as Patagonian Basaltic Province, has been divided into the Southern Volcanic Zone
(SVZ, 33°S — 46°S) and the Austral VVolcanic Zone (AVZ, 49°S — 55°S) (e.g., Ramos, 1999).
Between the SVZ and AVZ (46.3°S — 49°S), a volcanic gap exists because of the subduction of
the South Chile Ridge (SCR), where the Nazca, Antarctic and South American plates join at a
place designated as the Chile Triple Junction (between 47°S — 48°S). This singular tectonic
feature has migrated northward since 16 Ma ago, when the SCR started its subduction under

the southern edge of the continent at 55°S (e.g., Cande & Leslie, 1986).e.g., e.g.,
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Figure 1

The Patagonian Basaltic Province, located on the extra-Andean back-arc (Argentina and
Chile), is characterized mainly by large volumes of Cenozoic mafic magmas, which sometimes
host crustal and mantle xenoliths. The Eocene—Pleistocene volcanism has been divided into
large plateau and post-plateau lavas (e.g., Gorring et al., 1997), which mainly comprise basaltic
lava flows and monogenetic cinder cones. Previous petrological studies of the Patagonian
basalts have documented a wide compositional range from tholeiitic to alkaline basaltic rocks
(Stern et al., 1990; Gorring et al., 1997). Most of these lavas, especially those with alkaline
affinity, are characterized by OIB-like geochemical signatures and moderately depleted Sr—Nd
isotope compositions (e.g., Gorring & Kay, 2001). Based on the across-arc geochemical
variation, Stern et al. (1990) and Gorring & Kay (2001) pointed out that both the plateau and
post-plateau lava compositions show an eastwardly decreasing amount of slab components.

Several geodynamic models have been proposed to explain the volcanism of the earliest
Miocene to historical times in the Payenia volcanic province (34°S — 38°S), in which most of
them are focused on the Plio—Pleistocene volcanism. A transient period of shallow subduction
that initiated at ca. 20 Ma culminated at ca. 5 Ma when the volcanic activity became
progressively more enriched in slab-derived components because of eastward migration of the
volcanic arc (e.g., Kay et al., 2004, 2006a-b). These processes are related to the increase of the
subduction angle during trench roll-back (e.g., Ramos & Kay, 2006; Ramos et al., 2014). Later,
voluminous Plio—Pleistocene volcanism has been associated to the steepening of the Nazca
plate after a period of shallow subduction, which engenders to an influx of asthenospheric
mantle (e.g., Kay & Mancilla, 2001; Kay et al., 2004, 2006a-b; Kay & Copeland, 2006;
Folguera et al., 2009; Germa et al., 2010; Gudnason et al., 2012; Dyhr et al., 2013; Sgager &

Holm, 2013; Sgager et al., 2013, 2015).
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The late Eocene to Pleistocene Somun Cura igneous province is the largest volcanic field of
Northern Patagonia (40°S — 46°S; Ardolino, 1981; Orihashi et al., 2005, 2006; Kay et al.,
2007). It is partially contemporary with the breakup of the Farallon plate. The origin of Somdn
Curéa province and its austral prolongation have been attributed to: 1) transient “hot-spot”-like
thermal anomaly associated with slab dynamics during times of plate reorganization (Kay et al.,
1993, 2004); 2) thermal anomaly related to a shallow asthenospheric upwelling induced by a
concave-up slab geometry (de Ignacio et al., 2001); 3) extensional lithospheric thinning
attributed to asthenospheric upwelling through a slab window that formed in response to
changes in subduction zone geometry (Mufioz et al., 2000), or 4) “wet” asthenospheric
upwelling caused by dehydration-induced melting of mantle transition zone in central
Patagonia (Orihashi et al., 2005, 2006; Honda et al., 2006). However, the geodynamic model
suggested to the Sierra de San Bernardo and Valle del Rio Genoa areas implies an
asthenospheric upwelling to compensate a westward drift of the mantle wedge attached to the
South American lithosphere (Bruni et al., 2008).

Previous petrological models for the southern Patagonia (South of 47°S) have been
proposed based on geochemical and chronological data, most of them being related to the
successive subduction of different segments of the Chile Ridge (e.g., Charrier et al., 1979; Stern
et al., 1990; Ramos & Kay, 1992; Gorring et al., 1997, 2003; D’Orazio et al., 2000, 2001;
Guivel et al., 2006; Boutonnet et al., 2010; Espinoza et al., 2010; Ramirez de Arellano et al.,
2012). Based on K-Ar ages, Charrier et al. (1979) defined that no clear relation exist between
the magmatism of Meseta del Lago Buenos Aires (MLBA) and subduction of the Chile Ridge.
However, according to Ramos & Kay (1992), most of Late Miocene to Recent plateau basalts
between 46°S and 49°S have OIB-like geochemical affinity; almost all can be related to
time-transgressive slab windows in response to the collision of Chile Ridge segments with the

Chile trench. For the same latitude, Gorring et al. (1997, 2003) defined that all post-plateau
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lavas (3.4-0.1 Ma) erupted after the passage of the Chile Ridge at ca. 6 Ma, overlaying the
main-plateau lavas, which are 2-5 million years older. These older basalts would have erupted
at or immediately after the time of ridge collision. Based on the available geochronological data
at ca. 47°S, an alternative model was proposed by Guivel et al. (2006), where both OIB and
intermediate magmas were derived from deep sub-slab asthenospheric mantle, which ascended
through a tear-in-the-slab around 15 Ma, when the southernmost segments of the South Chile
Ridge (SCR) collided with the Chile trench. The slab—tear model implies that the volcanic
activity pre-dates the subduction of the Chile Ridge and a unique slab window subparallel to the
trench. Boutonnet et al. (2010) and Espinoza et al. (2010) studied the spatiotemporal relation
between bimodal magmatism in Central Patagonia (ca. 47°S). These authors surmised that the
migration of the volcanic arc eastward attributable to slab shallowing followed by a transitory
flat-slab subduction configuration, which promoted the generation of a secondary hydration
front by a slab dehydration and mantle-wedge up to 300 km east of the present trench.
Alternatively, Ramirez de Arellano et al. (2012) proposed that the transition from calc-alkaline
to alkaline magmatism is not restricted to the slab window model, as well as the occurrence of
transitional to alkaline magmatism ca. 1 to 2 Ma before subduction of the Chile Ridge segments
with the Chile trench. They also suggested that the transitional signature reflects a decrease of
fluid-rich slab-derived components to the sub-arc mantle wedge, which is probably related to
eastward migration of the magmatic arc during the Miocene. The arc migration was explained
as a result of substantial shortening and subduction erosion in the fore-arc region attributable to
the increase of subduction speed after major plate motion changes in the early Miocene. The
slab window model was also proposed to the Estancia Glencross Area (EGA) and Pali-Aike
Volcanic Field (PAVF), southern South America (ca. 52°S; D’Orazio et al., 2000, 2001). This
model implies the upwelling of a pristine sub-slab asthenosphere through a slab window at ca.

14 Ma as a consequence of the collision of the Chile Ridge with the Chile trench. In a previous
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regional study, involving alkaline basalts widely distributed in Patagonia (34°S — 52°S), Stern
et al. (1990) divided these rocks into “cratonic” and “transitional”. They attributed the
generation of the “cratonic” basalts to low degrees of partial melting of a “plume-pudding”
asthenosphere as a result of the subducted oceanic lithosphere. On the other hand, the
“transitional” basalts represent intermediate geochemical composition between the “cratonic”
and Andean basalts with incorporation of slab-derived components in lesser amounts than those

observed below the Andean volcanic arc.

SAMPLES, PETROGRAPHY AND CLASSIFICATION

The basaltic rock samples collected in this study cover the whole Patagonian Basaltic
Province. Their sites (name, latitude and longitude) are portrayed in Figure 1. The main
volcanic fields sampled for this study are 1) Payenia volcanic province (10 samples from sites
PM1-PM3), 2) Meseta de Somun Cura province (11 samples from sites PM4-PM8), 3) Paso de
Indios and Valle del Rio Genoa (5 samples from sites PM11-PM12), 4) Meseta Central (3
samples from PM22 site) and 5) Pali-Aike Volcanic Field (6 samples from sites PM16-PM17).
The acronym PM stands for Projeto Manto (Mantle Project), which is a scientific project
undertaken by the Universidade Federal do Rio Grande do Sul (UFRGS), Brazil. From 13
cinder cones and lava flows, 35 basaltic samples hosting mantle xenoliths were collected.
Based on differences in their petrographic, geochemical, and isotopic characteristics, the
volcanic rocks collected in this study were divided into two groups, Group I and Il, as described
below.

— Group | comprises melanephelinites (PM8 site; normative nepheline <20%) and basanites
(PM1, PM11, PM12, PM16 and PM17 sites), of which geochemical characteristics show some

similarity with those of the cratonic basalts defined by Stern et al. (1990).
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— Group Il comprises basanites (PM4 site), trachybasalts (PM2, PM3, PM6 and PM7 sites)
and mugearites (PM5 and PM22 sites), which have some similarity with the transitional basalts
defined by Stern et al. (1990).

Group I basaltic rocks have porphyritic-glomeroporphyritic to subaphyric textures. Olivine
is the main phase, subhedral or euhedral, and commonly contains small Cr-spinel inclusions.
Clinopyroxene is euhedral or prismatic, usually exhibiting oscillatory and sector zoning; it is
high-Ca Ti-augite or diopside. Rare plagioclase phenocrysts occur in some samples, varying
from euhedral to anhedral. They are characterized by well-developed twinning and normal
zoning. Fe-Ti oxides (Ti-magnetite and ilmenite) are abundant, occurring as microphenocrysts
and small inclusions. The apatite microphenocrysts are rare. The groundmass, which is
fine-grained hyalopilitic, intergranular, intersertal, or pilotaxitic, consists of olivine,
clinopyroxenes, nepheline, glass, plagioclase, and K-feldspar microlites and laths. Abundant
carbonates occur as disseminated or filling cavities in PM8 basalts.

Group Il basaltic rocks are coarse-grained, with porphyritic to glomeroporphyritic textures.
Olivine is the dominant phase, except for PM5 basalts, which have plagioclase as main
phenocrysts. Phenocrysts of olivine are mainly subhedral and are to a lesser degree euhedral.
Clinopyroxenes (Ti-augite and diopside) are subhedral to anhedral, showing oscillatory and
sectorial zoning. Plagioclase is euhedral to subhedral, often exhibiting polysynthetic and rarely
Carlsbad twins. Ti-magnetite and ilmenite occur as abundant microphenocrysts. The
groundmass is coarse-grained hyalopilitic, intersertal, or intergranular, containing abundant
plagioclase with subordinate clinopyroxene, olivine, Ti-magnetite, ilmenite, nepheline and
smaller quantities of glass. Accessory minerals are K-feldspar, and apatite.

The basalts of both groups are fresh, with only a few showing incipient alteration of olivine
phenocrysts along their rims, which were partially replaced by low-temperature iddingsite and

in some cases, olivine with embayed and skeletal textures.

10
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ANALYTICAL TECHNIQUES

Major and trace elements

The whole-rock geochemistry of 35 basaltic rocks was achieved using the facilities of the
Earthquake Research Institute at the University of Tokyo. Major and selected trace element
abundances (Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, and Ba) were analyzed using X-ray
fluorescence (XRF, PW2400; Philips Japan Ltd.), whereas the abundances of other trace
elements (Cs, REEs, Ta, Hf, Pb, Th and U) were obtained using ICP—MS (Plasma Quad 3; VG
Scienta Holdings AB), connected to a laser ablation system using a frequency-quadrupled 213
nm Nd: YAG laser (UP-213; New Wave Research Inc.). Both data were analyzed using the
same glass beads, which were prepared by mixing 1.8 g of rock powder with 3.6 g of lithium
metaborate/tetraborate flux. Then 0.54 g of lithium nitrate was added into the sample powder as
an oxidizer for the iron. It was mixed in a torch-mixer for 3 min. This mixture was heated to
1200°C for 15 min in a 95%Pt-5%Au crucible with 30 mm inner diameter, used in an automatic
bead sampler. More detailed analytical procedures of the XRF and LA-ICPMS methods used

were described respectively by Tani et al. (2002) and by Orihashi & Hirata (2003).

Unspiked Sr—Nd-Pb isotopes

Sr—Nd-Pb isotopic ratios for 26 samples were measured at the Laboratorio de Geologia
Isotopica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil. The
samples (0.1 g) were leached with cold 0.25 N HCl in an ultrasonic bath for 30 min to eliminate
impurities. Subsequently the dried samples were weighed and processed using standard

dissolution procedures with HF, HNOs, and HCI in Teflon vials (Savillex®), warmed on a hot

11
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plate until complete material dissolution. In the next stage, the sample solutions were diluted in
3 ml of HCI 2.5 N and were stored in test tubes, from which 1 ml was used to separate the Sr and
Nd, respectively, via Cationic AG-50W-X8 (200-400 mesh) and Anionic exchange resin
columns LN-B50-A (100-150 ). Individual solutions of Sr and Nd were dried in Teflon vials
(Savillex®) on a hot plate. Then the residue for each sample and element was deposited with
0.25N HsPOj4 onto a single Ta (for Sr), and Re (for Nd) filaments.

Mass spectrometric analyses for Sr and Nd isotopes were performed respectively on two
thermal ionization mass spectrometers (Sector 54; VG Scienta Holdings AB and Triton;
Thermo Scientific). Both Sr—Nd isotopic ratios were determined in multi-collector static mode
using Faraday collectors. The data were corrected for mass fractionation by normalization to
85r/8Sr = 0.1194 and **Nd/**4Nd = 0.7219. Replicate analyses of NIST SRM987 and JNd-I
standards gave &7Sr/%®Sr = 0.710254 + 12 (26, n = 7) and ***Nd/***Nd = 0.512101 + 8 (26, n = 4).

Pb isotope ratios were determined using multicollector-inductively coupled plasma-mass
spectrometry (ICP-MS, Neptune; Finnigan MAT GmbH). For Pb—Pb isotopic measurements,
an aliquot of 1 ml from dissolved whole-rock samples used for Sr-Nd analyses was taken.
Thereby, Pb was separated using anionic resin (200-400 mesh, AG1X; Bio-Rad Laboratories
Inc.) in HBr solution. Each sample was dried to a solid, with added solution of HNO3 with 50
ppb TI to correct the Pb fractionation during the analyses. The values obtained for common lead
isotopic standard (NIST SRM981) were 2°°Pb/2%*Ph = 16.9414 + 22, 29’Pp/?%Ph = 15.4892 + 25,

and 208pp/2%4Ph = 36.7278 + 27.

K-Ar ages

The K—Ar ages of 20 samples were analyzed using the unspiked sensitivity method. Ar

analyses were performed using a noble gas mass spectrometry system (MS-111) at the
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Geochemical Research Center, Graduate School of Science, the University of Tokyo. The
whole-rock samples (0.3-0.6 g), crushing and sieving to 60—80 mesh, were wrapped in 10 um
thick aluminum foil and were loaded in a glass sample holder, which was connected to an
extraction oven in which the sample was fused at 1700°C in vacuum and into which the
evaporated gas for Ar purification was introduced directly using a vacuum line. The Ar isotope
analyses were performed using an in-house modified VG-5400 on a small amount of Ar gas
(<2x107 cm?® STP). When the amount of Ar gas extracted from the sample exceeded this limit,
it was reduced using a known volume of the purification line. Errors on “°Ar sensitivity and
OAr/8Ar ratio are estimated respectively as 5% and 0.2%, based on repeated measurements of
the atmospheric standard containing 1.5x10”7 cm® STP of “°Ar. The K concentration for an
aliquot of the rock fractions used for Ar analysis was determined using X-ray fluorescence
(XRF, PW2400; Philips Japan Ltd.) at the Earthquake Research Institute, the University of
Tokyo. Details of procedures applied for K-Ar dating were described by Nagao et al. (1991)
and by Orihashi et al. (2004).

The unspiked method enables measurement of small amounts of radiogenic “°Ar and
determines the isotopic composition of the initial Ar in the sample by measuring 3Ar/*Ar
without assuming that the “°Ar/*®Ar ratio in the sample is equal to the modern atmospheric
value of 296 (Nier, 1950). Most *8Ar/*Ar ratios for the samples show good agreement with the
modern atmospheric value of 0.1880 within the range of analytical error by 26. One sample
(PM1-A4) has a higher 3Ar/*®Ar ratio than the atmospheric value beyond the range of the
analytical error, resulting in an older K—Ar age obtained when calculated using the
conventional method than that obtained when using the correct age. In this case, the mass
fractionation effect was corrected using the measured *8Ar/*®Ar ratios. Then the K—Ar age was

recalculated.
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RESULTS

Major and trace element abundances

Representative geochemical compositions for Group | and Il basaltic rocks are presented
respectively in Tables 1 and 2. These rocks, which have mildly to strongly alkaline affinities
(Na20 + K>0 = 3.54-6.56 wt.%), are shown in the total alkalis vs. silica (TAS) diagram (Fig. 2).
The Group | samples are in the fields of nephelinites and basanites, while those of Group |1
were classified as basanites, trachybasalts and mugearites. CIPW-norm calculations (Table 3)
show the presence of normative hypersthene+olivine (PM22 site), hypersthene+quartz (PM5
site) and nepheline+olivine (all Group | basaltic samples and Group Il basaltic samples from

PM2, PM3, PM4, PM6 and PM7 sites).

Figure 2

Although basaltic rocks from both groups span a similar range with high values of Mg#
[Mg/(Mg+Fetota))] and MgO (mostly >60; and >9 wt.%, respectively), the selected variation
diagrams show great differences in major elements abundances for a given MgO content (Fig.
3). Group | basaltic rocks tend to exhibit lower SiO, (<44 wt.%), Al2O3 (<13 wt.%), K20 (<1
wt.%) and alkalis (Na20+K>0 < 5.1) coupled with higher MgO (>10 wt.%), TiO> (>3 wt.%),
Fe203 (as total iron; >12.8 wt.%) and CaO (>10 wt.%) contents compared with those from
Group Il (Tables 1 and 2; Figs. 2 and 3a—f). Only the rock samples from the PM1 site (Group I)
differ and sometimes overlap the values of Group Il basaltic rocks (e.g., MgO, TiO2, Al.Oz and
Fe203). The contents of Na,O and P2Os (not shown) scatter somewhat, being broadly similar in

both groups. The CaO/Al>Osratio varies considerably (0.39-1.14 wt.%), with the lowest values
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observed in Group Il basaltic rocks (0.39-0.62 wt.%), whereas the Group | basaltic rocks range
from 0.75 to near-chondritic values (e.g., ~1.1; McDonough & Sun, 1995). The Ni and Cr
contents from both groups span a similar range and exhibit a good positive correlation with
MgO (Figs. 3g—h). The Ni concentration range from 522 ppm for the most primitive samples
(e.g., PM8 site — Group | basalts) up to 51 ppm for those with evolved compositions (e.g., PM5
site — Group Il basalts), whereas Cr contents range from 540 ppm (PM12 site) to 31 ppm (PM5
site). Except for evolved samples (PM5 site), their high MgO, Ni, and Cr contents indicate that
they crystallized from primitive magmas.

Compared to cratonic and transitional basalts defined by Stern et al. (1990), the Group |
samples display similar distributions of TiOz, Al2O3, and Fe20s (Fig. 3) to those of cratonic
basalts. However, in terms of SiO», CaO, K20, MgO, Cr, and Ni, no differences were found
between cratonic and transitional basalts. For this reason, in terms of these elements, it is
impossible to establish a relation between the groups of basalts defined by Stern et al. (1990)

with our samples.

Figure 3

The multi-element diagrams (Figs. 4a-b), normalized to primitive mantle (PM, Sun &
McDonough, 1989), show that all basaltic samples are enriched in LILE, HFSE, and light to
middle REE, resembling the pattern observed for typical intraplate basalts from continental and
oceanic settings. Group | basalts show prominent negative Rb, U, K, Pb, and Ti anomalies
coupled with positive Nb-Ta anomalies, whereas Group |1 basalts show selective enrichment in
mobile and incompatible elements (e.g., Ba, K, Pb, and Sr). In Group |1 basalts, positive Nb-Ta
anomalies are identified in the basaltic rocks of PM6 and PM7 sites, whereas the PM4 site

shows negative anomalies. Group | basalts have higher LREE and similar HREE (Figs. 4c—d),
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lower LILE/HFSE-REE ratios [e.g., Ba/(Th, Nb, La), K/(Nb, La, Ce), Rb/Nb], and higher
Ce/Pb and Nb/U ratios than those of Group Il basalts (Table 3). Selected trace element ratio
diagrams (Ba/Nb vs. K/Nb, Ba/La vs. Rb/Nb and Ce/Pb vs. Nb/U; Fig. 5) show that Group |
basalts have more affinity with cratonic basalts (Stern et al., 1990) and with a depleted OIB
component (e.g., HIMU; Willbold & Stracke, 2006), whereas Group |1 basalts are
geochemically correlated with the transitional basalts (Stern et al., 1990) and with the Enriched
Mantle I (EMI) reservoir (Willbold & Stracke, 2006). In this respect, the affinity of Group I and
Il basalts with the groups defined by Stern et al. (1990) is also observed through incompatible
trace element ratios [e.g., Ba/(Nb, La), K/Nb, Rb/Nb, and Ce/Pb), where Group | basalts
broadly resemble cratonic basalts, whereas Group Il basalts have comparable ratios with
transitional basalts. The basaltic rocks of both groups have no significant Eu-anomaly Eu/Eu* =
0.92-1.22; Eu/Eu* = Eun/(Smn*Gdn)¥?], suggesting that plagioclase is not a major
fractionated phase. Therefore, the slightly positive Eu anomalies shown in Group 1l basalts

(Fig. 4d), especially in PM5 site’s samples, merely reflect moderate plagioclase accumulation.

Figure 4

Figure 5

Influence of weathering and crustal contamination

The basaltic samples of both groups were chosen based on their freshness: they show no

petrographic evidence of alteration, except for the presence of iddingsite, which sometimes

partially replaces olivine. All basaltic samples collected from the sites are characterized by the
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occurrence of mantle-derived xenoliths, which implies a rapid ascent of these basaltic magmas
to the surface with less interaction with crustal wall rocks.

Most samples have MgO >9 wt.%, Mg# >60 and FeO*/MgO <1.5, indicating near-primary
melt composition. Furthermore, most Group | and Il basalts have high Ce/Pb and Nb/U ratios
(Table 3) that are similar to those derived from N-type MORB (normal mid-ocean ridge basalts)
or OIB-like sources unaffected by crustal contamination (Ce/Pb =25 + 5; Nb/U =47 £ 10;
Hofmann et al., 1986; Sun & McDonough, 1989). Compared to the other samples from Group |
and Il (Table 1), the basaltic samples from PM4 site show the lowest Ce/Pb and Nb/U ratios.
The geochemical characteristics of these rocks might be justified by the selective enrichment in
mobile elements, such as Pb and U, typically observed in basalts from the Andean arc-volcanic
zone. The two basaltic rocks from PM5 site are markedly evolved, as shown by their normative
compositions (hyperthene+quartz), very high FeO*/MgO (~2.5) and low MgO (<5 wt.%)
contents. These samples do not represent the mantle source. Therefore, we do not consider

these samples further.

Sr—Nd-Pb isotopes

Twenty-six representative basaltic rocks of Groups I and Il were analyzed in this study for
Sr—Nd-Pb isotopes (Table 4). Although all basaltic rocks studied are generally young, with
little radiogenic in-growth, age correction has been done based on their respective ages
following the K—Ar dating (Table 5) for the Sr—Nd isotopic ratios.

The basaltic rocks examined here have initial 8Sr/%Sr ratios of 0.703179-0.704498 and
initial 1*Nd/**Nd ratios of 0.512591-0.512967 (Fig. 6a). The Pb isotope ratios for Group | and
1 basalts vary over the ranges of 2°°Pb/?%Pb = 17.986-19.186, 2°’Pb/?**Pb = 15.504-15.660,

and 2%pPp/?%Ph = 37.973-38.997 (Figs. 6b—c). In the Sr—Nd-Pb diagrams (Fig. 6a—c), most of
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these samples fall between depleted OIBs, which represents a mixture of depleted mid-ocean
ridge MORBs (DMM - e.g., Chile Ridge MORBs; Klein & Karsten, 1995; Bach et al., 1996),
HIMU (high-p = elevated 22U/?%Pb), and EMI components (Hart et al., 1992). Furthermore,
they are similar to other Patagonian basalts at 36°S — 52°S (Gorring et al., 1997, 2003;
D’Orazio et al., 2000, 2001; Gorring & Kay, 2001; Kay et al., 2004, 2007, 2013; Espinoza et
al., 2005; Guivel et al., 2006; Kay & Copeland, 2006; Bruni et al., 2008; Choo et al., 2012;
Dyhr et al., 2013; Sgager & Holm, 2013; Sgager et al., 2013).

Group | basaltic rocks generally have lower 87Sr/%Sr followed by higher ***Nd/**Nd and
206pp_207pp_208pp/204py ratios when compared to Group 11 (Figs. 6a—c). However, basaltic
samples at the PM8 site show slightly higher Sr isotope ratios than the other Group | basaltic
rocks (87Sr/%®Sr = 0.703938-0.703941) that overlap the ratios of less-enriched basaltic rocks
from Group Il (PM2 and PM3 sites).

The Sr—Nd-Pb isotopic ratios for basaltic rocks of Group | resemble those of cratonic
basalts defined by Stern et al. (1990), as well as those basalts from Pali-Aike Volcanic Field
(PAVF) and the Estancia Glencross area [51°S — 52°S; D’Orazio et al. (2000, 2001); Choo et
al. (2012)]. However, compared with most Group | samples, basalts from the PM1 and PM8
sites have lower 2%Pp—29"Ph—208pp/204pp, respectively showing strong affinity with samples
from Payenia province (Kay et al., 2004, 2013 and references therein; Kay & Copeland, 2006;
Sgager & Holm, 2013; Sgager et al., 2013, 2015) and Somun Cura province (Kay et al., 2004,
2007). Furthermore, all Group | basalts are isotopically identical to phlogopites from Estancia
Lote 17 (Gobernador Gregores; Gorring & Kay, 2000) and PAVF (Stern et al., 1999) (Fig. 6).
In contrast, Group Il basalts have Sr—Nd isotopic ratios that are more radiogenic than Group |
basalts, plotted closer to the present-day Bulk Silicate Earth (BSE; Zindler & Hart, 1986),
showing some affinity with transitional basalts defined by Stern et al. (1990). These rocks

overlap the previously published data for Sr-Nd-Pb from Meseta de Soman Cura, Paso de
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Indios and Valle del Rio Genoa areas [40°S — 45°S; Kay et al. (2004, 2007); Bruni et al.
(2008)], as well as from the more enriched samples from Payenia province (Fig. 6). This
behavior indicates that both groups of basalts studied here are originated from isotopically
heterogeneous sources with contrasting contributions from depleted (Group | basalts) and

enriched (EMI, Group Il basalts) mantle components.

Figure 6

K-Ar age

Results for K—Ar ages obtained in this study are shown in Table 5. The errors are 1o of
single analysis for each sample, including statistical errors associated to the ion collection of Ar
isotopes; errors are in blank correction (less than 1% of the sample gases) and in the sensitivity
and discrimination factors of the mass spectrometer. The new K—Ar ages for the basaltic rocks
range from 32.1 to 0.73 Ma. Results of K-Ar ages for each of the five main volcanic fields are

summarized as described below.

Payenia volcanic province

The De la Laguna volcano (PM1 site) is located in the northwestern part of the Las Matras
Block, where rocks of Choiyoi Group are widely distributed (Bertotto et al., 2009, and
references therein). The Agua Poca volcano (PM2 site) is located in the Payun Matru volcanic
field, which shows the most important volcanic activity of the Payenia volcanic province, and
was included on the Puente Group (Pleistocene; Bertotto et al., 2000). The Huanul volcano

(PM3 site), located in the Southern segment of Payenia volcanic province was included on the
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Chapua Group (Plio—Pleistocene; Bermudez et al., 1993). Bertotto (2000) and Bertotto et al.
(2006) reported K—Ar ages for volcanic rocks from those three sites, but from different lava
flows, yielding 14.87 + 0.87 Ma at the PML1 site, 0.6 £ 0.1 Ma and 0.64 + 0.04 Ma at the PM2
site, and 0.84 £ 0.05 Ma at the PM3 site. New K—Ar ages were determined for the PML1 site (1
sample), PM2 site (2 samples) and PM3 site (2 samples), yielding 19.3 + 1.1 Ma at the PM1
site, 0.81 + 0.05 and 0.78 + 0.04 Ma at the PM2 site; and 0.99 + 0.06 and 0.95 + 0.05 Ma at the
PM3 site (Figs. 1 and 7b—c). Compared to those of earlier studies, our five new K—Ar ages were
slightly older at each site, but the results accord with geological observations, considering

multiple stages of volcanic activity at a single site.

Meseta de Somun Cura province

Nine new K—Ar ages for two samples from the PM4 site, two samples from the PMD5 site,
two samples from the PMG6 site, one sample from the PM7 site and two samples from the PM8
site were obtained in this study, yielding 0.75 £ 0.04 Ma and 0.73 = 0.04 Ma from the PM4 site,
23.8+ 1.3 Maand 21.4 £ 1.2 Ma from the PM5 site, 29.6 + 1.6 Ma and 29.4 + 1.6 Ma from the
PMBG site, 31.6 + 1.7 Ma from the PM7 site, and 3.76 £ 0.21 Ma and 3.57 £+ 0.20 Ma from the
PM8 (Figs. 1 and 7b—c).

Ardolino (1981), Orihashi et al. (2005, 2006), and Kay et al. (2007) defined the volcanic
activity of basaltic lava flows forming Meseta de Somun Cura basalts as starting in the
Oligocene (partly in late Eocene). Ardolino (1981) proposed two peaks of volcanism between
33-31and 27-25 Ma. Orihashi et al. (2005, 2006) reported that the main activity in the northern
Meseta de Somun Cura was at 23-22 Ma with a vast magmatic event, of which the whole
activity ranged 36-20 Ma (stage I), toward 18-10 Ma (stage I1), but traceable in the

surrounding area down to 5.6-0.34 Ma (stage I11). Kay et al. (2007) proposed a pre-plateau
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stage (33-29 Ma), a plateau stage (29-25 Ma), and a post-plateau magmatism (24-17 Ma),
being the oldest stage coincident with that determined by Ardolino (1981). Based on the
paleontological contents of the Bajada de Los Ingleses Formation, the youngest units were
covered with basalts from Estancia Alvarez (PM7 site) and Aznares (PMG6 site); their lava flows
were included previously in the Chaiful Formation (Pleistocene; Labudia & Bjerg, 1994), and
later, at the Basalto Meseta Coli Toro Unit (Late Oligocene — Early Miocene; Cucchi et al.,
2001). Our K—Ar ages from basaltic rocks at the PM6 and PM7 sites were 31.6-29.4 Ma, which
are consistent with the age of Meseta Coli Toro basalts and with the pre-plateau stage defined
by Kay et al. (2007).

Coira et al. (1985) reported K—Ar ages of 24 + 5 and 20 + 1 Ma for basalts located in
southeastern area of Meseta de Cari Laufquen, near to the Ingeniero Jacobacci and PM5 site,
which closely resemble our new K—Ar ages (23.75 + 1.27 and 21.36 + 1.15 Ma). These ages
also coincide with the main stage of the Somdn Cura plateau basalt defined by Orihashi et al.
(2005, 2006) and with the post-plateau stage defined by Kay et al. (2007).

Labudia et al. (2011) obtained an age of 3.2 = 0.7 Ma for the lava flows of Cerro Medina, 16
km southwest of the village of Prahuaniyeu, whereas basaltic rocks from Cerro EI Mojén
(PM4), situated near Comallo area, were assigned by geological relations to the Pliocene
(Gonzalez et al., 2003). Our K-Ar ages for basaltic rocks from Prahuaniyeu on the PM8 site
also show a late Pliocene age (3.8-3.6 Ma), however basaltic rocks from Cerro EI Mojon show
Pleistocene age (0.75-0.73 Ma). The new ages defined for PM4 site allow us to redefine the
stratigraphic position of the Campana Formation, which was defined previously by geological
relations as being Pliocene (Gonzalez et al., 2003). Our new young K—Ar ages are still
consistent with other Plio—Pleistocene ages that have been documented in the Somun Curd area

(5.65-0.23 Ma; Orihashi et al. 2005, 2006; Pécskay et al., 2007; Massaferro et al., 2014).
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Therefore, these nine new K—Ar ages determined here for Somun Cura area are consistent

with long-lived volcanism extending from the Oligocene to the Pleistocene (Figs. 7b—c).

Paso de Indios and Valle del Rio Genoa areas

Two new K—Ar ages for one sample on Cerro Matilde (Paso de Indios area; PM11 site)
and one sample on the Valle del Rio Genoa area (PM12 site) were determined here,
respectively yielding 32.1 + 1.7 Ma and 2.39 £ 0.13 Ma (Figs. 1 and 7b—c).

Alric (1996) calculated the Ar—Ar ages for several outcrops situated in the Paso de Indios
area and surroundings, including Cerro Matilde (49.35 £ 0.74 Ma). This author reported
Paleocene (62.87 £ 0.20 — 61.64 + 0.24 Ma) and Eocene volcanic activity (52.01 £ 0.09 — 40.92
+ 0.45 Ma). Our K—-Ar age is considerably younger than the Ar—Ar ages reported by Alric
(1996) but it is consistent with other K—Ar ages dated in this area, such as Cerro Ponte (31 £ 3
Ma; Pesce, 1978; Ardolino & Franchi, 1993). The K—Ar ages for these basaltic rocks closely
resemble the austral culmination of southern pre-plateau stage of Somun Cura basalts (Kay et
al., 2007), suggesting that the early Oligocene volcanism on Paso de Indios area differs from
the Eocene volcanism reported by Alric (1996).

The PM12 site of Cerro de los Chenques is an isolated monogenetic volcano along the
west side of Meseta de Canquel. Bruni et al. (2008) reported early Pleistocene age (2.5-2.3 Ma)

for the lava flow, which is identical to our new K—Ar data (2.39 £ 0.13 Ma).

Meseta Central area

New K—Ar ages were ascertained for two samples at Cerro Redondo (PM22 site):

yielding 9.50 + 0.51 Ma and 9.75 + 0.53 Ma (Figs. 1 and 7b—c). Cerro Redondo is an eroded
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cinder cone situated in the southern part of Meseta Central, Santa Cruz province (Schilling et
al., 2005). Our K—-Ar ages of 9.8-9.5 Ma show agreement with the Late Miocene volcanic rocks
from the main basaltic plateau sequence defined by Gorring et al. (1997) for Meseta Central,
Northeast region of Meseta Central, Meseta Belgrano, and Meseta de la Muerte (“°Ar/*°Ar age
of 11.5-5.1 Ma). Moreover, they can be correlated with volcanic rocks of similar ages at the
Meseta del Lago Buenos Aires (K-Ar age of 12.4-5.6 Ma; Guivel et al., 2006), with the upper
basaltic sequence of Meseta de Chile Chico (K-Ar age of 8.2-7.6 Ma; Espinoza et al., 2005)

and with basaltic lava flows near Cerro Pampa (K—-Ar age of 8.7 Ma; Orihashi et al., 2013).

Pali-Aike Volcanic Field (PAVF)

Two new K—Ar ages for one sample on Estancia Brazo Norte (PM16 site) and one sample
on Cueva de Fell (PM17 site) were determined here, respectively yielding 1.73 £ 0.10 Ma and
1.53 + 0.09 Ma (Figs. 1 and 7b—c).

The PAVF is characterized by the occurrence of the southernmost and youngest Cenozoic
back-arc Patagonian plateau lavas (e.g., Stern et al., 1999; D’Orazio et al., 2000). Available
K—Ar and “°Ar/*°Ar ages (Meglioli, 1992; Corbella, 2002 and references therein; Mejia et al.,
2004) for the erupted lavas vary from 9.22-0.17 Ma (Figs. 1 and 7b—c), being the oldest rock
outcropping in the western sector of the volcanic field, with similar ages to those of Estancia
Glencross area (8.5-8.0 Ma; D’Orazio et al., 2001). Our K—Ar ages presented here show
agreement with this interval, and with ages obtained previously by Meglioli (1992) for Estancia

Brazo Norte (1.5-1.4 Ma).
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Spatiotemporal distribution of Group | and Il basalts

In general, as observed by both Stern et al. (1990) and Gorring & Kay (2001), the Group 11
basalts display across-arc geochemical variation, with the amount of slab components
decreasing eastwardly (Fig. 7a). Indeed, it is possible to define an increasing tendency in
enriched mantle components, represented here by Ba/Nb ratios, from Payenia volcanic
province (36°S) to Meseta de Sumun Cura latitude (approx. 41°S). However, in southern
Patagonia (e.g., PM22), we identified an enriched mantle source component (EMI) weaker than
in central and northern Patagonian Group Il basalts.e.qg.,

Based on both K—Ar geochronology and bulk geochemical data of Payenia volcanic
province, it was possible to identify that the older basalts from PM1 site (Miocene), which is
located 90 km NNW from PM2 site, do not display any geochemical enrichment related to
slab-derived fluids. However, the younger PM2 and PM3 basalts (Pleistocene) display a slight
contribution from enriched mantle components (EMI) and are located in higher latitudes than
the PM1 site (Fig. 7b).

Plio—Pleistocene basalts from Meseta de Somun Cura display a relation between longitude
and K—Ar ages (Fig. 7c¢). The PM8 lavas (Pliocene) are located a great distance from the
Andean volcanic arc, presenting the strongest phlogopite-bearing signature of Group | basalts.
Differently, the PM4 samples (Pleistocene), located nearest the volcanic arc, are characterized
by the strongest contribution of slab-derived components of Group Il basalts. Oligocene basalts
from Meseta de Somun Cura (PM6 and PM7 sites) show more similar enrichment in fluid
mobile elements than Group Il basalts from Payenia volcanic province, but do not show
spatiotemporal relations. Considering the Group | samples from Valle del Rio Genoa
(Pleistocene; PM12 site) and Paso de Indios (Oligocene; PM11 site) areas, no contribution of

subduction-related components exists in the mantle source of these rocks (Fig. 7a).
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The basalts from Meseta Central (PM22) and Pali-Aike Volcanic Field (PM16 and PM17)
studied here suggest that interaction with enriched mantle components is restricted to the older
lavas located at the same latitude in the northern part of Austral Volcanic Zone, whereas the
outcrops located more southward are younger and display no interaction with slab-derived
components (Fig. 7b). Furthermore, those basalts nearest the volcanic arc (e.g., PM22 site)
display some slab-derived components (Fig. 7a), different from Pali-Aike Volcanic Field

outcrops, which are distant from the volcanic arc.

Figure 7

DISCUSSION

Depths of magma segregation and mantle potential temperature (Tp) estimations

Previous P-T estimations of Patagonian mantle xenoliths indicate that the lithosphere has
up to 80 km depth (e.g., Stern et al., 1999; Laurora et al., 2001; Kilian & Stern, 2002; Rivalenti
et al., 2004, 2007; Bjerg et al., 2005, 2009; Schilling et al., 2005), which is consistent with the
estimated depth of the lithosphere—asthenosphere boundary in the region (Stern et al., 1999;
<100 km).

The depth of magma generation, as well as mantle potential temperatures (see Table 6) can
be estimated using major oxide compositions of the most primitive basalts studied here (#Mg
>60; MgO >9 wt.%; Ni >200 ppm and Cr >240 ppm) because their geochemical features are
unaffected by crystal fractionation. Estimations of magma segregation pressures were obtained
based on the empirical equation of Albarede (1992) [In P(GPa) = {[5.04MgO/(SiO2 + MgO)] —

0.12SiO2 + 7.47}]. Assuming an increase of 0.1 GPa per 3.3 km of depth in the mantle, the
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calculation suggests that both Group I and Il basaltic rocks were generated within the range of
the garnet stability field (Klemme & O’Neill, 2000) as 3.4-4.1 GPa and as 2.7-2.8 GPa, which
respectively correspond to depths of 113-134 km and 89-94 km (Table 6).

The estimated mantle potential temperature (Tp) of the Patagonian basalts were obtained
using methods proposed by Albaréde (1992) [T (°C) = 2000MgO/(SiO.+Mg0)+969] and
Herzberg & Asimow (2008) [T (°C) = 935+33Mg0O — 0.37MgO?+54P-2P?; P = GPa] (Table 6).
The mantle Tp calculated for Group | basalts (1398-1546°C and 1431-1563°C) are higher than
those estimated for Group 11 basalts (1305-1324°C and 1346-1364°C), using both methods.
The mantle potential temperature of Group 1l basalts overlaps those estimated as the normal
ambient mantle (~1350+50°C; Herzberg & Asimow, 2008), which presents no evidence of a
thermal anomaly. However, Group | basalts have a higher estimated mantle potential
temperature than normal ambient mantle temperatures (>1400°C); the temperatures partially
overlap those defined for OIB and mantle plume model (approx. 1430-1600°C; Green et al.,
2001; Herzberg & Asimow, 2008). The subducting slab often does not allow a thermal anomaly
in the mantle wedge. However, several tectonic models that have been proposed might provide
temporal and spatial scenarios for a hot subcontinental mantle as follows: 1) asthenospheric
upwelling through slab windows and slab-tearing within the subducting oceanic lithosphere in
southern Patagonia (Gorring & Kay, 2001; Guivel et al., 2006); 2) roll-back of the subducting
slab in northern Patagonia (e.g., Mufioz et al., 2000; de Ignécio et al., 2001; Kay & Copeland,
2006; Kay et al., 2006; Ramos & Kay, 2006; Ramos et al., 2014); 3) “wet” asthenospheric
upwelling caused by dehydration-induced melting of mantle transition zone in central
Patagonia (Orihashi et al., 2005, 2006; Honda et al., 2006); and 4) oblique upwelling of thermal
flows from the hotspots in Atlantic Ocean during the Oligocene (Kay et al., 2007).

In summary, the Patagonian primary magmas originated at great depths within the garnet

stability field. Group I basalts must have been generated by the hot asthenospheric upwelling.
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Instead, Group Il basalts have been generated at estimated depths overlapping the

lithosphere—asthenosphere boundary (LAB; <100 km).

Insights into mantle sources beneath Patagonia

Discrimination of mantle source lithology

During melting of garnet lherzolite or pyroxenite, the abundances of CaO and Al>Oz are
controlled predominantly by residual clinopyroxene and garnet (e.g., Walter, 1998; Klemme et
al., 2002), which are generally more abundant in pyroxenites than in peridotites. Clinopyroxene
has a high Dcao/Dai203 ratio and is less refractory than garnet (Walter, 1998). Therefore, a high
CaO/Al>0Os3 ratio obtained in a primary magma results from low degrees of partial melting of
garnet—peridotite mantle source. The Group Il basalts have CaO/Al,O3 ratios of 0.39-0.62.
They are plotted within the field obtained from compositions of pyroxenite partial melt. The
Group | basalts have CaO/Al2Os ratios of 0.75-1.14. They are plotted within the field defined
for compositions of peridotite partial melts in the CaO vs. MgO diagram (Fig. 3e; Herzberg &
Asimow, 2008). Group | basalts at the PM1 site are very close to the boundary separating the
peridotite and pyroxenite partial melt fields (Fig. 3e), suggesting a generation of large amounts
of high-pressure pyroxene fractionation in a garnet—peridotite mantle source (Herzberg &
Asimow, 2008).

According to Yang & Zhou (2013), it is possible to identify whether the mantle source of
OIB-like basaltic rocks with MgO >7.5 wt.% is peridotitic or pyroxenitic through their FC3MS
values (FC3MS = FeO/Ca0-3*MgO/SiOy, all in wt.%). The FC3MS values of normal mantle
peridotite melts are estimated as less than 0.5, but the upper limit for peridotite melts is 0.65.

When the FC3MS value is higher than 0.65, partial melting of a pyroxenite mantle source is
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suggested. The FC3MS values of Group Il basalts vary between 0.63-1.27, in agreement with a
garnet—pyroxenite as a mantle source for these basalts. Similarly, Group | basalts present low
FC3MS values (0.22-0.43) that are consistent with a peridotitic rock as the mantle source.
Some experimental studies have shown that garnet is stable in the mantle source and that it
is a residual solidus phase at depths greater than approx. 80 km (approx. 2.5 GPa) (e.g.,
Klemme & O’Neill, 2000). Experimental data of mineral/melt partition coefficients indicate
Dth < Dy and D1n < Dy for garnet (e.g., Elkins et al., 2008), which means that Group I and |1
basalts having high Th/Ybn values (2-4) and high Th/U ratios (usually >4) are generated from

partial melts of the mantle source with residual garnet.

Group I: Phlogopite-bearing peridotite as the mantle source

The presence of residual amphibole or phlogopite in the mantle source regions of alkaline
basalts has been discussed in several reports (e.g., Class & Goldstein, 1997; Spath et al., 2001;
Yang et al., 2003; Johnson et al., 2005; Mayer et al., 2013). The stability field of amphibole is
restricted to temperatures of 1100-1250°C at pressures of 1-3 GPa (e.g., Niida & Green, 1999;
Green et al., 2010), which does not agree to the P-T conditions for depth of magma segregation
or potential temperature calculated for the Group | basalts. In contrast, as pointed out by several
reports of the relevant literature (e.g., Luth, 1997; Enggist et al., 2012), phlogopite is an
important K-bearing phase in the upper mantle at depths of 90-200 km (up to 9 GPa) with
temperatures of 1000-1550°C. In addition, alkali-rich magma can result from low-degree
partial melting of phlogopite-bearing peridotite.

In multi-element diagrams for Group | basalts (Fig. 4a), the pronounced negative K, Rb, Pb,
and variable Ti anomalies, together with a relative enrichment of Ba, suggest that phlogopite

played a key role in the magma genesis. According to the partition coefficient, melts with
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residual phlogopite are expected to have low Rb/(Sr, Nb), Ba/(Th, La), and K/(Nb, La, Ce)
ratios, whereas basaltic rocks having phlogopite phenocrysts are expected to show higher ratios
of these elements (e.g., LaTourrette et al., 1995). Similarly, all Group | basalts show lower
Rb/(Sr, Nb), Ba/(Th, La), and K/(Nb, La, Ce) ratios compared not only to Group Il basalts but
also to primitive mantle and OIB average (Sun & McDonough, 1989). Aiming to clarify the
role of phlogopite or amphibole in the magma genesis of Group | basalts, we show melting
trajectory lines drawn using a compilation of partition coefficients between garnet
phlogopite-silicate and spinel amphibole-silicate melts in the PM-normalized Rb/Sr, K/Ce and
K/K* vs. K/La diagrams (Figs. 8a—c).

The K anomaly [K/K* = Kn/(Nbn x Lan)*?] was applied here because it constitutes a
powerful tool to identify the presence of K-bearing minerals in the mantle source because K,
Nb, and La have similar bulk partition coefficients and behave highly incompatibly in both
spinel—peridotite and garnet—peridotite. Assuming that phlogopite is the residual mineral phase
that fractionates Rb and K relative to Sr and Ce even more efficiently than amphibole, the
Group | basalts show markedly low K-anomalies (K/K* = 0.14-0.34) (Fig. 8). This result
suggests phlogopite as the most plausible phase in the mantle source of Group | basalt, and

excludes any amphibole participation.

Figure 8

Phlogopites and phlogopite-bearing basaltic rocks often present high Rb/Sr ratios and
consequently high 8/Sr/8°Sr ratios because of the time-integrated decay of Rb. Stern et al.
(1999) and Gorring & Kay (2000) reported Sr—Nd—Pb isotope data of separated phlogopites of
mantle xenoliths from PAVF and Lote 17 (Gobernador Gregores), but they respectively

showed low &7Sr/8®Sr (0.70344-0.70315) and high **Nd/***Nd (0.51292—0.512816) ratios.
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Based on their data, Gorring & Kay (2000) reported the age of <25 Ma for the formation of
phlogopite in the Patagonian subcontinental lithospheric mantle. Group | basalts have identical
87Sr/8Sr and *3Nd/**4Nd ratios of phlogopites from Lote 17 and PAVF (Fig. 6a). Only Pliocene
Group | basalts at the PM8 site have a slightly radiogenic Sr isotopic composition, resulting
from longer time-integrated Rb/Sr ratios in their mantle source than the other Group | basalts.
Consequently, the absence of the more radiogenic Sr—Nd isotope signatures on the Group |
basalts suggests that the enrichment of their mantle source occurred during the Cenozoic, and
possibly in conjunction with the subduction of Nazca and Antarctic oceanic plates beneath the
South American continental plate.

The dehydration of serpentinite is a plausible explanation for the input of water up to
approximately 80-200 km depth (Evans et al., 2013). Therefore, we suggest that the subduction
of serpentinized olivine-rich mantle peridotite during deep dehydration of the subducting
oceanic plate can provide H>O and fluid mobile elements (Deschamps et al., 2013; Ribeiro et
al., 2013; Spandler & Pirard, 2013) sufficient to form phlogopite, and to allow the precipitation
of an alkali-rich hydrous silicate melt derived from the interaction of a hotter asthenosphere on
the middle of the mantle wedge.e.g.,e.g., Consequently, the breakdown of phlogopite allowed
the lowering of the solidus temperature and induced small degrees of partial melting observed
in Group I basaltic magmas. This fact indicates that some intraplate volcanism might derive
from the past-metasomatized asthenosphere having compositional anomalies such as a

“wetspot” (Bonatti, 1990).

Group I1: Enriched pyroxenite-bearing veins as the mantle source

The Group 1l basalts are characterized by variable enrichments of incompatible elements

(e.g., Cs, Ba, K, Pb, Sr) compared to other trace elements in the multi-element diagram.
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Furthermore, geochemical signatures of Group Il basalts having high K/K* (0.86-1.66, most >
1) and Pb/Pb* (1.19-2.26) anomalies [where Pb* = Pbn/(Cen*Prn)Y?], supporting the influence
of a subduction component because of K and Pb additions from the subducting slab (Gazel et
al., 2011). The positive anomalies of K/K* and Pb/Pb* greater than 1.0 suggest the contribution
of slab-derived fluids, whereas K/K* and Pb/Pb* ratios having less than 1.0 indicate relative
depletion in these elements that are typical of intraplate (OIB-type) magmatism (Gazel et al.,
2011). Except for Group Il basalts at the PM6 and PM7 sites, which show less than 1.0 on K/K*
anomalies, Group Il basalts have greater than 1.0 on both K/K* and Pb/Pb* anomalies (Table
3). However, it can be readily justified by their high Nb concentration (approx. 62 ppm)
compared to the other Group Il basalts (< 50 ppm).

Group Il basaltic rocks show high Nb/Ta (>18), Ce/Pb (>20), Nb/U (>37), and low La/Nb
(<1) ratios, coupled with high Nb/Nb* anomalies [>1; where Nb/Nb* = Nbn/(Thn*Lan)Y?;
Gazel et al., 2011]. These results are similar to those of Group | basalts and to intraplate basalts
(Hofmann et al., 1986; Sun & McDonough, 1989). The clear depletion of Nb—Ta and Ti, the
lowest Nb/Ta (ca. 14), Ce/Pb (ca. 12) and Nb/U (ca. 17) ratios, the highest La/Nb (ca. 1.4)
ratios and the low Nb/Nb* (ca. 0.7) anomalies of Group Il basalts at the PM4 site might reflect
selective enrichment in incompatible elements in the mantle wedge because of the addition of
small amounts (1%) of pelagic sediments (e.g., Ce/Pb; Fig. 9) and/or because of the presence of
residual rutile in their mantle source (e.g., Foley et al., 2000; Klemme et al., 2005).

To explain the role of slab-derived components on the magma genesis of most Group Il
basalts, based on an enriched garnet—pyroxenite, we used ratios of element pairs with similar
bulk partition coefficients because they do not vary in terms of fractional crystallization and
vary only slightly during partial melting. Considering the coefficient partition in an anhydrous
assemblage, the element pairs (e.g., Ce/Pb) are useful to identify fluids, sediments, and

slab-melt additions to the mantle wedge because Pb is soluble in aqueous fluids and enriched in
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pelagic sediments, whereas Ce is immobile. A Ce/Pb vs. Ce diagram is presented in Figure 9,
portraying selective enrichment of Pb relative to Ce, compared to the OIB average (Sun &
McDonough, 1989) and to Group | basalts. Comparatively, most Group 11 basalts are markedly
less enriched in Pb than the average of Chile Triple Junction pelagic sediments (Kilian &
Behrmann, 2003; Shinjoe et al., 2013), which exclude the participation of sediments in their
mantle source. The enrichment of Ce concentrations suggests that the Group Il basalts can be
generated by simple partial melting of enriched garnet—pyroxenite as the mantle source. Based
mainly on incompatible element ratios (e.g., Ce/Pb; Fig. 9) and Sr—Nd-Pb isotopic data (Figs.
6a—c), we propose three-component-mixing among a depleted mantle-wedge, an OIB-like melt
and the subducted oceanic lithosphere to explain the mantle sources for Group Il basalts. This
reaction is expected to form young pyroxenite-bearing veins close to the
lithosphere-asthenosphere boundary (89-94 km), with partial melting of 5-10% capable of

producing the geochemical features of EMI Group |1 basalts.

Figure 9

REE modeling of partial melting

To produce variable compositions of the Cenozoic Patagonian basalts, estimates of the
degrees of partial melting (F) were modeled respectively using the abundance of REEs based
on the Th/Yb vs. Yb diagram with the primitive mantle (Sun & McDonough, 1989) and with
garnet—pyroxenite as the starting materials of Group I and Il basalts (Figs. 10a—b). The degrees
of partial melting of Group | basalts were calculated assuming garnet—peridotite as a source
mode, whereas Group Il basalts assumed as the mantle source were garnet—pyroxenite, both

with varying amounts of clinopyroxene and garnet (see Fig. 10b). The Group Il mantle source
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(enriched pyroxenite) assumed here is represented by a mixing of 90% of depleted lithospheric
mantle (DM; Salters & Stracke, 2004), 8% of the estimated oceanic crust, and 2% of OIB
average (Sun & McDonough, 1989). The oceanic crust was estimated according to Willbold &
Stracke (2006), consisting of a mixture of 40% MORB (sample D20-1 of Chile Ridge Segment
1; Klein & Karsten, 1995), 50% gabbro (Niu & O’Hara, 2003), and 10% altered MORB
(Staudigel et al., 1996).

The calculations were done using the non-modal batch melting equation reported by Shaw
(2006) [C* = CS/(D+F(1-P))], with application of different degrees of partial melting (F <15%).
The bulk distribution coefficients for both the mantle source (D) and the extracted melt (P)
were estimated using the mineral proportions and mineral/melt partition coefficients
(McKenzie & O’Nions, 1991; Grégoire et al., 2000; Shaw, 2000). Source modes are shown in
Figure 10. The melt modes are those proposed by Johnson (1998).

The results for the modeling indicate that Group | basalts were generated from partial
melting of <3%, whereas Group Il basalts vary over the range of 5-10%. The Group | basalts at
the PM8 site have an extremely high Tb/Yb ratio (approx. 0.85) and Yb content (2.2 ppm),
which results from extremely small fractions of melt (F <1%). The characteristics of Group |
basalts at the PM1 site also show the lowest amount of clinopyroxene compared to the other
Group | basalts (Fig. 10a). That amount is in agreement with efficient pyroxene fractionation in

a garnet—peridotite mantle source (see Fig. 3e).

Figure 10
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Magmatic model for the Patagonian Basaltic Province

A tectono-magmatic model explaining the generation of Group I and Il lavas of Patagonian
basaltic province (36°S —52°S) is summarized below and in Figure 11. This model was
constructed based on both geochemical characteristics and depth estimations discussed above,
and in previous works (e.g., Somoza et al., 1998; Gorring et al., 1997, 2003; Gorring & Kay,
2001; Orihashi et al., 2005, 2006; Guivel et al., 2006; Honda et al., 2006; Boutonnet et al.,
2010; Espinoza et al., 2010; Ramirez de Arellano et al., 2012; Kay et al., 2013).e.g.,

Although some particularities are involved in the tectono-magmatic evolution of the three
segments defined here (36°S — 38°S; 40°S — 45°S; and 46°S — 52°S), we assumed that all Group
I basalts have their genesis related to a “wet” plume generated as a result of devolatilization of
hydrated serpentinite within the subducting oceanic lithosphere, which contributed to a
subsequent formation of phlogopite in a deep and hot OIB-like asthenosphere. Group Il basalts
show geochemical similarities to “transitional” basalts proposed by Stern et al. (1990) and are
expected to represent back-arc basalts affected by arc widening during the Cenozoic, which
allowed the incorporation of slab-derived components in lesser amounts than those observed
beneath the Andean volcanic arc.

The magmatic model assumed here for Payenia volcanic province (36°S —38°S; Fig. 11a) is
based on roll-back theory, whereby the Nazca plate displays a westward shift of volcanic
activity since the late Pliocene, facilitating the increase of slab-derived components from older
to younger volcanism (e.g., Ramos & Kay, 2006; Ramos et al., 2014). This model shows
agreement with the occurrence of OIB-like EMI components in Group 11 basalts (PM2 and
PM3), which display Pleistocene ages, compared to Miocene phlogopite-bearing OIB-like
lavas from Group | (PM1) (Fig. 7). The geochemical and isotopic characteristics of PM1 basalts

are probably related to an eastward asthenospheric upwelling, which includes fossil plume
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fragments (Tristan da Cunha mantle plume?; Kay et al., 2007), after changing of the slab dip
and the convergence from near-normal to oblique along the Chile trench from the late
Oligocene to the early Miocene (e.g., Somoza et al., 1998; Kay et al., 2013). Using information
from our sampling sites (eastern Payenia), Bertotto et al. (2009) showed that the Miocene lavas
have intraplate affinity with no slab input, whereas Plio—Pleistocene lavas have the contribution
of a slab-derived component. Furthermore, they described an increase of incompatible element
concentrations from the northern to the central and southern zones, excluding any relation with
the distance from the trench.

The geodynamic model presented for Cenozoic magmatism between 40°S and 45°S
includes basalts from the Meseta de Somun Cura (PM4, PM5, PM6, PM7 and PM8), Valle del
Rio Genoa (PM12), and Paso de Indios (PM11) areas (Fig. 11b). This model incorporates the
upwelling of a deeper and hot OIB-like asthenosphere beneath central Patagonia that
experienced the interaction with deep slab serpentinite dehydration, triggered in response to the
changing of slab dip during the Oligocene (Kay et al., 2007). Consequently, the devolatilization
of the subducted serpentinite contributed to subsequent “wet” plume generation and Group |
basalt magmatism. Although the presence of volatile-bearing minerals such as amphibole and
phlogopite, in the sources of intraplate volcanism do not require a thermal anomaly in the
generation of these magmas (e.g., Smith & Lewis, 1999), the calculated potential temperatures
(Tp) for Group | basalts are high (1400-1563°C), which indicates the contribution of an ancient
mantle plume beneath Somun Curé province and its austral prolongation.

Our model used to explain the OIB-like volcanism in Somun Cura province is similar to that
proposed by Orihashi et al. (2005, 2006) and by Honda et al. (2006), although they attributed
the origin of water to the wet asthenospheric upwelling caused by dehydration-induced melting
of mantle transition zone. On the other hand, after the breakup of Farallon plate, which allowed

the change of the slab dip from oblique to near-normal convergence along the Andean margin
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during the Oligocene (Cande & Leslie, 1986; Somoza, 1998; Kay et al., 2007), the shallow
mantle source of Group Il basalts (89-94 km) became susceptible to interaction with H.O-rich
fluids from the Nazca plate dehydration.

The geodynamic evolution of southernmost Patagonia at latitudes of the Meseta Central
(PM22) and PAVF (PM16 and PM17) (49°S — 52°S) presented here was constructed based on
models proposed previously by Gorring et al. (1997, 2003), Gorring & Kay (2001), Guivel et
al. (2006), Boutonnet et al. (2010), Espinoza et al. (2010), and Ramirez de Arellano et al.
(2012) (Fig. 11c). Our model includes a weak enriched mantle source component stored in the
supra-slab (near the lithosphere-asthenosphere boundary), as well as a phlogopite-bearing
OIB-like components (PM16 and PM17), which are explainable by the upwelling of a hotter
asthenosphere. The “conventional” slab window model proposed by Gorring et al. (1997, 2003)
and by Gorring & Kay (2001), determines that the “true” slab window is represented by all
post-plateau lavas that postdate the passage of the Nazca Plate edge ca. 7 to 1 Ma ago.
However, those basalts located further north (e.g., Meseta de Chile Chico, Meseta del Lago
Buenos Aires, and Northeast region of Meseta Central) require an alternative model because of
the absence of decreasing in the age of magmatism from South to North, as might be expected
for each segment of the Chile Ridge when its activity ended and its own slab window was
developed (Fig. 7 and Guivel et al., 2006). This chronological inconsistency lead Guivel et al.
(2006) to propose a model based on the process of slab tearing at depth when collision starts at
the trench, followed by slab breakoff. Therefore, we attribute the eastward arc migration to slab
flattening (Boutonnet et al., 2010; Espinoza et al., 2010; Ramirez de Arellano et al., 2012) to
explain the EMI component recognized in Group Il basalts (PM22), whereas Group | basalts

from PAVF correspond to the opening of “true” (ridge-related) slab windows.

Figure 11

36



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

CONCLUDING REMARKS

We newly ascertained major and trace element and Sr—Nd-Pb isotope compositions, as well
as K—Ar ages, for the Cenozoic basaltic rocks from the Patagonian Basaltic Province to
evaluate their mantle sources and petrogenesis. Our conclusions include the following.

1) The alkaline basalts studied here were divisible into two mineralogical and
compositional groups: Group | basalts comprising basanites and nephelinites; Group Il basalts
comprising trachybasalts, basanites and mugearites. Both groups show enrichment in LILE,
HFSE, and light to middle REE in primitive mantle-normalized multi-element diagrams,
which characterize intraplate basalts from continental and oceanic settings.

2) Fractionated HREE ratios (e.g., Tb/Ybn = 2-4), as well as calculated depths of magma
generation of Groups | basalts (113-134 km) and Group |1 basalts (89-94 km) show that the
Patagonian basalts were generated within the garnet stability field. The difference between the
depths of the respective groups suggests an asthenospheric source for Group | basalts,
whereas Group Il basalts most likely have their mantle source close to the
lithosphere—asthenosphere boundary (LAB; <100 km).

3) Regarding Group | basalts, the strong depletion of Rb, K, Pb, and Ti coupled with Nb-Ta
positive anomalies in the multi-element diagram, as well as low Rb/Sr and K/(La, Ce) ratios,
high Ce/Pb ratios and low K/K* (0.14-0.34) anomalies suggest that phlogopite was a residual
mantle phase during the basalt genesis. Sr—Nd—Pb isotopic ratios for Group | basalts are similar
to depleted OIB and are identical to phlogopites from Patagonian mantle xenoliths, which
suggests that the enrichment responsible by phlogopite formation in their mantle source
occurred during the Cenozoic, possibly in conjunction with the subduction of Nazca and
Antarctic oceanic plates beneath the South American continental plate. The origin of

phlogopite in the mantle source for Group | basalts might be related to serpentinite dehydration,
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which provided Rb, K, and H»O sufficient to form this mineral. Thereafter, the breakdown of
phlogopite allowed small degrees of partial melting of an alkali-rich hydrous silicate melt
derived from the interaction of a hotter asthenosphere with the middle of the mantle wedge. It
can still suggest that the genesis of intraplate volcanism is related to compositional anomalies
(“wetspots”™).

4) Group Il basalts are characterized by enrichment to some degree in LILE (e.g., Cs, Ba,
K, Sr) and Pb with respect to HFSE (e.g., Nb-Ta) and REE (e.g., La, Ce), suggesting that
these magmas had the contribution of slab-derived fluids. Furthermore, these basalts have
higher K/K* and Pb/Pb* anomalies and slightly higher radiogenic isotopic ratios than those of
Group | basalts. Curiously, the Group 1l basalts show high Nb/Ta (>18), Ce/Pb (>20), Nb/U
(>37), Nb/Nb* (>1), and low La/Nb (<1) ratios, similar to those of the Group | basalts and to
intraplate basalts elsewhere. Based on these features, we argue that Group Il basalts reflect the
partial melting of metasomatized pyroxenite-bearing veins in the continental
lithosphere-asthenosphere boundary with EMI signature during the Cenozoic time.

5) The mantle potential temperatures (Tp) calculated for Group | basalts are higher
(1400-1563°C) than those estimated from Group Il basalts (1305-1364°C). The Group 1l
basalt estimates overlap the normal ambient mantle temperature (approx. 1350+50°C),
whereas Group | basalts show high Tp (>1400°C), indicating evidence of a thermal anomaly
beneath Patagonia. The non-modal batch partial melting modeling results indicate that both
groups were generated by a small degree of partial melting. However, Group | from
phlogopite—garnet peridotite (Group | basalts; <3%) and Group |1 basalts originated from
enriched garnet—pyroxenite (Group Il basalts; 5-10%) mantle sources.

6) According to spatiotemporal variations, the estimated depths of mantle sources
apparently play an important role in the genesis of all Group | and 11 basalts. However, in local

cases, it was also possible to discern Groups I and Il basalts because of their eruption ages,
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across-arc geochemical variations and latitudes. Consequently, in Payenia volcanic province,
the eruption ages of Group Il lavas are younger (Pleistocene) than those of Group | (Miocene).
The Plio—Pleistocene basalts from Meseta de Somuan Cura show across-arc geochemical
variation, where Group |1 basalts are located closer to the volcanic arc than Group | basalts are.
In southern Patagonia, Group | and Il basalts are discernible based on the westward increase of
slab-derived components, latitude, and eruption ages because interaction with enriched
components is restricted to the older lavas located near the Austral volcanic zone and at the

Meseta Central latitude.
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Figure Captions

Figure 1. Tectono-magmatic map showing Patagonian plateau lavas in southernmost South
America after Stern et al. (1990). Circles denote the following sample localities: De la Laguna
(PM1-36°13"19"S; 68°26°01”W), Agua Poca (PM2 — 37°01°05”’S; 68°07°21”W), Huanul
(PM3 —37°17°25”S; 68°32°27”W), Cerro El Mojon (PM4 —41°06°18”S; 70°13°09”°W),
Ingeniero Jacobacci (PM5 —41°22°07”’S; 69°47°44”W), Aznares (PM6 — 40°48°51”’S;
68°41°01”W), Estancia Alvarez (PM7 — 40°46°08”’S; 68°46°21”°W), Prahuaniyeu (PM8 —

41°20°09”S; 67°54°08”W), Cerro Matilde (PM11 — 43°48°42”’S; 68°55°32”W), Cerro de los
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Chenques (PM12 — 44°52°19”S; 70°03°58”W), Estancia Brazo Norte (PM16 — 52°02°55’S;
70°02°07°W), Cueva de Fell (PM17 — 52°02°39’S; 70°03°33”W), and Cerro Redondo (PM22
—49°07°13”S; 70°08°44”W). The major plateau regions are Payenia Volcanic Province (PVP),
Meseta de Somun Cura (MS), Meseta de Canquel (MCA), Meseta de la Muerte (MM),

Meseta Central (MCE), Meseta de Buenos Aires (MBA), Meseta de las Viscachas (MV), and
Pali-Aike Volcanic Field (PAVF). Also shown are the Austral volcanic zone (AVZ), Southern

volcanic zone (SVZ), and the Patagonian volcanic GAP.

Figure 2. Total alkalis (Na20 + K20; wt.%) vs. silica (wt.%) diagram (TAS; Le Bas et al.,
1986) for Groups | and I1. The alkaline — sub-alkaline divide was reported by Irvine &
Baragar (1971). For comparison, values of “cratonic” and “transitional” basalts reported by

Stern et al. (1990) are shown.

Figure 3. Variation diagrams for selected major (wt.%) and trace (ppm) elements vs. MgO
(wt.%) from Group | and Il basalts (a—h). CaO vs. MgO diagram (e) were reported by
Herzberg & Asimow (2008). For comparison, values of “cratonic” and “transitional” basalts
reported by Stern et al. (1990) are shown. Total iron is reported as Fe>Os. Symbols are the

same as those for Figure 2.

Figure 4. Primitive mantle-normalized incompatible trace elements (a—b) and REE (c—d)

diagrams. Normalized values were reported by Sun & McDonough (1989).

Figure 5. Selected trace element ratio diagrams. (a) Ba/Nb, vs. K/Nb, (b) Ba/La vs. Rb/Nb
and (c) Ce/Pb vs. Nb/U diagrams illustrating the geochemical characteristics of the mantle

sources for Groups | and 11. Shown for comparison are Andean volcanic arc basalts with Mg#
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>55 and FeO*/MgO <1.5 (Hickey et al., 1986; Gerlach et al., 1988; Hickey-Vargas et al.,
1989), “cratonic” and “transitional” basalts (Stern et al., 1990), the average of Chile Triple
Junction pelagic sediments (MR08-06 Leglb; Shinjoe et al., 2013), and the OIB average (Sun
& McDonough, 1989). The fields for HIMU and EMI are based on data reported by Willbold

& Stracke (2006). Symbols are the same as those for Figure 2.

Figure 6. (a) 8Sr/®8Sr vs. 3Nd/**Nd; (b—c) 2%8-20"Pp/?%Pp vs. 2°Ph/?%4Ph isotope variations
of Group I and Il basalts (see text for details). Errors are 26 of the mean, referring to the last
two digits of the &Sr/%Sr and **Nd/***Nd ratios. (8'Sr/®°Sr);i = (87Sr/®Sr)sample —
(87Rb/868r)sample % (ext - 1); (143Nd/144Nd)i — (143Nd/144Nd)sample _ (147Sm/144Nd)samp|e % (ext _
1); eNd = {[(***Nd/M*Nd)sample — (2**Nd/***Nd)chur] / [(2**Nd/A**Nd)crHur] x 10000}, are
13Nd/A**Ndcrur = 0.512638 (Jacobsen & Wasserburg, 1980). ASm = 6.54 x 10712 year !, ARb
=1.42 x 10! year?, t(Ma). Symbols are the same as those for Figure 2. For comparison are
shown alkaline basalts from: (1) Payenia volcanic province (36°S — 38°S); (2) Meseta de
Somdun Curd, Paso de Indios and Valle del Rio Genoa areas (40°S — 45°S); (3) Meseta Central
area (46°S — 49°S); and (4) Pali-Aike Volcanic Field (51°S — 52°S). See text for references.
Isotopic data of “cratonic” and “transitional” basalts are shown (Stern et al., 1990), plus
phlogopites from Pali-Aike Volcanic Field (PAVF; Stern et al., 1999) and Estancia Lote 17
(L17; Gorring & Kay, 2000). Mantle reservoirs are from Hart et al. (1992) and Chile Ridge

MORBs are from Klein & Karsten (1995) and Bach et al. (1996).

Figure 7. Ba/Nb vs. longitude (a); New K—Ar ages against latitude (b) and longitude (c) of
Groups I and II (Errors are 16). For comparison, K—Ar ages (K—Ar and “°Ar/**Ar methods) of
other Patagonian lavas are shown. Data sources: Payenia Volcanic Field (36°S — 38°S;

Cobbold & Rossello, 2003; Kay et al., 2004 and references therein; Kay & Copeland, 2006

63



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

and references therein; Bertotto et al., 2006; Galland et al., 2007; Folguera et al., 2009;
Quidelleur et al., 2009; Germa et al., 2010; Gudnason et al., 2012), Somun Cura, Paso de
Indios and Valle del Rio Genoa areas (40°S — 45°S; Kay et al., 2007; Pécskay et al., 2007;
Labudia et al., 2011; Bruni et al., 2008; Massaferro et al., 2014), Plateau basalts between
46°S — 49°S (Gorring et al., 1997; Guivel et al., 2006), and Pali-Aike Volcanic Field (51°S —
52°S; Corbela, 2002 and references therein; Mejia et al., 2004). Abbreviations: Olig. =
Oligocene (n = 8), Mioc. = Miocene (n = 60), Plio. = Pliocene (n = 38), Pleist. = Pleistocene
(n =171). Symbols are the same as those for Figure 2. The youngest samples display error
bars smaller than printed symbols. Black-filled circles and squares represent samples dated

previously from the same localities studied here.

Figure 8. K/La vs. (a) Rb/Sr, (b) K/Ce and (c) K/K*. All trace elements were normalized to
primitive mantle. Melt trajectories are drawn for phlogopite-bearing lherzolite (continuous
line; Ol =0.56, Opx = 0.13, Cpx = 0.2, Grt = 0.09, Phlog = 0.02) and amphibole-bearing
Iherzolite (dotted line; Ol = 0.62, Opx = 0.22, Cpx = 0.12, Sp = 0.02, Amp = 0.05) sources
using the non-modal batch partial melting of Shaw (2006). Melting of phlogopite-bearing and
amphibole-bearing lherzolites shows that Group | basalt is explainable by low degrees of
partial melting (<3%) of a mantle source with residual phlogopite. However, the participation
of amphibole in the genesis of these rocks is apparently inconsistent. Symbols are the same as

those for Figure 2.

Figure 9. Plot of Ce/Pb vs. Ce (ppm) showing melt curves obtained using non-modal batch
melting. Melt curves are drawn for both garnet—pyroxenite (A) and garnet—pyroxenite plus 1%
of average of Chile Triple Junction pelagic sediments (Shinjoe et al., 2013) (B). See text and

Figure 8 for partition coefficient compilation, mode and melt mode. For comparison are shown
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the average of Chile Triple Junction pelagic sediments (MR08-06 Leglb; Shinjoe et al., 2013),
South Chile Ridge Sediments (Kilian & Behrmann, 2003), and the OIB average of Sun &

McDonough (1989). Symbols are the same as those for Figure 2.

Figure 10. Th/Yb vs. Yb diagram showing melt curves obtained using non-modal batch
melting of Shaw (2006). Continuous curves show non-modal batch melting models
considering the primitive mantle with lherzolite mode for Group I (A) (ol = 0.62, opx = 0.22,
and phlog = 0.02 are fixed, whereas the amounts of cpx and grt vary respectively: 0.05-0.1
and 0.09-0.03); and a garnet—pyroxenite mode for Group 11 (B) (ol = 0.3 and opx = 0.5 are
fixed, whereas the amounts of cpx and grt vary respectively: 0.12-0.16 and 0.08-0.04) as
starting materials. Numbers along the continuous curves represent the degrees of partial

melting (F). Symbols are the same as those for Figure 2.

Figure 11. Schematic tectono-magmatic models of Patagonian Basaltic Province: (a) Payenia
area (PM1, PM2 and PM3); (b) Somudn Cura (PM4, PM5, PM6, PM7 and PM8), Valle del Rio
Genoa (PM12) and Paso de Indios (PM11) areas; and (c) Meseta Central (PM22) and

Pali-Aike Volcanic Field (PM16 and PM17) areas. See text for discussion.
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Figure 3
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Figure 9
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Figure 10
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Figure 11
(a) Payenia Volcanic Province (36°S - 38°S)
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Table 1: Whole-rock geochemical data of Group | basalts

Group |

Sample: PM1-Al1 PM1-A2 PM1-A3 PM1-A4 PM8-Al PMS8-B2 PM11-Al PM11-A2 PM11-A3
Rock type: BS BS BS BS MNeph  MNeph BS BS BS
Major elements (wt.%)

SiO; 43.48 43.32 43.49 43.55 40.41 40.44 42.50 42.35 42.34
TiO; 2.33 2.32 2.27 2.33 3.26 3.32 3.38 3.42 3.41
Al;O3 14.73 14.77 14.83 14.77 9.23 9.33 12.86 12.91 12.88
Fe203 12.01 12.05 11.58 11.81 14.76 14.82 13.31 13.74 13.63
MnO 0.21 0.21 0.21 0.21 0.22 0.23 0.19 0.19 0.20
MgO 9.82 9.77 9.80 9.84 16.37 16.07 11.80 11.59 11.57
CaO 11.13 11.13 11.19 11.05 10.29 10.40 11.09 11.02 11.05
Na.0 3.94 4.02 4.16 4.05 3.07 2.94 3.40 3.30 3.44
K20 0.92 0.96 0.94 0.93 0.84 0.87 0.70 0.67 0.70
P20s 1.44 1.46 1.54 1.45 1.56 1.58 0.77 0.81 0.78
Mg-number 62 62 63 62 69 68 64 63 63
Compatible elements (ppm)

\% 238 242 232 228 176 175 256 257 262
Cr 263 252 260 265 493 473 391 385 384
Co 46 45 42 45 64 62 56 57 57
Ni 156 149 160 161 522 480 271 261 257
Zn 87 88 110 84 154 156 101 103 102
Ga 21 21 21 19 20 19 19 19 19
Trace and rare earth elements (ppm)

Cs 0.60 0.76 0.68 0.54 0.80 0.78 0.68 0.55 0.67
Rb 19.93 21.35 20.32 19.83 18.74 21.98 22.95 23.13 23.65
Ba 522,17 530.02 526.32 519.13 670.66 654.89  509.28 510.54 497.69
Th 11.62 11.40 11.30 11.32 14.49 14.81 7.25 6.78 6.77
U 1.45 1.52 151 1.44 1.55 1.57 1.46 1.36 151
Nb 60.46 61.84 61.01 60.11 15141 154.23 77.59 76.07 76.59
Ta 2.99 2.96 3.01 3.07 7.72 7.72 3.82 3.83 3.82
K 7603 7940 7788 7684 6949 7250 5796 5582 5846
La 67.55 67.67 67.23 67.34  120.08 119.64 64.27 62.35 62.14
Ce 120.49 120.85 12352 11958 200.22 201.18  119.56 117.01 119.83
Pb 291 2.98 2.95 2.94 5.59 5.48 3.09 3.02 3.27
Pr 14.39 1431 15.06 14.22 24.05 24.16 14.08 13.84 14.07
Sr 1152 1154 1169 1138 1664 1744 897 953 882
P 6294 6350 6705 6338 6800 6878 3371 3536 3406
Nd 55.90 55.82 56.40 56.39 98.48 97.83 50.78 50.08 49.97
Sm 11.68 11.81 11.60 11.72 17.83 17.90 11.59 11.48 11.42
Zr 27252 276.12 273.27 269.34 44271 452,69  271.66 268.53 268.77
Hf 5.54 5.53 5.50 5.69 10.15 9.99 5.99 5.96 6.16
Eu 3.45 3.45 3.36 3.45 5.07 5.07 3.41 3.44 3.36
Ti 13981 13877 13603 13947 19533 19902 20243 20492 20437
Gd 9.37 9.35 9.32 9.42 15.82 15.44 9.52 9.07 9.40
Th 1.28 1.29 1.30 1.31 1.89 1.86 1.17 1.13 1.14
Dy 6.20 6.20 6.21 6.20 8.52 8.70 5.45 5.33 5.47
Ho 1.16 1.17 1.18 1.15 1.42 1.47 0.96 0.97 0.96
Er 2.82 2.95 2.92 2.96 3.46 3.36 2.46 2.41 2.27
Tm 0.38 0.39 0.39 0.39 0.40 0.40 0.33 0.33 0.33
Yb 2.48 2.51 2.60 2.55 2.20 2.27 1.81 1.80 1.80

Lu 0.37 0.36 0.38 0.39 0.31 0.33 0.25 0.24 0.25




Table 1: Continued

Group |

Sample: PM12-A3 PM12-A4 PM16-A1 PM16-A3 PM17-A1 PM17-A2 PM17-A3 PM17-A4
Rock type: BS BS BS BS BS BS BS BS
Major elements (wt.%)

SiO; 42.86 42.74 43.65 43.70 42.06 42.15 42.26 42.05
TiO; 3.26 3.30 3.56 3.59 3.58 3.58 3.64 3.60
Al20s 12.64 12.72 10.05 10.09 10.04 10.07 10.15 9.97
Fe203 12.83 12.89 13.50 13.59 13.76 13.84 13.77 13.85
MnO 0.19 0.19 0.17 0.17 0.18 0.18 0.17 0.18
MgO 12.62 12.44 13.76 13.55 13.32 13.38 13.33 13.44
CaO 10.77 10.76 10.02 10.13 11.33 11.32 11.49 11.40
Na.O 3.30 3.45 3.64 3.48 4.10 3.81 3.61 3.91
K20 0.75 0.73 0.75 0.77 0.69 0.71 0.67 0.66
P20s 0.79 0.79 0.90 0.92 0.94 0.95 0.92 0.94
Mg-number 66 66 67 66 66 66 66 66
Compatible elements (ppm)

\% 249 249 212 229 236 235 238 236
Cr 540 531 386 352 343 345 339 348
Co 54 54 67 65 67 66 66 67
Ni 290 290 318 307 297 306 288 304
Zn 150 150 134 138 128 127 130 129
Ga 19 20 20 20 19 19 20 19
Trace and rare earth elements (ppm)

Cs 0.50 0.40 0.80 0.56 0.36 0.43 0.39 0.39
Rb 21.00 20.08 19.29 20.27 23.13 22.98 21.55 22.36
Ba 512.00 514.00 502.84 502.45 456.66 458.19 439.99 456.35
Th 6.67 6.92 6.65 6.49 6.11 6.05 6.27 5.96
U 1.60 1.58 1.34 1.33 1.37 131 1.43 1.30
Nb 71.92 72.02 64.79 65.90 68.20 68.25 67.88 67.76
Ta 3.67 3.70 2.80 2.98 3.18 3.17 3.27 3.14
K 6203 6019 6188 6418 5726 5882 5580 5491
La 66.06 68.08 50.21 49.96 57.38 56.69 58.69 56.82
Ce 125.00 129.00 96.08 95.60 107.44 105.41 106.07 106.38
Pb 4.05 4.05 2.75 2.87 2.92 2.96 2.86 2.80
Pr 14.70 15.10 11.11 10.88 12.58 12.29 12.55 12.45
Sr 810 827 884 894 944 932 932 933
P 3445 3440 3941 3995 4119 4160 4025 4102
Nd 50.21 50.26 47.08 45.84 54.00 53.92 56.22 53.67
Sm 10.29 10.32 10.94 10.67 12.08 12.04 12.06 12.12
Zr 256.36 252.49 243.46 241.03 250.45 245.03 270.08 254.65
Hf 6.02 6.04 5.13 5.23 5.61 5.40 5.96 5.57
Eu 3.01 3.02 3.03 3.02 3.36 3.35 3.37 3.35
Ti 19511 19764 21336 21530 21442 21480 21798 21556
Gd 8.66 8.99 7.90 7.95 8.66 8.65 8.73 8.72
Th 1.18 1.23 1.07 1.06 1.20 1.17 1.27 1.20
Dy 5.90 6.04 5.00 4.95 5.93 5.86 6.49 5.87
Ho 0.99 0.99 0.87 0.85 0.99 1.01 1.10 0.99
Er 251 2.54 1.94 1.87 2.12 2.19 241 2.12
Tm 0.32 0.34 0.24 0.23 0.26 0.26 0.30 0.27
Yb 1.81 1.90 1.22 1.26 1.47 1.52 1.60 1.59
Lu 0.25 0.25 0.17 0.17 0.20 0.20 0.21 0.21

*Total iron reported as Fe;Os. BS = basanite; MNeph = melanephelinite. Major element results were normalized
to 100%.



Table 2: Whole-rock geochemical data of Group Il basalts

Group Il

Sample: PM2A1 PM2A3 PM2-A4 PM3Al1 PM3A2 PM3A3 PM4B2 PM4B4 PM5A2
Rock type: B B B TB B TB BS BS MG
Major elements (wt.%)

SiO; 47.07 47.11 46.84 46.85 46.63 46.62 46.30 46.07 51.78
TiO; 1.89 1.90 1.85 1.89 1.86 1.79 1.93 1.96 2.71
Al20s3 14.56 14.48 14.71 15.24 15.11 15.00 14.80 14.96 15.70
Fe203 12.03 12.00 11.92 11.86 11.77 11.83 10.94 11.03 11.52
MnO 0.17 0.16 0.17 0.17 0.17 0.18 0.17 0.17 0.15
MgO 9.75 9.76 9.85 9.48 9.45 9.74 9.98 9.95 4.19
CaO 8.73 8.72 8.77 8.92 9.40 9.27 8.60 8.53 8.14
Na20 3.83 3.91 3.96 3.58 3.63 3.61 3.89 3.97 3.70
K20 1.44 1.45 1.41 1.47 1.47 1.47 2.62 2.59 1.58
P20Os 0.54 0.50 0.53 0.54 0.53 0.50 0.78 0.77 0.54
Mg-number 62 62 62 61 61 62 64 64 42
Compatible elements (ppm)

Vv 184 174 185 189 197 201 208 205 209
Cr 319 312 331 275 279 296 360 350 52
Co 51 51 52 49 49 50 45 44 35
Ni 238 240 250 202 202 215 210 201 68
Zn 108 106 108 88 89 93 110 110 107
Ga 20 20 19 18 19 18 20 19 23
Trace and rare earth elements (ppm)

Cs 0.62 0.51 0.64 0.86 0.73 0.59 2.00 2.10 0.85
Rb 29.33 29.83 29.29 28.81 29.14 29.27 64.00 62.00 22.99
Ba 353.72  337.22 33442 399.47 369.43 380.13 905.00 925.00 660.02
Th 3.34 3.51 3.42 3.23 3.30 3.31 5.06 5.09 1.79
U 0.79 0.80 0.81 0.68 0.72 0.69 1.85 1.89 0.37
Nb 33.01 33.40 33.03 29.22 29.42 29.02 31.30 30.90 21.56
Ta 1.74 1.81 1.80 1.56 1.54 1.56 2.20 2.18 1.22
K 11984 12068 11730 12170 12206 12194 21720 21459 13081
La 23.01 23.25 23.47 23.36 22.32 22.52 42.83 42.80 20.04
Ce 50.06 51.79 51.24 45.48 44.84 45.25 86.20 87.30 45.78
Pb 243 257 2.51 2.24 2.19 2.19 7.00 7.20 2.23
Pr 5.90 5.90 5.94 5.85 5.72 5.86 11.20 11.30 6.43
Sr 630 625 638 611 612 615 1104 1130 624
P 2358 2199 2301 2369 2296 2162 3395 3380 2373
Nd 24.78 25.39 25.19 25.78 25.02 25.47 46.30 46.90 29.82
Sm 5.57 5.74 5.66 5.63 5.48 5.47 9.56 9.92 7.56
Zr 178.09 17413 16436 15755 156.24 152,78  195.00 194.00 191.40
Hf 3.91 4.07 3.66 3.63 3.70 3.62 4.50 4.60 4.85
Eu 191 191 1.87 1.97 1.91 197 3.05 3.12 2.78
Ti 11332 11363 11103 11322 11122 10719 11547 11726 16238
Gd 4.98 4.94 4.86 5.43 5.43 5.46 8.50 8.58 6.62
Th 0.81 0.82 0.82 0.84 0.81 0.81 1.03 1.06 1.04
Dy 4.19 4.23 4.20 4.74 4.64 4.67 5.44 5.55 5.39
Ho 0.72 0.77 0.75 0.90 0.87 0.86 0.97 0.99 1.01
Er 1.83 2.01 1.93 2.43 2.31 2.26 2.48 2.47 2.58
™ 0.25 0.25 0.27 0.30 0.29 0.29 0.33 0.34 0.35
Yb 1.42 1.45 1.46 1.79 1.77 181 2.00 2.03 2.12

Lu 0.21 0.21 0.21 0.27 0.26 0.27 0.27 0.27 0.30




Table 2: Continued

Group Il

Sample: PM5A3 PM6Al1 PM6A2 PM6A3 PM7A1 PM7A2 PM22-Al PM22-A2 PM22-A3
Rock type: MG B B B B B MG MG MG
Major elements (wt.%)

SiO; 51.98 47.41 47.46 47.36 46.33 46.41 51.08 50.94 51.02
TiO, 2.86 2.80 2.81 2.78 2.43 2.29 2.47 2.49 2.49
Al20s 15.66 15.14 15.12 15.22 14.48 14.54 15.10 15.16 15.12
Fe203 11.64 12.41 12.42 12.38 12.18 12.08 10.31 10.30 10.27
MnO 0.13 0.15 0.15 0.15 0.16 0.17 0.13 0.13 0.13
MgO 411 7.58 7.61 7.62 9.47 9.59 7.70 7.67 7.76
CaO 7.97 8.28 8.20 8.26 8.81 8.87 6.14 6.15 5.95
Na.O 3.55 3.49 3.48 3.46 3.56 3.54 4.08 4.15 4.24
K20 1.58 1.98 1.99 1.98 1.83 1.81 2.14 2.16 2.16
P20s 0.51 0.75 0.75 0.80 0.75 0.71 0.85 0.86 0.86
Mg-number 41 55 55 55 61 61 60 60 60
Compatible elements (ppm)

Vv 179 186 181 177 180 197 143 141 139
Cr 31 133 129 151 295 287 234 228 228
Co 33 51 51 47 35 49 39 39 39
Ni 51 155 160 160 230 232 208 206 201
Zn 113 132 133 160 89 102 128 127 130
Ga 22 23 22 24 19 19 23 24 23
Trace and rare earth elements (ppm)

Cs 0.54 0.57 0.54 0.56 0.63 0.67 0.59 0.59 0.68
Rb 20.51 49.99 52.60 53.07 41.88 39.06 43.90 44.94 47.02
Ba 648.77 937.67 92594 94234 887.75 876.22  582.83 574.01 598.42
Th 1.84 5.00 5.13 4.97 4.94 4.92 4.87 4.79 4.70
u 0.39 0.92 0.93 0.91 1.12 1.11 1.31 1.34 1.34
Nb 21.90 62.57 62.60 62.58 61.03 61.27 49.06 49.92 50.08
Ta 1.21 3.27 3.24 3.25 3.26 3.24 2.66 2.62 2.59
K 13116 16449 16522 16432 15190 15015 17771 17898 17915
La 20.07 42.44 42.19 41.80 40.04 39.06 45.61 45.23 46.19
Ce 46.12 82.81 82.47 82.77 80.21 79.10 97.41 97.68 98.69
Pb 2.24 3.65 3.68 3.63 3.90 3.80 4.40 4.40 4.45
Pr 6.75 10.28 10.27 10.90 9.95 9.59 12.69 12.76 12.55
Sr 620 986 989 998 990 983 1197 1174 1216
P 2228 3273 3274 3502 3278 3077 3724 3762 3768
Nd 30.23 43.67 44.23 4293 38.12 39.02 48.68 51.01 50.20
Sm 7.65 8.59 8.58 8.65 8.40 8.49 11.44 11.26 11.14
Zr 199.80 217.83 21839 208.00 238.62 216.07 381.22 394.05 360.66
Hf 5.15 5.11 5.21 5.00 4.79 4.95 8.61 8.97 8.52
Eu 2.90 3.03 3.01 2.98 2.64 2.61 3.36 3.46 3.34
Ti 17116 16796 16867 16654 14543 13722 14795 14920 14945
Gd 6.88 7.97 7.93 7.93 6.75 6.76 7.95 7.96 7.97
Tb 1.07 0.95 0.95 0.96 0.88 0.89 0.91 0.91 0.92
Dy 5.43 453 4.37 4.49 4.27 4.28 5.11 5.18 5.16
Ho 1.01 0.73 0.73 0.74 0.77 0.81 0.95 0.99 0.96
Er 2.69 1.87 1.91 1.89 1.95 1.94 2.22 2.31 2.21
Tm 0.35 0.23 0.24 0.24 0.25 0.27 0.27 0.29 0.27
Yb 2.19 1.45 1.39 141 1.48 1.50 1.56 1.57 1.58
Lu 0.31 0.19 0.19 0.19 0.21 0.22 0.20 0.21 0.20

*Total iron reported as Fe;Os. BS = basanite; TB = trachybasalt; MG = mugearite. Major element results were
normalized to 100%.



Table 3: CIPW norms and selected trace element ratios for Group | and Il basalts

Group |

Sam PM1 PM1 PM1 PM1 PM8 PM8 PM11 PM11 PM11 PM12 PM12 PM16 PM16 PM17 PM17 PM17 PM17
ple: -Al -A2 -A3 A4 -Al -B2 -Al -A2 -A3 -A3 -Ad -Al -A3 -Al -A2 -A3 -Ad
C.1.P.W. Norm (wt.%)

(0] 16 15 15 16 26 26 17 17 17 19 18 20 19 17 17 17 17
Ne 11 12 12 12 11 10 10 10 11 9 10 9 8 16 14 13 15
Hy - - - - - - - - - - - - - - - - -
Qtz - - - - - - - - - - - - - - - - -

Selected ratios in ppm

CelP 414 405 418 406 358 367 38.66 38.73 36.63 30.87 31.85 3491 33.32 36.77 3557 37.04 37.96

b 1 4 7 9 5 2

Nb/ 416 406 404 417 97.7 983 53.10 55.82 50.62 44.95 4558 48.23 49.58 49.83 5212 47.48 52.16
U 7 6 0 4 6 6

Nb/

La 089 091 091 089 126 129 121 122 123 109 106 129 132 119 120 116 119

Nb/ 202 209 202 195 19.6 19.9
Ta 0 0 7 8 0 9

AL 801 749 748 786 935 944 496 497 447 417 438 495 488 447 462 439 458

Ba/T 449 465 465 458 463 442
h 5 1 8 5 0 3

20.29 19.88 20.06 19.60 19.49 23.15 22.09 21.44 2150 20.78 21.58

70.21 7534 7353 76.76 7428 7556 77.39 7471 7571 70.13 76.63

ﬁ%/ 8.64 857 863 864 443 425 656 671 650 712 714 776 762 6.70 6.71 648 6.73
Ea/L 773 783 783 771 558 547 792 819 801 775 755 1001 10.06 796 808 750 8.03
bK/ N 126 128 128 129 46 47 75 73 76 86 84 96 97 84 86 82 81
aK/L 113 117 116 114 58 61 90 90 94 94 88 123 128 100 104 95 97
eK/C 63 66 63 64 35 36 48 48 49 50 47 64 67 53 56 53 52
slk))/ 033 035 033 033 012 014 030 030 031 029 028 030 031 034 034 032 033
Selected normalized ratios

“Ei 073 075 075 074 123 124 122 125 127 116 112 120 124 123 125 120 125
EE/P 069 071 0.67 070 079 077 074 074 079 093 09 083 08 078 081 077 0.76
f/K 033 034 034 034 014 015 023 023 024 025 024 030 031 026 026 025 025
EE/E 101 100 099 101 092 093 099 103 099 098 096 1.00 100 101 101 101 1.00
Th/

236 235 228 234 392 374 295 283 283 298 29 397 383 374 350 361 343




Table 3: Continued

Group Il

Sam PM2 PM2 PM2
ple: -Al -A3 -A4
C.1.P.W. Norm (wt.%)

(0] 17 17 17
Ne 6 6 7
Hy - - -
Qtz - - -

Selected ratios in ppm
Ce/P 20.6 20.1 20.3

b 4 6 9
Nb/ 416 418 405
U 8 4 4
Nb/

143 144 141
La

Nb/  19.0 184 183
Ta 2 1 9

AL 422 440 4.20

Ba/ 105. 96.0 97.8
Th 77 9 0
Ba/ 107 101 10.1
Nb 2 0 3
Ba/ 153 145 142
La 7 1 5

bK’ N 363 361 355
aK/L 521 519 500
f’c 239 233 229
Rb/

R 089 089 089

Selected normalized ratios

Nb/

Nb* 128 125 1.25

139 145 142
b 122 121 118
111 110 1.09

261 257 258

PM3
-Al

17

20.2

42.6

1.25
18.6

4.72

123.

13.6

17.1

416

521

268

0.99

1.14

1.36

1.30

1.09

2.13

PM3
-A2

16

20.4

41.1

1.32
19.0

4.61

111.

12.5

16.5

415

547

272

0.99

1.16

1.35

133

2.09

PM3
-A3

17

20.6

41.8

1.29
18.5

4.77

114.

131

16.8

420

542

269

1.01

1.14

1.33

1.34

1.10

2.04

PM4
-B2

17
12

12.3

16.9

0.73
14.2

2.74

178.

28.9

21.1

694

507

252

2.04

0.72

2.22

1.66

1.04

2.35

PM4
-B4

17
12

12.1

16.3

0.72
14.1

2.69

181.

29.9

21.6

694

501

246

2.01

0.71

1.65

1.04

2.38

PM5
-A2

10

20.5

58.6

1.08
17.6

4.86

369.

30.6

32.9

607

653

286

1.07

1.20

2.23

PM5
-A3

11

20.6

56.3

1.09
18.0

4.74

352.

29.6

32.3

599

653

284

0.94

1.22

1.25

1.75

1.22

2.23

PM6
-Al

14

22.6

68.3

1.47
19.1

5.47

187.

14.9

22.0

263

388

199

0.80

1.46

1.23

0.89

2.99

PM6
-A2

14

224

67.2

1.48
19.3

5.52

180.

14.7

21.9

264

392

200

0.84

1.44

1.25

0.90

3.11

PM6
-A3

14

22.8

69.0

1.50
19.2

5.48

189.

15.0

22.5

263

393

199

0.85

1.47

1.19

0.90

1.10

3.10

PM7
-Al

16

20.5

54.4

1.52
18.6

441

179.

145

22.1

249

379

189

0.69

1.47

1.36

0.86

1.07

2.72

PM7
-A2

17
6

20.8

55.3

1.57
18.9

4.45

178.

14.3

22.4

245

384

190

0.64

1.50

1.36

0.86

1.05

2.70

PM2
2-Al

11

22.15

37.38

1.08

18.43

3.71

119.7

11.88

12.78

362

390

182

0.89

1.23

1.05

1.08

2.65

PM2
2-A2

12

22.22

37.31

1.10

19.03

3.58

119.7

11.50

12.69

359

396

183

0.90

1.15

1.23

1.05

112

2.65

PM2
2-A3

13

22.17

37.27

1.08

19.33

3.50

127.2

11.95

12.96

358

388

182

0.94

1.15

1.25

1.09

2.65




Table 4: Sr-Nd-Pb isotopic data for selected Patagonian basalts analyzed in this study

Group |

Sample: 87Sr/88Sr  B7Sr/B8Sr  43Nd/AANd  Nd/M4Ndi eNd;  209Pb/20*Ph  207Ph/204ph  208pp/204ph
PM1-A3 0.703204(10) 0.703190 0.512984(08) 0.512967 +6.4 18.493(2) 15.565(2) 38.425 (3)
PM1-A4 0.703193(17) 0.703179 0.512980(05) 0.512964 +6.4 18.490 (3) 15.563 (3) 38.423 (4)
PM8-Al 0.703945(09) 0.703941 0.512785(04) 0.512783 +2.8 18.597 (1) 15.585 (1) 38.631(2)
PM8-B2b  0.703940(15) 0.703938 0.512778(12) 0.512776 +2.7 18.617 (1) 15.585(1) 38.633(2)
PM11-Al  0.703424(14) 0.703395 0.512871(07) 0.512845 +4.0 19.186(2) 15.634 (2) 38.997 (3)
PM11-A3  0.703425(17) 0.703391 0.512872(08) 0.512842 +4.0 19.173(2) 15.638(2) 38.984 (3)
PM12-A3  0.703363(09) 0.703361 0.512859(12) 0.512857 +4.3 19.077 (2) 15.625(2) 38.899 (3)
PM12-A4  0.703350(12) 0.703348 0.512858(09) 0.512856 +4.3 18.935(2) 15.636 (2) 38.768 (2)
PM16-Al  0.703353(12) 0.703352 0.512919(06) 0.512917 +5.4 18.971(4) 15.630 (4) 38.793 (6)
PM16-A3  0.703350(17) 0.703349 0.512910(09) 0.512908 +5.3 18.958 (6) 15.624 (5) 38.787 (6)
PM17-A1  0.703391(19) 0.703390 0.512891(06) 0.512890 +4.9 19.129 (1) 15.656 (1) 38.868 (2)
PM17-A4  0.703404(20) 0.703403 0.512897(07) 0.512896 +5.0 19.130(2) 15.660 (1) 38.853(2)
Group Il

Sample No.:  8Sr/®Sr  87Sr/8egr;  MNd/M4Nd  MNd/A**Ndi  eNdi  205Pb/2%Ph 207Ph/204ph  208ph/204ph
PM2-A3 0.703914(13) 0.703913 0.512705(03) 0.512704 +1.3 18.352 (5) 15.574 (4) 38.196 (3)
PM2-A4 0.703931(08) 0.703929 0.512708(06) 0.512707 +1.4 18.358 (5) 15578 (5) 38.199 (4)
PM3-Al 0.703889(10) 0.703887 0.512704(07) 0.512703 +1.3 18.311(4) 15.585(4) 38.175(2)
PM3-A2 0.703895(11) 0.703895 0.512695(07) 0.512695 +1.1 18.316 (5) 15.597 (5) 38.181 (2)
PM4-B2 0.704158(12) 0.704156 0.512625(08) 0.512625 -0.3 18.167 (3) 15.506 (3) 38.326 (3)
PM4-B4 0.704170(08) 0.704168 0.512625(04) 0.512624 -0.3 18.162(3) 15.504 (6) 38.324 (3)
PM5-A2 0.704517(12) 0.704498 0.512629(06) 0.512605 -0.6 18.017 (2) 15.574(2) 37.979 (3)
PM5-A3 0.704529(08) 0.704486 0.512613(06) 0.512591  -0.9 17.986 (2) 15.554 (2) 37.973(2)
PM6-Al 0.704154(09) 0.704095 0.512732(06) 0512709 +1.4 18.504 (2) 15.632(2) 38.441 (6)
PM6-A3 0.704167(09) 0.704105 0.512734(05) 0512710 +1.4 18.483(2) 15.618 (2) 38.430 (6)
PM7-Al 0.704098(09) 0.704045 0.512766(07) 0.512738 +1.9 18.632(2) 15.618(2) 38.508 (2)
PM7-A2 0.704125(18) 0.704075 0.512758(05) 0.512730 +1.8 18.626 (2) 15.615(2) 38.498 (2)
PM22-A1  0.704324(08) 0.704310 0.512677(04) 0.512668 +0.6 18.484(2) 15.606 (2) 38.517 (2)
PM22-A2  0.704323(11) 0.704308 0.512672(05) 0.512663 +0.5 18.481(4) 15.607 (3) 38.518 (2)

Initial Sr and Nd isotope composition were calculated using the respective K-Ar ages of each sample.

Numbers

in parentheses are 2¢ of single analysis of each sample. Parent/daughter isotope ratios were recalculated using
Rb, Sr, Sm and Nd concentrations from Table 1.



Table 5: Analytical values of the unspiked K—Ar ages

Group |

Sample K (Wt%)  “9Ar rad (10-8cm3STP/g) 3BAr/PAr (*°Ar/®Ar) initial*  Age (Ma)  Air Fraction (%)
PM1-A4  0.84+0.017 63.38 £3.21 0.19138 £0.00127 306.65+3.99 19.33+1.05 32.14
PM8-A1  0.92+0.018 13.39 £ 0.69 0.18717 £ 0.00089 - 3.76 £0.21 87.15
PM8-B2  0.62 +0.012 8.59 £ 0.44 0.18717 £ 0.00075 - 3.57+£0.20 82.16
PM11-A3 0.61+0.012 76.39 +3.83 0.18875 £ 0.00063 - 32.08 +1.72 44.62
PM12-A4 2.26 +0.045 21.00 £1.07 0.18787 £ 0.00075 - 2.39+£0.13 84.29
PM16-A3 0.59 +0.012 3.96 £0.21 0.18718 £ 0.00096 - 1.73+£0.10 58.7
PM17-A1 0.51 +0.010 3.04 £0.17 0.188 = 0.0009 - 1.53+£0.09 59.4
Group 11

Sample K (Wt%)  “9Ar rad (10-8cm3STP/g) 3BAr/*Ar (*°Ar/®Ar) initial*  Age (Ma)  Air Fraction (%)
PM2-A3  1.12 +0.022 34+0.18 0.18922 + 0.0008 - 0.78 £0.04 86.67
PM2-A4  1.23+0.025 3.86 £0.21 0.1876 + 0.00073 - 0.81 +£0.05 93
PM3-A1 1.15+0.023 4.23+0.22 0.18774 £ 0.00078 - 0.95 £ 0.05 72.62
PM3-A2  1.16 £0.023 45+0.24 0.18876 £ 0.00091 - 1.00 £0.057 84.2
PM4-B2  1.97 £0.040 5.72£0.03 0.18836 £ 0.00105 - 0.75 £ 0.04 74.95
PM4-B4  2.02 £ 0.040 5.72 £0.29 0.18719 £ 0.00079 - 0.73£0.04 72.68
PM5-A2  1.35+0.027 112.84 +5.66 0.18992 + 0.00154 - 21.36+1.15 19.55
PM5-A3  1.27 +0.026 118.33 £5.93 0.18974 £ 0.00122 - 23.75+1.27 19.8
PM6-A1  1.91+0.038 22156 +11.1 0.18971 £ 0.0014 - 29.56 £ 1.58 15.76
PM6-A3  1.94+0.039 223.36 +11.19 0.18987 £ 0.00126 - 2943 +1.57 17.25
PM7-A1  1.72+0.035 213.5+10.7 0.19048 £ 0.00099 - 31.61+1.69 10.62
PM22-A1 2.14 +0.043 79.09 £3.97 0.18934 + 0.00098 - 9.50 £0.51 38.81
PM22-A2 2.05+0.041 7791+391 0.18904 + 0.00098 - 9.75 +0.53 48.9

(*OAr/8Ar) initial = 296. 0 is assumed. Error: 1c.
3(OAr/%Ar) initial was estimated from the measured 38Ar/*Ar ratio, which was fractionated from the
atmospheric value of 0.1880.



Table 6: Depths of magma segregation and potential temperature estimations of Groups | and 1l Patagonian
basalts with MgO >9 wt.%; Ni >200 ppm and Cr >240 ppm

Group |
Sample: PM8 PM8 PM11 PM1l1 PM11 PM12 PM12 PM16 PM16 PM17 PM17 PM17 PM17
P& A1 B2 -A1 -A2 -A3 -A3 -A4 -Al -A3 -Al -A2 -A3 -A4
To! 1546 1538 1404 1399 1398 1424 1420 1448 1442 1450 1451 1448 1453
T2 1563 1556 1436 1431 1431 1456 1452 1481 1475 1479 1480 1478 1482
P(Gpa) 41 40 35 35 35 35 35 34 34 3.6 3.6 3.6 3.6
([lﬁf)th 134 134 114 115 115 115 115 114 113 120 120 119 120
2{')3?;5 Asth Asth Asth Asth Asth Asth Asth Asth Asth Asth Asth Asth Asth
Group Il
Sample: PM2 PM2 PM2- PM3- PM3- PM3- PM4- PM4- PM7- PM7-
P& A1 A3 A4 Al A2 A3 B2 B4 Al A2
Tt 1312 1312 1317 1305 1306 1315 1324 1324 1308 1312
T2 1352 1352 1357 1346 1346 1355 1363 1364 1348 1352
P(Gpa) 27 27 27 2.7 2.7 2.7 2.8 2.8 2.8 2.8
Depth 89 89 90 8 9 91 93 94 91 91
(km)
Mantle
source LAB LAB LAB LAB LAB LAB LAB LAB LAB LAB

*Asth = asthenosphere; LAB = lithosphere-asthenosphere boundary.

!Albaréde (1992).

2Herzberg & Asimow (2008).
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Abstract

We report new whole-rock major, trace element and isotopic (Sr-Nd-Pb) data of
a suite of 17 anhydrous spinel-lherzolites hosted in Eocene lava flow yielding 54 Ma in
new K-Ar age. OIB-like alkaline basalts, hosting the mantle xenoliths, is located near
Coyhaique, Aysén region, current Chilean back-arc region, ~100 km east from the
current volcanic arc and ~320 km from the Chile trench. The host basalt has high MgO
(~10 wt%) and TiO2 (>2.8 wt%) contents, and high L-REE/H-REE (e.g. Ce/Ybn = 8.7),
Nb/(Ta-La) (>20; >1.4), Ce/Pb (>36) and Nb/U (>56) ratios. These chemical
characteristics suggest that this basalt was generated by small degrees of partial melting
(up to 6%) within the garnet stability field, probably a result from asthenospheric
upwelling through a slab window within the subducting Farallon-Aluk spreading ridge
in southern Patagonian province. Furthermore, the alkaline basalt shows initial 8’Sr/%6Sr
(0.703039-0.703058) and 43Nd/***Nd (0.512880-0.512874), similar to those of oceanic
island basalts with HIMU-like composition.
Mantle xenoliths hosted in alkaline basalts consist of coarse- to medium-grained spinel-
Iherzolites, of which trace element compositions are characteristic of subduction zone,
such as pronounced negative Nb, Ta and Ti anomalies coupled with significant
enrichment of LILEs (e.g. U) and chalcophile elements (W, Pb and Sn). In terms of
REEs, the majority of the Coyhaique spinel-lherzolites studied here present flat patterns
from H-REE to L-REE, whereas some spinel-lherzolites show slightly L-REE
depletions (Ce/Ybn = 0.5) to L-REE-enrichments (Ce/Ybn = 2.2). Sr-Nd-Pb isotope
compositions of the studied spinel-Iherzolites display the following ranges: 8’Sr/%Sr =
0.70242-0.70430, 1**Nd/***Nd = 0.512859-0.513242, 2%Pp/2%Ph = 18.212-18.729,
207pp/2%4pp = 15.483-15.600, and 2%8Pb/?%4Ph = 37.914-38.524. The geochemical and
isotopic signatures of Coyhaique spinel-lherzolites require three mantle end-members:
Depleted MORBs Mantle (DMM), Prevalent Mantle (PREMA) and Enriched Mantle
(EMII) to explain their isotopic variation, which is significantly different from those of
host basalts. Furthermore, there is no evidence for influence of OIB-like asthenospheric
melts related to Farallon-Aluk asthenospheric slab window on the mantle wedge.
Therefore, these new geochemical data suggest that the Coyhaique spinel-lherzolites are
derived from a heterogeneous SCLM resulting from mixing between depleted
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component and up to 15% of slab-derived components associated to the subduction of
Aluk oceanic plate. The enriched component added to the SCLM was metasomatized by
different extents of slab component resulting from melts of subducted Chile trench
sediments (up to 60% of CTS) and modified oceanic crusts (more than 40% of MOC)

prior to Farallon-Aluk ridge collision during Paleocene-Eocene time.

Keywords: Mantle peridotites; slab-derived metasomatism; Aluk plate subduction;
Andean back-arc, Chilean Patagonia.

1. Introduction

Patagonian mantle xenoliths represent direct samples of a subcontinental
lithospheric mantle (SCLM) related to an active subduction zone and are commonly
carried to the surface by alkaline magmatism located in the Andean back-arc region.
The geochemical and isotopic characteristics of the mantle xenoliths and their host
lavas, particularly those located close to the margin of the convergent plates, can
provide valuable information regarding heterogeneities in the SCLM caused by
subduction processes at the latitudes of the Southern and Austral VVolcanic Zones (e.g.,
Bjerg et al., 2005; Conceicéo et al., 2005; Dantas et al., 2009; Faccini et al., 2013;
Gervasoni et al., 2012; Gorring and Kay, 2000; Laurora et al., 2001; Ntaflos et al.,
2007; Rivalenti et al., 2004; Schilling et al., 2005, 2008; Stern et al., 1999).

In southern South America, the Andean volcanic arc is related to the convergent
boundary between the South American plate and both the Nazca and Antarctic plates at
the latitudes of the Southern Volcanic Zone (SVZ, 33°S — 46°S) and Austral Volcanic
Zone (AVZ, 49°S — 55°S) (e.g., Ramos, 1999). The Andean convergent margin allows a
(re)-fertilization of the SCLM through the subducting slab, which provides 1) pelagic
and continentally derived trench sediments, 2) water-rich fluids, 3) altered oceanic crust
(e.g., basalts, peridotites and serpentinites), 4) adakitic melts generated by the partial
melting of the subducted oceanic crust and 5) asthenospheric upwelling through slab
windows due to the subduction of the spreading ridges. Previous studies of plate
tectonic reconstructions have shown at least two active spreading ridge subductions
beneath the western margin of southern South America at the latitude of the Taitao
Peninsula during the Cenozoic: the Farallon-Aluk (Phoenix) ridge and the current Chile



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

spreading ridge (e.g., Aragon et al., 2013; Breitsprecher and Thorkelson, 2009; Cande
and Leslie, 1986; Somoza and Ghidella, 2005). The early Eocene to Recent successive
subductions of these spreading-ridges were responsible for both the modern and ancient
Patagonian slab windows.

To better understand the heterogeneities and tectonic evolution of the SCLM of
Southern Patagonia, we studied the petrography, whole-rock major and trace elements
and the Sr-Nd-Pb isotopic compositions of anhydrous spinel-peridotites carried by
Eocene (54 Ma) alkaline basalts located ~100 km east from the present volcanic arc, in
the Aysén Region of the Chilean Patagonia. Based on these new data, we discuss the
influence of the Aluk oceanic plate subduction beneath the Coyhaique area and the
interactions between the SCLM and the slab-derived components. Furthermore, we
consider the role of the Farallon-Aluk spreading ridge, which collided with the Chile
trench, generating a subsequent asthenospheric slab window beneath Patagonia during
the Paleocene-Eocene. Additionally, we also report new K-Ar ages and whole-rock
major, trace element and Sr-Nd isotopic compositions of the host alkali basalts
(Balmaceda Basalt) for comparison with the Coyhaique peridotites.

2. Geological setting and samples

The western margin of South America at the latitudes of the SVZ and AVZ has
undergone a long-lived history of subduction throughout the Cenozoic and that history
includes the subduction of at least two active ocean ridges (e.g., Aragon et al., 2013;
Breitsprecher and Thorkelson, 2009; Cande and Leslie, 1986; Somoza and Ghidella,
2005). Currently, the Patagonian western margin is recording the continuous subduction
of the Chile Ridge spreading centre, which intersects the Chile Trench at the latitude of
the Taitao Peninsula and forms a trench-ridge-trench triple junction (Cande and Leslie,
1986). The collision of the Farallén and Aluk oceanic plates against the South America
continental plate generated the Farallon-Aluk-South America triple junction, which
migrated southward along the South American trench during Paleocene-Eocene times.
This process allowed the opening of the first slab window beneath the Patagonian
province, as recorded by the alkaline Eocene plateau basalts of Central Patagonia
(Espinoza et al., 2005; Morata et al., 2000; Parada et al., 2001; Ramos and Kay, 1992).
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The Cenozoic Patagonian continental back-arc province (34°S — 54°S) is
characterized by a widely distributed and voluminous tholeiitic main-plateau
accompanied with less-voluminous post-plateau magmatism (e.g., Gorring et al., 1997).
The post-plateau volcanism mainly comprises alkaline basaltic lava flows and
monogenetic cinder cones having an OIB-like signature and often hosts mantle
xenoliths. In the Chilean back-arc domain, the Aysén plateau basalts (ca. 46°S) occur
north of the General Carrera Lake and close to the international border between Chile
and Argentina (Fig. 1). The Cenozoic volcanism in this region is recorded by an Eocene
(60-46 Ma) sequence of olivine-phyric flood basalts (Baker et al., 1981; Butler et al.,
1991; Demant et al., 1996; Morata et al., 2000; Parada et al., 2001), which was divided
by Parada et al. (2001) into the Northern Magmatic Domain (NMD) and Southern
Magmatic Domain (SMD). The lava flow and mantle-derived xenoliths studied here
were first described by Morata et al. (2000), and they are located approximately 30 km
SE from the city of Coyhaique, only 100 km east of the modern volcanic arc and ~320
km from the Chile trench, in particular, are close to the Macad—Cay and Hudson
volcanoes. Consequently, the Coyhaique mantle xenoliths are among the closest to the
margin of the convergent plates, together with Cerro del Fraile and Chile Chico, which
are also located 280 to 300 km from the Chile Trench.

The host can be classified as an NMD basalt due to its alkaline affinity, OIB-like
geochemical signatures and depleted Sr-Nd isotope compositions (Parada et al., 2001).
The most plausible tectono-magmatic evolution that has been proposed to explain the
mantle source of the Eocene back-arc magmatism in this region implies asthenosphere
upwelling in response to the collision of the Farallon-Aluk ridge beneath the continental
margin during the Eocene and the consequent development of a slab window (Demant
et al., 1996; Morata et al., 2000; Ramos and Kay, 1992). The host basaltic rocks and 17
mantle xenoliths studied here were collected from the PM25 site in the Balmaceda
Basalt (45°46°S; 71°47°W) (Fig. 2) and were selected to be representative of the larger
collection. The studied mantle xenoliths reach up to 11 cm in size and are fresh, with
only a few xenoliths and with a reddish appearance in hand specimens, which is

probably caused by oxidation.

3. Analytical techniques
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3.1. Major and trace elements

3.1.1. Host basalts (HB)

The whole-rock geochemistry of two basaltic rocks was performed using the
facilities of the Earthquake Research Institute at the University of Tokyo. Major and
selected trace element abundances (Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb and Ba)
were analysed using X-ray fluorescence (XRF, PW2400; Philips Japan Ltd.), and the
abundances of other trace elements (Cs, REEs, Ta, Hf, Pb, Th and U) were obtained
using an ICP-MS (Plasma Quad 3; VG Scienta Holdings AB) connected to a laser
ablation system using a frequency-quadrupled 213 nm Nd: YAG laser (UP-213; New
Wave Research Inc.). Both sets of data were obtained using the same glass beads, which
were prepared by mixing 1.8 g of rock powder with 3.6 g of lithium
metaborate/tetraborate flux. Then, 0.54 g of lithium nitrate were added into the sample
powder as an oxidizer, and the lithium nitrate and sample powder were mixed in a
torch-mixer for 3 min. The mixture was heated to 1200°C for 15 min in a 95%Pt-5%Au
crucible with 30-mm inner diameter used in an automatic bead sampler. Details of the
analytical procedures of the XRF and LA-ICP-MS methods are described in Tani et al.
(2002) and Orihashi and Hirata (2003), respectively.

3.1.2. Mantle xenoliths

The whole-rock geochemistry of the 17 mantle xenoliths was performed using
the facilities of The Earth Resources Research and Analysis (TERRA), Department of
Earth Sciences, Memorial University of Newfoundland, Canada. The major and trace
elements abundances were obtained using X-ray fluorescence (Bruker S8 Tiger
sequential wavelength-dispersive XRF) and ICP-MS (PerkinElmer ELAN DRCII). The
XRF data were obtained using glass beads, which were prepared by mixing 1.5 mg of
rock powder with 6.0 mg of lithium metaborate and 1.5 mg of lithium tetraborate. The
mixture was placed into a platinum crucible, and a few drops of lithium bromide were
added as a wetting agent. The crucibles were then placed in the Leco Fluxer and heated
at ~850°C for 8.5 minutes and fused at ~1050°C for 11.5 minutes. The ICP-MS data
were obtained by solution, where 0.1 g of sample powder were digested using the high



197  pressure digestion technique developed by Diegor et al. (2001). The total counting time
198  per mass, at one point per peak, was 10 s, and the dwell time per mass was 0.05 s. Three
199  external standards were used with different elements and with different concentrations.
200 Inner (internal) standards were also applied (Sc, In and Re U), with different

201  concentrations in each. The drift correction was performed with the In concentrations.
202  The external standards, inner standard (standard addition) and surrogate calibration for
203  Nb, Taand Mo (using Zr and Hf) were used to address the interrelated matrix, drift and
204  interference problems (Jenner et al., 1990).

205

206  3.2. Sr-Nd-Pb isotopes

207

208 Sr-Nd-Pb isotopic ratios for 15 mantle xenoliths and two host basaltic samples

209  were measured at the Laboratorio de Geologia Isotdpica, Universidade Federal do Rio
210  Grande do Sul (UFRGS), Porto Alegre, Brazil. The samples (0.1 g) were leached with
211 cold 0.25 N HCl in an ultrasonic bath for 30 minutes to eliminate impurities. When
212 dried, the samples were weighed, and the mantle xenolith samples were spiked with a
213 mixed 8Rb/8*Sr and 4°Sm/*°Nd tracer. However, the host basalt samples were

214  unspiked. Dissolution procedures were performed with HF, HNO3 and HCI in Teflon
215  vials (Savillex®), which were warmed on a hot plate until complete material

216  dissolution. In the next stage, the sample solutions were diluted in 3 ml of HCI 2.5N and
217  stored in test tubes. An aliguot of 1 ml was used to separate the Rb, Sr and REE by
218  Cationic AG-50W-X8 (200-400 mesh) resin columns, followed by Sm and Nd

219  separation using anionic LN-B50-A (100-150 ) resin. The Pb was separated using
220  anionic BioRad-AG1X (200—400 mesh) resin in an HBr solution. Individual solutions
221 of Rb, Sr, Sm, Nd and Pb were dried in Teflon vials (Savillex®) on a hot plate. The
222 residues were deposited onto single Ta (for Rb, Sr, Sm and Pb) and triple Ta—Re-Ta
223 (for Nd) filaments.

224 Mass spectrometric analyses of the radiogenic isotopes were performed using
225  two thermal ionization mass spectrometers (Sector 54; VG Scienta Holdings AB and
226  Triton; Thermo Scientific). The data were corrected for mass fractionation by

227 normalizing to 8Sr/%Sr = 0.1194 and *®Nd/***Nd = 0.7219. The replicate analyses of
228  NBS-987 and JNd-1 standards gave 8Sr/®Sr = 0.710254 + 19 (n = 4, 26) and
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143Nd/*Nd = 0.512101 + 8 (n = 4, 25). For Pb NBS-981, the variation from the

accepted values was less than 0.01%/a.m.u.

3.3. K-Ar ages

The new K-Ar ages for the two basaltic samples were analysed using the
unspiked sensitivity method. The Ar analyses were performed using a noble gas mass
spectrometry system (MS-I11) at the Geochemical Research Center, Graduate School of
Science, University of Tokyo. The whole rock samples (0.3-0.6 g) were crushed and
sieved using a 60—-80 mesh, wrapped in 10 um thick aluminium foil and loaded into a
glass sample holder, which was connected to an extraction oven in which the samples
were fused at 1700°C in a vacuum and into which the evaporated gas for Ar purification
was introduced directly using a vacuum line. The Ar isotope analyses were performed
using a modified VG-5400 on a small amount of Ar gas (<2x10” cm® STP). When the
amount of Ar gas extracted from the sample exceeded this limit, it was reduced using a
known volume of the purification line. The errors in the “°Ar sensitivity and “°Ar/®°Ar
ratio were estimated to be 5% and 0.2%, respectively, based on repeated measurements
of the atmospheric standard gas, which contained 1.5x10°" cm® STP of “°Ar. The errors
in the “°Ar/*®Ar ratios were deduced from the statistical 16 errors for the samples,
standard gases and blank correction. The K concentration for the aliquot of the rock
fractions used for the Ar analysis was determined using X-ray fluorescence (XRF,
PW2400; Philips Japan Ltd.) at the Earthquake Research Institute, University of Tokyo.
The details of the procedures are described in Nagao et al. (1991) and Orihashi et al.
(2004).

4. Results
4.1. Host basalts

Whole-rock trace element data (including REES), K-Ar ages and Sr-Nd isotopic
compositions for the two host lavas are presented in Tables 1, 2 and 3, respectively. The

host volcanic rocks were classified as basalts that contain idiomorphic olivine and

clinopyroxene as phenocrysts and a fine-grained groundmass that consists of olivine,
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clinopyroxene, plagioclase, oxides, glass and rare alkali feldspar. The lavas are
relatively fresh, with incipient alteration of some the olivine phenocrysts along their
rims, which were partially replaced by low-temperature iddingsite.

Considering the SiO2 (~47.3 wt%) and alkalis (Na20 + K2Oaverage = 4.2 Wt%)
contents, these lavas were classified as alkaline basalts. The basalts have Mg# (>61),
MgO (~10 wt%) and FeO*/MgO (~1.1) values, as well as high Cr and Ni contents
(averages of 309 and 218 ppm, respectively), which indicate their relatively primitive
character. They also show a high TiO, (>2.8 wt%) content associated with high Ce/Ybn
(8.7), Nb/Ta (>20), Ce/Pb (>36), Nb/U (>56), Nb/Nb* (>1.5) ratios and a low La/Nb
(<0.7) ratio, similar to intraplate basalts from continental and oceanic settings
worldwide.

The non-modal batch melting equation reported by Shaw (2006) [C- =
CS/(D+F(1-P))] was applied to estimate the partial melting degree of the lavas from
Coyhaique. The fractionated H-REE ratios (e.g., Th/Ybn = 2.45-2.60), as well as the
calculated depths of the mantle source (87—89 km), suggest that these basalts were
generated by a small degree of partial melting (up to 6%) within the garnet stability
field, which implies a mantle source close to the lithosphere-asthenosphere boundary
(LAB <100 km; e.g., Stern et al., 1999). The mantle potential temperatures (Tp)
calculated for these lavas (1310-1366°C) overlap those estimated for the normal
ambient mantle (~1350 + 50°C; Herzberg and Asimow, 2008), which presents no
evidence of a thermal anomaly. Estimates of the primary magma segregation pressures
were obtained using the empirical equation of Albarede (1992) [In P(GPa) =
{[5.04MgO/(SiO2 + MgO)] - 0.12SiO> + 7.47}], whereas the Tp were obtained using
the methods proposed by Albaréde (1992) [T (°C) = 2000MgO/(SiO2+Mg0)+969] and
Herzberg and Asimow (2008) [T (°C) = 935+33MgO — 0.37MgO?+54P-2P?; P = GPa].

Isotopically, these basalts have initial 'Sr/Sr (0.703039-0.703058) and
143N d/**Nd ratios (0.512874-0.512880) that are compatible with an HIMU reservoir
(high-p = elevated 28U/2%*Pb; Hanyu et al., 2014). However, it is necessary to reconfirm
the existence of the HIMU component by analysing the lead isotopes of the host basalts.
These values are similar to those reported for the Pali-Aike Volcanic Field (8"Sr/®Sr =
0.703166-0.703511 and ***Nd/**Nd = 0.512944-0.512862; Choo et al., 2012; D’Orazio
et al., 2000), which represent the most depleted lavas among the entire set of Cenozoic
Patagonian plateau lavas (D’Orazio et al., 2000). The age correction applied to the Sr-
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Nd isotopic ratios was determined based on their respective new K-Ar dates, which
yielded 53.6 £ 2.9 Ma and 53.7 + 2.9 Ma (Table 2). These ages are consistent with those
reported by Morata et al. (2000) (58.6 + 2.0 Ma).

The Coyhaique host basalts can be temporally and chemically correlated with
the volcanic products of the Lower Basaltic Sequence (LBS) of Meseta de Chile Chico
(60-34 Ma; Baker et al., 1981; Charrier et al., 1979; Espinoza et al., 2005) and with the
NMD of the Balmaceda plateau basalts (51-44 Ma; Baker et al., 1981; Demant et al.,
1996; Parada et al., 2001). They also show affinities with Posadas plateau basalts, which
are located in the Argentinian back-arc (57-45 Ma, Kay et al., 2002; Ramos and Kay,
1992).

The Eocene magmatism between 44°S and 52°S has been attributed to the
development of an asthenospheric slab window in response to the collision of an active
oceanic spreading centre (Farallon-Aluk) between 53 and 42 Ma (Cande and Leslie,
1986; Demant et al., 1996; Espinoza et al., 2005; Kay et al., 2002; Morata et al., 2000;
Parada et al., 2001; Ramos and Kay, 1992). Thus, based on the similarity of the alkaline
basalts studied here with Eocene basalts discussed in the prior literature cited above, as
well as with kinematic plate reconstructions, we accept the model of asthenospheric
upwelling through a slab window within the subducting oceanic lithosphere in southern

Patagonia.

4.2. Mantle xenoliths

4.2.1. Petrography

An optical petrographic microscope was used to develop the mineral and textural
descriptions. An electron microscope (JSM-6610LV SEM) and energy dispersive
system (EDS) microanalysis were used to develop the semi-quantitative descriptions of
the mineral compositions. The modal proportions of the minerals were determined by
point-counting using 900-2800 points that covered the entire area of each relatively
large thin section (Table 4). The Coyhaique peridotites were classified as anhydrous
spinel (Sp)-lherzolites (Fig. 2a) and are composed of olivine (Ol = 42-63 vol. %),
orthopyroxene (Opx = 16-39 vol. %), clinopyroxene (Cpx = 10-20 vol. %) and spinel
(Sp = 2-4 vol. %) (Figs. 2b, 3a-b and 4a—b). Olivine (forsterite) and orthopyroxene



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

11

(enstatite) are the dominant minerals, with subordinate clinopyroxene (Cr-rich diopside)
and accessory spinel (chromium-aluminium spinel). In thin sections, it is possible to see
that the alteration has been developed mainly in olivine, which has been partially
transformed to red-brown to yellow iddingsite (Figs. 3c—d and 4d). As shown in Table
5, the iddingsite formation consists of the addition of Fe2.O3 and SiOz and the removal
of MgO. The representative chemical compositions of the mineral phases shown in
Table 5 are similar to those reported by Morata et al. (2000).

Coarse- to medium-grained sp-lherzolites (grain sizes ranging from ~1 to ~17
mm) have a protogranular to porphyroclastic micro-texture (Mercier and Nicolas, 1975),
as evidenced by the presence of large orthopyroxene porphyroclasts with lobate grain
boundaries and smaller grains (neoblasts) (Fig. 2b). There is no obvious preferred
crystal orientation or strain-induced elongation, as well as whole mineral
recrystallization (equigranular texture). These textural characteristics imply an SCLM
with low strain and recrystallization rates resulting from the deformation of the primary
protogranular rock. Representative thin section photomicrographs of the studied
samples are presented in Figure 3a—f. The shapes of the olivine porphyroclasts (up to 7
mm in length) range from subhedral to anhedral, with straight to gently curved grain
boundaries, commonly fractured and often containing undulatory extinction and kink
bands (Fig. 3c—d). Orthopyroxenes porphyroclasts (up to 17 mm in length) evolving
locally to polygonal arrangements with 120° triple junctions sometimes display kinks
and contain numerous thin exsolution lamellae of clinopyroxene (Figs. 3e—f and 4e).
Clinopyroxene occurs as small dark green crystals (up to 5 mm in length), which
sometimes present spongy rims that are poor in Na2O and Al>Os but rich in CaO and
MgO (Fig. 4f and Table 5). This texture can indicate incongruent partial melting
induced by fluid penetration (e.g., lonov et al., 1995) or by mineral breakdown induced
by decompression (e.g., Nelson and Montana, 1992). Spinel usually is black, however,
in some cases shows a brown colour. They are interstitial and typically holly leaf-

shaped (Figure 3a—b) and also occur as inclusions, especially in pyroxenes.

4.2.2. Whole-rock geochemistry

4.2.2.1. Major and trace element abundances
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The whole-rock geochemical compositions and loss on ignition (LOI) data of the
17 Coyhaique sp-lherzolites are presented in Table 1. Most of the LOI values are
relatively low, ranging from 0.4 wt% to 1.2 wt% (average 0.6 wt%), which indicates
that secondary alteration was limited. However, sample PM25-15 has high LOI values
(close to 9 wt%), which can be explained by the abundant occurrence of iddingsite veins
recognized in the thin section.

Most sp-lherzolites show relatively low SiO2 (usually < 44.7 wt%) and high
MgO (usually > 38.8 wt%) when compared to the primitive upper mantle (PUM -
McDonough and Sun, 1995; 44.9 wt% and 37.7 wt%, respectively) and depleted MORB
mantle (DMM - Workman and Hart, 2005; 44.7 wt% and 38.7 wt%, respectively). The
negative correlations between the MgO and basaltic components (e.g., SiO2, Al20s3,
Ca0 and TiO) from fertile (close to PUM) to refractory compositions (Fig. 5a—d) can
be explained by partial melting and the extraction of basaltic liquid from the sp-
Iherzolites. This suggests that the Coyhaique sp-lherzolites were derived from the same
fertile source but with different degrees of partial melting (Herzberg, 2004). In our
samples, Ni was positively correlated with MgO, which is consistent with its compatible
character during melt-peridotite equilibrium (Fig. 5e). Comparing other major and
compatible elements (e.g., Cr, Co, Zn) with MgO, most oxides showed some scatter
(not shown). It is well known that the chemical compositions of the SCLM are
correlated with the age of the overlying crust on the Al>O3 versus CaO diagram (e.g.,
Griffin et al., 2009). The sp-lherzolites studied here plotted into the field of the
Phanerozoic mantle, which reflects only a moderate depletion from primitive mantle
(PM) compositions (e.g., Griffin et al., 2009; Fig. 5f). The high contents of CaO (2.2—
3.7 wt%) and Al>,O3 (2.7-4.0 wt%) observed in our samples indicate a fertile
composition, which is consistent with the high modal percent of both clinopyroxene and
spinel.

In general, on the PM-normalized multi-element diagram (Sun and McDonough,
1989; Fig. 6a-b), the sp-lherzolites studied here showed negative Nb, Ta and Ti
anomalies coupled with a significant enrichment in large ion lithophile elements (LILE;
e.g., U) and in chalcophile elements (W, Pb and Sn). On the other hand, Cs, Rb, Ba and
Sr do not show a well-defined pattern and vary from slightly negative to positive
anomalies. In the (PM)-normalized rare earth elements (REE) diagram (Fig. 6c), the
majority of the sp-lherzolites show flat patterns from heavy H-REE to light L-REE,
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whereas some of the sp-lherzolites show a slightly L-REE depletion (Ce/Ybn = 0.5;
PM25-5, PM25-15 and PM25-35) to L-REE-enrichment (Ce/Ybn = 1.8; PM25-18,
PM25-21, PM25-25, PM25-26, PM25-28, PM25-30 and PM25-34). The H-REE
abundances of most of the Coyhaique sp-lherzolites are similar to those of primitive
mantle composition (e.g., Ybn = 0.92-1.77). The difference from slightly depleted H-
REEs (Ybn = 0.92 x PM) to slightly enriched H-REEs (Ybn = 1.77 x PM) suggests
variable degrees of both partial melting and metasomatism. On the REE patterns, two
sp-lherzolites (PM25-5 and PM25-35) present prominently negative Eu anomalies,
whereas this element is only slightly depleted in four of the sp-lherzolites (PM25-25,
PM25-28, PM25-30 and PM25-34).

Generally, both continental crust and depleted mantle reservoirs have
subchondritic Nb/(Ta-La) and Ti/Zr (e.g., Rudnick et al., 2000). In fact, the sp-
Iherzolites studied here have Nb/Ta (5.18-15.71; usually < 10), Nb/La (0.06-0.48) and
Ti/Zr (49.50-109.88) ratios lower than the average of C1 chondrite (Sun and
McDonough, 1989; Nb/Ta = 17.6; Nb/La = 1.04; Ti/Zr = 115), which attests to the
depleted signature of the SCLM beneath the Coyhaique location. However, the positive
anomalies of the calcophile elements coupled with Ce/Pb (usually < 15) and Nb/U (< 5)
ratios that are significantly lower than the PM and DMM values (Ce/Pb = 25 and 31;
Nb/U = 34 and 46, respectively), as well as strong negative Nb anomalies (Nb/Nb* =
0.07-0.38, where Nb/Nb* = Nbn/(ThyxLan)*?), indicate different degrees of the
involvement of a subduction component in the genesis of the sp-lherzolites. Other
marked features of this enrichment process are the high (Th-Ce)/Yb, Th/Sr, Pb/Ce ratios
(Fig. 7a—d) and similar compositional ranges of the Coyhaique sp-lherzolites and Chile
trench sediments (CTS) in terms of their (Ba-U-Pb-Sr)/Th ratios (see the discussion
below).

4.2.2.2. Sr-Nd-Pb isotopes

The Sr-Nd-Pb isotopic data of sp-lherzolites and their host basalts studied here
are given in Table 3, and the diagrams of &Sr/®Sr vs. 1*Nd/***Nd and &' Sr/8Sr—
207pp/204pp—208pp/204pp s, 2%6Ph/2%4Ph are shown in Figures 8a—d. Also plotted for
comparison are the alkaline basalts from the Pali-Aike Volcanic Field (Choo et al.,
2012; D’Orazio et al., 2000), Chile Ridge mid-ocean ridge basalts (MORBs; Bach et al.,
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427  1996; Karsten et al., 1996; Sturm et al., 1999), Chile trench sediments (CTS; Jacques et
428  al., 2013; Lucassen et al., 2010), altered oceanic crust (AOC; Hauff et al., 2003),

429  modified oceanic crust (MOC, see section 5.2.1) (Karsten et al., 1996), Andean volcanic
430 arc basalts (Hickey et al., 1986; Hickey-Vargas et al., 1989) and the slab melt with a
431  mixture of 40% CTS and 60% MOC proposed in this study (see details below). The
432 following mantle reservoir end-member compositions are also plotted: DMM

433 (Workman and Hart, 2005), HIMU (Hanyu et al., 2014), Enriched Mantle-1 (EM-1,
434  Salters and Sachi-Kocher, 2010), Enriched Mantle-2 (EM-2; Workman et al., 2004) and
435  Prevalent Mantle (PREMA; Worner et al., 1986).

436 The Coyhaique sp-lherzolites have 87Sr/8Sr ratios ranging from 0.702422 to
437 0.704390 and ¥“3Nd/***Nd ratios ranging from 0.512859 to 0.513242 (eNd = +4.3 to
438  +11.8). The Pb isotope ratios for sp-lherzolites vary over the ranges of 2%°Pb/?%4Pb =
439  18.212-18.729, "Pb/?%*Ph = 15.483-15.600 and 2%Ph/?%Pb = 37.914-38.524 (Table
440  3). Regarding the modern mantle components, most of the sp-lherzolites are placed in
441  the depleted field relative to present-day Bulk Silicate Earth (BSE; Zindler and Hart,
442  1986) and Chondritic Uniform Reservoir (ChUR; Jacobsen and Wasserburg, 1980) in
443  the Sr-Nd diagram (Fig. 8a). The combined Sr-Nd-Pb isotopic signatures of the sp-
444  lherzolites displayed a large range of variations, evidencing a significant heterogeneity
445  in the SCLM beneath the Coyhaique location. The less radiogenic Sr-Pb and more

446  radiogenic Nd isotopic compositions, which are similar to the depleted component

447  (DMM or PREMA), have flat to depleted L-REE patterns. The variation in the Sr-Nd-
448  Pb isotopic compositions of the sp-lherzolites overlap with those obtained from the
449  Chile Ridge basalts, confirming the depleted characteristics of the Coyhaique sp-

450 lherzolites. In contrast, samples with more radiogenic Sr-Pb and less radiogenic Nd
451  isotopic compositions show slight L-REE enrichment (PM25-25, PM25-26, PM25-28,
452  PM25-30 and PM25-34), which suggests a later stage of metasomatism (EMI|I

453  reservoir). Along with the Sr-Nd-Pb isotopic signatures of the DMM-PREMA-EM

454  mantle end-members, the variation in the chemical compositions for the Coyhaique sp-
455  lherzolites allows us to identify the mixing between these three mantle end-members
456  (Figs. 7a—d and 8a—d).

457

458 5. Discussion

459
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5.1. Partial melting and depletion

Compared to the PM and DMM components, most of the sp-lherzolites studied
here showed a depletion in the basaltic components (e.g., SiO2, Al,O3, CaO and TiO,)
and a relative enrichment in MgO, which can be explained by different degrees of
partial melting (Fig. 5a—d). However, the high and variable H-REE contents of the sp-
Iherzolites (e.g., Ybn = 0.92-1.77; usually >1.0) are difficult to explain with a
progressive melt depletion process of a spinel-peridotite source composed of olivine,
orthopyroxene, clinopyroxene and spinel. It is important to emphasize that our samples
are garnet-free, and there is no petrographic evidence (e.g., symplectite texture) that
suggests that the SCLM beneath Coyhaique was previously stable at a deeper-level, in
the garnet stability field.

Considering that there is no petrographic evidence of intergranular percolation
of the host basalt melt, which would explain the enrichment in L-REE enrichment in
some spinel-peridotites, the extent of partial melting (F) can be evaluated using the non-
modal batch melting equation reported by Shaw (2006) [C® = ((D-PF)C)/((1-F)(D+F(1-
P))]. Here, the REEs were selected to calculate F because they do not change
significantly during partial melting due to their similar bulk partition coefficients and,
moreover, would be less disturbed by cryptic metasomatism in comparison with the
other incompatible elements. We modelled the partial melting using both the PM (Sun
and McDonough, 1989) and DMM (Workman and Hart, 2005) as starting compositions
for the spinel and garnet stability fields (Fig. 7a). The modal compositions employed
here are the PM and DMM compositions (McDonough, 1990 and Workman and Hart,
2005, respectively). The mineral/melt partition coefficients for the REEs were taken
from Niu and Hékinian (1997) and Shaw (2006), whereas the melt modes are those
proposed by Johnson (1998).

The geochemical modelling using the REE abundances fails to reproduce the
REE patterns of the Coyhaique sp-lherzolites on simple partial melting from both sp-
and grt-facies fertile mantle peridotite (PM-like) or depleted mantle peridotite (DMM)
(Fig. 7a). Regarding that fact, we chose a mixture of 85% DMM and 15% slab-derived
component as a source (see details below). Based on this model, the estimates of the

partial melting degrees using the REE abundances indicate that the sp-Iherzolites
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became residues after <6% of non-modal batch melting from a metasomatized depleted

mantle source by up to 15% of a slab-derived component.

5.2. The slab-derived components in the Coyhaique depleted lithospheric mantle

As mentioned above, the Coyhaique sp-lherzolites represent samples from a
residual depleted SCLM. However, the non-modal batch melting model applied to them
suggests that these samples are not simple residues from the partial melting of the
spinel-facies PM or DMM (Fig. 6a). Indeed, all of the sp-lherzolites studied here have a
signature that is typical of most arc magmas in terms of the trace element compositions,
I.e., high ratios of LILE/(HFSE-REE) and strong negative Nb and Ta anomalies. There
are several potential processes capable of enriching the lithospheric mantle in
continental margin subduction zones: 1) dehydration from subducted an AOC and
sediments, 2) accretion of sediments derived from the continental crust and oceanic
seafloor, 3) slab melts (e.g., adakites) produced from the partial melting of subducted
oceanic crust and 4) asthenospheric upwelling through slab windows.

Typical fluid-mobile (e.g., LILE) over fluid-immaobile (e.g., HFSE and REE)
trace elements ratios are useful to estimate the proportion of slab-derived components
into the mantle (e.g., Jacques et al., 2013). To evaluate the role of the metasomatic
component in the Coyhaique sp-lherzolites, we employed the Ce/Yb, (Th-Pb)/Ce, (Ba-
U-Pb-Sr)/Th, Sr/Y and La/Yb ratios, as well as the 87Sr/%8Sr vs. 143Nd/***Nd and
87Sr/855r—-207pp/204pp—208ph/204ph vs, 296Pp/2%4Pp diagrams (Figs. 7a—d and 8a—d, not all
of the ratios are shown). For the above results, we have assumed several scenarios to
explain the potential metasomatic component of the depleted SCLM beneath the
Coyhaique location, such as aqueous fluids and/or melts derived from dehydration
and/or melting reactions in the down-going southeast Pacific oceanic crust (OC) and

Chile trench sediments associated with the subducted Aluk oceanic plate.
5.2.1. Sediments and oceanic crust
The oceanic crust (altered or not) and overlying sediments contribute important

input fluxes to the subduction system. Because subducted sediments have much higher
selected trace element ratios [e.g., (Th-Ce)/Yb, Th/Sr, Pb/Ce] and (*°’Pb-2%Pb)/2%4Ph
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isotopic ratios than those of AOC, it is possible to model the contribution of oceanic
crust, including AOC (Hauff et al., 2003; Staudigel et al., 1996), and the overlying layer
of subducted sediments into the SCLM beneath the Coyhaique location. Thus, to
distinguish the slab components that metasomatized the Coyhaique sp-lherzolites, we
assumed that the composition of the metabasaltic sample from the Chile Ridge (sample
D42-4, Segment 3; Karsten et al., 1996) to the CTS average (Jacques et al., 2013; Kilian
and Behrmann, 2003; Lucassen et al., 2010; Shinjoe et al., 2013) was 40:60 in the
following quantitative models. In Figure 8a—d, the sample D42-4 is labelled as a
modified ocean crust (MOC), which is thought to have been generated from the melting
of a depleted mantle source with a contamination of ~11.6% AOC and ~0.4% sediments
at depth (Karsten et al., 1996). The trace element and Sr-Nd-Pb isotopic compositions
of the CTS are similar to those of the primitive Andean volcanic arc basalts (e.g.,
Hickey et al., 1986; Hickey-Vargas et al., 1989), which means that the CTS are
composed of pelagic sediments with a significant input of terrigenous sediments eroded
from materials of the Andean volcanic arc. In terms of the radiogenic isotopes (Fig. 8a—
d), the composition of the CTS lies almost between EM-1 and EM-2 mantle
components.

The (2°"Pb-28Pb)/2%4PD isotopic ratios and Th/Yb vs. Sr/Th trace element ratios
show a good correlation, which precludes the role of AOC on the generation of the
SCLM beneath the Coyhaique location (Figs. 7d and 8c—d). However, it is difficult to
explain the variation in the Coyhaique sp-lherzolites obtained in this study on the basis
of a simple two-component mixing model between DMM average (Workman and Hart,
2005) and EM components (a slab-derived component). Alternatively, our results
suggest that the Coyhaique sp-lherzolites were variably modified by slab melts released
from a combination of MOC plus CTS (Figs. 7a—d and 8a—d). Then, assuming a
depleted SCLM source metasomatized by slab melts (85% DMM + 15% slab melt) as
the starting material, non-modal batch melting curves are also shown in all of the plots
that involve trace element ratios (Figs. 7 and 8). The curves of the above model on
CelYb vs. Yb and Th/Yb vs. Sr/Th diagrams suggest that the variations in the sp-
Iherzolites represent those of residues left after varying degrees of melt extraction
(<6%), which is identical to the modelling applied in section 5.1. On the other hand, on
the Pb/Ce vs. Pb diagram (Fig. 7c), the curve of the non-modal batch melting did not
agree with the variation in the Coyhaique sp-lherzolites. In addition, their (>°’Pb-
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208pR)/204pp jsotopic ratios suggest that the Pb budget must be dominated by the DMM
component rather than the slab melt component because slab melt components of only
less than 5% are required to produce the wide range of the Coyhaique sp-lherzolites
(Figs. 7c and 8c—d).

To summarize, our model suggests that the Coyhaique sp-lherzolites might be
the melting residue of a heterogeneous SCLM, which resulted from metasomatism of
different extents (<15%) by the slab melt released from subducted CTS and the MOC
prior to the Farallon-Aluk ridge collision during Paleocene-Eocene times.

5.2.2. Dehydrated fluids from the subducted sediments and oceanic crust

As mentioned above, the geochemical and isotope signatures of the Coyhaique
sp-lIherzolites can be attributed to the interaction with slab melts of the subducted CTS
and MOC. However, we cannot preclude the possibility that the dehydration of the
subducted slab also metasomatized the sp-lherzolites. It is widely accepted that the
dehydration of a slab produces an enrichment of the highly incompatible chalcophile
elements (e.g., W, Pb and Sn) as well as elevated (Rb-Ba-U-Sr)/Th ratios because Rb,
Ba, U and Sr (e.g., LILE) are preferentially incorporated into the fluid phases, whereas
Th is transferred efficiently with the slab only when sediment melts are involved (e.g.,
Hawkesworth et al., 1997; Noll et al., 1996). The Coyhaique sp-lherzolites have Ba/Th
(12.24-171.46; CTS = 50-400), U/Th (0.25-0.99; CTS = 0.11-0.91), Sr/Th (37.04—
273.35; CTS = 19.24-138.16) and Pb/Th (0.28-2.62; CTS = 1.35-3.39) ratios that are
similar to those of the CTS, which is consistent with cryptic metasomatism by a
dehydration-induced silicate melt rather than by dehydrated fluid. The absence of modal
metasomatism supports this argument because a hydrated mineral phase (e.g., pargasite,
phlogopite, phengite and serpentine) was not found in the sp-lherzolites studied here,

implying a metasomatic enrichment without a significant input of aqueous fluid.
5.2.3. Modern adakitic melts derived from oceanic crust partial melting
In the southern Patagonia province, late Miocene to Recent adakitic magmatism

and its metasomatism were described in Cerro Pampa (Kay et al., 1993; Orihashi et al.,
2013), Cook Island (Stern and Kilian, 1996) and Cerro del Fraile (Faccini et al., 2013;
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Kilian and Stern, 2002). In general, Sr/Y vs. Y and La/Yb vs. Yb discriminant diagrams
are applied to classify adakites (e.g., Castillo, 2006). Hence, the product of adakitic
metasomatism is expected to have 1) a high Sr/Y ratio with a high Sr concentration, 2)
high La/YD ratio with L-REE to M-REE enrichments over the H-REE, 3) high SiO-
contents with less negative Nb-Ta anomalies and 4) low 8/Sr/®Sr ratios and low MgO
content (e.g., Martin et al., 2005; Castillo, 2006; Moyen, 2009). In contrast with the
product of adakitic metasomatism in peridotites from Cerro del Fraile (CF; Kilian and
Stern, 2002), the Coyhaique sp-lherzolites show a lower Sr concentration (<30 ppm; CF
= 48 ppm) with a weak Sr spike on the multi-element diagram (Fig. 6a), as well as
significantly lower Sr/Y (3.0-6.1; CF = 37) and La/Yb ratios (0.62-3.8; CF = 10)
coupled with a slight L-REEs enrichment on the REE pattern (Fig. 6¢). Moreover, all of
the Coyhaique sp-lherzolites have the same or more mafic compositions, i.e., lower
SiO2 and higher MgO contents, than the DMM and PM components (Fig. 5a). Based on
the results discussed above, we cannot exclude the scenario where the Coyhaique
spinel-lherzolites might be less influenced by an adakitic melt. However, it is important
to note that the occurrence of modern adakites appears to be mainly restricted to the
subduction of young oceanic lithosphere (<25 Ma; Defant and Drummond, 1990;
Martin et al., 2005; Castillo, 2006; Moyen, 2009), thus, Coyhaique sp-lherzolites should
require an ancient (e.g., Paleocene-Eocene) adakitic melt metasomatism.

5.3. Role of the Paleocene-Eocene slab window components in the Coyhaique depleted

mantle

Plate tectonic models associated with geochronological and geochemical data of
Eocene OIB-like magmatism indicate subduction of the Farallén-Aluk spreading ridge
beneath the southern Patagonian province and likely permit the formation of the
Farallon-Aluk slab window beneath the Aysén region during Paleocene to Eocene times
(e.g., Aragon et al., 2013; Breitsprecher and Thorkelson, 2009; Cande and Leslie, 1986;
Morata et al., 2000; Parada et al., 2001; Ramos and Kay, 1992). To find evidence of a
sub-slab asthenospheric mantle metasomatism due to the opening of a Paleocene-
Eocene slab window in the sp-lherzolites, we compared the geochemistry of these
xenoliths with those of the host basalts having an OIB-like signature. The comparison
revealed that the sp-lherzolites differ strongly from the host basalts in composition. For
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example, the sp-lherzolites show 1) a depletion of basaltic components (e.g., Al2O3,
CaO and TiO) (Fig. 5b-d), 2) prominent negative Nb-Ta anomalies coupled with
positive U and Pb anomalies on the PM-normalized multi-element diagram (Fig. 6a-b),
3) a mantle array of depleted mantle components between the DMM and PREMA
extended to the EM-component in Sr-Nd-Pb isotopic composition (Fig. 8a-d) and 4) a
slightly depleted and flat to slightly enriched L-REE/H-REE pattern (Fig. 6¢). On the
other hand, their host basalts have marked positive Nb-Ta anomalies coupled with
negative U and Pb anomalies on the PM-normalized multi-element diagram, HIMU-like
isotope signatures (Fig. 8a) and a strong L-REE/H-REE enrichment pattern (Fig. 6c).
Thus, the geochemical and isotopic differences between the Coyhaique sp-lherzolites
and their host basalts indicate the absence of slab window-induced metasomatism to the
SCLM beneath Coyhaique.

5.4. Geodynamic implications

In tectonic settings in which slab windows beneath a back-arc region result from
the subduction of spreading ridges, magmas released from the sub-slab asthenosphere
would be largely uncontaminated by the supra-slab mantle components and have OIB or
MORB-like magma compositions (e.g., Gorring et al., 2003). Thus, the Coyhaique
basalts with an OIB-like signature incorporate the upwelling of a deeper asthenosphere
beneath the Aysén region. Our new K-Ar age of 54 Ma for the Coyhaique basalts as
well as a previous K-Ar age of 58.6 Ma (Morata et al., 2000) allow that the eruption
was linked to the formation of a slab window due to a ridge-trench collision along the
Andean margin during the Paleocene-Eocene and the inference that the Farallén-Aluk
ridge collided against the western border of South America at the latitude of studied
area (45°46’S) during 59-54 Ma. The process of slab detachment allowed the
infiltration of the chemically enriched sub-slab asthenosphere within the slab gap and,
consequently, the enrichment of a depleted SCLM that has a strong OIB-like signature,
which probably took a few million years to occur because the enriched material needed
to be convectively transported into the SCLM (Ferrari, 2004). Based on our
geochemical data, the Coyhaique basalts studied here are thought to have occurred in
the sub-slab asthenosphere, but there is no evidence that OIB-like asthenospheric melts,

which occurred in the Farallon-Aluk spreading ridge subduction and subsequently in the
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asthenospheric slab window, had much influence on the Coyhaique sp-lherzolites. Thus,
we conclude that the exhumation of the Coyhaique sp-lherzolites at the surface occurred
during the initial stages of the Farallon-Aluk spreading ridge collision with the Chile
trench. The Coyhaique sp-lherzolites, which represent the Paleocene-Eocene SCLM,
obviously have the characteristics of a slab-derived component. Thus, we suggest that
the slab-derived components originated from an MOC melt mixed with ancient
(Paleocene or older?) sediment subducted into the depleted SCLM between the South
American plate and the subducting Aluk (Phoenix) plate.

6. Conclusions

The studied Eocene host alkaline basalts (Balmaceda Basalt) located near
Coyhaique have a primitive character due to their relatively high Mg# (>61), MgO (~10
wit%), Cr (>300 ppm) and Ni (>200 ppm) contents. The strong OIB-like affinity of these
samples is supported by marked positive Nb-Ta anomalies coupled with negative U and
Pb anomalies on the (PM)-normalized multi-element diagram, high trace element ratios
[e.g., Ce/Ybn = 8.7, Nb/(Ta-La) (>20; >1.4), Ce/Pb (>36), Nb/U (>56)], a low initial
87Sr/%8Sr (0.703039-0.703058) and a high initial ***Nd/***Nd (0.512880-0.512874).
These basalts were generated by small degrees of partial melting (up to 6%) that
resulted from asthenospheric upwelling through slab windows related to the Farall6n-
Aluk ridge collision and the subduction beneath southern Patagonia.

The coarse- to medium-grained sp-lherzolites hosted in the alkaline basalts have
protogranular to porphyroclastic micro-textures, which indicate low strain and
recrystallization rates. The slight depletion in SiO, and moderate enrichment in MgO
compared to the PUM and DMM compositions, as well as the negative correlations
between MgO and the basaltic components (e.g., Al203, CaO and TiOy), indicate that
the Coyhaique sp-lherzolites are solid residues derived from the same fertile source with
different degrees of partial melting. The majority of the sp-lherzolites show flat patterns
from H-REE to L-REE, whereas some samples show slight L-REE depletion (Ce/Ybn =
0.5) to L-REE enrichment (Ce/Ybn = 1.8). Remarkably, all of the studied sp-lherzolites
have trace element compositions typical of most arc magmas, such as pronounced
negative Nb-Ta-Ti anomalies coupled with a significant enrichment of LILE (e.g., U)
and chalcophile elements (W, Pb and Sn). The correlations among the trace element
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ratios [e.g., (Th-Pb)/Ce, (Ba-U-Pb-Sr)/Th] and Sr-Nd-Pb isotopic ratios (8’Sr/%Sr =
0.702422-0.704900; **Nd/***Nd = 0.512883-0.513242; 2%°Pp/2%*Ph = 18.212-18.729;
207pp/2%4pp = 15.483-15.600; 298Pb/2%4Ph = 37.914-38.524) point to the mixing of
depleted mantle components (at least 85% of DMM or PREMA\) with an enriched slab-
derived component (up to 15%). According to our model, the slab-derived component
in the depleted SCLM may contain up to 60% of subducted CTS and more than 40% of
MOC melts produced prior to the Farallon-Aluk ridge collision during Paleocene-
Eocene times. Conversely, there is no evidence that OIB-like asthenospheric melts
induced by the Farallén-Aluk asthenospheric slab window had less influence on the
SCLM in the depleted SCLM.
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Figure captions

Figure 1. (a) Present-day tectonic setting of southern South America, modified from
Boutonnet et al. (2010). SVZ = Southern Volcanic Zone, AVZ = Austral Volcanic
Zone, CTJ = Chile Triple Junction, CC = Meseta de Chile Chico, MLBA = Meseta del
Lago Buenos Aires, MV = Meseta de las Vizcachas and PAVF = Pali-Aike Volcanic
Field. (b) Simplified geological map of the Patagonian Cordillera between 43°30° and
47°30°S showing the main geological units (modified from Pankhurst et al., 1999).
LOFZ = Liquifie-Ofqui Fault Zone. The circle indicates the location of the studied

samples.

Figure 2. (a) Mineral proportions (wt.%) of the Coyhaique mantle xenoliths plotted on
the ternary classification diagram from Streckeisen (1979). These data are from Table 4.
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(b) Petrographic characteristics of a representative coarse-grained, protogranular to
porphyroclastic, lower strain and recrystallized, Coyhaique spinel-lherzolite (PM25-05).

Abbreviations: Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Sp = spinel.

Figure 3. Photomicrograph showing different textures observed in the Coyhaique
Iherzolites. The photographs show both natural and plane-polarized light in thin
sections: (a—b) Interstitial spinel and its typical holly-leaf texture; (c—d) fractured olivine
with undulatory extinction (and kink bands) and occurrence of iddingsite; (e—f)
orthopyroxene porphyroclast containing thin exsolution lamellae of clinopyroxene,

especially in their central parts.

Figure 4. Scanning electron microscope images (BSE) of the Coyhaique Iherzolites. (a)
Coarse- to medium-grained Iherzolite with protogranular to porphyroclastic textures
evidenced by large olivine and orthopyroxene porphyroclasts with lobate grain
boundaries; (b) Coarse- to medium-grained lherzolite with spinel holly-leaf; (c) olivine
porphyroclast containing an iddingsite vein; (d) detail of the iddingsite vein; (e)
clinopyroxene exsolution lamellae in a orthopyroxene porphyroclast; (f) spongy

reaction rim in clinopyroxene.

Figure 5. Whole-rock MgO variation diagrams for selected major elements (wt.%) of
the Coyhaique lherzolites (a—d). The negative correlations between MgO and the main
oxides vary from fertile (close to PUM) to slight refractory compositions and indicate
different degrees of partial melting. Ni is positively correlated with MgO, consistent
with its compatible character during melt-peridotite equilibrium (e). The Al.O3 versus
CaO diagram (f) reported by Griffin et al. (2009) indicates that the Iherzolites studied
here show a moderate depletion from primitive mantle compositions and plot into the
field of the Phanerozoic mantle. For comparison, values of the primitive upper mantle
(PUM; McDonough and Sun, 1995) and depleted MORB mantle (DMM; Workman and
Hart, 2005) are shown.

Figure 6. Primitive mantle-normalized incompatible trace elements (a—b) and REE (c)
diagrams of the whole-rock samples. The normalized values were reported by Sun and
McDonough (1989). For comparison, values of the host basalts (HB), depleted MORB
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mantle (DMM; Workman and Hart, 2005), modified oceanic crust (MOC is represented
by Chile Ridge metabasalt, sample D42-4, Segment 3; Karsten et al., 1996), Chile
trench sediments average (CTS; Jacques et al., 2013; Kilian and Behrmann, 2003;
Lucassen et al., 2010; Shinjoe et al., 2013) and metasomatized lithospheric peridotite

mantle source (85% DMM + 15% slab melt) are shown. See the text for more details.

Figure 7. Selected trace element ratio diagrams. (a—b) Ce/Yb, vs. Yb, (c) Pb/Ce vs. Ce
and (d) Th/Yb vs. Sr/Th diagrams illustrating the geochemical characteristics of the
Coyhaique sp-lherzolites and their host basalts (HB). For comparison, the primitive
mantle (PM; Sun and McDonough, 1989), depleted MORB mantle (DMM; Workman
and Hart, 2005), modified oceanic crust (MOC is represented by Chile Ridge
metabasalt, sample D42-4, Segment 3; Karsten et al., 1996), Chile trench sediments
(CTS; Jacques et al., 2013; Kilian and Behrmann, 2003; Lucassen et al., 2010; Shinjoe
et al., 2013), altered oceanic crust (AOC; Staudigel et al., 1996), slab melt (60%CTS +
40%MOC), Andean volcanic arc basalts (Hickey et al., 1986; Hickey-Vargas et al.,
1989) and metasomatized lithospheric peridotite mantle source (85% DMM + 15% slab
melt) are shown. Two-component mixing curves between DMM-AOC, DMM-
CTSaverage and DMM-Slab melt were calculated (b—d). The white filled circles along the
mixing dashed curves indicate the percentage of the metasomatic component in the
mixture as follow: 2%, 4%, 6%, 8%, 10%, 15%, 20% and 50%. The melting trends
from the PM, DMM and metasomatized lithospheric peridotite mantle source (85%
DMM + 15% slab melt) compositions are shown by solid curves. The circles on each
solid curve correspond to the residues from the partial melting of the spinel-facies,
whereas the squares represent the residues from the partial melting of the garnet-facies
(a, c and d). Each filled circle/square along the solid curves indicates the percentage of
partial melting as follow: 2%, 4%, 6%, 8%, 10%, 12% and 14%. The source modes
assumed here for partial melting from the DMM and metasomatized lithospheric
peridotite in the spinel and garnet stability fields are from Workman and Hart (2005),
whereas the PM modal compositions are from McDonough (1990).

Figure 8.87Sr/%Sr vs. *3Nd/***Nd (a) and 87Sr/6Sr—207ph/204ph—208ph/204P vs.
206pp/294pp (b—d) isotope variations of whole-rock from selected Coyhaique sp-
Iherzolites. The data for comparison are indicated in the text. The dashed line represents
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mixing between the depleted MORB mantle (DMM; Workman and Hart, 2005) and slab
melt (60%CTS + 40%MOC). See the text for more details about the enriched end-
member component. The mixing lines between the DMM and slab melt are marked at
intervals of 1%, 2%, 5% and 10%, with increasing contribution from the latter

component.

Table captions

Table 1. Whole-rock major and trace element compositions for the Coyhaique mantle
xenoliths, determined by XRF and ICP-MS. The total iron is reported as Fe>Os. The
major element results were normalized to 100%. PM25-A1 and PM25-A3 are
representative host basalt samples. Mg-number = Mg/(Mg+Fe*?).

Table 2. Whole-rock analytical values of the host basalt unspiked K-Ar ages.

Table 3. Whole-rock Rb-Sr, Sm-Nd and Pb-Pb isotopic data for the selected Coyhaique
mantle xenoliths analysed in this study plus two representative host basalts (samples
PM25-Al and PM25-A3). The numbers in the parentheses indicate the 26 errors in the
last digits.

Table 4. Classification and modal mineralogies for the Coyhaique mantle xenoliths.
The modal proportions of the minerals were determined by point-counting with 900—
2800 points covering the entire area of the relatively large thin sections. Abbreviations:
Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Sp = spinel. The textures are
from Mercier and Nicolas (1975), and the rock types are from Streckeisen (1979).

Table 5. Representative SEM-EDS analyses of the mineral assemblage from the
Coyhaique mantle xenoliths. Total iron reported as FeO and Mg-number =
Mg/(Mg+Fe*?). Abbreviations: Ol = olivine; Opx = orthopyroxene; Cpx =

clinopyroxene; Sp = spinel; Id = iddingsite; Cpx reaction = spongy texture.
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Table 1.

Sample: PM25-5 PM25-9 PM25-12 PM25-15 PM25-17 PM25-18 PM25-21 PM25-22 PM25-25 PM25-26

Major elements (wt.%)

SiO2 45.04 44.08 44.42 44.54 44.45 43.32 - 45.21 44.06 44.29
TiO2 0.15 0.10 0.12 0.15 0.12 0.10 - 0.13 0.12 0.13
Al203 3.97 3.06 3.33 3.61 3.54 2.96 - 3.24 3.47 3.30
Fe203 9.64 9.94 9.11 9.37 9.63 10.03 - 9.72 9.66 10.24
MnO 0.14 0.14 0.13 0.13 0.13 0.14 - 0.13 0.14 0.14
MgO 3810 39.72 39.93 38.77 38.76 41.00 - 38.75 39.50 38.80
Ca0 3.65 2.74 2.70 3.12 3.08 2.20 - 2.83 2.74 2.86
Na20 0.26 0.19 0.22 0.27 0.26 0.20 - 0.22 0.25 0.20
K20 0.02 0.02 0.02 0.02 0.01 0.03 - 0.02 0.03 0.03
P20s 0.02 0.02 0.02 0.02 0.02 0.02 - 0.02 0.02 0.02
Mg-number  88.67 88.78 89.66 89.12 88.85 89.00 - 88.76 89.00 88.24
LOI1% 0.69 0.91 0.75 8.76 0.41 0.57 - 0.52 1.18 0.37
Compatible elements (ppm)

\% 88.52 64.34 65.55 73.94 75.02 62.23 77.97 68.83 69.47 71.24
Cr 3088.24 2830.32 2994.28 3002.14 2909.01 2538.11 2982.40 2907.71 2957.17 2773.40
Co 176.44 10444  117.65 114.47 119.24 162.24 126.32 185.90 122.95 141.57
Ni 1893.40 2184.03 2032.74 2041.12 2049.59 2185.63 1985.53 2083.38 2037.14 2029.43
Cu 23.85  20.68 18.96 28.28 28.28 21.22 20.92 20.59 26.68 23.78
Zn 2153  31.67 32.20 26.67 34.78 26.37 24.50 27.67 23.65 30.74
Trace and rare earth elements (ppm)

Cs 0.07 0.14 0.02 0.12 0.05 0.06 0.06 0.12 0.07 0.80
Rb 3.29 2.23 1.25 3.09 5.76 8.75 4.40 3.24 411 3.46
Ba 2.79 20.12 9.23 2.47 10.53 23.77 23.01 16.66 17.94 12.49
w 1.48 0.40 1.12 0.71 0.98 3.57 0.16 1.49 0.54 0.35
Th 0.10 0.12 0.24 0.08 0.10 0.51 0.58 0.11 0.24 0.22
u 0.06 0.08 0.07 0.08 0.04 0.13 0.20 0.05 0.07 0.13
Nb 0.26 0.12 0.13 0.20 0.07 0.22 0.15 0.11 0.09 0.43
Ta 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.03
K 24773 230.00 144.21 184.34 177.16 300.76 439.55 21542 321.17 246.45
La 0.54 0.71 0.99 0.46 0.67 1.73 121 0.73 1.63 1.75
Ce 1.59 1.80 2.51 1.20 1.59 4.02 2.81 1.90 3.57 3.80
Pb 0.17 0.23 0.25 0.20 0.15 0.28 0.16 0.19 0.21 0.21
Pr 0.34 0.29 0.40 0.21 0.25 0.57 0.44 0.25 0.49 0.47
Sr 31.94 21.33 15.57 20.81 16.68 18.79 27.48 23.36 17.90 27.97
P 73.94 80.99 68.54 70.34 93.30 90.35 - 74.73 90.51 77.96
Nd 1.90 1.28 171 1.10 1.15 2.32 2.02 1.18 2.34 1.95
Sm 0.72 0.43 0.58 0.42 0.36 0.64 0.66 0.39 0.63 0.48
Zr 18.77 9.80 8.99 11.09 8.75 10.49 11.56 9.97 9.24 11.38
Hf 1.03 0.52 0.55 0.60 0.73 0.50 0.55 1.17 0.51 0.45
Eu 0.21 0.14 0.19 0.16 0.15 0.22 0.23 0.16 0.18 0.19
Sn 0.62 0.21 0.16 0.27 0.90 0.20 0.66 0.18 0.19 0.32
Ti 1671.81 629.63 847.86 965.38 89563  959.87 112314 1091.30 889.13  977.96
Gd 1.02 0.54 0.68 0.60 0.49 0.73 0.86 0.58 0.80 0.71
Th 0.20 0.11 0.12 0.11 0.10 0.13 0.17 0.12 0.14 0.13
Dy 1.25 0.79 0.88 0.75 0.70 0.88 1.09 0.70 0.95 0.89
Y 7.03 4.14 5.16 4.25 3.75 4.59 5.76 3.82 5.52 4.86
Ho 0.30 0.17 0.21 0.17 0.14 0.20 0.25 0.15 0.21 0.18
Er 0.92 0.56 0.65 0.51 0.45 0.58 0.78 0.50 0.61 0.54
Tm 0.13 0.08 0.11 0.08 0.07 0.09 0.12 0.08 0.09 0.09
Yb 0.87 0.55 0.70 0.53 0.48 0.65 0.78 0.55 0.59 0.63

Lu 0.14 0.09 0.11 0.08 0.07 0.10 0.12 0.08 0.09 0.09




Table 1. Continued

Sample: PM25-27 PM25-28 PM25-30 PM25-31 PM25-34 PM25-35 PM25-38 PM25-Al1 PM25-A3
Major elements (wt.%)

SiO2 44.36 4441 44.70 44.58 4454 44.33 43.86 47.30 47.34
TiO2 0.11 0.14 0.12 0.11 0.11 0.10 0.10 2.80 2.85
Al20s3 3.00 3.85 3.57 2.94 3.23 3.24 2.72 13.77 14.14
Fe203 9.25 8.93 9.20 9.38 9.46 9.19 9.93 12.13 12.10
MnO 0.13 0.13 0.13 0.14 0.13 0.13 0.13 0.17 0.17
MgO 40.25 37.96 38.87 39.97 39.53 40.20 40.80 10.27 9.75
CaO 2.65 3.28 3.10 2.65 2.81 2.61 2.25 8.90 8.79
Na:0 0.25 0.26 0.28 0.19 0.15 0.18 0.17 3.06 3.23
K20 0.02 0.01 0.02 0.02 0.02 0.02 0.03 1.07 1.09
P20s 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.53 0.55
Mg-number ~ 89.60 89.38 89.32 89.40 89.22 89.65 89.05 62.64 61.46
LOI% 0.47 0.60 0.74 0.46 0.59 0.47 0.79 - -
Compatible elements (ppm)

\% 61.76 82.45 82.60 67.83 65.49 64.67 64.95 234.11 236.48
Cr 3046.46 2990.17 3051.82 3013.49 2802.28 2779.19 2546.81  308.11 310.67
Co 126.92 11055  173.27 12951  135.37 94.49 101.64 48.98 47.85
Ni 2167.62 1941.71 197410 2081.52 2083.02 206554 222245  228.26 207.69
Cu 20.38 31.86 27.61 19.16 25.06 20.50 24.08 - -
Zn 27.15 20.86 28.72 28.73 20.12 28.06 25.75 127.08 122.40
Trace and rare earth elements (ppm)

Cs 0.02 0.06 0.11 0.01 0.05 0.05 0.02 0.26 0.30
Rb 6.73 3.74 0.83 6.48 2.28 0.85 3.41 16.89 16.46
Ba 3.49 8.05 15.55 3.36 9.24 1.78 13.54 246.61 242.22
w - 0.06 1.29 0.92 0.53 0.17 2.38 - -
Th 0.19 0.11 0.11 0.14 0.38 0.45 0.37 3.02 2.98
U 0.06 0.09 0.10 0.09 0.10 0.13 0.10 0.74 0.72
Nb 0.19 0.24 0.19 0.17 0.11 0.14 0.16 41.72 44.12
Ta 0.02 0.03 0.02 0.01 0.01 0.01 0.01 2.01 2.06
K 164.23  210.18 167.10 236,52 13513  156.09 257.45 8908.26  9068.09
La 0.71 111 1.02 0.56 1.20 0.45 0.77 28.60 28.62
Ce 1.67 2.83 2.23 1.39 311 1.22 2.00 56.57 56.49
Pb 0.15 0.14 0.17 0.13 0.15 0.18 0.14 1.55 1.56
Pr 0.23 0.43 0.33 0.22 0.49 0.22 0.31 7.29 7.29
Sr 18.69 17.25 17.46 17.57 20.12 21.41 15.56 654.87 644.07
P 61.47 96.25 81.34 85.32 62.74 57.73 75.08 2330.19  2418.67
Nd 1.18 1.77 1.28 1.12 2.08 1.08 1.21 32.62 3291
Sm 0.34 0.55 0.38 0.36 0.54 0.33 0.37 7.72 7.44
Zr 11.39 10.25 9.91 10.63 16.09 9.93 11.01 205.45 198.74
Hf 1.39 0.61 0.34 1.17 0.39 0.44 1.36 4.49 4.40
Eu 0.14 0.16 0.12 0.13 0.17 0.10 0.13 2.43 2.46
Sn 0.23 0.13 0.39 0.40 0.21 0.42 0.15 - -
Ti 648.78 93871 1089.34 887.31 83391 508.28 54490 16766.08 17057.70
Gd 0.56 0.66 0.49 0.54 0.71 0.52 0.54 6.42 6.53
Th 0.11 0.12 0.09 0.10 0.12 0.10 0.10 1.03 0.97
Dy 0.73 0.87 0.65 0.62 0.82 0.68 0.66 5.42 5.09
Y 3.94 4.61 3.55 3.44 4.74 471 3.59 26.38 25.00
Ho 0.16 0.19 0.13 0.14 0.18 0.17 0.16 0.99 0.99
Er 0.45 0.58 0.45 0.42 0.57 0.50 0.52 2.31 219
Tm 0.08 0.09 0.07 0.07 0.09 0.08 0.08 0.29 0.28
Yb 0.54 0.60 0.49 0.45 0.57 0.53 0.50 1.80 1.80
Lu 0.08 0.09 0.08 0.07 0.09 0.08 0.08 0.23 0.23




Table 2.

Sample K (Wt%)  “0Ar rad (10-%cm®STP/g) BAr/SCAr Age (Ma) Air Fraction (%)

PM25-A1 0.92 £0.02 193.84 £9.71 0.1893 £0.0010 53.7+2.9 43.0
PM25-A3 0.84 +0.02 176.82 + 8.86 0.1895 £ 0.0007 53.6+2.9 41.7

For calculation of “°Ar rad, (**Ar/%8Ar) initial = 296.0 is assumed. Error: 1o.



Table 3.

Sample Rb Sr 87Sr/88Sr Sm  Nd  Nd/A*Nd eNd 205pb/204ph 207ph/204ph  208ph/204p)y

PM25-5  0.38 1563 0.702531(13) 3.69 17.64 0.513181(14) +10.6 18.255(08) 15.487(07) 38.007(16)
PM25-9 091 12.74 0.703052(11) 2.63 17.06 0.513073(17) +8.5 18.358(16) 15.530(14) 38.100(34)
PM25-12 0.8 10.25 0.703410(07) 2.51 10.66 0.513005(16) +7.1 18.491(4) 15.571(04) 38.107(09)
PM25-15  0.29 14.37 0.702750(06) 2.96 13.54 0.513195(06) +10.9 18.212(4) 15.486(04) 37.914(09)
PM25-17 0.7 11.14 0.703359(13) 3.29 17.08 0.513022(15) +7.5 18.503(15) 15.537(12) 38.199(31)
PM25-21 036 11.27 0.703392(12) 3.14 14.22 0.513040(12) +7.8 18.482(04) 15.570(04) 38.125(08)
PM25-22  0.83 12.88 0.702802(12) 8.37 1552 0.513155(11) +9.3 18.289(15) 15.521(13) 37.932(30)
PM25-25 0.3 6.81 0.704050(14) 7.49 15.03 0.512883(07) +4.8 18.655(19) 15.572(16) 38.386(39)
PM25-26  0.29 14.37 0.704024(09) 3.33 30.46 0.512932(13) +5.7 18.596(03) 15.566(02) 38.380(05)
PM25-27 033 9.82 0.703030(04) 3.23 15.82 0.513088(14) +8.8 18.477(06) 15.557(05) 38.243(12)
PM25-28 049 13.41 0.704175(09) 4.19 22.90 0.512862(09) +4.4 18.690(09) 15.585(08) 38.422(19)
PM25-30 048 16.65 0.704390(10) 2.81 1559 0.512859(12) +4.3 18.729(06) 15.600(05) 38.524(12)
PM25-31  0.07 11.14 0.703479(10) 3.34 24.94 0.512994(06) +6.9 18.539(07) 15.562(06) 38.294(15)
PM25-34 0.09 6.66 0.703791(04) 2.58 11.97 0.512934(16) +5.8 18.572(04) 15.587(03) 38.236(08)
PM25-35  0.23 1162 0.702422(12) 2.40 9.46 0.513242(12) +11.8 18.244(05) 15.483(04) 38.017(11)
PM25-Al* 16.89 654.87 0.703112(15) 7.72 32.62 0.512925(06) - - - -

PM25-A1> - - 0.703058(15) - - 0.512874(06) +5.6 - - -
PM25-A32 16.46 644.07 0.703094(09) 7.44 32.91 0512929(07) - - - -
PM25-A3b - - 0.703039(09) - - 0.512880(07) +5.7 - - -

For host basalts, initial Sr and Nd isotope compositions were calculated using the respective K-Ar ages of each sample (see
Table 2). Parent/daughter isotope ratios were recalculated using Rb, Sr, Sm and Nd concentrations from Table 1.
@Measured isotopic ratios.

b Age corrected isotopic ratios (initial ratios).



Table 4.

Lithology: Lherzolite

Samples: PM25-5 PM25-9 PM25-12 PM25-15 PM25-17 PM25-18 PM25-21 PM25-22

Modal composition (Vol.%)

% Ol 47.2 62.6
% Opx 29.6 23.3
% Cpx 19.9 10.1
% Sp 3.3 4.0

48.5 55.2 56.8 56.5 62.1 56.3
33.2 24.0 25.0 23.3 16.2 259
15.6 17.2 15.7 15.8 191 15.7
2.8 3.6 24 44 2.6 2.1

PM25-25

57.6

26.0

129
3.5

Lithology: Lherzolite

Samples: PM25-26 PM25-27 PM25-28 PM25-30 PM25-31 PM25-34 PM25-35 PM25-38

Modal composition (Vol.%)

% Ol 58.0 61.8
% Opx 25.2 17.8
% Cpx 15.1 16.3

% Sp 16 4.2

41.7 62.3 59.0 56.2 521 61.5
38.7 21.7 21.9 26.1 294 211
16.9 12.4 15.7 14.7 14.7 13.5
2.7 3.6 3.5 3.0 3.8 3.9




Table 5.

Sample: PM25-9 PM25-5 PM25-9 PM25-5 PM25-9 PM25-5
Mineral phase: ol Opx Cpx Sp Id Cpx reaction
SiO2 40.02 53.94 50.70 - 49.20 51.92
Al2Os3 - 5.67 7.48 58.61 - 4.09
FeO 10.84 6.35 3.01 11.16 17.11 3.68
MgO 49.14 33.28 15.78 22.14 33.69 18.24
CaO - 0.76 20.17 - - 21.17
Na.O - - 2.11 - - 0.90
Cr203 - - 0.74 8.09 - -
Mg-number 89.97 91.21 91.21 79.70 79.58 90.75
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Abstract

Southern Andean Patagonia is one of the few sites where interactions between oceanic
and continental lithosphere due to the subduction of an active spreading ridge beneath
continent can be investigated. In order to characterize the noble gas composition of
Patagonian subcontinental lithospheric mantle (SCLM) we present the first noble gas
and new lithophile (Sr—Nd-Pb) isotopic data for mantle xenoliths from Pali-Aike
Volcanic Field and Gobernador Gregores. Based on noble gas isotopic compositions
determined by stepwise crushing method, Patagonian SCLM reflects a mixing between
air and two mantle components: a strongly radiogenic/nucleogenic SCLM and a
MORB-like endmembers.

Pali—Aike mantle xenoliths represent the degassed local SCLM with higher

(U+Th+K)/(®He, 22Ne, *Ar) ratios than MORB source, varying over the range of
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3He/*Heaverace = 6.87 + 0.04RA and !Ne/?’Ne) between 0.085 and 0.092. The
“OAr/8Ar ratios vary from the near—atmospheric ratio (510) up to 16400, with
OArArE ranging between 31100749 gg00 and 54000%142%0_ggq9. In addition, 3He/*’Ne
ratios for the local SCLM endmember are higher (between 12.03 + 0.15 and 13.66 +
0.37) than depleted MORBs (*He/?’Ne = 8.31-9.75). Noble gas component observed in
Gobernador Gregores mantle xenoliths is characterized by isotopic compositions over
the range of MORBSs in terms of helium (3He/*Heaverace = 7.24 + 0.09RA), but with
slightly nucleogenic neon (**Ne/??Neg) between 0.065 and 0.079). The “°Ar/*®Ar ratios
vary from the near—atmospheric ratio (380) up to 6560, with “°Ar/*®Arg) ranging
between 8100*14%0_z55 and 17700%44% 3100. The low “°Ar/®Ar ratios (usually < 4000)
attest that these rocks were significantly affected by atmospheric contamination
associated with recycled oceanic lithosphere in the Patagonian SCLM.

Finally, Xe isotopic measurements of some samples from both localities show
129%e/*32XeE) = 1.0833700216 4 1055 and 130 Xe/*32XeE) = 0.3761700246 4 4954 values, as well
as a well-defined trend of 129-1%6Xe/132Xe ratios. These results allow us to define a
SCLM indistinguishable from the MORB source.

Based on these new data, we conclude that the highly radiogenic/nucleogenic signature
of Pali—Aike mantle xenoliths represents an intrinsic feature of the SCLM reservoir
beneath southern Patagonia. This signature could have been homogenized during the
last 14 Ma, after rapid passage and northward migration of the Chile Triple Junction and
its slab window at this latitude. On the other hand, the less radiogenic/nucleogenic
MORB-like component identified in Gobernador Gregores mantle xenoliths could be
explained by recent metasomatism of the SCLM due to the asthenospheric mantle
upwelling in response to the opening of a slab window beneath Patagonia because of

South Chile Ridge subduction.
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Keywords: noble gas isotopes, subcontinental lithospheric mantle, radiogenic isotopes,

mantle xenoliths, southern Patagonia.

1. Introduction

Ultramafic mantle—derived xenoliths from wedges overlying subduction zones
associated with ridge subduction and slab window formation are very rare. Patagonia,
the southernmost portion of South America, is one of the few sites where active
subduction of a spreading ridge and its consequences for ridge axis magmatism can be
investigated in the Earth. Since middle Miocene, Chile active spreading ridge subducts
beneath South America, resulting in a slab-free zone, or slab window, and provides gaps
through which asthenospheric mantle can flow. Thus, the collision of Chile Ridge
against the Chile trench offers an opportunity to investigate the composition of
subcontinental lithospheric mantle (SCLM), represented by the occurrence of mantle
xenoliths in this particular geological setting, and the influence of the shallow
asthenospheric mantle beneath the Andean continental back—arc region.

Abundant occurrence of spinel- and/or garnet—bearing mantle xenoliths hosted
by intra—plate alkaline basalts found in Pali—Aike Volcanic Field (PAVF in Fig. 1) and
Gobernador Gregores (GG in Fig. 1) provides invaluable information about the nature
and processes involved in the evolution of the southern Patagonian SCLM.
Subcontinental mantle xenoliths often have low amounts of noble gas trapped in their
fluid inclusions (e.g., Gautheron et al., 2005), however, they are powerful tracers of
mantle sources. Although the noble gas isotopic ratios of mid—ocean—ridge basalts

(MORBS) and ocean island basalts (OIBs) are relatively well defined (e.g., Sarda et al.,
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1988; Hiyagon et al., 1992; Burnard et al., 1997; Moreira et al., 1998; Trieloff et al.,
2000; Mukhopadhyay, 2012), the composition of SCLM source remains poorly known.
This limitation is enhanced by the significant contribution of air—like component in
noble gas composition of mantle—derived xenoliths. It complicates the characterization
of SCLM endmember because these rocks, generally, display a binary mixture between
SCLM and an atmospheric component (e.g., Buikin et al., 2005; Gautheron et al., 2005;
Hopp et al., 2004; Poreda and Farley, 1992).

In order to determine the noble gas composition of Patagonian SCLM at the
latitude of Austral VVolcanic Zone (AVZ; 49°S — 55°S), we present the first He—Ne—Avr,
Kr and Xe isotopic ratios plus new lithophile isotopes (Sr—Nd—Pb) in whole—rocks and

minerals separate from anhydrous and hydrous peridotites.

Figure 1

2. Geological setting

Geodynamically, the Patagonian continental back—arc represents a complex
region formed by several continental accretion events related to the subduction of
different oceanic plates (e.g., Pankhurst et al., 2006), some of them containing seismic
and aseismic ridges (e.g., Chile Ridge and Juan Fernandez Ridge).

At present, the Patagonian western margin is characterized by the continuous
subduction of Nazca and Antarctic oceanic plates beneath the South American
continental plate, resulting in the formation of the Andean volcanic arc. The southern
part of this arc has been divided into Southern Volcanic Zone (SVZ, 33°S — 46°S) and

Austral Volcanic Zone (AVZ, 49°S — 55°S), that are separated by a volcanic gap. The
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interruption of the volcanism has been attributed to the subduction of the South Chile
Ridge (SCR), which divides Nazca and Antarctic plates.

Approximately 16 Ma ago the active oceanic ridge spreading center (South Chile
Ridge — SCR) collided with the Chile trench at the latitude of Tierra del Fuego (55°S),
and formed a ridge—trench—trench triple junction (Chile Triple Junction — CTJ; Cande
and Leslie, 1986). The triple point has since migrated northwards to its present position
(46.5°S, north of the Taitao Peninsula). The subduction of four oblique active ridge
segments that entered the trench at 12 Ma (SCR-2), 6 Ma (SCR-1), 3 Ma (SCRO0), and
0.3 Ma (SCR1) has resulted in the formation of a series of slab windows beneath the
South American plate (e.g., Cande and Leslie, 1986). The subduction of these segments
are associated with the asthenospheric mantle upwelling and with the extensive eruption
of plateau lavas from late Miocene to the recent times (e.g., Gorring et al., 1997;
D’Orazio et al., 2000).

During the Cenozoic, mantle xenoliths hosted by alkaline basalts were widely
distributed in the Andean back—arc, southern Patagonia, at the latitude of AVZ (49°S —
52°S) (e.g., Stern et al., 1999; Gorring and Kay, 2000; Laurora et al., 2001; Rivalenti et
al., 2004; Gervasoni et al., 2012). The studied ultramafic xenoliths were sampled from
Gobernador Gregores (GG; PM23) volcanic center and from Pali—Aike Volcanic Field
(PAVF; PM14 and PM18) (Fig. 1).

Gobernador Gregores is located ~400 km east from Chile trench, in the
southwestern border of the Deseado Massif, and lies within the Meseta Central. The
xenoliths were brought to the surface by Plio—Pleistocene alkaline basalts and hawaiites
that composed a post—plateau sequence (ca. 3.5 Ma; Gorring et al., 1997). The samples
studied here are spinel-bearing ultramafic xenoliths with anhydrous or hydrous

(amphibole £ phlogopite * apatite) assemblages that locally contain glass, similar to
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those found in previous works (Gorring and Kay, 2000; Laurora et al., 2001; Rivalenti
et al., 2004). Based on the whole—rock geochemistry of xenoliths, Gorring and Kay
(2000) suggested carbonatite metasomatism to the SCLM of GG. On the other hand,
based on trace element mineral compositions, Laurora et al. (2001) and Rivalenti et al.
(2004) concluded that this carbonatite metasomatism is unlikely at GG, and they
identified a hydrous Si—rich fluid/melt (carrying K.O and P>Os) derived from the
subducted slab as the contaminant phase. Thermobarometric estimates of GG mantle
xenoliths indicate that the lithosphere has depths from 46 up to 70 km (P =1.4-2.1
GPa) and a range of temperature of 870—1185°C (Gorring and Kay, 2000; Laurora et
al., 2001; Rivalenti et al., 2004), with higher temperatures for hydrous samples.

Two different localities of PAVF (4500 km?, D’Orazio et al., 2000) are
considered in this study: 1) Laguna Ana (PM14); and 2) Laguna Timone (PM18).
PAVF represents the southernmost Patagonian plateau basalts in the Andean back-arc,
being ~400 km distant south from GG and east from the modern Chile trench (Fig. 1).
PAVF is composed by more than 450 monogenetic volcanic centers (tuff—rings, maars,
spatter and scoria cones), mainly classified as alkaline basalts and basanites, with minor
olivine basalts (e.g., D’Orazio et al., 2000). The mantle xenoliths hosted by Pali—Aike
post—plateau alkaline basalts (3.78-0.17 Ma; e.g., D’Orazio et al., 2000 and references
therein; Jalowitzki et al., unpublished data) comprise spinel, spinel—garnet, and garnet
harzburgites and Iherzolites with hydrous phases (e.g., pargasitic amphibole and Ti—
phlogopite) (e.g., Stern et al., 1999). These K—bearing minerals may occur as
glimmeritic veins (Gervasoni et al., 2012). The PAVF SCLM is mineralogically and
chemically similar to the global asthenospheric source of MORB at the transition zone
from lithosphere to asthenosphere, which currently occurs at <100 km (Stern et al.,

1999). Based on the enrichment of chalcophile elements (W, Pb, Mo, Sn), Gervasoni et
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al. (2012) suggested cryptic metasomatism to the PAVF SCLM, which probably is
related to the current subduction of Antarctic plate under the South—American plate.
These authors proposed that the occurrence of glimmerite, as well as K—rich minerals
(phlogopite and pargasite) in mantle xenoliths samples indicate modal metasomatism by
asthenospheric fluids. The estimated pressure and temperature are between 1.9 a 2.4GPa
and 970—1160°C (Stern et al., 1999), indicating depths of 63 up to 80 km to the SCLM

beneath PAVF.

3. Analytical techniques

3.1. Noble gas isotopes

Fifteen whole—rock spinel peridotite samples from GG were selected for noble
gas measurements. Noble gas were extracted from all samples by heating method and 5
samples among them that contain larger amounts of noble gases were selected to the
analysis by crushing, including 2 samples of olivine separates (Supplementary Table S1
and Supplementary Table S2). It is important to emphasize that due to the different
number of crushing strokes that was applied for each sample, we have carried out 30
measurements by the crushing method (Supplementary Table S1). In the case of PAVF,
20 whole—rock xenoliths, including garnet and spinel or only spinel peridotites, were
selected for noble gas analysis by heating method and those 8 samples with larger
amount of gases, being 2 olivine separates, were also analyzed by crushing
(Supplementary Tables S1-S2). For crushing experiments, the total of measurements
was of 52, according with the number of strokes applied for each sample

(Supplementary Table S1).
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The analyses of noble gases were performed using two modified—\VVG5400 noble
gas mass spectrometers (MS-I11 and MS-1V) in the Geochemical Research Center,
Graduate School of Science, University of Tokyo. The studied mantle xenoliths are
relatively fresh without significant alterations. The selected samples were coarsely
crushed using an agate mortar and the superficial slices of the samples were discarded in
order to avoid the contamination generated due to the contact with their host basalt and
by weathering alteration. The selected mantle xenoliths were sieved into three size
fractions (0.5-1; 1-2 and > 2mm). The size fractions >1 mm have the greater amount of
fluid inclusions in the mineral grains, and these fractions were therefore used for further
processing. The mineral separates were handpicked under a binocular microscope and
those altered were removed. After that, they were twice washed with ethanol (EtOH
99.5%) in an ultrasonic bath for 30min, washed in de—ionized water and then dried at
150°C during 24 hours in the oven, followed by a final purification by handpicking
under the binocular microscope. Both single step heating and stepwise crushing
methods were applied.

The single step heating experiments were applied to obtain He, Ne and Ar
isotopic ratios in whole—rock samples (~0.5 g), which were wrapped in Al-foil 20um
and loaded in branches of a sample holder that admit up to 24 samples at once without
breaking the vacuum condition. Samples analyzed by heating method were dropped into
the heating furnace, which is heated until they completely melted at approximately
1800°C, and then the evaporated gas was purified, separated and analyzed in the mass
spectrometer.

All noble gas isotopic ratios (He, Ne, Ar, Kr, Xe) were obtained by stepwise
crushing in vacuum to release noble gases trapped in fluid inclusions of whole—rock and

olivine separates (see Supplementary Tables S1-S4). For crushing experiments, the
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final separates with weights >1 g were crushed in a stainless—steel tube with sequential
number of strokes of a nickel piston driven from outside the vacuum by a solenoid
magnet (Sumino et al., 2001). Different number of strokes were applied to crush the
samples and, thus, releases the gases that were trapped in their fluid inclusions. The
number of strokes applied was 100, 500, 1000 and 2000 (the last was applied repeatedly
while the sample had enough amounts of noble gases). Those samples, which contain
great amount of gases, were selected to analyze the separated olivines.

After loading the samples in sample holder and in crushers, the whole system of
extraction and purification line is baked out over 250°C for 24 hours to reduce
atmospheric contamination. Following purification and separation of noble gases by a
charcoal trap cooled by liquid nitrogen or by cryogenically cooled trap made by porous
sintered stainless steel, their isotopic compositions were measured. He and “He ion
beams were detected in a double collector system, in which 3He was by ion counting
and “*He by Faraday cup collectors. Daly multiplier collector was used for Ar analysis,
whereas ion-counting collector detected Ne, Kr and Xe isotopes. Full details for the
mass spectrometric systems are described at Sumino et al. (2001). Based on
reproducibility of He standard of Japan (HESJ) and calibrated air standard, experimental
uncertainties for concentrations of each noble gases were estimated as 5% for He and
Ar, and 10% for Ne, Kr and Xe. During Ne analyses, corrections for “°Ar** on 2°Ne*
and CO,** on 22Ne* were <5%. Uncertainties assigned to the observed isotopic ratios
are one standard deviation (1c), including uncertainties of blank corrections and mass
discrimination. Blanks were running using the same procedure as the samples. Heating
blanks are: “He = (2-4)x107* cm3STP; 2°Ne = (1-9)x107%2 cm3STP; and “°Ar = (2—

12)x107° cm3STP, whereas crushing blanks are: “He = (2-4)x107* cm3STP; ?Ne = (2—
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4)x107 cm3STP; and “°Ar = (3-5)x1072° cm3STP. Blank corrections were applied

assuming atmospheric isotopic composition.

3.1. Sr—Nd-Pb isotopes

Sr—Nd isotopic ratios for 7 whole—rock samples were measured at Laboratorio
de Geologia Isotdpica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto
Alegre, Brazil. In addition, Sr—Nd isotope compositions were measured on separates of
orthopyroxene, clinopyroxene and phlogopite from the garnet—spinel harzburgite
PM18-17. The samples (0.1g) were leached with cold 0.25N HCI in an ultrasonic bath
for 30 minutes in order to eliminate impurities. Afterwards, the dried samples were
weighed and spiked with mixed 8’Rb/84Sr and 149Sm/**°Nd tracer. These samples were
processed using standard dissolution procedures with HF, HNOs and HCI in Teflon
vials (Savillex®), warmed on a hot plate until complete material dissolution. In next
stage, sample solutions were diluted in 3ml of HCI 2.5N and stored in test tubes. An
aliquot of 1 ml was used in order to separate the Rb, Sr, and REE by Cationic AG—
50W-X8 (200—400 mesh) resin columns, followed by Sm and Nd separation using
anionic LN-B50-A (100-200 mesh) resin. Pb was separated using anionic BioRad—
AG1X (200-400 mesh) resin in HBr solution. Individual solutions of Rb, Sr, Sm, Nd
and Pb were dried in Teflon vials (Savillex®) on a hot plate. Residues were deposited
onto single Ta (for Rb, Sr, Sm and Pb), and triple Ta—Re—Ta (for Nd) filaments.

Mass spectrometric analyses for radiogenic isotopes were performed in a multi—
collector VG Sector 54 thermal ionization mass spectrometer. Data were corrected for
mass fractionation by normalizing to #Sr/88Sr = 0.1194 and “**Nd/***Nd = 0.7219.
Replicate analyses of NBS-987 and JNDI standards gave 8/Sr/®Sr = 0.710254 + 12 (n =
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7, 26) and **Nd/***Nd = 0.512101 + 8 (n = 4, 25). For Pb NBS-981 and NBS-982,

variation of accepted values was less than 0.01%/a.m.u.

4. Samples and petrography

Samples studied here are rounded, reach up to 60 cm and usually without any
noticeable interaction with their host basalt, and present no evidence of weathering and
serpentinization.

Lithologically, GG mantle xenoliths studied here are coarse—grained hydrous
and anhydrous spinel—peridotites, comprising 11 lherzolites and 4 wehrlites (see
Supplementary Table S5). On the other hand, PAVF xenoliths are coarse—grained which
either contain garnet and spinel or only spinel. PAVF peridotites studied here comprise
6 garnet—spinel-lherzolites (2 with amphibole); 5 garnet—spinel-harzburgites (2 with
phlogopite); 4 spinel-lherzolites; and 5 spinel-harzburgites (Supplementary Table S5).
GG peridotites are, in average, coarser grained than PAVF peridotites.

Both GG and PAVF peridotites are mainly composed by coarse olivine and
orthopyroxene crystals with subordinate clinopyroxene. The hydrous phases are
amphibole and phlogopite. Olivine often displays undulatory extinction and share
equilibrium triple junctions with orthopyroxene. Clinopyroxene occurs as an interstitial
phase, whereas spinel is an intergranular phase. Ortho— and clinopyroxene display
abundant exsolution lamellae. Carbonate can occurs as veins and pockets; and apatite is
locally present as an accessory mineral in GG samples.

Detailed petrographic descriptions of GG mantle xenoliths were made by

Gorring and Kay (2000); Laurora et al. (2001); and Zaffarana et al. (2014) among

12



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

others, whereas PAVF mantle xenoliths were described by Stern et al. (1999); Zaffarana

et al. (2014); and Gervasoni et al. (2012) among others.

5. Results and discussion

5.1. Helium

Results of noble gas isotope measurements by single step heating and stepwise
crushing extraction methods for both localities studied here (GG and PAVF) are
presented in Supplementary Tables S1-S4. “He concentrations obtained by heating
experiments show a widely and variable range between 15-5300x108 cm3STP/g
(PAVF) and 36-1210x108 cm3STP/g (GG). ®He/*He versus total “He concentrations of
each sample analyzed by crushing (Fig. 2a) also show a large variability, ranging from
36 to 1560108 cm3STP/g (PAVF) and from 16 to 750x10°8 cm3STP/g (GG). There is
no significant difference between 3He/*He ratios with progressive number of strokes
applying in stepwise crushing methods (Fig. 2b). The total “He concentrations found in
separated olivine crystals are lower than obtained in whole—rocks (see Supplementary

Table S1).

Figure 2

Two samples of GG [8.18-8.36 Ra; where 1Ra corresponds to the atmospheric
ratio of 1.4x107%; (Ozima and Podosek, 1983)] and most samples of PAVF (7.1
10.38Rx) analyzed by heating have slightly high *He/*He ratios compared with values
obtained by crushing (see Supplementary Tables S1- S2). Differently, every wehrlites
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(3.60-4.82 Ra), and one lherzolite (5.45 Ra; PM23-2) of GG show low *He/*He ratios.
3He/*He ratios observed in the heating experiments that are respectively lower and
higher than the range defined using the crushing method probably reflect radiogenic *He
and cosmogenic *He production. In order to verify whether the lower 3He/*He ratios
observed in some GG peridotites are related to the contribution of slab—derived
metasomatism or whether it is related to the post—eruption production of “He from
radioactive decay of U and Th, we compare the 3He/*He ratios obtained by stepwise
crushing and single step heating using the sample PM23-34. This sample has low
3He/*He ratio (4.18 Ra) when analyzed by heating method, however, when analyzed by
crushing method, it shows higher He/*He = 7.21 Ra (see Supplementary Tables S1—
S2). This observation clearly indicates that the He in matrix is more affected by
radiogenic “He than in fluid inclusions. It is generally assumed that the gas extracted by
crushing avoids the effect of the cosmogenic and radiogenic helium from the matrix
(*He and “He, respectively). Consequently, in this study we assumed that 3He/*He ratios
obtained by crushing represent the SCLM beneath PAVF and GG. Importantly, coupled
crushing/melting experiments carried out on those samples with the highest amounts of
“He, 2!Ne and “°Ar showed quite similar results (Supplementary Tables S1-S2).
Moreover, no systematic difference of noble gas isotopes were found between olivine
and whole—rock samples analyzed by crushing method, which indicates that our whole—
rock results represent noble gas composition in mantle source.

Therefore, excluding those samples analyzed by heating that display the effect of
cosmogenic and radiogenic excess produced in the matrix (*He and “He, respectively),
peridotites from PAVF and GG show a narrow range of helium isotopic ratios
(*He/*Hepavr = 6.84-6.90 Ra; *He/*Hecs = 7.17-7.37 Ra) (Supplementary Table S1
and Fig. 2a-b). Representative *He/*He ratios of PAVF peridotites overlap those values
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defined to the SCLM worldwide [6 + 1 Ra; (Gautheron and Moreira, 2002; Gautheron
et al., 2005)] and HIMU-like mantle source [®*He/*He = 5-7Ra; (e.g., Moreira and Kurz,
2001)]. On the other hand, the values obtained for GG peridotites overlap the field
defined for global MORBs [8 + 1 Ra; (Sarda et al., 1988; Moreira et al., 1998)] and are
quite similar with the North Chile Ridge MORBs [NCR = 7.77 £ 0.23Ra; Niedermann

and Bach, 1998].

5.2. Neon

Most data from both PAVF and GG contain neon isotopic ratios distinguishable
from air [?°Ne/*Near = 9.80 + 0.08; 2!Ne/?>Near = 0.0290 + 0.0003; (Ozima and
Podosek, 1983)] considering 1o analytical uncertainties (Figs. 3 and 4). PAVF and GG
peridotites are characterized by high !Ne/?’Ne relative to MORB trend for a given
2ONe/??Ne, which indicates endmembers more nucleogenic than global MORB source.
Mixing lines between a mantle endmember and atmospheric composition allow define
MORB-like and a more nucleogenic mantle reservoirs in the Ne three—isotope diagram
(Figs. 3 and 4). It is important to note that only neon isotopic ratios distinguishable from
air with 1o analytical uncertainties were plotted. In addition, heating data was removed
from this discussion because of concern with mass fractionation during heating
extraction resulting from difference in diffusivities of isotopes, so only the data obtained
with each crushing step are used.

Well-defined linear trends in Ne three—isotope diagram (Figs. 3 and 4) were
used to determine extrapolated mantle source 2!Ne/?’Ne [hereafter 2Ne/??Ne)] of each
studied mantle xenolith at 2°Ne/?’Ne = 12.5 [Ne-B; (Trieloff et al., 2000)] with high
reliability. 2!Ne/?’Neg ratios were determined by x and y error weighted least squares
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regression forced through the atmospheric composition [y = ao(x—0.029)+9.8]. Mantle
xenoliths from PAVF show ?!Ne/??Neg) (corrected for atmospheric contamination) ratio
ranging from 0.085 + 0.001 (PM18-35WR) to 0.094 £ 0.003 (PM14-150l) and
PAVFaverace 0f 0.090 + 0.002 (Fig. 3). Extrapolated 2!Ne/?’Ne ratios of PAVF
samples are significantly nucleogenic than MORB (**Ne/?’Ne) = 0.060; Sarda et al.,
1988; Moreira et al., 1998), European SCLM (*!Ne/??Neg) = 0.071; Bukin et al., 2005),
and Mangaia HIMU (?*Ne/??Neg) = 0.077; Hanyu et al., 2011) endmembers. Based on
this comparison, it is possible to conclude that PAVFscwLwm is characterized by far more
nucleogenic Ne than previous defined Earth endmembers.

Gobernador Gregores, represented by sample PM23-1, is undistinguished of
NCR MORBSs (*!Ne/?’Ne) = 0.063; Niedermann and Bach, 1998) considering the
analytical uncertainties and, therefore, this sample would represent Ne local MORB—
like component with 2!Ne/??Ne) = 0.065 + 0.002 (Fig. 4). Consequently, the sample
PM14—4 (PAVF; !Ne/?Neg) = 0.071 + 0.001) and the other peridotites from
GGaverace (**Ne/??Neg) = 0.077 + 0.001) represent three—component mixing between
atmospheric component and two mantle endmembers: MORB-like and a more

radiogenic/nucleogenic SCLM (Figs. 3 and 4).

Figure 3

Figure 4

5.3. Helium-neon systematics
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397 Since He—Ne isotope systematics is coupled (Honda et al., 1993), the increase in
398 2Ne/?2Ne should be associated with decrease of *He/*He due to the constant 2!Ne/*He
399  production in the mantle [4.5x1078; (Yatsevich and Honda, 1997)]. “He/*He and

400  2!Ne/??Ne, isotopic ratios of GG and PAVF peridotites can be explained by binary
401  mixing hyperbola between a MORB and an even more degassed SCLM

402  (radiogenic/nucleogenic) components (Fig. 5). Local SCLM is represented by data

403  points for PAVF mantle xenoliths (**Ne/??Neg) = 0.090; “He/*He = 104000), whereas
404  MORB sources employed in modelling are the global (*Ne/?’Ne) = 0.060; “He/*He =
405  90000; Sarda et al., 1988; Moreira et al., 1998) and NCR MORBs (*!Ne/??Ne) =

406  0.063; *He/*He = 92000; Niedermann and Bach, 1998). The equation employed for

407  mixing hyperbola is from Hopp and Trieloff (2008), where straight line means equal
408  3He/?*Ne ratios [r = 1, where r = (*He/??Ne)scim/(He/?Ne)mors], Whereas hyperbolic
409  mixing line (r = 5) requires endmember components with different 3He/?’Ne ratios.

410

411  Figure5

412

413 Figure 5 demonstrates that during the mixing, sample PM14-4 (PAVF) plots
414  along a hyperbolic mixing curve (r = 5) and shows He isotopic ratios of intrinsic SCLM,
415  whereas their Ne is affected by MORB-like component. Asthenospheric mantle

416  upwelling through Patagonian slab window would have slightly metasomatized

417  PAVFscum with MORB-like signature after the collision of SCR with Chile trench ca.
418 14 Ma. We suggest that this intrinsic metasomatism was unable to overprint the noble
419  gas composition of PAVF mantle xenoliths because of rapid northward migration of
420  Chile Triple Junction. Thus, He was probably been diluted or homogenized during the
421  last 14 Ma (see details about Rb—Sr isochron in section 5.8) because it is more diffusive
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than Ne and could be easily homogenized. Similarly, PM23-1 (GG) xenolith data also
plots along the same hyperbola (r = 5). However, this sample shows the less
radiogenic/nucleogenic *He/*He and 2!Ne/??Neg) isotopic ratios, suggesting that it is
largely dominated by MORB-like component, especially when compared with NCR
MORBs. Two samples from GG (PM23-32 and PM23-34) plot close to the linear
mixing between SCLM and MORB endmembers [(*He/?’Ne)scLm/(CHe/?2Ne)mors = 1)],
resulting from different extents of MORB-like component in Patagonian SCLM.
Therefore, we argue that less radiogenic/nucleogenic MORB—-like component identified
in GG samples could be explained by recent metasomatism of the SCLM due to
asthenospheric mantle upwelling in response to the opening of Patagonian slab window,
which is a consequence of SCR subduction..

In order to avoid the influence of shallow level air contaminant in the 3He/?’Ne
ratios (Supplementary Table S6), we calculate mantle source from measured He and Ne
isotope ratios in studied mantle xenoliths following the “method 1” proposed by Tucker
and Mukhopadhyay (2014). For calculations, we used the *He/*He and !Ne/?’Ne,
ratios of each studied sample, as well as the (*He/?*Ne)«production Of 2.2x107 (Yatsevich
and Honda, 1997), the initial primordial composition of 2:Ne/?Ne [0.0313; (Trieloff
and Kunz, 2005)] and “He/*He [6024 or 120 Ra; (Mahaffy et al., 1998)]. Uncertainties
in 3He/?Ne were propagated from uncertainties in “He/*He and 2*Ne/?’Ne).

3He/*’Ne values for the PAVFsc v endmember shows higher ratios (12.03 +
0.15 to 13.66 + 0.37) than depleted MORBs (*He/?’Ne = 8.31-9.75; Tucker and
Mukhopadhyay, 2014). Local MORB-like component (PM23—-1; 3He/?’Ne = 8.39 +
0.14) and sample PM14—4 (PAVF; *He/?’Ne = 9.01 + 0.17) show values over the range

of depleted MORBS, whereas other samples from GG vary between 10.44 £+ 0.11 and
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11.27 £ 0.12. It argues for a SCLM reservoir more degassed than depleted MORBs,
which is consistent with the pattern observed in Ne isotopes.

Comparatively, even if He—Ne component of PAVFscLwm is less radiogenic in He
isotopes, it is more nucleogenic in Ne than European (DW1 sample with
“He/*He=120000, 2!Ne/*Ne) = 0.07; Buikin et al., 2005) and Arabic (SA86-121/1
sample with “He/®He = 116000, !Ne/??Ne = 0.07; Hopp et al., 2004) SCLMs (also see
sections 5.1 and 5.2). Moreover, calculated 3He/?’Ne ratios for European SCLM (7.47;
Buikin et al., 2005) and Arabic SCLM (7.74; Hopp et al., 2004) are similar to those
defined for MORBs (7.52 + 1.13; Honda and McDougall, 1998), but significantly lower
than those found in Patagonian SCLM. It suggests that Patagonian SCLM have
experienced a different evolution from MORBSs and other SCLMs. Our preferred model
to explain the higher *He/??Ne ratios observed in Patagonian SCLM is based on the
greater solubility of He related to Ne (e.g., Yamamoto et al., 2009; Tucker and
Mukhopadhyay, 2014). The difference of solubility implies in preferential degassing of
Ne into the atmosphere and increase *He/??Ne ratio of the mantle during depletion of

these peridotites due to melt extraction.

5.4. Argon

“OArfeAr ratios obtained by heating and crushing extractions range over 380—
4830 in GG and over 420-17700 in PAVF peridotites (Supplementary Tables S1-S2).
The values close to the atmospheric ratio [296; Ozima and Podosek, 1983], especially
those from GG peridotites, indicate atmospheric contamination, which probably
occurred during exposure to the surface. The highest “°Ar/®Ar ratios determined in this
study were obtained in sample PM14—4 (“°Ar/*®*Arneating = 17700 + 160;
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DOArArcrusting = 16400 + 120), which implies in a relatively small contribution of
atmospheric Ar in this sample. Our results are similar to the highest “°Ar/*®Ar values
measured at mantle xenolith from European SCLM (16200 * 200, Buikin et al., 2005;
and 17000 + 1100, Dunai and Baur, 1995). However, all measured “°Ar/®Ar ratios are
significantly lower than maximum MORB source estimate, which range from ~28000
up to 44000 (e.g., Burnard et al., 1997; Moreira et al., 1998; Tucker et al., 2012).
Considering that “°Ar/%®Ar ratios are a mixing between mantle sources and atmospheric
component, we can only infer the mantle source composition by using neon-argon

isotope correlations, which will be presented bellow (section 5.5).

5.5. Neon—argon systematics

In general, mixing between isotopic ratios with different denominators are
hyperbolas. In Ne—Ar systematic, the curvature of two endmembers hyperbola is
defined by k = (38Ar/?>Ne)a/(*8Ar/?’Ne)s. However, when calculated **Ar/?’Ne values
are similar to the atmospheric ratio (18.8; Ozima and Podosek, 1983) (see
Supplementary Table S6), it is reasonable to assume a linear mixing
[(BAr/22Ne)mantLe/ (BAr22Ne)air = 1] (Sumino et al., 2006). Values for ®Ar/?2Ne of
each sample were obtained through a division between their calculated total **Ar and
total 2Ne concentrations. It is important empathize that 3Ar/??Ne ratios, as well as
other data used in discussion of extrapolated values, were calculated considering
datasets that differ from atmospheric ratios with 1o analytical uncertainties.

Except for samples PM14—4 (¥Ar/?Ne = 3.29 + 0.02) and PM23-1 (**Ar/??Ne =
9.96 + 0.06), most studied mantle xenoliths show similar 3Ar/??Ne ratios to the air
(14.76 £ 0.09 to 25.56 + 0.13) (Supplementary Table S6). We restrict hyperbolic
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extrapolations to those samples that significantly differ from air in terms of °Ar/?2Ne
ratios (PM14—4 and PM23-1) (Fig. 6).

With purpose to obtain the best—fit hyperbola reflecting two—component mixing
between air and mantle endmembers, we applied the approach proposed by Parai et al.
(2012). This method consists in a total least—squares hyperbolic fit, where the fit process
Is based on chi—square statistics computed using the orthogonal error weighted distances
using a Markov Chain Monte Carlo (MCMC) optimization. This method uses a
hyperbola with two free parameters to fit the data. The first describes the curvature of
the model (k), and the second is the model value at a fixed value in the abscissa (Neon—
B 2°Ne/*2Ne = 12.5). Moreover, the model implies in force best—fit hyperbola to pass
through the atmospheric composition. It is important to note that large uncertainties
observed in extrapolated “°Ar/*®Ar ratios are related to significant air contribution in
both “°Ar/*°Ar and °Ne/??Ne ratios, which fall rather close to the air.

Extrapolating regression lines to Neon-B *Ne/??Ne = 12.5, we found
OArAr g ratios for intrinsic PAVFscLm over the range of 31100940 _ggo0 up to
5400014290 600 (Fig. 6). This interval is in agreement with that proposed for European
SCLM (“Ar/*Ar = 34000-52000; Buikin et al., 2005) and substantially higher than
sample 2I1D43 popping rock (25000; Moreira et al., 1998) and MORB reservoir (41500
+ 9000; Tucker et al., 2012). In order to compare previous data with best—fit hyperbola
given by our approach, we fitted the “°Ar/*®Arg) for popping rock (25700*12%°_;;0;
Moreira et al., 1998), sample DW1 from European SCLM (13400*49%_,300; Buikin et
al., 2005), and depleted MORB sample RC28063D-2 (38600 + 350; Tucker et al.,
2012) (Fig. 6).

High “°Ar/*®Ar) observed in Patagonian SCLM endmember implies an even
more degassed Earth reservoir than MORB source with high K/%Ar ratio, which is
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accompanied by high (U+Th)/(*He, ?>Ne) isotopic ratios. On the other hand, GG mantle
xenoliths show lower values than those observed in PAVF samples, implying a
significant contribution from atmospheric argon with “°Ar/*®Ar ) between 8100%14%_zq,
and 17700*44%_3140. It could indicate an effective recirculation of atmospheric Ar
associated with recycled oceanic lithosphere in Patagonian SCLM as observed in mantle
peridotites from subduction zones (e.g., Matsumoto et al., 2001; Kim et al., 2005;

Sumino et al., 2010; Hopp and lonov, 2011).

Figure 6

5.6. Krypton

Krypton isotopic ratios were determined by crushing and are listed in
Supplementary Table S3. All 8Kr/82Kr and 8Kr/8?Kr isotopic ratios measured in this
study are indistinguishable from atmospheric compositions at 1c analytical
uncertainties. Holland et al. (2009) obtained a linear trend from atmospheric values to
compositions with non-—air ratios plotting their Kr isotopic data in 8Kr/2Kr versus
84K r/B2Kr. As an alternative approach, we plotted our results in this diagram and three
samples (PM14-15; PM18-23 and PM23-1) show distinctly non—atmospheric 8¢Kr/8?Kr
and 8Kr/82Kr ratios, falling in the linear trend defined between air and AVCC (average
carbonaceous chondrite; see Holland et al., 2009 for details). However, due large

uncertainties in 8Kr/82Kr ratios, these results cannot be considered.

5.7. Xenon
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Xenon isotopic data were obtained by crushing and are presented in
Supplementary Table S4. Because of large analytical uncertainty of $**Xe—normalized
ratios, we decided to use 12°Xe/*32Xe and **Xe/**2Xe isotopic ratios to discuss our data.
However, assuming 1o analytical uncertainties, we found 12°Xe/*3°Xe and *6Xe/""Xe
values ranging from air composition to 12°Xe/***Xepave = 7.12 + 0.47 and
136X e/ epave = 2.43 = 0.21 (1Xe/"*Xearr = 6.5; 3°Xe/*¥Xear = 2.18; Ozima and
Podosek, 1983).

Xe isotopic ratios for some samples from GG (PM23-1 and PM23-32) and
PAVF (PM14-4, PM14-15, PM18-23 and PM18-35) are clearly distinguishable from
those of air with 1o analytical uncertainties [*2°Xe/**?Xear = 0.9832; 1**Xe/**?Xear =
0.3294; Ozima and Podosek, (1983)]. In three—isotope diagram of 29Xe/*32Xe versus
136X e/132Xe (Fig. 7), PAVFscLm defines a correlation line undistinguishable of mixing
line between air and depleted MORB (e.g., Staudacher and Allegre, 1982; Kunz et al.,
1998; Tucker et al., 2012). The best—fit hyperbola for Xe isotopic compositions was
obtained using the same approach described above (section 5.5). Because of our limited
number of data points, it was possible to define the extrapolated Xe ratios for samples
PM14-4 (*Xe/*¥?XeE) = 1.0833700216  g55; 136X /132X ey = 0.3761700246 4 4934) and
PM14-15 (M9Xe/%¥2XeE) = 1.0556%0914 ; g040; 136X e/132XeE) = 0.3720%0-0401 4 h056) (Fig.
8). For consistent comparison, we applied the same approach used here to fit Xe
isotopic composition of sample RC28063D-2, which was assumed as representative of
the depleted MORB mantle group (Tucker et al., 2012). These extrapolations yielded a
mantle source 12°Xe/**?Xe = 1.11560%442 4 504 and **Xe/*32Xe = 0.3850%091%6_g yog1,
which is consistent with the estimated values of 2°Xe/**?Xe = 1.1180 and *®Xe/**?Xe =
0.3851 obtained by these authors (Fig. 8). Based on these results, we conclude that
additional measurements on these mantle xenoliths in the future will be able to better
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constrain Xe of SCLM endmember. However, at this moment we can infer that
Patagonian SCLM shows at least a similar excess of 12°Xe and 3¢Xe to that of MORB

reservoir.

Figure 7

Figure 8

5.8. He-Ne and lithophile isotopes (SCLM or HIMU reservoirs?)

In this study, we report new isotopic data and radiometric ages for whole—rock
and separate minerals with noble gas data previously measured (Supplementary Table
S7). Sr—Nd-Pb isotopic compositions of both suites are very similar with 8/Sr/8Sr =
0.702811-0.703259, 1*Nd/***Nd = 0.512847-0.512993, 2°°Pb/?%4Ph = 17.99-19.09,
207pp/204ph = 15.34-15.72, and 2°8Pb/?%Ph = 37.53-38.59. These results are in
agreement with those previously reported by (Stern et al., 1999) and (Gorring and Kay,
2000) for samples from same localities. Sr—Nd isotopic signature of PAVF and GG
mantle xenoliths requires a depleted component because they plot between Chile Ridge
MORBs (Klein and Karsten, 1995; Bach et al., 1996) and HIMU-OIBs [high—u =
elevated 238U/2%Pb (Hart et al., 1992)] (Fig. 9a). Pb isotope ratios for PAVF and GG
overlap the field of Chile Ridge MORBs (Klein and Karsten, 1995; Bach et al., 1996),

with 2%Ph/204pp ratios significantly lower than HIMU endmember (Fig. 9b).

Figure 9
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Although our samples display some noble gas affinities with HIMU, such as
radiogenic helium and nucleogenic neon, the less radiogenic lead isotopic ratios than
those observed in this mantle reservoir [e.g., 2°°Pb/?%Pb > 20.5; Hanyu et al., 2014]
argue against the contribution of this component in SCLM beneath PAVF and GG (Fig.
9b). Relationships between He—Ne isotopes also demonstrate that Patagonian SCLM
have distinct signature than Mangaia HIMU endmember (Hanyu et al., 2011). Our
samples are considerably more nucleogenic (extrapolated 2!Ne/?Nescim = 0.090;
2INe/??Nepimu = 0.077) and less radiogenic (*“He/*Hescim = 104000; “He/*Henmu =
113200) than HIMU component (Fig. 5; also see sections 5.2 and 5.3). We further note
that Patagonian SCLM have *He/?’Ne ratios (average of 13.20) higher than HIMU
(9.38).

Additionally, the formation age of phlogopite, which is a key mineral to
determine the time of metasomatic imprint and its potential association with geotectonic
events, was calculated through of an Rb—Sr isochron including whole—rock,
clinopyroxene and phlogopite. The obtained age is 13.64 + 0.83Ma with initial 8’Sr/®Sr
=0.702903 = 0.000005 (20) (MSWD = 1.16; Fig. 10). Besides its unique radiogenic Pb
isotopic composition, this age allow us to rule out the presence of HIMU component
due the necessity of a long—term preservation [>1 Ga (Hauri and Hart, 1993)] of
recycled oceanic crust and lithosphere to generate the HIMU signature. Moreover, this
age suggests concomitant formation of this K—rich mineral with subduction and
dehydration of the southeast extension of Chile Ridge (SCR-3) during ca. 14-13 Ma

ago [e.g., Cande and Leslie, (1986); D’Orazio et al., (2000)].

Figure 10
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6. Conclusions

We present the first noble gas data and new Sr—Nd-Pb isotopes of mantle
xenoliths from subcontinental lithospheric mantle beneath southern Patagonia. Based on

noble gas isotopic compositions determined by stepwise crushing method we conclude:

1) Heterogeneous SCLM beneath Pali—Aike Volcanic Field and Gobernador Gregores
represents mixing between air and two mantle endmembers: a degassed and depleted
SCLM with radiogenic/nucleogenic composition and MORB-like component.

2) Pali—Aike mantle xenoliths represent the intrinsic local SCLM reservoir with higher
(U+Th+K)/(®He, %2Ne, ®Ar) ratios than MORB source, which would have been
homogenized during the last 14 Ma, after the rapid passage and northward migration of
Chile Triple Junction and its slab window at this latitude. This mantle reservoir is
characterized by radiogenic *He/*Heaverace = 6.87 + 0.04 Ra and nucleogenic mantle
neon with 2!Ne/??Ne average of 0.090, with 3He/??Ne ratios higher (up to 13.66 + 0.37)
than depleted MORBs (8.31-9.75). “°Ar/*®Ar ratios vary from near—atmospheric ratio
(510) up to 16400, with “°Ar/*Arg) reaching 54000%142%0_gg.

3) The less radiogenic/nucleogenic MORB-like component identified in Gobernador
Gregores mantle xenoliths could be explained by recent metasomatism of the SCLM
due to asthenospheric mantle upwelling in response to the opening of Patagonian slab
window, which is consequence of SCR subduction. These mantle xenoliths are
characterized by ®He/*Heaverace = 7.24 + 0.09Ra, and by slightly nucleogenic mantle
neon with 2!Ne/?’Ne = 0.065. The “°Ar/*®Ar ratios usually are less than 4000, with

OArArg) ranging between 8100*44%°_z00 and 17700*44%_3100. It indicates that these
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rocks were significantly affected by atmospheric contamination associated with
recycled oceanic lithosphere.

4) 129-136%e/132X e isotopic ratios that are distinguishable from air with 16 analytical
uncertainties form a mixing line between air and MORB endmembers with
129%e/132XeE) = 1.0833*09216_ 053 and 1 Xe/**2XeE) = 0.3761709246 4 go34. It suggests
that Patagonian SCLM shows, at least, a similar excess of 12°Xe and 1¥Xe to that of

MORB reservoir.
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Figure captions

Figure 1. Present—day tectonic setting of Southern South America. Circles indicate
studied samples localities as follow: Laguna Ana (PM14 — 52°04°34”’S; 69°47°17”W);,
Laguna Timone (PM18 — 52°01°39”S; 70°12°53”W); Gobernador Gregores (PM23 —

48°34°02S; 70°10°59”W).

Figure 2. Relationship between *He/*He (in Ra) versus total “He concentration (in 1078
cm®STP/g) (a) and cumulative number of strokes (b). Uncertainties are 1 and only
crushing experiments are reported. It is important to highlight that in some cases
uncertainties are smaller than the symbol size. No significant variation with increasing
number of strokes could be recorded. Typical MORB [8 + 1 Ra; (Sarda et al., 1988;
Moreira et al., 1998)] and SCLM [6 £ 1 Ra; (Gautheron and Moreira, 2002; Gautheron
et al., 2005)] ranges are indicated. PAVF peridotites clearly shows strong affinity with
SCLM domain, whereas GG peridotites fall in MORB range. WR = whole—rock, Ol =

olivine.

35



865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

Figure 3. Ne three—isotope diagram showing all individual single step heating and
stepwise crushing results of PAVF that differ 1o of air. Uncertainties given correspond
to 1o. It is important to highlight that in some cases uncertainties are smaller than
symbol size. All samples of PAVF peridotites represent an endmember more
nucleogenic than typical MORB. Well—defined slopes for SCLM (PAVFaveraGe)
represent a mixing between air and a strongly nucleogenic endmember, which allow us
to determine extrapolated mantle source 2!Ne/?Ne) at 2°Ne/??Ne = 12.5 with high
precision. For each sample, we calculated a tendency line applying a data regression
including air point and using uncertainties as weight. There are no significant

differences between coupled crushing/melting experiments. See text for references.

Figure 4. Ne three—isotope diagram showing all individual stepwise crushing results of
GG peridotites that differ 1o of air. Uncertainties given correspond to 1c. It is important
to highlight that in some cases uncertainties are smaller than symbol size. For
comparison, typical MORB-line (Sarda et al., 1988; Moreira et al., 1998) and North
Chile Ridge MORB-line (Niedermann and Bach, 1998) are shown. All samples of GG
peridotites represent an endmember more nucleogenic than typical MORB. Well-
defined slopes for each sample represent a mixing between air and a mantle
endmember, which allow us to determine extrapolated mantle source 2!Ne/?Ne, at
2ONe/?2Ne = 12.5 with high precision. For each sample, we calculated a tendency line
applying a data regression including air point and using uncertainties as weight. See text

for references.

Figure 5. “He/®He versus 2Ne/??Neg) for Southern Patagonia peridotites. 2!Ne/?’Ne
ratios extrapolated to a mantle endmember value of *’Ne/?’Ne = 12.5 (Trieloff et al.,
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2000). Aiming to avoid in situ produced radiogenic/nucleogenic and cosmogenic
effects, as well as elemental fractionation, only crushed samples were considered. Thus,
“He/*He 2!Ne/?’Neg are total crushing results for each sample that differ 1 from air.
Uncertainties given correspond to 1c. It is important to highlight that in some cases
uncertainties are smaller than the symbol size. He—Ne relationship can be explained by
mixing lines between MORBSs and assumed local SCLM endmembers. Mixing lines are
presented for r ranging from 1 to 5 [where r = (3He/?>Ne)scim/(CHe/?2Ne)mors]. For
comparison, European SCLM (sample DW1; Buikin et al., 2005) and Mangaia HIMU

(Hanyu et al., 2011) reservoirs were plotted.

Figure 6. Ar—Ne isotope systematics corrected for shallow—level air contamination. For
each sample, stepwise crushing generates an array reflecting variable degrees of
atmospheric contamination. For samples with well-defined mixing array, we calculated
best—fit to extrapolated mantle “°Ar/*®Ar at °Ne/??Ne=12.5. In order to determine
mantle source “°Ar/*®Ar, we applied two approaches (see text for more details): 1) linear
mixing data regression [(*®Ar/?22Ne)mantie/(C®Ar/?2Ne)air = 1] including air point and
using uncertainties as weight to those samples with similar **Ar/?2Ne ratios to air; and
2) best—fit hyperbola extrapolations to those samples that significantly differ from the
air in terms of **Ar/??Ne ratios (PM14—4 and PM23-1). Grey lines show 100 models
randomly sampled from the chi-squared distribution up to 3c from the best—fit one. For
comparison, we fitted the “°Ar/®®Ar ) for popping rock (Moreira et al., 1998), sample
DW1 from European SCLM (Buikin et al., 2005), and depleted MORB sample
RC28063D-2 (Tucker et al., 2012). Our results indicate a SCLM endmember with more
radiogenic argon isotopic composition than MORB, between 31000 and 54000, similar
to previous suggested by Buikin et al. (2005) (*°Ar/*®Ar = 34000-52000).
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Figure 7. Plot of 2°Xe/**2Xe versus 13Xe/32Xe ratios of step—crushes (a) and total
crushing (b) for PAVF and GG peridotites, defines a correlation line similar to MORB-
line (Staudacher and Allegre, 1982; Kunz et al., 1998; Tucker et al., 2012). Excess of
fissiogenic 1*°Xe suggest an enrichment of 238U in Southern Patagonia SCLM. Data that
differ 1c from atmospheric ratios are shown and uncertainties are 1c. It is important to

highlight that, in some cases, uncertainties are smaller than symbol size.

Figure 8. Ar—Xe mixing systematics for those samples that are distinguishable from air
values with 1c analytical uncertainties (PM14—4 and PM14-15). Bestfit hyperbolae for
these samples yielded extrapolated mantle 129-1%Xe/!32Xe ) at 2°Ne/?’Ne = 12.5. We
applied the approach described in section 5.5 to fit Xe isotopic composition of our
samples. Grey lines show 100 models randomly sampled from the chi-squared
distribution up to 3o from the best—fit one. For comparison, a representative sample of
depleted MORB mantle (RC28063D—-2; Tucker et al., 2012) was plotted. These
extrapolations suggest that Patagonian SCLM shows similar excess of 12°Xe and *Xe

to that of MORB reservoir.

Figure 9. 87Sr/%8Sr versus *3Nd/***Nd (a) and 2°°Pb/2%*Pb versus 2°2Pb/2%*Pb (b) isotope
variations of whole—rock and mineral separates from selected PAVF and GG
peridotites. For comparison, data from HIMU (Hanyu et al., 2011, 2014), PAVF (Stern
et al., 1999) and GG (Gorring and Kay, 2000) samples plus Chile Ridge MORBs [NCR
from Bach et al. (1996) and SCR from Klein and Karsten (1995)] are also plotted.

Mantle reservoirs after (Hart et al., 1992).

38



940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

Figure 10. Rb—Sr mineral isochron for a garnet—spinel harzburgite from PAVF (PM18—
17). Uncertainties are 1o of the mean refer to last digit of & Sr/®Sr ratio. The 1o

uncertainties are smaller than size of the symbols.

Supplementary material

Table captions
Table S1. He, Ne and Ar concentrations (in cm®STP/g) and isotopic ratios measured in
peridotites from Southern Patagonia by crushing experiments. Total Ne isotopic ratios

and their uncertainties were calculated considering results that differ 16 from air.

Table S2. He, Ne and Ar concentrations (in cm®STP/g) and isotopic ratios measured in

whole—rock peridotites from Southern Patagonia by heating experiments.

Table S3. Krypton concentrations (in cm3STP/g) and isotopic ratios measured in

peridotites from Southern Patagonia by crushing experiments.

Table S4. Xenon concentrations (in cm3STP/g) and isotopic ratios measured in

peridotites from Southern Patagonia by crushing experiments. Numbers in parentheses

indicate 1o uncertainties in last digits.

Table S5. Sample location and lithologies.

Table S6. Mantle source compositions.
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Table S7. Rb—-Sr, Sm—Nd and Pb—Pb isotopic data for selected Patagonian peridotites
analyzed in this study. Numbers in parentheses indicate 2c uncertainties in the last
digits. WR = whole rock, Opx = orthopyroxene, Cpx = clinopyroxene, Phlog =

phlogopite.
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Figure 9
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Figure 10
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Table S1. He, Ne and Ar concentrations (in cm®STP/g) and isotopic ratios measured in peridotites from
Southern Patagonia by crushing experiments. Total Ne isotopic ratios and their uncertainties were
calculated considering the results that differ 1o of air.

Samples “Hex10® 3He/*He (Ra) 2°Nex10®  2Ne/2Ne 2INe/2Ne OArx10®  4OAr/BAr
Laguna Ana (PAVF)

PM14-3WR (1.1g)

100x 3.81 6.93+0.18 0.0006 9.81+0.18 0.0321 £0.0012 1.99 1327 + 44
500x 13.74 6.83+£0.11 0.0018 9.89+£0.09 0.0312+0.0005 5.84 1984 + 4
1000x 27.77 6.86 £ 0.09 0.0023 10.00 £0.08 0.0337 +0.0006 9.04 3011 +£11
2000x 44.47 6.84 +£0.07 0.0030 10.05+0.05 0.0346 +0.0007 14.26 3432 £ 11
2000'x 23.93 6.88 £0.08 0.0014 10.05+0.11 0.0350 +0.0015 8.21 3296+ 9
2000""x 13.91 6.85+0.06 0.0007 10.18 £ 0.07 0.0374 +0.0016 5.50 4328 £ 15
Total 127.65 6.85 +0.04 0.0099 10.05+0.06 0.0346 £ 0.0005 44.84 2919 £5
PM14-4WR (1.13g)

100x 24.24 6.95+0.12 0.0002 9.91+£0.16 0.0305 £ 0.0023 9.27 5518 + 27
500x 122.73 6.83+£0.12 0.0152 9.94+0.03 0.0316 £0.0006 45.00 7115+ 38
1000x 148.92 6.85+0.09 0.0115 10.03 £0.04 0.0329 +0.0006 49.61 10016 + 68
2000x 785.33 6.99 +0.18 0.0436  10.19+£0.03 0.0347 £0.0007 59.72 11029 = 60

2000'x 140.63 6.87 +0.13 0.0056 10.35+0.04 0.0374+0.0008  49.05 13012 + 93
2000""x 137.72 6.98 +0.08 0.0048 10.53+0.05 0.0399+0.0009 4995  14736+179
2000"""x 81.22 6.87 £0.12 0.0040 10.56+0.05 0.0405+0.0011 27.65 16373 %115
2000""""x 71.78 6.82+0.13 0.0019 10.71+0.10 0.0432+0.0013  26.42 14730 £ 92
2000""'x  43.62 6.93+0.15 0.0012  10.76 +0.08 0.0442 +0.0013 14.61 14209 + 197

Total 1556.19  6.94+0.09  0.0879 10.19+0.06 0.0349 +0.0005 331.30 11027+ 15
PM14-15WR (1.14g)

100x 1260  6.75+0.10  0.0026 9.83+0.08 0.0307 +0.0008  11.10 2063 +7
500 5626  6.89+0.07 00075 9.84+005 00312£00004 4112 4092 14
1000x 8262  687+0.06 00061 9.98+006 0.0343+0.0007 6413  7430+21
2000x 99.75  6.86+0.06 00072 10.06+0.07 0.0353+0.0005 79.33 8948 +119

2000'x 49.30 6.87 +0.08 0.0023 10.20+0.06 0.0389+£0.0009  40.56 10926 + 78
2000""x 32.93 6.90 +0.08 0.0013  10.42+0.10 0.0416 +0.0005 28.39 9132 + 26
2000"""x 23.93 6.82+0.10 0.0010 10.28+0.11 0.0405 +0.0008 23.18 10085 + 58

Total 35738  6.86+0.03 00279 10.09+0.06 0.0361+0.0005 287.81 6845 12
PM14-150I (1.5g)

100x 3.86 6.87+020  0.0009 9.83+0.10 0.0315+00015  1.96 1496 + 3
500x 1367  6.86+0.09 00016 9.83+0.08 0.0321+0.0007  6.40 2410 + 14
1000x 2457  6.86+008 00035 9.82+0.06 0.0313+0.0008  15.40 2634+ 6
2000x 3165  6.88+007 00025 9.96+006 00332+00008 1621 377313

2000'x 23.79 6.88 +0.09 0.0017  9.98+0.05 0.0339 +0.0004 11.83 3750 =17
2000""x 15.36 6.85+0.10 0.0007 10.13+0.15 0.0364 +0.0012 7.54 5032 + 17
2000"""x 8.20 6.96 +0.11 0.0004 9.82+0.12 0.0355+0.0018 4.52 4437 14
Total 121.10 6.88 +0.03 0.0113  9.99+0.06 0.0339 +0.0005 63.86 3228 £5

Laguna Timone (PAVF)

PM18-21WR (1.11g)

100x 2.53 704+026  0.0004 9.39+0.19 0.0316+0.0017  1.60 1376 + 42
500x 1315  6.89+0.10  0.0014 9.96+0.05 0.0327+0.0016 558 2329+ 6
1000x 1813  6.86+0.08  0.0014 10.03+0.07 0.0338+0.0010  6.65 3347 +10
2000x 1248  6.87+0.09 00011 10.08+0.14 0.0349 +0.0008  5.85 3929 + 14
2000'x 5.16 6.80+0.06  0.0004 9.63+0.12 0.034+00022  2.62 2800 + 6
Total 5145  6.88+0.05  0.0048 10.02+0.06 0.0337+0.0005  22.29 2799 +5
PM18-23WR (1.15g)

100x 5.64 6.85+0.10  0.0009 9.88+0.12 0.0316+0.0010  3.24 1933 +6
500x 2469  691+0.08  0.0025 10.00+0.07 0.0338+0.0006  15.05 3485+ 8
1000x 3715  6.90+0.06 00027 10.11+0.08 0.0362+0.0011 24.43 5403+ 20
2000x 3671  6.88+0.17 00022 10.19+0.08 0.0387+0.0008 2648 6564 + 18

2000'x 16.62 6.82 +0.09 0.0012 10.13+0.09 0.0375+0.0010 12.86 6017 =25
2000""x 9.46 6.86 +0.09 0.0007  10.28 +0.07 0.0395+0.0014 8.22 6273 16
2000"""x 5.99 6.91+0.10 0.0004 10.32+0.10 0.0406 +0.0018 5.70 5804 + 14



Total 136.27 6.88 + 0.05 0.0107 10.12+0.05 0.0351+0.0009  95.99 5057 +9
PM18-35WR (1.51g)

100x 32.16 6.85+0.08 0.0037  9.97+0.05 0.0324 +0.0008 14.55 23506
500x 71.19 6.85+0.08 0.0042 10.17+0.06 0.0359 £0.0008  32.76 4384 +9
1000x 37.25 6.86 + 0.09 0.0018 10.31+0.10 0.0397 £0.0014  19.56 6482 + 38
2000x 26.34 6.85+0.08 0.0014 10.32+0.06 0.0393+0.0009 15.48 6376 + 24
2000'x 12.01 6.85+0.12 0.0007 10.35+0.28 0.0411 +0.0023 7.75 6162 + 25
Total 178.94 6.85 + 0.04 0.0117 10.15+0.05 0.0360+0.0004  90.11 4424 +8
PM18-230lI (1.5g)

100x 1.89 6.94 +0.23 0.0004 9.78+0.10 0.0298 +0.0004 1.56 514+ 4
500x 5.98 6.88+0.14 0.0014  9.91+0.08 0.0319 +0.0007 5.22 2044 + 6
1000x 9.82 6.87 £ 0.10 0.0017  9.96£0.07 0.0327 £ 0.0006 5.88 2643+ 10
2000x 11.29 6.90+0.13 0.0018  9.98+0.08 0.0330 +0.0007 10.06 3020+ 6
2000'x 4.25 6.87 £ 0.09 0.0005 10.14+0.15 0.0364 +0.0017 4.28 4101 +£12
2000""x 2.75 6.87 £0.11 0.0004 9.73+0.12 0.0326 +0.0006 2.85 3317+5
Total 35.97 6.89 + 0.06 0.0061  9.97+£0.05 0.0329+£0.0005  29.85 22875
Gobernador Gregores (GG)

PM23-1WR (1.13g)

100x 81.02 7.38+0.14 0.0124  9.78 £0.03 0.0299 + 0.0006 12.03 834+3
500x 66.33 7.35+0.14 0.0232  9.90+0.03 0.0312+0.0006  45.67 2102 +7
1000x 215.00 7.42 £0.09 0.0096  10.03+0.03 0.0331+0.0006  33.68 3745+ 16
2000x 161.15 7.31+0.09 0.0040  10.29+£0.04 0.0360+0.0009  22.90 6020 + 27
2000'x 112.47 7.41+0.10 0.0023  10.51+0.05 0.0384 +0.0009 13.88 5915 + 26
2000""x 68.32 7.26 £0.15 0.0012  10.72+0.06 0.0406 + 0.0016 10.30 6564 + 24
2000"""x 43.45 7.36 £0.12 0.0008  10.62 £0.13 0.0401 +0.0012 6.32 5810 + 26
Total 747.74 7.37 £0.04 0.0535 10.04 £0.06 0.0329 +0.0005 144.78 26836
PM23-32WR (1.15g)

100x 14.63 7.36 £ 0.05 0.0011  9.94+0.07 0.0322 +0.0007 4.14 14705
500x 38.89 7.24 £0.07 0.0014 10.19+0.14 0.0362 +0.0010 10.84 2785+5
1000x 69.15 7.26 £ 0.07 0.0028  10.22£0.08 0.0372 + 0.0006 17.09 2855+ 6
2000x 57.95 7.30 £0.08 0.0020  10.33+0.09 0.0393 +0.0011 15.35 3311+10
2000'x 23.23 7.29 £0.10 0.0007 10.54 £0.14 0.0410 +0.0021 13.26 4484 + 13
2000""x 14.89 7.29£0.10 0.0004 10.76 £0.16 0.0436 +0.0024 4.60 4616 £ 19
Total 218.74 7.28 £0.04 0.0085 10.24 £0.05 0.0374 +0.0004  65.28 3067 +5
PM23-34WR (1.23g)

100x 0.72 7.27+0.16 0.0001  9.44+0.29 0.0313+0.0028 0.73 583+2
500x 4.58 7.28£0.16 0.0002  10.13+0.09 0.0365 + 0.0036 2.00 2076+ 4
1000x 12.01 7.17£0.10 0.0005 10.32+0.18 0.0396 + 0.0019 5.19 3758 £ 19
2000x 24.07 7.16 £0.08 0.0007 10.50+0.10 0.0415+0.0023 4.99 5309 + 26
2000'x 12.26 7.29 £0.07 0.0004 10.65+0.22 0.0438 +0.0023 591 5717 + 23
2000"'x 6.24 7.24 £0.16 0.0002 10.57£0.11 0.0429 +0.0031 2.74 4910 + 26
2000"""x 2.85 7.15+0.16 0.0192 11.35+0.05 0.0315 + 0.0004 1.86 3168+38
2000""""x 2.13 7.21+£0.25 0.0001  10.09+£0.40 0.0410 +0.0033 1.51 2539+9
2000""""x 1.59 7.22+0.25 0.0001  9.67+£0.27 0.0395 + 0.0048 1.22 26109
Total 66.45 7.21 +£0.04 0.0215 10.45+0.05 0.0411+0.0003 26.14 33656
PM23-10I (1.55g)

100x 1.28 7.45+0.35 0.0019  9.74+0.05 0.0296 + 0.0005 0.83 3831
500x 4.07 7.38+£0.11 0.0034  9.90+0.07 0.0308 + 0.0008 2.36 436+ 1
1000x 8.78 7.30+0.11 0.0044  9.71+0.04 0.0293 + 0.0006 3.66 534+3
2000x 11.73 7.37£0.08 0.0023  9.96 £0.06 0.0327 + 0.0007 3.15 728 £2
Total 25.86 7.35+0.06 0.0120  9.92+£0.07 0.0300 + 0.0007 10.00 533+1
PM23-320I (1.51g)

100x 2.37 7.30£0.20 0.0012  9.54+0.10 0.0290 + 0.0010 1.66 419+1
500x 6.39 7.19£0.08 0.0011  9.93+0.12 0.0307 + 0.0008 2.55 535+1
1000x 4.52 7.22+0.18 0.0007  9.90+0.09 0.0318 +0.0011 1.75 625+ 1
2000x 2.63 7.44£0.21 0.0006  9.53+0.11 0.0314 + 0.0009 1.28 547+ 1
Total 15.91 7.26 +0.07 0.0035 9.92+0.07 0.0311 +0.0007 7.23 522+1




Table S2. He, Ne and Ar concentrations (in cm®STP/g) and isotopic ratios measured in whole—rock
peridatites from Southern Patagonia by heating experiments.

Samples ‘Hex10® S3He/*He (Ra) Nex10®  2°Ne/2Ne 2Ne/22Ne OArx10®  OAr/SAr
Laguna Ana (PAVF)

PM14-1 (0.54g) 162 8.87+0.11 0.0197 10.23+0.05 0.0412 +0.0008 220 419+1
PM14-3 (0.539) 422 7.27+£0.11 0.0257  10.33+£0.04 0.0417 +0.0008 345 6418 £+ 38
PM14-4 (0.53g) 5303 6.90+0.10 0.0033  11.53+0.11 0.0593 +0.0019 3135 17718 + 159
PM14-5 (0.549) 246 7.15+0.14 0.0136  10.15+0.04 0.0393 +0.0008 484 8189 + 55
PM14-6 (0.53g) 394 7.10+0.09 0.0234  10.59+0.04 0.0480 +0.0010 104 3095+9
PM14-7 (0.549) 136 7.82+0.14 0.0243 9.94+0.04 0.0354 +0.0008 47 2223+ 6
PM14-14 (0.66g) 286 7.49 £0.07 0.0164  10.41+0.03 0.0451 +0.0005 87 3565 + 15
PM14-15 (0.659) 349 6.84 + 0.06 0.0507  10.15+0.03 0.0379 +0.0005 585 9803 £ 47
PM14-17 (0.66g) 44 8.98 £0.12 0.0164  9.89+0.04 0.0333+0.0005 12 1287 +4
PM14-19 (0.68g) 212 7.70£0.11 0.0196  10.32£0.03 0.0436 +0.0006 160 9785+ 72
Laguna Timone (PAVF)

PM18-2 (0.59g) 239 7.16 £ 0.07 0.0185  10.06 +£0.04 0.0364 + 0.0005 56 2513+5
PM18-11 (0.64q) 43 8.04 £0.10 0.0083  10.03+0.05 0.0359 + 0.0007 27 2899+5
PM18-13 (0.64g) 143 7.34 £0.08 0.0151  9.91+0.05 0.0344 +0.0004 59 3798 + 16
PM18-17 (0.649) 30 8.47 £0.15 0.0169  9.78 £0.04 0.0315 + 0.0003 68 6202
PM18-19 (0.62g) 108 7.39 £0.07 0.0211  9.89+0.03 0.0332+0.0004 35 1757 +6
PM18-21 (0.64q) 328 7.11 £0.06 0.0193  10.13+0.04 0.0379 +0.0009 117 5883 + 29
PM18-22 (0.67g) 104 7.50 £0.07 0.0113  10.01+0.05 0.0366 + 0.0006 35 1690+ 6
PM18-23 (0.579) 411 7.12 £0.06 0.0202  10.38+0.04 0.0415 +0.0003 296 8836 + 34
PM18-35 (0.59g) 329 7.11£0.06 0.0119 10.55+0.05 0.0438 +0.0007 144 7025 + 22
PM18-36 (0.67g) 15 10.38+0.20  0.0101  9.97£0.04 0.0342 +0.0003 8 519+1
Gobernador Gregores (GG)

PM23-1 (0.51g) 1207 7.36 £0.12 0.0378  10.34+£0.03 0.0372 +0.0007 147 4831+ 14
PM23-2 (0.509) 83 545+0.11 0.0019 9.60+0.06 0.0330+0.0011 10 376 £ 1
PM23-4 (0.51g) 52 8.36 £0.20 0.0088  9.88+0.06 0.0380 + 0.0008 11 661+1
PM23-5 (0.509) 78 7.06 +£0.13 0.0088 9.87 +0.03 0.0375 +0.0008 9 8342
PM23-6 (0.53g) 82 3.60 £0.09 0.0832  9.85+0.03 0.0303 + 0.0005 11 662+ 4
PM23-7 (0.519) 105 3.80 £ 0.09 0.0516 9.84+0.03 0.0307 + 0.0006 12 829+ 3
PM23-11 (0.50g) 114 7.17 £0.12 0.0240 9.87 £0.02 0.0330 + 0.0006 22 722+2
PM23-14 (0.499) 112 7.21+0.14 0.0176  10.01 £0.03 0.0333 +0.0006 89 3104 £7
PM23-15 (0.51g) 36 7.49 £0.17 0.0152  9.89+0.05 0.0330 + 0.0007 490+ 1
PM23-17 (0.51g) 62 4.82+£0.12 0.0276 9.86 +0.03 0.0316 + 0.0006 8 524 +1
PM23-18 (0.56g) 55 8.18 £0.15 0.0098  9.91+0.06 0.0357 +0.0008 905+ 2
PM23-20 (0.53q) 75 7.17+£0.11 0.0162 9.79+0.04 0.0352 +0.0007 19 980+ 3
PM23-31 (0.52g) 56 7.46 £0.15 0.0219  9.80+0.03 0.0325 + 0.0006 10 844 +2
PM23-32 (0.530) 406 7.29 £0.09 0.0090 10.63+0.06 0.0447 +0.0010 89 4720 £ 17
PM23-34 (0.529) 126 4.18 £0.08 0.0060 9.93+0.06 0.0398 +0.0010 20 15755




Table S3. Krypton concentrations (in cm3STP/g) and isotopic ratios measured in peridotites from
Southern Patagonia by crushing experiments.

Samples #Krx1013 BKr/#Kr 8OKr/#Kr 82Kr/#Kr 8BKr/AKr 8K r/#Kr
Laguna Ana (PAVF)

PM14-3WR (1.1g)

100x 3.34 0.0069 +0.0036 0.0444 +£0.0038 0.212 £0.008 0.207 +£0.004 0.319 +0.008
500x 11.37 0.0063 +£0.0019 0.0417 £0.0023 0.205+0.004 0.209 +0.004 0.310 +0.006
1000x 14.85 0.0068 +0.0012 0.0437 £0.0011 0.196 £0.002 0.206 +0.005 0.306 +0.006
2000x 16.90 0.0064 +£0.0012 0.0435+0.0014 0.206 £0.003 0.205 +0.003 0.308 +0.002
2000'x 11.12 0.0066 +0.0017 0.0432+0.0011 0.204 +£0.005 0.208 +0.004 0.306 = 0.004
2000""x 4.86 0.0060 +0.0018 0.0406 +0.0039 0.205+0.011 0.210+0.007 0.308 =0.005
Total 62.43 0.0065 +0.0007 0.043 £0.0007 0.203 £0.002 0.207 +£0.002 0.308 +0.002
PM14-4WR (1.13g)

100x 5.69 0.0056 +0.0019 0.0440 £0.0021 0.213+£0.005 0.209 +£0.021 0.314 +0.009
500x 11.21 0.0112 +0.0010 0.0570£0.0012 0.211 +£0.003 0.209 +£0.004 0.304 +0.005
1000x 15.03 0.0069 £ 0.0021 0.0455 +0.0012 0.210+0.003 0.207 +£0.004 0.308 +0.004
2000x 16.85 0.0072 £0.0014 0.0453 £0.0008 0.209 £0.006 0.206 +0.004 0.304 +0.005
2000'x 12.49 0.0060 £ 0.0019 0.0456 £0.0019 0.212 £0.004 0.207 +£0.006 0.308 = 0.006
2000"'x 12.07 0.0073 £0.0014 0.0467 £0.0015 0.209 £0.005 0.207 +£0.006 0.307 +0.004
2000""'x 531 0.0084 +£0.0029 0.0617 £0.0022 0.214 £0.009 0.207 +£0.003 0.306 = 0.005
2000"""'x 6.92 0.0069 £ 0.0019 0.0555+0.0029 0.213+£0.005 0.211+0.006 0.311 +0.007
2000""""'x 4.43 0.0076 +£0.0022 0.0487 £0.0017 0.214 £0.008 0.217 +£0.006 0.314 +0.009
Total 90.00 0.0075 £ 0.0006 0.0489 £0.0005 0.211 £0.002 0.208 +0.002 0.307 +0.002
PM14-15WR (1.14g)

100x 20.34 0.0062 £ 0.0014 0.0412 £0.0015 0.205+0.005 0.206 +0.003 0.306 = 0.004
500x 49.32 0.0068 +0.0005 0.0412 +£0.0008 0.202 £0.002 0.204 +£0.002 0.303 +0.003
1000x 35.97 0.0062 +0.0006 0.0424 +£0.0010 0.203 £0.002 0.206 +0.003 0.304 +0.003
2000x 36.15 0.0054 +£0.0011 0.0439 £0.0010 0.204 £0.002 0.204 +£0.002 0.305 +0.003
2000'x 20.65 0.0065 +0.0010 0.0423 £0.0013 0.204 £0.003 0.206 +0.004 0.304 +0.003
2000"'x 11.32 0.0056 +0.0012 0.0498 £0.0024 0.202 £0.002 0.209 +0.005 0.303 £0.003
2000""'x 9.58 0.0061 +£0.0017 0.0477 £0.0020 0.205+0.003 0.207 +£0.003 0.305 £ 0.004
Total 183.34 0.0062 + 0.0004 0.0429 +£0.0004 0.203 £0.001 0.205+0.001 0.304 +0.001
PM14-150I (1.5g)

100x 6.00 0.0053 £0.0016 0.0385+0.0028 0.210 £0.007 0.208 +£0.006 0.311 +0.012
500x 15.62 0.0063 +£0.0015 0.0422 +£0.0017 0.202 £0.003 0.206 +0.007 0.306 = 0.004
1000x 25.29 0.0063 £ 0.0005 0.0429 +0.0009 0.204 £0.002 0.205+0.004 0.305%0.004
2000x 21.18 0.0071 £0.0013 0.0454 £0.0012 0.205£0.002 0.207 +£0.002 0.303 +0.005
2000'x 15.66 0.0060 £ 0.0016 0.0438 £0.0018 0.204 £0.003 0.205+0.004 0.302 +0.005
2000"'x 9.59 0.0069 +0.0013 0.0439 £0.0015 0.206 +£0.003 0.208 +0.006 0.306 = 0.004
2000""'x 6.29 0.0072 £0.0015 0.0432 £0.0025 0.205+0.007 0.210+0.006 0.307 +0.010
Total 99.63 0.0065 + 0.0005 0.0433 £0.0006 0.205£0.001 0.206 +0.002 0.305 +0.002
Laguna Timone (PAVF)

PM18-21WR (1.11g)

100x 3.05 0.0075 +0.0042 0.0399 +£0.0047 0.202 £0.010 0.206 +0.007 0.316 +0.009
500x 8.86 0.0069 +0.0018 0.0420 +£0.0018 0.205+0.005 0.211+0.006 0.309 +0.007
1000x 8.87 0.0064 +0.0014 0.0412 +£0.0020 0.206 +£0.003 0.209 +0.004 0.311 +0.005
2000x 6.87 0.0050 +0.0012 0.0423 £0.0032 0.204 +£0.006 0.205+0.006 0.312 +0.006
2000'x 331 0.0089 +0.0044 0.0413 £0.0035 0.205+0.009 0.206 +0.007 0.305 +0.006
Total 30.96 0.0066 + 0.0009 0.0415 +0.0012 0.205+0.003 0.208 +0.003 0.310 + 0.003
PM18-23WR (1.15g)

100x 17.00 0.0064 +0.0017 0.0414 £0.0013 0.204 £0.003 0.205 +0.004 0.308 +0.005
500x 31.44 0.0029 £ 0.0006 0.0416 +0.0012 0.205+0.003 0.204 +0.002 0.304 +0.004
1000x 37.91 0.0062 +0.0008 0.0426 +0.0013 0.205+0.004 0.204 +0.004 0.305 % 0.004
2000x 73.69 0.0062 £ 0.0009 0.0413 £0.0007 0.204 £0.002 0.205+0.002 0.304 +0.002
2000'x 62.98 0.0057 £0.0010 0.0405 +0.0008 0.203 £0.002 0.202 +0.002 0.304 +0.002
2000""x 82.14 0.0062 +0.0008 0.0404 +0.0008 0.202 £0.002 0.202 +0.002 0.305 +0.003
2000"""'x 54.10 0.0060 +0.0010 0.0397 £0.0007 0.202 £0.003 0.204 +0.003 0.305 +0.003
Total 359.25 0.0058 + 0.0004 0.0409 + 0.0003 0.203 £0.001 0.203 +£0.001 0.305 + 0.001



PM18-35WR (1.51g)

100x 26.11 0.0061 +£0.0011 0.0424 +0.0018 0.206 +0.002 0.205+0.003 0.303 = 0.004
500x 24.32 0.0063 £0.0009 0.0470 +0.0014 0.204 +0.003 0.204 +0.003 0.301 +0.003
1000x 13.87 0.0067 £0.0008 0.0461 +0.0022 0.203 +0.004 0.208 +0.004 0.303 +0.004
2000x 12.81 0.0064 £ 0.0015 0.0442 +0.0020 0.205+0.005 0.207 +0.004 0.306 = 0.004
2000'x 7.62 0.0071 £0.0016 0.0449 +0.0030 0.204 +0.003 0.206 +0.005 0.307 +0.005
Total 84.74 0.0064 £ 0.0005 0.0448 +0.0009 0.205 +0.002 0.206 +0.002 0.303 £+ 0.002
PM18-230lI (1.5g)

100x 27.97 0.0054 £ 0.0005 0.0406 +0.0016 0.204 +0.004 0.205+0.004 0.308 +0.007
500x 13.18 0.0058 £ 0.0011 0.0426 +0.0014 0.206 +0.003 0.207 +0.003 0.309 + 0.009
1000x 16.19 0.0064 £0.0012 0.0426 +0.0014 0.203 +0.005 0.206 +0.004 0.303 +0.004
2000x 16.24 0.0064 £0.0016 0.0434 +0.0012 0.205 +0.003 0.206 +0.003 0.302 + 0.004
2000'x 5.47 0.0067 £0.0014 0.0439 +0.0028 0.209 +0.005 0.211+0.004 0.307 +0.009
2000""x 4.72 0.0047 £0.0021 0.0438 +0.0034 0.209 +0.008 0.207 +0.005 0.315+0.013
Total 83.77 0.0059 £ 0.0005 0.0422 +0.0007 0.205+0.002 0.206 +0.002 0.306 + 0.003
Gobernador Gregores (GG)

PM23-1WR (1.13g)

100x 47.94 0.0065 + 0.0007 0.0414 +£0.0011 0.203 £0.003 0.202 +£0.002 0.304 +0.003
500x 67.71 0.0067 £ 0.0005 0.0411 +0.0008 0.204 +£0.002 0.202 +£0.002 0.305 + 0.002
1000x 33.87 0.0068 + 0.0007 0.0420 +0.0010 0.205+0.002 0.203 £0.003 0.305 + 0.004
2000x 15.37 0.0067 £ 0.0014 0.0456 +0.0011 0.206 +0.004 0.205+0.004 0.306 + 0.004
2000'x 12.49 0.0072 £ 0.0018 0.0453 +£0.0008 0.210 +£0.005 0.208 +0.005 0.306 + 0.004
2000""x 8.40 0.0069 £ 0.0016 0.0463 +£0.0020 0.213 £0.003 0.212 £0.005 0.316 + 0.007
2000"""x 6.68 0.0061 £ 0.0016 0.0430 +0.0028 0.211 +0.006 0.208 +£0.003 0.313 +0.010
Total 192.46  0.0067 £0.0003 0.0423 £0.0005 0.205+0.001 0.204 £0.001 0.306 + 0.001
PM23-32WR (1.15g)

100x 12.65 0.0062 £ 0.0012 0.0412 +£0.0018 0.202 £0.004 0.205+0.005 0.305 + 0.005
500x 17.72 0.0060 +0.0012 0.0421 +£0.0012 0.203 £0.003 0.206 +0.002 0.307 + 0.006
1000x 27.97 0.0064 £ 0.0010 0.0421 +£0.0010 0.204 +£0.003 0.204 +£0.002 0.303 +0.003
2000x 21.77 0.0060 + 0.0009 0.0428 +£0.0010 0.205+0.003 0.204 +£0.002 0.304 + 0.004
2000'x 9.14 0.0058 £ 0.0020 0.0380 +0.0009 0.204 +0.004 0.207 £0.003 0.309 + 0.007
2000""x 5.79 0.0069 £ 0.0019 0.0414 +£0.0023 0.205+0.005 0.212 +0.006 0.309 +0.008
Total 95.04 0.0062 + 0.0005 0.0417 £0.0005 0.204 £0.001 0.205+0.001 0.305 + 0.002
PM23-34WR (1.23g)

100x 2.21 0.0060 + 0.0026 0.0350 +£0.0036 0.206 +0.010 0.199 +£0.010 0.315+0.019
500x 3.64 0.0052 £ 0.0026 0.0423 +£0.0035 0.199 +0.006 0.201 +0.008 0.308 +0.014
1000x 6.79 0.0057 £0.0035 0.0418 £0.0031 0.207 £0.009 0.209 +0.005 0.309 +0.071
2000x 10.44 0.0054 +£0.0011 0.0440 £0.0015 0.203 £0.004 0.204 +£0.005 0.305 +0.008
2000'x 5.58 0.0067 +£0.0031 0.0413 £0.0031 0.204 +£0.004 0.209 +0.008 0.311 +0.008
2000""x 3.71 0.0081 £ 0.0022 0.0403 +£0.0028 0.208 +0.006 0.210 +0.003 0.310 +0.012
2000"""x 4.56 0.0063 £ 0.0012 0.0431 +0.0027 0.208 £0.009 0.212 +0.004 0.305 +0.008
2000""""x 1.52 0.0081 +£0.0064 0.0417 £0.0020 0.205+0.010 0.208 £0.010 0.304 +0.011
2000""""x 1.16 0.0070 £ 0.0053 0.0426 +0.0053 0.201 +0.011 0.204 £0.021 0.303 +0.014
Total 39.60 0.0062 + 0.0009 0.0420 +0.0010 0.205+0.002 0.207 £0.002 0.308 +0.013
PM23-10I (1.55g)

100x 16.43 0.0062 +£0.0021 0.0411 +0.0008 0.207 +£0.003 0.204 +£0.003 0.310 + 0.004
500x 33.13 0.0059 £ 0.0013 0.0406 +0.0011 0.202 £0.002 0.203 +£0.002 0.307 +0.002
1000x 37.80 0.0060 + 0.0008 0.0405 +0.0008 0.205+0.002 0.203 £0.002 0.309 + 0.004
2000x 29.41 0.0066 + 0.0015 0.0422 +£0.0049 0.203 £0.002 0.204 +£0.003 0.303 +0.003
Total 116.77  0.0061 + 0.0007 0.0410 + 0.0013 0.204 £0.001 0.204 +0.001 0.307 £ 0.002
PM23-320I (1.51g)

100x 30.78 0.0097 £ 0.0010 0.0405 +0.0008 0.204 +0.002 0.204 +£0.002 0.308 + 0.004
500x 35.28 0.0068 + 0.0009 0.0406 +0.0011 0.203 £0.003 0.202 +0.002 0.306 + 0.002
1000x 19.36 0.0055 +0.0015 0.0412 +£0.0018 0.204 +0.003 0.203 £0.002 0.306 + 0.004
2000x 13.84 0.0068 + 0.0015 0.0409 +0.0009 0.206 +0.003 0.203 +£0.005 0.305 * 0.005
Total 99.25 0.0075 £ 0.0006 0.0407 +0.0006 0.204 +0.001 0.203 +0.001 0.306 + 0.002




Table S4. Xenon concentrations (in cm3STP/g) and isotopic ratios measured in peridotites from Southern
Patagonia by crushing experiments. Numbers in parentheses indicate 1o errors in the last digits.

132Xe 128Xe 129Xe lSOXe 131Xe 134Xe 136xe
Samples [x10"%] Normalized to 132Xe
Laguna Ana (PAVF)
PM14-3WR (1.19g)
100x 0.38 0.0819(146) 0.9614(594) 0.1491(030) 0.8196(086) 0.3805(044) 0.3269(012)
500x 1.40 0.0775(090) 0.9878(341) 0.1603(009) 0.7820(046) 0.3933(029) 0.3371(022)
1000x 2.06 0.0671(055) 0.9687(429) 0.1598(013) 0.7907(016) 0.3917(013) 0.3420(017)
2000x 3.44 0.0746(050) 0.9778(176) 0.1568(003) 0.7942(017) 0.4032(023) 0.3315(012)

2000°x 231  0.0786(060) 0.9743(207) 0.1570(008) 0.7999(023) 0.4009(014) 0.3378(016)
2000"x 231  0.0708(118) 0.9685(458) 0.1491(018) 0.8072(035) 0.3886(047) 0.3471(019)

Total 11.90  0.0739(033) 0.9740(140) 0.1560(005) 0.7966(012) 0.3960(012) 0.3379(007)
PM14-4WR (1.13g)

100x 054  0.0841(150) 1.0345(247) 0.1740(022) 0.8068(056) 0.4036(030) 0.3457(030)
500% 212 0.0771(057) 1.0465(177) 0.1556(006) 0.7911(019) 0.4059(007) 0.3570(020)
1000x 201  0.0788(058) 1.0584(145) 0.1544(007) 0.7936(026) 0.4097(018) 0.3612(022)
2000x 2.85  0.0752(036) 1.0508(198) 0.1599(009) 0.7617(020) 0.4056(015) 0.3562(010)

2000'x 191  0.0827(093) 1.0770(287) 0.1538(013) 0.8044(032) 0.4231(022) 0.3724(018)
2000"x 202  0.0742(045) 1.0436(428) 0.1505(008) 0.7633(022) 0.4131(027) 0.3538(019)
2000™'x 124  0.0768(054) 1.0512(271) 0.1491(017) 0.7781(030) 0.3926(012) 0.3590(018)
2000""x 141  0.0741(072) 1.0374(280) 0.1460(016) 0.7968(031) 0.4219(027) 0.3623(020)
2000""x 071  0.0791(128) 1.0572(524) 0.1481(019) 0.7667(073) 0.4252(022) 0.3547(034)

Total 1481  0.0773(022) 1.0521(096) 0.1542(004) 0.7826(010) 0.4108(007) 0.3593(007)
PM14-15WR (1.14g)

100x 1.45  0.0648(051) 0.9916(243) 0.1422(012) 0.7619(033) 0.3829(024) 0.3422(028)
500 6.08  0.0727(041) 1.0179(211) 0.1538(009) 0.7902(025) 0.3971(014) 0.3567(010)
1000x 469  0.0735(042) 1.0474(136) 0.1549(005) 0.7885(022) 0.4179(017) 0.3661(011)
2000x 595  0.0725(042) 1.0426(119) 0.1500(005) 0.7942(006) 0.4105(008) 0.3622(012)

2000°x 323  0.0757(056) 1.0516(179) 0.1549(006) 0.7864(010) 0.4108(020) 0.3561(016)
2000"x 251  0.0755(060) 1.0346(218) 0.1585(009) 0.7804(020) 0.4072(014) 0.3605(016)
2000™'x  1.90  0.0692(082) 1.0060(311) 0.1458(008) 0.7661(022) 0.3930(014) 0.3521(014)

Total 2582  0.0727(019) 1.0324(074) 0.1386(003) 0.7860(008) 0.4055(006) 0.3589(005)
PM14-150I (1.5g)

100x 045  0.0720(058) 0.9898(540) 0.1570(018) 0.8119(084) 0.3918(022) 0.3246(039)
500 1.49  0.0707(084) 1.0197(341) 0.1576(011) 0.8007(028) 0.4096(011) 0.3574(023)
1000x 279 0.0743(076) 1.0094(262) 0.1492(007) 0.7700(032) 0.4000(017) 0.3388(014)
2000x 266  0.0705(053) 1.0171(264) 0.1499(007) 0.7909(015) 0.3966(010) 0.3562(007)

2000°x 1.92  0.0711(056) 1.0323(407) 0.1546(011) 0.7824(027) 0.4017(027) 0.3532(014)
2000"'x 113 0.0752(117) 1.0359(479) 0.1535(011) 0.7746(026) 0.3964(023) 0.3364(024)
2000™'x 092  0.0735(106) 0.9943(636) 0.1460(016) 0.7984(059) 0.4217(039) 0.3570(033)
Total 1135 0.0723(030) 1.0171(142) 0.1519(004) 0.7854(012) 0.4018(008) 0.3482(007)

Laguna Timone (PAVF)

PM18-21WR (1.11g)

100x 031  0.0858(187) 0.9787(341) 0.1560(023) 0.7388(052) 0.3814(043) 0.3228(029)
500 091  0.0680(086) 0.9976(401) 0.1415(019) 0.7690(072) 0.3744(025) 0.2962(020)
1000x 1.01  0.0660(102) 0.9720(513) 0.1459(017) 0.7613(050) 0.3868(013) 0.3255(022)
2000x 097  0.0691(124) 0.9901(429) 0.1406(011) 0.7701(037) 0.3866(029) 0.3474(035)
2000'x 050  0.0697(162) 1.0202(541) 0.1457(017) 0.7896(062) 0.3649(047) 0.2731(027)
Total 369  0.0695(055) 0.9901(220) 0.1442(008) 0.7674(026) 0.3803(013) 0.3168(013)
PM18-23WR (1.15g)

100x 257  0.0688(041) 0.9724(436) 0.1557(010) 0.8049(022) 0.3822(018) 0.3268(008)
500 573  0.0723(042) 0.9936(107) 0.1556(009) 0.7925(016) 0.3860(012) 0.3376(011)
1000x 8.43  0.0744(035) 1.0109(256) 0.1576(005) 0.8020(019) 0.3983(010) 0.3479(011)

2000x 2127  0.0744(024) 0.9885(107) 0.1562(004) 0.7936(011) 0.3897(005)  0.3361(004)
2000°x 1733 0.0752(029) 0.9892(114) 0.1542(005) 0.7925(013) 0.3950(006) 0.3381(005)
2000"x 2179  0.0739(032) 0.9757(079) 0.1537(004) 0.7847(008) 0.3933(006) 0.3395(006)
2000™'x 1478  0.0730(031) 0.9797(131) 0.1537(004) 0.7905(013) 0.3923(007) 0.3354(009)



Total 9191 0.0739(013) 0.9861(051) 0.1549(002) 0.7918(005) 0.3923(003) 0.3381(003)
PM18-35WR (1.51g)

100x 3.34 0.0699(061) 1.0009(148) 0.1538(010) 0.7964(024) 0.3912(007) 0.3427(012)
500x 3.89 0.0753(061) 1.0105(164) 0.1543(012) 0.7890(022) 0.3993(010) 0.3427(012)
1000x 2.43 0.0706(139) 1.0326(297) 0.1526(012) 0.7890(024) 0.4059(016) 0.3445(012)
2000x 2.43 0.0731(038) 1.0130(300) 0.1536(013) 0.8007(032) 0.3918(015) 0.3466(017)
2000'x 1.23 0.0718(099) 1.0150(436) 0.1593(020) 0.7709(044) 0.3805(026) 0.3271(017)
Total 13.33  0.0724(036) 1.0130(106) 0.1542(006) 0.7913(012) 0.3954(006) 0.3436(006)
PM18-230lI (1.5g)

100x 1.35 0.0813(098) 0.9809(315) 0.1534(016) 0.7721(023) 0.3845(032) 0.3337(019)
500x 1.35 0.0726(135) 0.9860(255) 0.1474(011) 0.7911(043) 0.3967(020) 0.3478(016)
1000x 1.70 0.6842(134) 0.9855(271) 0.1578(008) 0.7568(013) 0.3826(017) 0.3124(020)
2000x 1.77 0.0760(060) 0.9885(284) 0.1615(009) 0.7967(026) 0.3986(024) 0.3459(021)
2000'x 0.73 0.0717(189) 1.0298(457) 0.1607(014) 0.7805(046) 0.3966(031) 0.3542(024)
2000""x 0.51 0.0723(089) 0.9692(332) 0.1362(018) 0.7585(050) 0.3739(022) 0.3326(038)
Total 7.41 0.2151(129) 0.9887(128) 0.1548(005) 0.7778(013) 0.3901(010) 0.3207(009)
Gobernador Gregores (GG)

PM23-1WR (1.13g)

100x 3.67 0.0764(031) 0.9954(287) 0.1560(011) 0.7804(026) 0.3938(018) 0.3374(015)
500x 7.47 0.0774(048) 1.0058(112) 0.1565(006) 0.7919(008) 0.3995(010) 0.3443(008)
1000x 3.85 0.0758(058) 1.0131(212) 0.1557(011) 0.7775(021) 0.4032(009) 0.3416(011)
2000x 2.81 0.0792(066) 1.0053(223) 0.1611(004) 0.7928(018) 0.3950(025) 0.3466(014)
2000'x 2.10 0.0741(057) 0.9972(350) 0.1534(007) 0.7905(022) 0.3879(019) 0.3406(019)
2000""x 141 0.0687(061) 1.0063(300) 0.1530(010) 0.7947(023) 0.3988(018) 0.3374(023)
2000"""x 0.98 0.0655(107) 1.0083(545) 0.1558(013) 0.7789(036) 0.3923(028) 0.3474(024)
Total 2229  0.0758(023) 1.0046(088) 0.1563(003) 0.7871(007) 0.3972(006) 0.3424(005)
PM23-32WR (1.15g)

100x 0.93 0.0758(096) 1.0163(415) 0.1423(018) 0.8157(031) 0.4036(027) 0.3502(027)
500x 1.98 0.0719(070) 0.9910(317) 0.1587(010) 0.8080(021) 0.3994(016) 0.3367(010)
1000x 3.34 0.0730(036) 0.9809(259) 0.1559(012) 0.7765(027) 0.4023(018) 0.3388(011)
2000x 2.89 0.0729(075) 1.0093(245) 0.1474(011) 0.7952(030) 0.4037(016) 0.3477(009)
2000'x 1.74 0.0709(093) 1.0395(269) 0.1416(008) 0.7591(061) 0.3840(025) 0.3239(027)
2000""x 0.93 0.0761(068) 0.9941(389) 0.1503(010) 0.7757(025) 0.4125(030) 0.3442(014)
Total 11.80  0.0729(029) 1.0020(124) 0.1507(005) 0.7868(015) 0.4004(009) 0.3399(006)
PM23-34WR (1.23g)

100x 0.14 0.0766(267) 0.9508(803) 0.1658(037) 0.7800(131) 0.4218(053) 0.3235(065)
500x 0.38 0.0709(110) 1.0388(539) 0.1569(022) 0.7720(064) 0.3964(051) 0.2699(031)
1000x 0.91 0.0634(100) 0.9704(330) 0.1422(022) 0.8074(037) 0.3869(009) 0.3113(017)
2000x 1.45 0.0760(070) 1.0028(395) 0.1503(011) 0.7891(027) 0.4148(036) 0.3410(014)
2000"x 0.82 0.0646(127) 0.9985(216) 0.1419(021) 0.7809(049) 0.3932(016) 0.3496(029)
2000""x 0.58  0.0757(076) 0.9575(337) 0.1624(012) 0.7942(077) 0.3911(041) 0.3191(025)
2000"""x 0.71 0.0723(084) 1.0231(722) 0.1402(013) 0.8048(034) 0.3739(036) 0.3328(035)
2000""""x 0.23 0.0616(216) 1.0501(844) 0.1548(028) 0.8105(118) 0.3855(033) 0.3398(054)
2000""""x 0.16 0.0876(249) 1.0404(737) 0.1751(031) 0.8246(110) 0.3815(060) 0.3740(073)
Total 5.38 0.0710(038) 0.9988(172) 0.1494(007) 0.7941(017) 0.3954(013) 0.3297(009)
PM23-10I (1.55g)

100x 1.02 0.0660(081) 0.9582(416) 0.1427(020) 0.7512(196) 0.3782(019) 0.3247(015)
500x 2.41 0.0696(071) 0.9863(287) 0.1551(009) 0.7993(030) 0.3847(020) 0.3403(013)
1000x 2.81 0.0707(041) 0.9798(274) 0.1513(011) 0.8023(024) 0.3875(025) 0.3391(018)
2000x 2.56 0.0716(044) 0.9833(254) 0.1612(009) 0.8071(037) 0.3979(011) 0.3399(017)
Total 8.79 0.0701(028) 0.9801(147) 0.1542(006) 0.7970(028) 0.3887(010) 0.3381(009)
PM23-320I (1.51g)

100x 1.26 0.0700(079) 1.0054(278) 0.1636(013) 0.8049(029) 0.3950(022) 0.3326(019)
500x 3.31 0.0727(033) 0.9838(227) 0.1497(004) 0.7890(015) 0.3950(013) 0.3322(010)
1000x 2.07 0.0780(098) 0.9793(371) 0.1525(010) 0.7930(031) 0.3975(027) 0.3425(017)
2000x 1.69 0.0732(094) 0.9797(548) 0.1549(008) 0.7784(029) 0.3940(018) 0.3211(011)
Total 8.34 0.0737(036) 0.9851(175) 0.1536(004) 0.7903(012) 0.3954(010) 0.3327(007)




Table S5. Sample location and lithologies.

Locality Sample name Rock type Hydrous phase
Laguna Ana (PAVF)
PM14-1 Spinel Iherzolite -
PM14-3 Garnet-spinel Iherzolite -
PM14-4 Spinel Iherzolite -
PM14-5 Spinel Iherzolite -
PM14-6 Spinel Iherzolite -
PM14-7 Spinel Iherzolite -
PM14-14 Garnet-spinel Iherzolite pargasite
PM14-15 Garnet-spinel harzburgite -
PM14-17 Spinel Iherzolite -
PM14-19 Spinel Iherzolite -
Laguna Timone (PAVF)
PM18-2 Spinel Iherzolite -
PM18-11 Garnet-spinel Iherzolite pargasite
PM18-13 Garnet-spinel Iherzolite pargasite
PM18-17 Garnet-spinel harzburgite phlogopite
PM18-19 Garnet-spinel Iherzolite pargasite
PM18-21 Garnet-spinel Iherzolite -
PM18-22 Garnet-spinel Iherzolite -
PM18-23 Garnet-spinel harzburgite -
PM18-35 Spinel Iherzolite -
PM18-36 Garnet-spinel Iherzolite pargasite/phlogopite
Gobernador Gregores (GG)
PM23-1 Spinel Iherzolite pargasite
PM23-2 Spinel Iherzolite phlogopite
PM23-4 Spinel Iherzolite phlogopite
PM23-5 Spinel Iherzolite -
PM23-6 Webhrlite pargasite/phlogopite
PM23-7 Webhrlite pargasite/phlogopite
PM23-11 Spinel Iherzolite pargasite/phlogopite
PM23-14 Spinel Iherzolite pargasite/phlogopite
PM23-15 Spinel Iherzolite -
PM23-17 Webhrlite pargasite
PM23-18 Spinel Iherzolite -
PM23-20 Spinel Iherzolite -
PM23-31 Spinel Iherzolite -
PM23-32 Spinel Iherzolite -
PM23-34 Webhrlite pargasite




Table S6. Mantle source compositions.

PM14-3
PM14-4
PM14-15
PM18-21
PM18-23
PM18-35
PM23-1
PM23-32
PM23-34

2INe/??Ne)
0.090 +0.002
0.071 £0.001
0.091 +0.002
0.087 +£0.002
0.091 £0.003
0.085 +0.001
0.065 £ 0.002
0.075 £ 0.001
0.079 £0.001

WOAr/PArE
318007°7%% 4600
21900%2%%0 1999
54000*14290_gg09
3550022100 1 4700
36800*10590 7309
2110079400

8100
14700

-6800
+1400_7 00
17700

+3000 2200

+4400 3100

3He/*’Ne
13.15+£0.30
9.01+0.17
13.63 £0.16
12,53 £0.30
13.66 +£0.18
12.03£0.16
8.39 +0.26
10.44 £0.15
11.27 £ 0.16

BAr/22Ne
14.76 £ 0.09
3.29 £ 0.02
15.06 £ 0.09
15.06 £ 0.09
17.87 £0.09
12.03 £0.15
9.66 +0.06
25.26 £0.13
24.85+£0.13




Table S7. Rb-Sr, Sm-Nd and Pb-Pb isotopic data for selected Patagonian peridotites analyzed in this
study. Numbers in parentheses indicate 2c errors in the last digits. WR = whole-rock, Opx =
orthopyroxene, Cpx = clinopyroxene, Phlog = phlogopite.

Pali-Aike Volcanic Field

Samples PM18-17WR PM18-170px PM18-17Cpx PM18-17Phlog PM18-21WR
Rb (ppm) 0.21 0.33 0.44 22.09 0.49
Sr (ppm) 2.94 7.02 50.61 35.17 20.25
87Rb/%eSr 0.2064 0.1359 0.0252 1.8289 0.0699
87Sr/86Sr 0.702938(05) 0.702811(18)  0.702909(03)  0.703259(07)  0.702896(14)
Sm (ppm) 0.16 0.57 0.99 0.09 0.48
Nd (ppm) 0.51 1.35 5.96 0.42 1.34
147Sm/144Nd 0.1888 0.2548 0.1003 0.1281 0.2162
43Nd/*%Nd  0.512949(09) 0.512993(15) 0.512976(16)  0.512847(12)  0.512933(14)
ENd 6.1 6.9 6.6 4.1 5.8
206ph/204ph  19.0939(52)  18.3083(20) 18.2732(24) 19.0534(81) 18.5114(32)
207pp/204ph  15.7246(43)  15.5828(17)  15.4276(20) 15.6127(70) 15.5339(28)
208pp/204ph  38.4275(11)  38.0979(52)  37.9431(51) 38.5583(56) 38.0055(67)
Pali-Aike Volcanic Field Gobernador Gregores
Samples PM18-23WR PM18-35WR PM23-01WR PM23-32WR  PM23-34WR
Rb (ppm) 0.19 0.20 0.24 0.18 0.40
Sr (ppm) 5.56 8.78 261.06 224.92 221.85
8"Rb/%eSr 0.0982 0.0655 0.0026 0.0024 0.0052
87Sr/86Sr 0.703085(11) 0.703006(05)  0.703079(14)  0.703125(08)  0.703158(10)
Sm (ppm) 0.11 0.19 7.64 5.40 4.79
Nd (ppm) 0.55 0.75 26.03 27.78 28.38
147Sm/*44Nd 0.1165 0.1503 0.1775 0.1176 0.1021
143Nd/“Nd  0.512915(08)  0.512935(14  0.512900(12)  0.512895(16)  0.512892(11)
ENd 5.4 5.8 5.1 5.0 5.0
206pp/204ph  18.2943(23)  18.6360(11) 17.9895(28) 18.1584(21) 18.2161(44)
A7pp[204pp  155631(21)  15.6176(98) 15.3436(25) 15.3701(87) 15.3974(95)
208pp/204pp  38.0372(50)  38.5939(23) 37.5346(58) 37.6538(32) 37.9016(71)




