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Patagonian giants: early European perceptions

“According to Antonio Pigafetta, one of the Magallexpedition's few survivors and its
published chronicler, Magellan bestowed the natRatagdo" (or Patagér) on the
inhabitants they encountered there, and the nama&agBnia" for the region. Although
Pigafetta’'s account does not describe how this neamee about, subsequent popular

interpretations gave credence to a derivation nmggitand of the big feet™.

...“"However, this etymology is questionable. The tesnmost likely derived from an
actual character nameRdtagoni, a savage creature confronted by Primaleon okGre
the hero in the homonymous Spanish chivalry noeekgight-errantry tale) by Francisco
Véazquez. This book, published in 1512, was the aeqfi the romance "Palmerin de
Oliva," much in fashion at the time, and a favaunitading of Magellan. Magellan's
perception of the natives, dressed in skins, artthgeaaw meat, clearly recalled the

uncivilized Patagénin Vazquez's book”.



The meaning of life

[...] Ma cosa stiamo combinando in realta? Il mondadarno € pieno di discutibili distrazioni, scadeeze
priorita. Giorno e notte si confondono I'uno ndlifa. Veniamo sommersi da una valanga di pauresglee
che ci spingono in una gara impossibile da vinc€asi noi ci affrettiamo, ci affrettiamo, ci affteimo per
raggiungere un certo punto ideale nella nostra eitpoi che succede? [...] Molti di noi iniziano aysare
una vita meravigliosa libera e selvaggia, ma dit@dbntana da quella che vivono realmente. Pugoop
scopriamo spesso questa verita proprio alla fimando € troppo tardi. Non si pud ricominciare t@haora
una volta. [...] niente é tanto doloroso quanto lasapevolezza di aver avuto la possibilita di farellp che
amavi veramente, e di non averla colta. Allora gué passione della tua vita? Che ci stai a farguesta
terra? La risposta a queste domande ti schiudey@iide mistero della vita, tanto piu profondo daagsiu
prepotenti ti si pongono questi interrogativi. [pgr prima cosa, nessuno ti dird mai nulla al rigaaf...] E
anche estremamente inverosimile che un giorndréiviiallimprovviso immerso in una luce intensatee lo
scopo della tua vita ti appaia chiaro in una visionistica. [...] La maniera migliore per arrivarcpassare
un po’ di tempo da solo, rivolgendo a te stessdifficile domanda. Questo esercizio non € complicat
tratta solo di essere onesti. Basta che tu faamsa tAlza la mano se senti di poter avere di pallatua
vita”. [...] Molto presto la “risposta” ti colpira ipiena faccia, proprio come quando sei a metaatpad la
spiaggia e improvvisamente ricordi che hai lasciaterro da stiro acceso a casa. E quando sapi@imeno
avrai il sospetto di sapere, cosa fare della tte fallo! Spicca un folle salto nel buio se éako, poi, non
appena tocchi il suolo, corri, perché non hai woedo da perdere. [...] Tieni a mente che qualungse tu
faccia, gli errori sono parte della vita. Quindinnperdere tempo a prenderti a calci per il pasddtm
impantanarti o stressarti chiedendoti se stai fdgela cosa giusta. [...] Invece di scoraggiarti, ritzdi
sempre che il rifiuto e la resistenza sono quadi geiando stai facendo qualcosa di molto impogamt
speciale. Quando comincerai a vivere i tuoi sogmjte persone (comprese quelle che ti amano di piu)
cercheranno di tenerti a freno. A questo mondo arios molti insopportabili pessimisti che hanno
abbandonato i loro sogni e ti diranno: Stai perdehtiio tempo, non ce la farai mai”. Intorno gtrebbero
esserci persone che di nascosto desiderano chitehga il meno possibile, o addirittura faccia diasolo
per non apparire inferiori. “Scordatelo” dicono tnoe vale la pena, e comunque non € la cosa giestz".
Quindi & importante rendersi conto che seguirerdppo cammino € incredibilmente gratificante, ma d
sicuro non & semplice. Come qualsiasi altra persawmeai dei giorni migliori di altri. Talvolta, tiio intorno
a te sembrera un totale disastro. [...] Ma qualurapsa succedalevi solo tenere durdricordati che capita
a tutti di essere esausti. E incredibilmente sfate passare le giornate facendo qualcosa cheigirogn ti
piace e di cui nemmeno ti importa. Ma se segubi sogni, per lo meno sarai esausto per aver &aitlo
che ami di piu. [...] Quando ricavi il massimo ddile vita, assaporandola fino all'ultima gocciatdutio
che ti riguarda si trasformera da ordinario a sttemario. [...] Il bello & che, facendo le cose ché&hno
arricciare i baffi dalla gioia (supponendo, natorahte che tu abbia i baffi) stimolerai qualcumcadt correre
dietro ai suoi sogni. [...] Sai una cosa? Anche smroetterai grossi errori, se sbaglierai su tuttioinfi,
vivrai comunque un’avventura stupefacente e piandivértimento; di notte andrai a dormire sapente ¢
hai dato tutto e fatto la differenza, e ti svegliergni mattina attendendo con ansia il futuro, €f& bello ed
eccitante come riesci a immaginare. Sai un’altrea@oSe darai retta al tuo cuore e userai la testa,

sbaglierai mai.



1. Introduction

1. Introduction

Sediments, oceanic crust and mantle lithospheterreind re-equilibrate with the Earth’s
mantle in subduction zoneBigure 1.1) and for this reason they are considered the sarge
recycling system on Earth. Their descent and relibcation into the mantle, may trigger
partial melting in the mantle wedge above the siimately leading to the generation of
new crust. The sinking of the lithosphere also mlewhe greatest force driving the plates
and inducing the spreading of the mid-ocean ridgi#ispugh some debate is actually going
on the negative buoyancy of the oceanic lithospkioglioni et al., 200). As proposed
by Hofmann (1997}he material which is not recycled in the firsivfaundred kilometres
of the upper mantle, may sink into the lower maulitevn to the core-mantle boundary

(CMB) where it can be reheated and possibly restegdeby a mantle plum&igure 1.2).
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Figure 1.1 Convergent margins on Earth (frédtern, 2002

A subduction environment is very complex, and thstlway to describe its features is by
dividing it in four main components: the incominigte, the downgoing plate, the mantle
wedge and the arc-trench compl&gre 1.3).
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Figure 1.2 Schematic section through the center of the Ed&tler, 2002 which shows the scale of
subduction zones. Subducted lithosphere is showin penetrating the 660 km discontinuity (right) and
stagnating above the discontinuity (left). A mamleme is shown ascending from the site of an amcie
subducted slab.

1.1 The incoming plate

The lithosphere of the incoming plate is composédmantle lithosphere, crust and
sediments. These three elements exert fundameatdatots on the behaviour of the
subduction zones, but each one in a different Wayact the mantle lithosphere controls
the physics of the subduction, the sediments cbtite chemistry and the crust control
both the physics and the chemistry.

The mantle lithosphere is slightly more dense (1-RPexcess) than the underlying
asthenosphere. This excess of density powers thdustion zones and moves the plates
(Davies, 1999 The increasing density of the plate is contublgy its thickness and age,
the latter exerting also a first-order control be trench depthGQrellet and Dubois, 1992
Old and dense lithosphere readily sinks, while ypubuoyant lithosphere resists
subduction. Subduction of old lithosphere resuttsralatively steep subduction zones,
whereas subduction of young lithosphere is chanaed by shallower dipsJérrard,
19869.
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The different behavior of subduction zones invadviyoung and old lithosphere is also
shown in the strain regime manifested behind thgmadic arc. In fact in some cases they
affect the back arc basins with rifting or evenfleea spreading, whereas others induce
folding and thrusting behind the argarrard (1986) subdivided subduction zones into
seven strain classes, with class 1 being strongignsional and class 7 being strongly
compressional. He concluded that the strain regmtlee overlying plate is correlated with
the age of the subducted lithosphere and with tiselate motion of the overriding plate.
A first-order differentiation of subduction zonesstthguishes those subducting old
lithosphere (Mariana type, class 1) from those sabdg young lithosphere (Chilean type,

class 7) Figure 1.4).
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Figure 1.3:Main components of a subduction environment (f@tern, 2002 Note that the mantle wedge
(not labelled) is the part overlying the incomirigtp.

Subducted crust affects subduction zones in seweaghk. First of all, its density and

thickness largely determine whether the subductione operates normally or fails.
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Normal oceanic crust is invariably subductable,suliduction of continental crust leads to
subduction zonédailure. Failure of a subduction zone happens when suffidrmyant
material is introduced into the system to disrugivdwelling. This is called collision or

terrane accretion. Contrasts in lithospheric budhgity (crust plus mantle) of 0.1 gm/cm3
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Figure 1.4: End member of Jarrarc which also leads to formation of amphibolites
classification of subduction environments.

at greater depth in the crust, and seafloor
weathering, that affects the uppermost 500 m oélbgsfor whichStaudigel et al. (1996)
infer 2.7% HO, 3.0% CQ, and a two to threefold increase in K. Formation o
amphibolites in the lower crust sequesters sigmificamounts of water but little else
(Carlson, 2001 The presence of even small amounts of serpémimithe oceanic crust is
important for water cycling through subduction zenédecause equal volumes of
serpentinite carries an order of magnitude moreewd#ttan hydrated mafic crust and
because serpentinite is stable to much greatersymes (13% bD versus 1-2% in
hydrated mafic crust and 7 GPa or more versus 3 B&aley and Holloway, 1998 Imer
and Trommsdorf, 1995 Crust produced at slow and fast spreading ridgeses water,
bound in minerals, in different way. Whereas fgstading ridges are robust magmatic
systems that produce crust composed almost entfdhasalt, diabase, and gabbro, slow
spreading ridges have intermittent igneous actiatyit may be absent altogether, so that
this crust may be largely composed of serpentinipeddotite. Because serpentine
contains more water than altered basalt or gabhtb secause crust produced at slow

spreading ridges contain more serpentine with spe that formed at fast spreading
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ridges Karson, 1998 slow spreading crust may carry proportionallyrenevater into
subduction zones than fast spreading crust.

Fast spreading oceanic crust is probably pervasiveidrated, but the associated
peridotites are not, except at transform faults faacture zones. Oceanic crust produced at
slow spreading ridges is probably much more hetsregus, with masses of unaltered
crust (as wide as a few tens of kilomet&te(n, 200} separated by major fault zones that
penetrate the full thickness of the crust and taautubstantial serpentinization of mantle

rocks.

From seismic velocity data for the slow spreadingthl Atlantic ridgeCarlson (2001)
concluded that no more than 13% of this oceanist@ould be composed of serpentinized
ultramafics. It is important to know how much ofethsubducted lithosphere is
serpentinized, in order to understand the subduaame water budget. Deep earthquakes
(up to 50 km) related to normal faulting on theesutrench rise may allow seawater to
infiltrate and serpentinize mantle at much gredtepths in the lithosphere than would be
expected RPeacock, 2001 This would increase the proportion of serpetginin the
lithosphere, with the effect of significantly inaseng the amount of water carried into
subduction zones. Because serpentine is ductile,wbuld also weaken the lithosphere

and greatly reduce the amount of work needed td besnplate.

Finally sediments carried on the subducting pldey @ fundamental role for element
recycling. They may be the ultimate source of mahthe unusual enrichments and other
chemical signatures found in arc lavas. For exantpke presence in some arc lavas of
1%Be, which is produced only in the upper atmosptere which has a half-life of 1.6
million years, testifies to the recycling of sedimteethrough the subduction zoMddris et
al., 1990. The covariation of other, fluid-mobile trace mlents (such as K, Sr, Ba) has
also been interpreted to indicate the importancesediment recycling Rlank and
Langmuir, 1993 Because of the great difference of the sedimiatiscan be subducted in
different environments, a mean composition has bealculated (GLOSS, GLObal
Subducting SedimentsPkank and Langmuir, 1998A great proportion of the GLOSS is
represented by terrigeneous material (76%) bulsd aontains significant proportions of

biogenic calcium carbonate (7%) and silica (10%@ng with 7% mineral-bound water.
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1.2 The downgoing plate.

Most of the processes associated with subductioeszbappen deep below the surface and
our understanding of these processes is largelgdbas geophysics and geochemistry of
active systems, geochemistry of erupted productd an studies of exhumed old

subduction zones.

The thermal structure of a subduction zone dependsany factors. Those playing the
most important role are age and speed of the inopmlate, followed by shear stress
across the subduction interface which induce camweén the overlying mantle wedge,
geometry of subduction, fluids migrating througle tbubduction zone, and radioactive
heating.

Models of subduction zone thermal structure arepsripd by seismic imaging. Two

important factors for tomographic imaging of subitlut zones are the presence of
significant differences in material properties, ffested as seismic velocities, and the
seismic “illumination” of the subduction zone byegeearthquakes. The coolness of
subduction zones allows the slab to be tomographittaced to great depth. Some slabs
may stagnate at the 660 km discontinuity, but nodghem appear to penetrate into the

lower mantle §tern, 2002

As the plate descends, it is progressively heatelsgueezed, changing the mineralogy
and volatile content of sediments, crust, and redittiosphere. The importance of kinetic
effects in subduction zones are clearly demonsirdig the behavior of MIO,
polymorphs. Olivine and its high-pressure and htgttgolymorphs make up most of the
upper mantle and the subducted lithosphere. Awayn frsubduction zones, olivine
structure change int@-spinel (wadsleyite) at ~410 km depth (boundaryeen the upper
mantle and the transition zone with a 6% incredsgeasity). Wadsleyite change infe
spinel structure (ringwoodite) at ~520 km, whiclerthshould yield perovskite structure
(MgSiQOs3) plus magnesiowustite (MgO) at 660 km depth (itirdes the transition zone—
lower mantle boundary with a 8% density increasidgiffrich and Wood, 2001 But
things change when we consider these reactionssabductive environment. The first
reaction occur much shallower than 410 km, whethasconversion of ringwoodite to

perovskite + magnesiowustite should occur deepen 660 km Ififune, 1993. This is
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because the Clapeyron slope (dP/dT) for the oliwaésleyite reaction is positive, while

Is negative for the ringwoodite to perovskite+magjoeustite transition.

The shallower nature of the first conversion insesathe density of the subducting
lithosphere, favoring continued sinking, while tteeper nature of the second conversion
decreases the slab density. These predictionsoaestent with the observation that deep
earthquakes first appear at ~325 km depth, abowrevthe olivine-wadsleyite phase
change is first expected, and cease at ~700 knhdepiere the ringwoodite-perovskite +

magnesiowustite change should be complete.

Numerical models of mantle convection suggest that660 km discontinuity generally
should not act as a barrier to continued slab sqidavies, 199k This conclusion is also

supported by mantle tomography, suggesting thatessi@bs can be traced down well
beyond 660 kmKigure 2).

Another important reaction in subducted lithosphemantle is the breakdown of
serpentinite to olivine, orthopyroxene, and watehich results in a very large density
increase as it releases a lot (13 wt %) of watepdnding on temperatures, antigorite (a
variety of serpentine) is stable up to pressur@ GPa, ~250 km deep in a subduction zone
(Ulmer and Trommsdorf, 1995providing an effective way to transport waterdgeat

depths.

Subducted sediments transport most of their incdilmipaelements budget into subduction
zones. Although many uncertainties remain abouth@nges that accompany subduction
of sediments due to their variable bulk composifimm one arc to another, it is possible
to put forward some general observations about bekiaviour. First of all the progressive
heating and squeezing of sediments causes proggessinsformations that increase
density and decrease water content. Second, thiltyl of cations in hydrous fluids
increases rapidly with temperature and pressure;ef@mple, Si@ in aqueous fluid
increases from 1000 to 100,000 times as pressgredases from 0 to 2 GPM#&nning,
1996, corresponding to a depth of 70 km. Third, flanbbile elements and light isotopes
fractionate as subduction and dewatering procesmthat light element isotope ratios of
sediments before these enter the trench shouldcimatacterize sediments beneath arc
volcanoes. Fourth, clay-rich sediments melt at enajpres similar to mafic crust and at

comparable pressures corresponding to depths githate ~50 km (700°— 800°C at 120
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km, Nichols et al., 1996Johnson and Plank, 1999Trace element systematics of some arc
lavas associated with cold subduction zones haslestane authors to conclude that

sediment melting generally occuisll{ott et al., 1997.

1.3 The mantle wedge

The mantle wedge is the part of the mantle thatlievéhe subduction zone, and where
subducting materials are mixed with convecting neatd generate magmas, fluids, and
ultimately continental crust. In this scenario @fi¢he most important role is played by the
convecting asthenosphere, because it is able ¢canttwith slab-derived fluids and melts
to generate arc magmas. The dynamics of magmaaemem subduction environment is

different from the two other magma-producing teatosettings, i.e. intraplate and

divergent environments. In fact while for hot spatgl ridges melts are linked to mantle

upwelling, the mantle wedge melts are associatéd eald thermal regime.

Bl | I I The generation of magmas is due to the

,.1[111}.;f::,u< peridotite 7 interaction of the aqueous fluids and melts
o released by the slab with the overlying mantle,
whose melting temperature can be lowered by
several hundred degrees with respect to dry

melting Figure 1.5. Melting due to fluid

Temperature (*C)

" Peridotite +
v uH%T]-[[;.t: — 1200 . .
- addition to the mantle wedge is thought to be
i responsible for 10 + 5% melting of the mantle,
Peridotite + 0.32% with 10% melting for every 0.2% water added

I | I
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1000

Figure 1.5: Plot of melt fraction versi
temperatures of hydrous batch melts f
peridotite containing 0.15% and 0.32%,(H 1.4 The arc-trench complex
(Stolper and Newman, 19p4Jpper axis shov
forsterite content of equilibrium olivine. .
A mature and stable subduction zone causes

magmatic and tectonic phenomena in the overlyitigpdiphere, which can be recognized

as arc-trench complexes, where subduction zonauptedan be studied directly.
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Arc-trench complexes differ fundamentally dependimig whether they are built on
continental lithosphere (Andean-type arcs) or owedithosphere (intraoceanic or
primitive arcs). The crust of Andean-type arcs lbarup to 80 km thick, about twice that of
normal continental crusA{lmendinger et al., 199 uan et al., 2000 while intraoceanic
arc crusts are typically 20-35 km thick. Three meimponents characterized the arc-
trench systems: the forearc, the magmatic arclaatddck arc.

The forearc lies between the trench and the magrfratit and is 166 + 60 km wid&s(ll,
1981). Two types of forearc can be distinguished: tberetionary and non-accretionary
(Figure 1.6), depending on the thickness of the sedimentsusibd. When the thickness
of sediments is greater than 400-1000 m, theyheilécraped off the downgoing plate and
transferred to the overriding plate to form an ationary prism Dahlen, 1999von Huene
and Scholl, 1991Le Pichon et al.,, 1993 Furthermore the high sedimentation rates
associated with accretionary forearcs produce #@searc basins forming between the
accretionary prism and the magmatic af€ig@re 1.6g (Dickinson, 199h Non-
accretionary forearcd={gure 1.6b) form where the amount of sediment available a th
sudbucting plate is low, typically distant from tioents. Therefore neither an accretionary
prism nor forearc basins are recognized. As a cu®s®e, the igneous infrastructure of
the forearc is exposed. Non-accretionary foreansvige unique insights into how
subduction zones begin and their early history, slgmificance of ophiolites, and the
nature of fluids released from relatively shalloarts of subduction zones.

The magmatic arc is generally characterized bygaeaus activity concentrated near the
magmatic front, decreasing with the distance frbmn trench. Arc magmas are generally
fractionated, porphyritic, and wePérfit et al., 1980 Ewart, 1982 Tatsumi and Eggins,

1995, especially when compared to mid-ocean ridge airgpot magmas. Arcs are also
characterized by crustal thickening with respecttite other magmatic environments,
because of the relatively fix position of the marttiat is melting as well as the overlying
lithosphere (mantle and crust). Consequently, nafgmas tend to stagnate, giving rise
to fractional crystallization and assimilation pesses. Arc lavas are dominantly silica-
oversaturated and subalkaline and are further sidadl into volumetrically predominant

calc-alkaline and tholeiitic suites and less comrmslonshonitic suites.

Water content in arc melt inclusions varies widéigm 5 to 6 wt.% HO for inclusions

from Nicaragua (Cerro Negro), central Mexico, ahe@ tMarianas, to <0.5 wt.% for
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Galunggung, IndonesiaMallace, 200h Values as high as 8-10 wt.%® have been
found in melt inclusions in high-Mg andesites frtime Shasta region of Californi&(ove

et al., 2002. The HO variations appear in some cases to be relatpdnt@ry factors such
as the proximity to the arc front or the relatiapshith the amount of subducted material.
In assessing variations with distance from thedneit is important to note that the lower
end of the HO range for arc basalts overlaps the values of adbebasaltic glasses from
back-arc basins such as the Marianas back arc amdasin, in which KD contents vary
from 0.5 to 2 wt.% $tolper and Newman, 199Kent et al., 200R This is consistent with
the interpretation that subduction input of(Hinto the mantle wedge decreases with

increasing slab depth and distance from the trench.
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Figure 1.6: End-member forearc types: (a) accretionary foraarct (b) nonaccretionary forearc.

Finally, the back arc region lies behind the maggreatc, and it can show a wide range of

magmatic and tectonic styles, depending on striasscfarrard, 198§. Lowstrain arcs
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(strain classes 1 or 2) are associated with backxension, whereas arcs with high strain
(strain classes 6 or 7) may be associated with Beckhrusting. Intermediate strain classes
may be associated with a back arc region showittig lor no tectonic and magmatic
activity. Active extension, rifting and seafloorrepding, characterize the back arc regions
above several subduction zones: the best exam@agpresented by the Mariana Trough
behind the Mariana arc (spreading rate of 4 cth Bibee et al., 1980 the Lau-Havre
Trough behind the Tonga-Kermadec arc (spreadirgyafil6 cm y, Bevis et al., 1995

the North Fiji Basin behind the Vanuatu (New Hebsjarc, the Manus Basin NE of New
Guinea, and the East Scotia Sea behind the Soathw&zh. Extensional back arcs may rift
as well as spread.

Rifting is observed where the extensional regimapagates along the strike of the arc
system, such as the northern Mariana Trolgar{inez et al., 199band the Havre Trough
(Fujiwara et al., 200}, as well as for back arc basins that are in thgal stages of
development like Okinawa Trough (SW of Japkapbri and Fournier, 199Pand the
Sumisu Rift in the Izu arcTaylor et al., 1991 Lavas erupted at back arc basins are
commonly referred to as back arc basin basalts BABABB erupted from spreading
ridges are dominated by pillowed basalts that ampositionally similar to MORB
(Hawkins and Melchior, 19§5but contain more water and a significant “subuunct
component” Gribble et al., 1998 Newman et al., 2000 BABB from back arc rifts,
however, may be compositionally similar to thoseipged from the affected arc.
Furthermore back arc regions of high-strain coneetgnargins can be affected by crustal
shortening and compression leading to the developrokea system of back-arc basins
behind the magmatic arc. The best Cenozoic examptaind behind the present Andean
arc Jordan, 1995 This is a fold-and-thrust belt formed in respwrie subduction of

young, buoyant lithosphere.
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2. State of the art

Samples of the sub-arc mantle, represented by gigeidxenoliths entrained in arc

magmas, are rare relative to mantle samples fromano settings, i.e. from oceanic

hotspots and continental rift zondsiXon, 1987. This means that there is a paucity of
xenolith-based direct petrological information abdlve mantle wedge relative to other
tectonic settings. Hence the rare examples of ariwed peridotite xenoliths need to be
investigated systematically and in detail to expltre nature of mantle-wedge materials
and processes.

Peridotite xenoliths of mantle-wedge origin haverbelescribed from various localities
worldwide, for example those from the Japanesadstacs (akahashi, 1978Aoki, 1987
Abe, 1997 Abe et al., 1998Arai et al., 1998 2000, the Colorado Plateatsiith and
Riter, 1997 Smith et al., 1999 the Cascades, USAi@andon and Draper, 199€Ertan
and Leeman, 1996 Mexico (uhr and Aranda-Gomez, 1997Papua New Guinea
(Gregoire et al.,, 2001 Mclnnes et al., 20Q1Franz et al., 200R and Kamchatka
(Kepenzhiskas et al., 199Arai et al., 2003lonov, 2010.

Mantle xenoliths entrained in alkali basalts ocalso in several localities from Patagonia,
most of them situated between 40 and 52°S in eutcato back-arc positions with respect
to the Andean volcanic arc. This material represepeculiar, transitional type between
the two above-described categories. They comedhffam a back-arc setting, but are
entrained in alkali basalts similar to those fouméhtra-plate settings\taflos et al.(2006)
investigated a suite of unmetasomatized anhydrpinelsiherzolite and harzburgite from
Tres Lagos (situated within the Volcanic Gap). Tt8at+ and Nd-isotopic ratios have been
affected by host basalt infiltration, whereas thegh Sr-isotopic ratios point to subsequent
contamination by ground-water and/or Ca-rich swfaglutions. The authors speculated a
two-stage partial melting process responsible ierdrigin of the Tres Lagos xenoliths. A
first step should have been occurred in the gastadility field (2% of batch melting) and
subsequently the residue experienced 2—8% batctinmeh the spinel peridotite field.
They finally concluded that Tres Lagos peridotie=re not been affected by subduction-

related metasomatic processes and they could esgras old lithospheric mantle.

Conceicao et al. (2005)ublished a paper on the isotopic composition (&lock Sr and

Nd) of mantle xenoliths sampled all over Patagomtey showed that the majority of the
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samples analyzed fall on the mantle array, but somthem exhibited radiogenic Sr
enrichments without dramatic changing of the Ndap@ composition. These isotopic
features plot those samples on the right side eitlantle array and the authors explained
these data as result of three possible procegsasnixture of a depleted mantle with an
enriched source (EM-2) for those samples affectetigh 8’SrP°Sr and low™*Nd/A*“Nd;

i) a mixture of a depleted mantle with a mixtufeneantle-derived and slab-derived melts
for the samples characterized by high Sr/Nd rabas low 8'Srf°Sr ratios and iii)
chromatographic processes for those samples exigibénrichment of radiogenic Sr

without dramatic change of Nd isotopic composition.

Another work (also in this case mainly isotopicjhat ofSchilling et al. (2005pn spinel-
bearing |Iherzolites and harzburgites entrainedkaliae lavas erupted by the cinder cone
of Cerro Redondo. Based on P-T estimates (indigafibetween 823 °C and 1043 °C and
P ranging from 12.4 kb to 21.4 kb), petrographenahemical, and isotopic characteristics,
they concluded that Cerro Redondo xenoliths caram fa thick homogeneous mantle
column (36 km to 63 km depth) characterized byedéht degrees of basalt infiltration.
Using a simple mixing model based on Sr isotopésy tquantify the host basalt
infiltration, calculating a contamination value Wween 0.2% and 12%. As the interaction
with the host basalt increased, xenoliths showegraalual increase of disequilibrium
textures such as reaction rims and exsolution laeah orthopyroxene and clinopyroxene,
and increase of Ti§) CaO, AbOs;, N&O, KO, POs, LREE, and incompatible element

concentrations.

One of the most important studied locality in Patag is Gobernador Gregores (Santa
Cruz Province, Argentina). The most interestingaiebconcerning the mantle nodules
carried on by Plio-Pleistocene alkali basalts iis #rea is the presence of carbonatitic
fluids that metasomatize the mantle wedge. As dlrexplained at the beginning of this
chapter the occurrence of mantle xenoliths in satido regions is rare, but the presence
of carbonatitic metasomatizing fluids is even rareaurora et al. (2001)tried to
investigate the origin of these fluids in GobermaGoegores studying a suite of spinel-
facies mantle xenoliths. They were characterizedhigher CaO/AIO; whole-rock ratios
with respect to other Southern Patagonian mantleolitBs occurrences and in some
samples by Ti@ enrichments. They described three different oenaes: i) anhydrous

Iherzolites and harzburgites, containing clinopymos with a depleted major element
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composition; ii) formation of new phases such asplabole+phlogopite+Cl-apatite-
bearing during a metasomatic episode and iii) piscké Na-Si-rich glass and carbonate
drops, with amphibole as residual phase, due angig@ssional event during the xenoliths
uplift to the surface, that caused a closed syddesequilibrium melting of the second
assemblage (mainly the amphibole). The carbonatkchte melt underwent liquid
immiscibility, products of which are representedthg carbonated drops and the silicate
glass. Because of the different flow rates of cadbe and silicate melt, the xenoliths
became enriched in carbonate (found in vein) duttiegr migration. Therefore they finally
hypothesized an aqueous slab derived Cl-rich flmdsasomatic agent and concluded that
the origin of the carbonated silicate melt was riierely result of decompression melting

during the uplift of the xenoliths to the surface.

Scambelluri et al. (2008pn the same suite of xenoliths recognized carbdiuiicl
inclusions, glass and carbonate in several texdoatains on which they focused their
attention. The high densities preserved by a nurab&@QG; inclusions indicated that fluid
infiltration took place at mantle depths. The loendities pertaining to the majority of
analyzed fluid inclusions derived from inclusioneaguilibration during xenolith ascent.
The glasses analyzed (occurring mainly as reachafoes around clinopyroxene,
amphibole and phlogopite, with microlites of newgsene, olivine and locally carbonate)
varied widely their compositions in terms of bothajor (SIiQ = 47.0 — 68.3 wt%;
NaO+K,0 = 5.8 — 12.2 wt%) and trace elements. Incompatitsice element patterns of
glasses in anhydrous xenoliths were similar toehufsthe host alkali basalts, whereas the
compositions of interstitial and vein glasses ie tiydrous xenoliths indicated that a
compositional control has been exerted by the lowaheral assemblage (mainly
amphibole). The combined textural and microthermoiménvestigations clearly showed
that the carbonic fluid and glass post-dated aestddnydrous metasomatism of this mantle
wedge: CQ and siliceous glass formed immediately before @andlring breakdown of
the hydrous mantle assemblage. The microstrucamdl chemical data let the authors
asses a close relationship between (i) infiltratodrthe host alkali basalt together with
CO.-fluid and (ii) partial melting of hydrous rock-fming minerals favoured by high-GO
contents of the ambient fluid phase. The preseficzaonic fluid was likely due to a
decrease of COsolubility in the uprising basaltic melt. At theenolith scale, hydrous

phase breakdown produced a reactive percolating tihat progressively increased its
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silica and alkali content due to interaction wille thost peridotite minerals. They finally
concluded that the Si- and alkali-rich glasses @¢dnd due to a reaction between the host
(or similar) magma and xenolith minerals. Thesectieas most probably occured at
mantle depths in the presence of significant anmoahexsolved Cg immediately before
and/or after the early entrainment of the xenolitht® the host magma, producing a
variety of textures and chemical compositions ddpenon the local assemblages and

physico-chemical parameters of melt/peridotite tieas.

Rivalenti el al. (2004)nvestigated the mantle xenoliths entrained in ldneas of nine
Patagonian localities comprised between 40°S af8.5Phe most common texture in the
xenoliths was the re-crystallized granular or pgrpblastic one. As far as the xenoliths
studied could represent the whole Patagonia mah#sg textures suggest that the mantle
wedge experienced a regional, pervasive re-cris#tn that left only a few relics of the
preceding mantle (in fact the authors found onlx siamples characterized by
protogranular or porphyroclastic texture). Theyidiad the lithotypes observed for all the
localities in two groups: the first comprises antoges Iherzolites and harzburgite, rare
dunites. Their bulk-rock and clinopyroxene tracenant profiles varied from slightly
LREE-depleted to LREE-enriched. The second group wamposed of Iherzolites,
harzburgites and rare wehrlites containing hydrpbases (amphibole + phlogopite *
apatite), abundantly represented at GobernadoroBesgWith respect to the anhydrous
group these samples were characterized in bothrbakand clinopyroxene by a convex
upwards trace element pattern resembling that ofdgites affect by alkali basalt
metasomatism, and by variable, and sometimes higitHfTand Zr depletion and Nb
enrichment. The composition of calculated meltsemuilibrium with clinopyroxene
resulted similar to the Patagonia arc magmas ctosie trench, but in the region South of
latitude 46.30°S, it changed eastwards to an E-M@OKBmelt. The authors interpreted
the textural and geochemical bulk-rock and clinopgne features of the xenoliths as
controlled by two main processes: (1) melting ie tlegion of thermal inversion of the
wedge, triggered by infiltration of hydrous compots (2) reactive porous flow of the
melts into the overlaying mantle. The componemfgiring melting is inferred to be slab-
derived in the western occurrences and a garnesfaasthenosphere-derived melt in the
eastern occurrences as a consequence of wedgertimgk Differences between northern
and southern Patagonia were interpreted to be duegatiable contribution of slab
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components to the wedge. Compared to the southegior, slab-derived melts are
tentatively attributed to the subduction of oldad a&older segments of the Nazca plate in
the North.

Finally, another interesting work carried out orswate of spinel-facies mantle xenoliths
(Iherzolites, harzburgites and dunites) entraimedhe alkali basalts of the Cerro de los
Chenques Quaternary back-arc volcano (200 km Beof/blcanic arc) has been published
by Rivalenti et al. (2007). The clinopyroxene gemmistry indicated that the pristine
mantle was a lherzolite with Depleted Mantle (DM)nposition, recording either melting
episodes triggered by infiltration of a metasomatgent or only enrichment of highly
incompatible elements in those sectors where patioal occurred under decreasing fluid
volume. Metasomatism was operated by a fluid oatgd in garnet-bearing assemblages
that induced olivine and clinopyroxene dissolutigariations in the Sr and Nd isotopic
signatures (i.e. pre-metasomatic manfi@rf®sr=0.702712 and**Nd/*Nd=0.513495;
xenoliths recording the highest metasomatisi®rf®Sr =0.704234 and*Nd/A*‘Nd
=0.512870), and increase in LILE and LREE, butindtlb and Ti. The authors ruled out
several hypothesis on the origin of the metasonaafent, such as a metasomatism induced
by the entraining alkali basalt. They also excludepossible subarc origin of the mantle
beneath Los Chenques subsequently transportedvieysesl corner flow 200 km to the
East (the distance between arc and Los Chenquasy.finally concluded that the features
of the mantle xenoliths studied could be reasonabligted to the fluids released by the
slab and consistent with the signature and bakalsing the upper part of the subducted

Nazca plate.
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3. Cenozoic evolution of Patagonia.

In Patagonia the Andean volcanic arc is distingeasinto a Southern Volcanic Zone
(SVZ; Thorpe et al., 1982and an Austral Volcanic Zone (AVAtern and Kilian, 1996
separated by a volcanic gap occurring betweena&d319°S latitudeNigure 3.1).
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Figure 3.1: Sketch map of Patagonia (aftétOrazio et al., 200D The light red and yellow circles indicate
respectively the SVZ and the AVZ. VG is “Volcaniaf. @), (b) and €) indicate the back-arc volcanic
fields respectively of Northern Patagonia, Cerfaagonia and Southern Patagonia.
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The geological history during the Cenozoic of b&WZ and AVZ is related to the
subduction of the Nazca and Antarctic plates respdyg, beneath the South American
plate. The average convergence rate over thisgpdés been of 10 cm/yr for the Nazca
plate and of 2 cm/yr for the Antarctic plate. Theotplates are separated by the Chile
ridge, and the present day position of the tripdnpbetween the Nazca, South America
and Antarctic plates (Chile Triple Junction, CTad¢ur at 46.3°S.Gande and Leslie, 1986
Forsythe et al., 1986

A peculiar feature of Patagonia is the presencesenferal continental mafic volcanic
plateaux ranging in age from late Paleocene to idoee Ramos and Kay, 1992They
are the Eocene Posadas Formation (located betw&d¢a B80°S), the late Oligocene to
early Miocene Somoncura magmatic province (41 t&4d similar age magmas erupted
up to 46°S) and the late Miocene to Pliocene Tripiection (TJ) province east of the CTJ
(46 to 49°S). The Posadas and the TJ provinces beee respectively associated with
Eocene and Miocene-Recent collision of the Farafltwk (Ramos and Kay, 199Kilian

et al., 1997 Ramos and Aleman, 2008nd the Nazca-AntarctickR@émos and Kay, 1992
Gorring el al., 1997 spreading ridges with the Chile trench, while 8mmoncura province
with a mantle thermal anomaly linked to the lategg@tene/early Miocene changes in plate

convergence vector&ay et al, 1993 2007).

Because of the vastness of Patagonia (extendingnéwe than 2000 km from north to
south), and to simplify the back arc geological ctiggion | will divide the area in
“Northern Patagonia” (extending from 40°S to 46°®entral Patagonia” (from 46°S to
49°S) and “Southern Patagonia” (from 49°S to 52%83using more attention on the
Central Patagonia, since most of the studied saalee been collected from post plateau

volcanics of this area.

3.1 Northern Patagonia and the Somoncura Provincd0O(S-
46°S).

Between 40°S and 46°S occurs the largest post-Eoceafic volcanic field of the
Northern Patagonia, the Somoncura igneous pro\(frigerre 3.2). It consists of a series of

Oligocene to early Miocene volcanic fields that @omore than 55 000 Knin the Meseta
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de Somuncura and surrounding region (Meseta del@afguen and Meseta de Canquel),

overlying a late Precambrian to Paleozoic magmatid metamorphic basement itself

covered by the extensive Jurassic silicic volcaagks of the Chon Aike provinc&gy et

al., 1989 Pankhurst and Rapela, 199%s well as Cretaceous to Tertiary volcanic and
sedimentary rockRapela and Kay, 198Rapela et al., 1988 rdolino et al., 1999
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Figure 3.2: Sketch map of Northern Patagonia (fréfay et al., 200y showing the Somoncura igneous
province, comprising from North to South the Mes#¢aCari de Laufquen, the Meseta de Somoncura and
the Meseta de Canquel. Symbols indicating the gineihmagmatism are reported in legend.
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Somuncura province volcanic rocks can be dividdd pre-plateau, plateau and post-
plateau groups. Low-volume late Oligocene pre-platédlows are typically intraplate
alkaline basalts and hawaiites, with depleted fsiotoompositions®(Srf°Sr < 0.704gNd
> +2) and enriched trace element compositions. Molous ~27 + 2Ma plateau flows are
dominantly hypersthene normative basalts and basaiidesites with flat REE patterns
(La/Yb = 4-12), relatively low LILE abundances,rs#tional to arc-like Ba/La, Sr/La,
Th/Ta and U/Ta ratios, intraplate La/Ta ratios amdiched Nd—Sr isotopic compositions
(®’srPeSr >0.7043:eNd < +1.3). Finally intermediate to low-volume ~43-Ma post-
plateau flows are dominantly alkali olivine basaltel hawaiites with steep REE patterns
3 ’;a,, 5 @ (LalYb >15), high LILE
”\ s ‘",'::g:,'g;r;”f abundances, high Bal/lLa
/ (;
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ratios, intraplate Sr/La and
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Figure 3.3: Sketch map of Central Patagonia (fr@uarring et al., 199Y.
In black the Neogene plateau.

3.2 Central Patagonia and the TJ igneous provinege{S-49°S)

In central Patagonia{gure 3.3) the middle Miocene to Recent northwards migratdn
the CTJ from approximately 50°&énde and Leslie, 1986-orsythe et al., 1986to
46.3°S, has generated unique geodynamic, structamdl magmatic feature&g@rring et
al., 1997, namely the modern volcanic arc gap between tM& &nd the AVZ, the
eruption of arc adakitic magmakgy et al., 1998 and in the AVZ $tern and Kilian,
1996 and finally the extensive late Miocene to Pleistte magmatism that originated the

TJ province.
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The TJ province can be subdivided into a volumindate Miocene to early Pliocene main
plateau sequence, and a less voluminous, latesteM@to Plio-Pleistocene post plateau
sequenceGorring et al., 199). Main plateau sequence forms the smaller mesettse
northeast (called “northeastern region”) and tihgdand elevated plateaux of de la Muerte
(MM), Belgrano (MB), Central (MC) and del Lago Buen Aires (MLBA) Mesetas
(Figure 3.4).

Main plateaux lavas of MM, MB and MC are tholeiitt@salts and basaltic andesites
(Ramos and Kay, 1992Gorring and Kay, 1993 1994, whereas those from the
“northeastern region” and MLBA are alkaline basaitd hawaiite Baker et al., 1981
Stern et al., 1990Ramos and Kay, 199%orring and Kay, 19931994. Post plateaux

lavas are typically alkaline basalt and
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Figure 3.4: Map showing the occurrence of the different plateCentral Patagonia (froorring et al.,
1997. In grey and black are represented the main astiglateau sequences respectively.

hawaiite Ramos and Kay, 199%o0rring and Kay, 19931994, except in MLBA where
strongly alkaline lavas, basically basanites, ageognized. Post-plateaux volcanics
generally occur as small cones, pyroclastic derithe top of large plateaux and as flows,
filling paleovalleys and forming small hills. Totalstimated volumes for the main and
post-plateau sequences for all mesetas are ~108@ikan~100 krh respectively Ramos
and Kay, 199
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