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ABSTRACT. We present a chronological (K-Ar), petrologic and geochemical study (major and trace elements, Sr-
Nd isotopes) of Middle Miocene (ca. 16-14 Ma) calc-alkaline rocks (basalts to andesites) extruded in the present-day
back-arc region of Central Patagonia (Zeballos Volcanic Sequence (ZVS), 47°S). This magmatism started shortly after
mafic plutonism ceased in the arc region (ca. 16 Ma, 200 km west), and ended ca. 2 My before the onset of volumi-
nous slab tear-related back-arc alkaline basaltic magmatism (ca. 12 to Pliocene). The studied calc-alkaline rocks have
a typical subduction-related signature (high LILE/HFSE ratios, depletion in Nb, Ta and Ti; Ba/La >20; Ta/Hf <1.5;
(¥7S1/*Sr) =0.70366-0.70402, €, ~+0.1-+3.8). Major and trace elements contents are consistent with their evolution
by closed system fractional crystallization of a presumed parental liquid similar in composition to the most basic rock
of the suite. Moreover, a strong subducted sediment imprint is recognized (increasing Th/HFSE and decreasing Ce/Pb
during differentiation). However, these rocks show striking similarities with volcanic complexes emplaced above areas
where a gently dipping slab occurs (high K contents; similar LREE/HREE, Nb/Zr, Ba/Nb; Th/Hf; Th/Ta, Ta/Hf<0.3),
particularly the present-day Andean flat-slab region and the Neuquén Basin during the Late Miocene. A comprehensive
tectono-magmatic model is here presented to explain the generation and extrusion of these calc-alkaline magmas during
the Middle Miocene. The development of a transient low-angle subduction and the resulting eastward migration of the
volcanic front are then proposed. Mixing between stored remnants of calc-alkaline magmatism and later primitive alka-
line melts is envisioned as the most likely process accounting for the transitional signature (i.e., intermediate between
calc-alkaline and alkaline, La/Nb >1; TiO, <2 wt%) of some basalts extruded synchronously with genuine alkaline lavas
in the Neogene Patagonian Plateau Lavas province.

Keywords: Central Patagonia back-arc, Calc-alkaline magmatism, Low-angle subduction, Miocene.
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RESUMEN. Volcanismo calcoalcalino durante el Mioceno Medio en Patagonia Central (47°S): petrogénesis e
implicaciones en la dinamica de placas. En este trabajo se presenta un estudio cronoldgico (K-Ar), petrologico y
geoquimico (elementos mayores y trazas, isotopos de Sr-Nd) de rocas calcoalcalinas (basaltos a andesitas) del Mioceno
Medio (16-14 Ma) que ocurren en una posicién de trasarco en Patagonia Central (47°S; Secuencia Volcéanica Zeballos,
SVZ). Este magmatismo comenzd poco después de que el plutonismo méfico cesara en la regioén bajo el arco (ca. 16
Ma, 200 km al oeste), y termind ca. 2 My antes del comienzo de un voluminoso evento magmdtico basaltico alcalino
desarrollado en el trasarco, relacionado con ventanas astenosféricas, que continué hasta el Pleistoceno. Las rocas calcoal-
calinas estudiadas tienen una quimica tipicamente relacionada con procesos de subduccion (altas razones LILE/HFSE,
empobrecimientos en Nb, Ta y Ti; Ba/La>20; To/Hf<1,5; (*’Sr/*Sr) =0,70366-0,70402, &,,=+0,1+3,8); y sus contenidos
de elementos mayores y trazas son consistentes con una evolucion por cristalizacion fraccionada, en un sistema cerra-
do, desde un liquido parental de composicion similar a la de la roca més bésica del conjunto analizado. Se reconoce,
ademds, la influencia de sedimentos subductados en la composicion de estos magmas (aumento de la razén Th/HFSE
y disminucién de la raz6n Ce/Pb durante la diferenciacion). Sin embargo, estas rocas muestran importantes similitudes
composicionales con las de complejos volcanicos emplazados sobre dreas donde ocurre subduccién de bajo dngulo (altos
contenidos de K, similares razones LREE/HREE, Nb/Zr, Ba/Nb; Th/Hf; Th/Ta, Ta/Hf<0,3), particularmente rocas de la
actual region de subduccién plana en Chile central-Argentina y de la cuenca de Neuquén durante el Mioceno Superior.
Se propone aqui un modelo tectono-magmatico que explica la generacién y extrusion de magmas calcoalcalinos en
una posicion de trasarco durante el Mioceno Medio en Patagonia mediante el desarrollo de un fenémeno transiente de
subduccion de bajo angulo y el consiguiente desplazamiento hacia el este del frente volcanico. Ademas, la mezcla entre
remanentes de este magmatismo calcoalcalino almacenados en la corteza y fundidos alcalinos posteriores, provenientes
de la astenésfera, se presenta como el proceso responsable de la generacién de la signatura transicional (i.e., intermedia
entre calcoalcalina y alcalina, La/Nb>1; TiO,<2 wt%) reconocida en algunos basaltos que ocurren contemporineamente

con otros puramente alcalinos en la provincia de las Lavas Nedgenas de Plateau de la Patagonia.

Palabras clave: Trasarco de Patagonia Central, Magmatismo calcoalcalino, Subduccion de bajo angulo, Mioceno.

1. Introduction

The displacement of a volcanic arc front to regions
behind a former arc and far away from the trench
has been previously recognized in several regions.
Moreover, diverse tectonomagmatic models have
been proposed to explain this arc migration (Kay
and Gordillo, 1994; Gutscher et al., 2000; Beate et
al.,2001; Kay and Mpodozis, 2002; Bourdon et al.,
2003; Ramos and Folguera, 2009). This phenomenon
is here proposed to have occurred during Early to
Middle Miocene in Central Patagonia (47°S, Fig. 1)
where calc-alkaline volcanic rocks were deposited
above foreland sediments shortly after plutonism
ceased in the early arc region.

The western border of the continent has been the
site of oceanic subduction beneath the South American
continental plate since the Jurassic. Miocene geolo-
gical evolution of Patagonia was characterized by
the occurrence of particular geodynamic and tectonic
events, among them: i) the South Chile spreading
ridge approached the Chile Trench and started to be
subducted at ca. 15 Ma beneath the South American
Plate at 55°S (Cande and Leslie, 1986), producing
a northward progressing tearing of the subducted
Nazca slab (Guivel ef al., 2006); ii) convergence

parameters (angle and rate) between the Nazca and
South American plates change (increasing velocity
and oblique subduction (Pardo-Casas and Molnar,
1987; Somoza, 1998); iii) contractional deformation,
although not well constrained in space and time,
occurred in the Patagonian Fold and Thrust Belt
(Ramos, 1989; Lagabrielle ef al., 2006) associated
with iv) a topographic uplift of the chain (either
by tectonic stacking or simple vertical uplift), and
v) generation of molasse sediments, syntectonic
plutonism and granite emplacement (Blisniuk e?
al., 2005; Sanchez ef al., 2008). Until the Miocene,
typical subduction-related arc magmatism genera-
ted the wide, trench-parallel, Patagonian Batholith.
Early Miocene (22-16 Ma) calc-alkaline granitoids
arc present in its northern part (44°-47°S), but no
volcanic products coeval with this plutonic activity
have been described in the region. However, in the
present-day back-arc region of the Central Patago-
nian Andes (~47-49°S, Fig. 1), ~200 km east from
Miocene arc granitoids and more than 300 km from
the Chile Trench, tuffaceous horizons (22 to 14 Ma,
Blisniuk et al., 2005) occur within Middle Miocene
foreland continental sediments, and subvolcanic rocks
of this age (including adakites) are also found. In the
study area of El Zeballos valley (western border of
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the Meseta del Lago Buenos Aires basaltic plateau)
outcrops of Early to Middle Miocene volcanic rocks
(basalts, basaltic andesites and andesites) overlie the
synorogenic detrital sediments. The purpose of this
paper is to discuss the nature of this magmatism,
its relationships with the Early Miocene plutonism
of the North Patagonian Batholith (NPB) and to
explore a genetic link with the subduction of young
oceanic plate beneath the continent at that time. In
addition, we propose that this magmatism contributed
as a geochemical end-member to the origin of the
transitional signature observed in younger OIB-type
basalts, particularly in the Meseta del Lago Buenos
Aires basaltic plateau.

2. Geological Setting

The Aysén region in southern Chile (45°-48°S) is
characterized by the occurrence of the NPB adjacent
to the Chile Trench (Figs. 1a, b), which forms the
western and central areas of the Patagonian Cordil-
lera. It corresponds to the northern part (north of
the Golfo de Penas) of the Patagonian Batholith,
a ca. 1,000 km long and 50-120 km wide belt of
subduction-related plutonic rocks. The NPB, mostly
consisting of metaluminous hornblende-biotite grano-
diorites (e.g., Pankhurst et al., 1999; Suarez and De la
Cruz, 2001) has a well established zonal age pattern
with Early Cretaceous margins and Cenozoic central
portions. Early Miocene gabbros to granodiorites
of the NPB crop out between 44° and 46°S in the
central part of the Batholith, ranging in age between
22-16 Ma (Pankhurst et al., 1999; Parada et al., 2000;
Suérez and De la Cruz, 2001; Fig. 1a). According
to Pankhurst et al. (1999), the wide compositional
variation recognized in the batholith resulted from
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the contribution of a primitive subduction-related
component stored underneath the continental crust
(either as mafic magmas or underplated basalts) and
that of an isotopically evolved end-member, here rep-
resented by the lower Patagonian crust. Simultaneous
melting and magma-mixing relationships between
these end-members, in proportions controlled by
the subduction-related thermal regime, account for
the complete range of rocks in the NPB. Intrusion
and exhumation of these rocks were tectonically
controlled during the Cenozoic by the continental-
scale trench-parallel dextral strike-slip Liquifie-Ofqui
Fault Zone (Pankhurst et al., 1999; Cembrano et al.,
2002; Thomson, 2002). The plutons intrude Paleo-
zoic basement rocks (Eastern Andean Metamorphic
Complex; Hervé, 1993; Bell and Suarez, 2000) and
Jurassic to Late Cretaceous calc-alkaline volcanics
and continental rocks (Ibafiez and Divisadero Group).
In the studied region, these Mesozoic rocks form the
eastern ranges of the Cordillera as thrust and folded
blocks oriented N160-170 (Lagabrielle et al., 2004),
defining the morphotectonic front of the chain.
The last orogenic phase of the Patagonian Andes
occurred during the Late Miocene according to many
authors (Ramos, 1989; Suérez et al., 2000; Thomson
etal., 2001; Lagabrielle et al., 2004), and synorogenic
foreland basin detrital products deposited in the
present-day back-arc correspond to fine-to-coarse
grained continental sandstones and conglomerates
(Santa Cruz Formation and Zeballos Group; Ugarte,
1956; Marshall et al., 1986; Escosteguy et al., 2002).
They crop out to the east in Argentina and in isolated
intracordilleran basins (e.g., Cosmelli Basin; Flint et
al., 1994), overlying the Mesozoic volcanics (Figs.
1b, 2a). The period of deposition of these sediments
is well constrained between 22 and 14 Ma by dated

FIG. 1. a. Scheme of southern South America showing the location and ages of the Miocene calc-alkaline volcanic rocks occurring
in the present-day back-arc region of Patagonia. Black squares: tuffs interbedded with the synorogenic deposits of Santa Cruz
Formation and Zeballos Group; black triangles: intrusives (andesite porphyries, diorites, granites; Ramos, 2002; Ramos et al.,
2004); grey triangles: Patagonian adakites (Kay et al., 1993; Ramos et al., 2004); white triangles: actual volcanic arc edifices.
Diagonal pattern: Lower Miocene North Patagonian Batholith (NPB) granitoids (Pankhurst et al., 1999). Also shown the ge-
ometry of the Chile Ridge subduction along the continental border, black lines represent the present day position of the Chile
Ridge segments under subduction at the Taitao Peninsula, grey lines represents past location of the Chile Ridge segments at 6
Ma, 10 Ma, 14 Ma and 18 Ma. Arrows indicate the convergence vector for Nazca Plate since 48 Ma (after Cande and Leslie,
1986; Pardo-Casas and Molnar, 1987; Somoza, 1998; Breitsprecher and Thorkelson, 2009). Location of Fig. 1b is shown by a
frame; b. Regional geological map of the Aysén Region (Chile) and Santa Cruz Province (Argentina). The precise location of
the study area is indicated. Location of the detailed stratigraphic section of the Santa Cruz Formation by Blisniuk et al. (2005)
is indicated by a fuchsia arrow. LOFZ: Liquifie-Ofqui Fault Zone; PFTB: Patagonian Fold and Thrust Belt; SVZ: Southern
Volcanic Zones; AVZ: Austral Volcanic Zone; SCR: South Chile Ridge; CTJ: Chile Triple Junction; LGCBA: Lago General

Carrera-Buenos Aires.
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tuffaceous horizons interbedded with the sediments
(Feagle et al., 1995; Marshall et al., 1986; Blisniuk
et al., 2005). This depositional phase was sealed by
amajor final contractional tectonic event, leading to
the development of the main Cordillera frontal thrust
between 14.5 and ~12 Ma (Lagabrielle et al., 2004,
2006). Other records of Early to Middle Miocene
volcanic activity in Central Patagonia correspond to
scarce calc-alkaline subvolcanic bodies recognized
close to the studied area (Cerro Negro del Ghio and
Cerro Indio diorites; Ramos, 2002) and as far as
390 km south (Cerro Moyano and Cerro Elefante
andesitic porphyries; Linares and Gonzalez, 1990),
together with three Middle Miocene adakitic dacites
(Cerro Pampa, Chaltén and Puesto Nuevo; Kay et
al., 1993; Ramos et al., 2004), occurring also in

MIDDLE MIOCENE CALC-ALKALINE VOLCANISM IN CENTRAL PATAGONLA (47°S): PETROGENESIS AND IMPLICATIONS...

a back-arc position (Fig. 1a; Table 1). Other calc-
alkaline rocks occur further south but close to the arc
position (Cerro Blamaceda: 15.43 0.23 Ma U-Pb,
Sanchez et al., 2006 and Sanchez, 2010, personal
communication; Punto Bajo hornblende andesite
flow: 18.3 0.6 Ma, and Cerro Caleta granodiorite
sill: 19.7 0.6 Ma; Morello et al., 2001).

The foreland sediments are locally unconformably
overlain by Late Miocene-Early Pliocene alkaline
basalts derived from the subslab asthenosphere (the
Neogene Patagonian Plateau Lavas (NPPL) basaltic
province e.g., Gorring et al., 1997; Fig. 1b). Geo-
dynamic models suggest that these primitive partial
melts ascended through a tear in the slab (Guivel
et al., 2006) opened in the Nazca Plate in response
to the Chile Ridge subduction at 55°S, starting at

TABLE 1. WHOLE ROCK K-Ar AGES OF ROCKS OF THE ZEBALLOS VOLCANIC SEQUENCE.

Sample Rock type Dated Sequence K,0 “Ar, ¥Ar Age =+ Error
Material location (Wt%) (%) e’cm’g’ (Ma) (20)
PAT-36 Basalt Whole-rock  Zeballos hill 1.18 58.5 1.07 145 =+ 07
PAT-32 Trachy-andesite Whole-rock  Zeballos hill 3.12 72.9 1.50 148 =+ 0.7
PAT-37 Bas. Andesite  Whole-rock  Zeballos hill 1.75 70.8 095 150 = 07
PAT-33 Bas. Andesite Whole-rock  Zeballos hill 1.98 71.6 .15 165 =+ 08
Blisniuk et al. (2005); Ar/Ar total fusion in feldspar
LP-I>504.5 Tuff Feldspar South Lago Posadas - - - 1424 + 0.78*
LP331.5 Tuff Feldspar South Lago Posadas - - - 15.51 + 0.41*
LP251.7 Tuff Feldspar South Lago Posadas - - - 16.45 + 0.25*
LP 181.2 Tuff Feldspar South Lago Posadas - - - 16.71 + 0.63*
LP58.8 Tuff Feldspar South Lago Posadas - - - 18.15 £+ 0.31*
LP 10.0 Tuff Feldspar South Lago Posadas - - - 22.36 = 0.36*
Ramos (2002); whole-rock K-Ar
Cerro Indio Diorite Whole-rock  Zeballos valley - - - 132 + 09
Cerro Negro del Ghio Diorite Hornblende Zeballos valley - - - 181 =+ 1.2
Cerro Negro del Ghio Diorite Whole-rock  Zeballos valley - - - 158 £ 0.7
Cerro Negro del Ghio Diorite Whole-rock  Zeballos valley - - - 158 =+ 06
Linares and Gonzélez (1990); whole-rock K-Ar
Cerro Moyano Andesite porph. Whole-rock  South Lago Argentino - - - 160 + 1.0
Ramos et al. (2004); step heating “°Ar/®Ar
Cerro Pampa Dacite Hornblende Pampa del Asador - - - 11.79 = 096
Cerro Pampa Dacite Whole-rock  Pampa del Asador - - - 12.54 = 0.63
Puesto Nuevo Dacite Hormnblende Lago San Martin - - - 1297 + 1.14
Puesto Nuevo Dacite Whole-rock  Lago San Martin - - - 13.08 = 0.76
Chaltén Dacite Hornblende East Mt. Fitz Roy - - - 14.67 + 0.34

Ages of contemporaneous rocks occurring in Central Patagonia are also listed.
Decay constant: A,=0.581x10-'%r"'; A,=4.96x10"%r""; “K/K,,=0.0167

(*) 1o age uncertainties
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ca. 15 Ma (Cande and Leslie, 1986). Notably, and
particularly in the Meseta del Lago Buenos Aires
(MLBA) and Meseta Chile Chico (MCC) plateaux,
this basaltic sequence (‘main-plateau’ stage: 12.18-
3.32 Ma, Guivel et al., 2006) includes both pure
OIB-type alkaline basalts and transitional basalts. The
geochemical signature of the latter is intermediate
between alkaline and calc-alkaline magmas (La/Nb>1;
TiO,<2 wt%; Stern et al., 1990; Gorring et al.,
1997, 2003; Gorring and Kay, 2001; Espinoza et al.,
2005; Guivel et al., 2006). Younger Plio-Pleistocene
‘post-plateau’ bimodal magmatism shows typical
alkaline signatures. It includes primitive basanitic
melts which rose through a completely opened slab
window (Gorring ef al., 2003) and were later stored,
contaminated and differentiated in shallow crustal
reservoirs (Espinoza ef al., 2008).

2.1. Field observations and sampling in Cerro
Zeballos

The analyzed samples were collected from the
top of Cerro Zeballos (1,900 m a.s.l.), a remnant
relief located in the middle of the glacial valley of
El Zeballos/Alto Ghio rivers. This valley coincides
with the N160-170 Zeballos Fault Zone which defi-
nes here the morphotectonic front of the Cordillera
(Lagabrielle et al., 2004, 2006), and shows evidence
of Pliocene extensional tectonics (Lagabrielle et al.,
2007) which in tun may explain the young mor-
phology of Cerro Zeballos (Figs. 2a, 3a). The base
of this hill consists of synorogenic sandstones and
conglomerates of the Zeballos Group, characteris-
tically cross-cut by a network of east-west-striking
basaltic dikes which likely represent the feeders
of the overlying MLBA lava flows. Towards the
summit, the conglomerates crop-out as thick layers
forming steep cliffs (Fig. 3a). The studied volcanic
sequence (Zeballos Volcanic Sequence, ZVS; Figs.
2 and 3), ca. 25 m thick, rests unconformably over
the sediments, forming the top of the hill. The ZVS
includes a lower 10-12 m thick whitish andesitic flow
bearing centrimetric amphibole phenocrysts, and
the overlying upper dark-grey olivine basaltic flow,
also 10-12 m thick, which shows a well-preserved
scoriaceous surface (Fig. 3b; samples PAT-37 and
PAT-36, respectively). Several blocks of local origin
(~4 m in diameter) of coarse chaotic to well-bedded
breccia (debris flow-type) occur on the gentle south
slope of the hill (Figs. 3a, c, d). Rock fragments
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forming these blocks are metric and angular in the
coarse layers and centimetric and well rounded in
the stratified horizons, and are set in coarse and fine
volcaniclastic granular matrixes, respectively. They
are compositionally homogeneous and similar to
the andesitic deposit (no basaltic fragments were
recognized) (Figs. 3¢, d). Two of these fragments
were separated for dating and chemical analysis
(PAT-32 & -33). Based on these observations, good
stratigraphic correlations can be made between the
ZVS rocks and a detailed column of the Sta. Cruz
Formation measured ~65 km south of the study
area by Blisniuk e al. (2005) (Fig. 2b). A rounded
boulder of fresh porphyritic andesite collected in the
surroundings of Cerro Zeballos was also analyzed
(PAT-39). Commonly, these andesite boulders contain
centimetric to decimetric rounded amphibole- and
plagioclase-rich gabbroic nodules (Fig. 5a), one of
which was separated for analysis (PAT-38X). Fina-
lly, an isolated block (probably ice-transported) of
fresh porphyritic andesite (PAT-26) was collected
at 2,000 m altitude, east from Cerro Zeballos, on
the western scarps of the MLBA.

3. Analytical methods

Whole rock “K-*Ar ages were obtained at the
Université de Bretagne Occidentale (Brest, France)
geochronology laboratory. Analyses were performed
on the 0.5- to 0.15 mm-size fraction after crushing,
sieving and cleaning with distilled water of whole-
rock samples. One aliquot of sample was powde-
red for K analysis by atomic absorption after HF
chemical dissolution and 0.5-0.15-mm grains were
used for argon isotopic analyses. Argon extraction
was performed by the direct technique under high
vacuum (10-5-10-7 hPa) using induction heating
of a molybdenum crucible. The argon content was
measured by isotope dilution and argon isotopes were
analyzed in an 1808-geometry stainless steel mass
spectrometer, according to the original procedure
described by Bellon et al. (1981). Age calculations,
following the equation of Mahood and Drake (1982)
and using the constants recommended by Steiger and
Jager (1977), are given, with 2o error, in table 1.

Mineral chemistry (Table 2) was carried out at
Microsonde Sud (Montpellier, France), using a five
spectrometer Probe CAMEBAX SX-100 and at LMTG
(Toulouse, France) using a three spectrometer Probe
CAMEBAX SX-50. Analytical conditions were 10 nA,
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Zeballos (also known as Cerro Plomo) is shown by a circle. Note its isolated occurrence in the Portezuelo area, which marks
the divide in river’s flow direction (indicated by empty arrows); b. Stratigraphic columns showing correlations between a
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location of Blisniuk et al.’s work in figure 1b.

15-20 kV, using natural standards as reference and
ZAF corrections in both probes. A detailed account
of the procedure is given in Defant et al. (1991).
All major and selected trace element analyses
(Sc, V, Cr, Co, Ni, Zr) (Table 3) were performed on
agate-ground powders by ICP-AES at the chemical
laboratory of the Université de Bretagne Occidentale
(Brest, France). All data were measured using IWG-
GIT, BE-N, AC-E, PM-S and WS-E as standards.
Specific details for the analytical methods and sample
preparation can be found in Cotten et al. (1995).

Trace element analyses of the other five samples
(Table 3) were performed by ICP-MS using an Elan
6000 Perkin Elmer quadripolar ICP-MS at the LMTG
(Toulouse, France). Calibrations, internal standard
and interferences corrections were done following
the procedure described in Aries ef al. (2000). Data
quality was controlled by running BCR-2 standard.
Relative standard deviations are generally <5%.

The Sr and Nd isotopic compositions of five
selected samples (Table 4) were analyzed on a
Finnigan-Mat 261 multicollector mass spectrometer
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TABLE 2. REPRESENTATIVE EMPA MINERAL CHEMISTRY ANALYSES OF ROCKS OF THE MIOCENE ZEBALLOS VOLCANIC SEQUENCE.
Mineral Olivine Pyroxene Plagioclase Hornblende

Sample PAT-36 PAT-36 PAT-38A PAT-38A PAT-36 PAT-36 PAT-26 PAT-26 PAT-38A PAT-38A PAT-36 PAT-36 PAT-37 PAT-37 PAT-38A PAT-38A PAT-26 PAT-37
Rock Basalt Basalt Gabbro Gabbro Basalt Basalt Andesite Andesite Gabbro Gabbro Basalt Basalt Andesite Andesite Andesite Gabbro Andesite Andesite
No. analysis 27 54 5 14 11 15 79 71 2 4 46 48 2 68 70 107 140 54
Obs. rim core rim core core MF
Sio, 37.12 37.34 51.67 51.34 50.69 49.65 52.52 49.11 45.05 46.88 46.11 49.99 61.09 43.69 41.65 42.74 41.79 40.85
TiO, 0.07 0.03 0.20 0.07 0.96 0.69 0.31 0.89 0.00 0.00 0.00 0.09 0.04 0.01 3.08 1.78 2.58 2.56
ALO, 0.05 0.03 1.70 1.23 2.92 4.62 2.35 3.90 34.36 32.84 33.54 30.69 24.98 35.45 11.47 10.56 13.62 13.18
FeO 32.74 27.99 9.14 10.21 11.59 4.65 15.97 9.56 0.22 0.48 0.65 0.63 0.58 0.46 14.16 15.74 8.03 13.08
MnO 0.64 0.54 0.71 0.72 0.32 0.06 0.31 0.23 0.00 0.00 0.00 -0.00 0.02 -0.00 0.45 0.45 0.06 0.30
MgO 28.42 3351 12.89 11.25 11.35 14.72 26.35 12.58 0.00 0.00 0.05 0.09 0.04 0.00 11.96 11.09 15.56 12.50
CaOo 0.56 0.50 22.73 22.95 21.33 23.84 141 23.37 18.93 17.10 17.55 14.42 6.06 19.28 11.83 11.90 12.15 12.17
Na,O 0.03 0.03 0.32 0.33 0.53 0.21 0.01 0.29 0.84 1.77 1.64 3.45 6.58 0.68 2.33 241 2.18 2.57
K,0 0.00 -0.00 0.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.12 0.39 1.40 0.02 1.19 121 131 0.90
NiO 0.05 0.01 0.09 0.00 0.02 0.00 0.00 0.00 0.00 0.00 -0.00 0.03 0.00 0.00 0.04 0.00 0.03 0.00
Cr,0, 0.00 0.01 0.05 0.00 0.00 0.82 0.00 0.05 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.03 0.10 0.00
Total 99.66 99.99 99.51 98.11 99.77 99.26 99.23 99.98 99.39 99.07 99.66 99.79 100.78 99.58 98.15 97.93 97.41 98.10
Si 1.021 1.001 1.943 1.975 1.918 1.837 1.910 1.836 2.094 2.177 2.137 2.297 2.705 2.035 6.202 6.425 6.071 6.043
Ti 0.001 0.001 0.006 0.002 0.027 0.019 0.009 0.025 0.000 0.000 0.000 0.003 0.001 0.000 0.344 0.201 0.282 0.285
Al 0.001 0.001 0.075 0.056 0.130 0.202 0.101 0.172 1.882 1.797 1.832 1.662 1.303 1.946 2.014 1.871 2.331 2.297
Fe? 0.753 0.628 0.240 0.314 0.347 0.069 0.426 0.177 0.009 0.019 0.025 0.024 0.021 0.018 1.622 1.912 0.764 1.402
Fes - - 0.049 0.015 0.021 0.076 0.062 0.125 - - - - 0.000 0.000 0.141 0.067 0.211 0.216
Mn? 0.015 0.012 0.023 0.023 0.010 0.002 0.009 0.007 0.000 0.000 0.000 0.000 0.001 0.000 0.056 0.058 0.007 0.037
Mg 1.166 1.339 0.722 0.645 0.640 0.812 1.429 0.701 0.000 0.000 0.003 0.006 0.003 0.000 2.655 2.486 3.369 2.757
Ca 0.017 0.014 0.916 0.946 0.865 0.945 0.055 0.936 0.943 0.851 0.872 0.710 0.287 0.962 1.887 1.917 1.890 1.929
Na 0.002 0.001 0.023 0.024 0.039 0.015 0.001 0.021 0.076 0.160 0.147 0.307 0.565 0.061 0.672 0.702 0.614 0.738
K 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.007 0.023 0.079 0.001 0.226 0.233 0.243 0.171
Ni 0.001 0.000 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.004 0.000
Cré* 0.000 0.000 0.002 0.000 0.000 0.024 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.012 0.000
Sum 2.978 2.998 4.001 4.000 4.001 4.001 4.003 4.003 5.003 5.004 5.024 5.033 4.964 5.023 15.825 15.875 15.798 15.875
mg# - - 0.75 0.67 0.65 0.92 0.77 0.80 - - - - - - - - - -
En (Fo) 0.61 0.68 37.05 33.19 34.02 42.65 72.11 36.03 - - - - - - - - - -
Fs (Fa) 0.39 0.32 15.97 18.14 20.05 7.70 25.12 15.88 - - - - - - - - - -
Wo - - 46.97 48.67 45.93 49.64 2.77 48.09 - - - - - - - - - -
An - - - - - - - - 92.58 84.20 84.97 68.31 30.86 93.91 - - - -
Ab - - - - - - - - 7.42 15.80 14.36 29.52 60.65 5.96 - - - -
Or - - - - - - - - 0.00 0.00 0.68 217 8.49 0.13 - - - -

Cation per formula unit of representative olivine based on 4 Ox, pyroxenes on 6 Ox, plagioclase on 8 Ox and hornblende on 23 Ox.
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TABLE 3. REPRESENTATIVE GEOCHEMICAL ANALYSES OF MIOCENE CALC-ALKALINE ROCKS OF THE
ZEBALLOS VOLCANIC SEQUENCE.

Sample PAT 26 PAT 32 PAT 33* PAT 36 PAT 37 PAT 38 PAT 39*

Age [Ma] 148 165 145 15.0 - -
UTM 290,427/ 286,986/ 286,986/ 287,489/ 287,489/ 287,489/ 287,489/
4,789,707 4,790,211 4,790,211 4,790,582 4,790,582 4,790,582 4,790,582

Rock Type Basaltic Andesite Andesite Basaltic Andesite = Basalt Basaltic Andesite Gabbro  Basaltic andesite

Major elements (wt%)

Sio, 54.60 57.65 53.00 46.70 55.50 42.00 52.70
TiO, 1.21 0.93 1.19 1.56 0.82 1.55 1.09
ALO, 18.30 18.20 16.50 17.60 19.00 18.90 17.95
Fe,0, .. 8.20 6.45 9.20 11.35 6.95 13.63 8.46
MnO~ 0.14 0.15 0.17 0.17 021 023 0.21
MgO 2.88 1.90 4.53 5.30 233 545 348
Ca0 7.86 6.44 9.76 12.30 8.40 14.20 8.77
Na,O 3.15 341 2.77 2.35 3.68 1.95 3.56
K0 217 3.19 1.98 1.18 1.74 0.49 1.92
PO, 0.44 0.36 0.31 0.34 0.42 0.84 037
L.O.L 1.06 1.30 0.78 1.26 0.75 047 1.10
TOTAL 100.01 99.98 100.19 100.11 99.80 99.71 99.61
Trace elements (ppm)

Rb 43.1 83.7 57.0 284 38.3 4.1 46.0
Sr 1048.3 750.0 705.0 597.4 955.6 915.7 865.0
Ba 389.3 585.8 445.0 206.2 534.3 1434 525.0
Sc 17.0 8.5 31.0 44.0 10.0 26.0 18.0
v 222.0 150.0 298.0 406.0 138.0 362.0 246.0
Cr 25.0 3.0 85.0 89.0 8.0 29.0 20.0
Co 18.0 10.0 26.0 35.0 11.0 26.0 20.0
Ni 8.5 1.5 18.0 19.0 4.5 13.0 13.0
Y 23.0 250 23.0 18.9 233 214 26.0
Zr 147.0 172.0 130.0 85.0 134.0 50.0 148.0
Nb 9.8 104 8.1 5.9 12.8 42 11.2
Cu 28.6 104 - 704 16.7 29.9 -
Zn 85.7 94.0 - 75.5 101.6 116.6 -
Ga 220 220 - 18.6 242 23.7 -
Ge 1.5 1.6 - 1.7 1.7 1.5 -
As 0.8 1.5 - 2.2 13 0.5 -
Mo 0.8 1.1 - 0.8 0.9 0.2 -
Cd 0.1 0.1 - 0.0 0.1 0.1 -
Sn 13 15 - 1.0 1.0 1.0 -
Cs 2.5 29 - 0.9 0.8 0.1 -
La 23.8 29.2 22.5 11.8 339 13.2 33.0
Ce 513 60.6 48.0 27.8 69.3 32.8 64.0
Pr 6.9 75 - 4.0 8.7 5.1 -
Nd 29.2 302 26.5 182 355 25.1 320
Sm 6.2 6.3 58 43 6.7 6.2 6.5
Eu 1.7 1.7 1.6 14 2.0 1.8 1.9
Gd 52 5.1 5.1 4.1 53 54 54
Tb 0.7 0.7 - 0.6 0.7 0.8 -
Dy 4.0 44 4.1 3.7 42 44 4.6
Ho 0.8 0.9 - 0.7 0.8 0.8 -
Er 23 2.6 23 2.0 24 2.2 25
Tm 03 04 - 03 0.3 0.3 -
Yb 2.0 24 22 1.7 2.1 1.7 24
Lu 03 04 - 03 03 02 -
Hf 37 4.5 - 2.2 34 1.7 -
Ta 0.5 0.7 - 0.3 0.7 0.2 -
Pb 6.0 8.5 - 2.0 5.0 1.9 -
Tl 0.1 04 - 0.1 02 0.0 -
Th 4.1 8.9 6.0 1.8 6.2 1.2 6.8
U 1.0 2.1 - 0.5 1.0 03 -

* samples analyzed only by ICP-AES at UBO, Brest (France).
Sc, V, Cr, Co, Ni, Zr analyzed by ICP-AES
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FIG. 3. Field photographs of a. view of Cerro Zeballos from the southwest, note the cliff in the upper part formed by the synorogenic
sandstones of the Zeballos Group; b. part of the studied volcanic sequence outcropping on top of the hill; c. large (~4 m di-
ameter) breccia blocks deposited on the south slope of the Zeballos hill; d. close up view of the fragments forming the breccia

in ¢ (centimetric scale bar in the photograph).
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at the LMTG (Toulouse, France). Sr and Nd were
first separated from the matrix using the Sr SPEC,
LN-SPEC and TRU-SPEC resins, following the
technique set up by Pin ef al. (1995). Sr was loaded
on a W single filament with a TaCl ‘activator’ and
Nd was loaded on one of two Re filaments. Isotopic
ratios were corrected for any laboratory bias, as
described in Benoit ef al. (1996), using the NBS
standard solution for Sr and the La Jolla standard for
Nd. The present-day Chondritic Uniform Reservoir
(CHUR) value used is 0.512638 for “*Nd/"*“Nd.

4. Geochronology

The ages of four samples are presented in table 1.
They range from uppermost Lower Miocene (16.52
Ma) to Middle Miocene (15.08, 14.82, 14.48 Ma).
According to them, the final event of effusive calc-
alkaline andesitic volcanism occurred in the Zeballos
area at ca. 14 Ma, two My after the cessation of
plutonism in the NPB and two My before the start
of basaltic flood volcanism in the back-arc. These
ages agree with those obtained by Boutonnet ef al.
(2010) in similar rocks, and by Marshall et al. (1986),
Feagle ef al. (1995) and Blisniuk et al. (2005) on
tuffs interbedded with sediments of the Santa Cruz
Formation (22-14 Ma; Fig. 2b), and with the age
of several subvolcanic rocks occurring east of the
Patagonian Fold and Thrust Belt in the extra Andean
zone (Cerro Indio and Cerro Negro del Ghio: 18-13
Ma, Ramos, 2002; Cerro Moyano: 16+1 Ma, Linares
and Gonzalez, 1990; Table 1). These results indicate
that deposition of synorogenic sediments (i.e., the
construction of the Patagonian Cordillera) was coeval
with a volcanic episode, with a later generation of
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gravitational debris flows probably resulting from
surface uplift. In addition, the existence far south
of some coeval intrusives indicates that this Early-
Middle Miocene magmatic episode developed all
along the extra Andean zone (Michael, 1983; Sanchez
et al., 2006).

The age of the youngest dated calc-alkaline sam-
ple (14.48 0.36 Ma) suggests a ca. 2 Ma quiescence
of volcanic activity in the area until the beginning
of the basaltic OIB-type volcanism in the Neogene
Patagonian Plateau Lavas (12.4 0.4 Ma, Gorring
et al., 1997), and especially in the adjacent MLBA
(12.18 0.34 Ma, Guivel et al., 2006).

5. Mineral chemistry
5.1. Lavas

The studied rocks present typical porphyritic to
trachytic textures with olivine phenocrysts (in the
case of the basalt), pyroxene, amphibole and feldspar,
plus Fe-Ti oxides set in a fine grained crystalline
groundmass made up of plagioclase laths plus granular
to prismatic crystals of clinopyroxene and opaque
oxides. Representative electron micropobe analyses
of minerals are summarized in table 2.

The basalt (PAT-36) is highly porphyritic; it
consists of almost completely altered (iddingsite)
subhedral olivine (Fo,; () with Fe-rich rims (Fig. 4¢),
big (>1 mm) subhedral to euhedral oscillatory-zoned
diopside (Wo,, ,.En,, . Fs ) and zoned calcic plagio-
clase phenocrysts (An,, ,.Ab,, . Or, ). The plagioclase
show sieve textures, and are characterized by mineral-
and fluid- inclusion rich zones alternating with clean

ones. The intergranular groundmass of this sample is

TABLE 4. Sr-Nd ISOTOPIC DATA FOR MIOCENE CALC-ALKALINE ROCKS OF THE ZEBALLOS VOLCANIC

SEQUENCE.
Sample Rock Rb Sr Sm Nd YRb/™Sr  ¥Sr/™Sr  ('Sr/™Sr)o Sm/"“Nd '®Nd/'“Nd (**Nd/'“Nd)o eNd-
type CHURt
PAT-26  Basaltic 43.1 10483 6.2 29.2 0.11892 0.70366 0.70366  0.128438 0.512780  0.512776 +2.8
Andesite
PAT-32  Andesite 837 7500 6.3 30.2 0.32280 0.70407 0.70400  0.126188 0.512636  0.512624 +0.1
PAT-36 Basalt 284 5974 43 18.2 0.13751 0.70372 0.70369  0.142916 0.512829  0.512815 +3.8
PAT-37 Basaltic 383 9556 6.7 355 0.11593 0.70404 0.70402  0.114164 0.512738  0.512727 +2.1
Andesite
PAT-38  Gabbro 41 9157 62 25.1 0.01295 0.70382 0.70382  0.149418 0.512749  0.512749 +2.2
NBS 987 Standard 0.710238 0.710250
LaJolla Standard 0.511847 0.511858
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made up of tiny Ca-poor plagioclase, diopside prisms
and abundant Fe-Ti oxides, with compositions similar
to those of the phenocrysts (Fig. 4a, b).

Basaltic andesites (PAT-26, -33, -37, -38A, -39)
and a single andesite sample (PAT-32) are porphyri-
tic and rather homogeneous. They contain variable
amounts of subhedral zoned Ca-amphibole pheno-
crysts with compositions varying between edenite,
pargasite, hastingsite and hornblende. Calcic to
slightly sodic plagioclase (An, ,,Ab, ,Or, ) with
complex oscillatory zoning patterns is an abundant
primary phase (Fig. 4a). Weakly normally zoned
augite and diopside (Wo,, En,, , Fs ), unzoned
clinoenstatite (Eng,Wo,Fs,;) plus Fe-Ti oxides
complete the phenocryst assemblage. Groundmasses
are fine-grained and made up of plagioclase laths,
acicular clinopyroxene plus tiny granular opaque Fe-
Ti oxides with compositions similar to those of the

(a)

phenocrysts (Fig. 4 a, b). In some samples, altered
olivine microphenocrysts were also found (Fig. 5d).

5.2. Mafic nodules

Mafic nodules show sharp contacts with the host
lavas (Fig. 5a). They are holocrystalline coarse-grained
amphibole gabbros (Fig. 5b, ¢), composed by ferroan
pargasite- ferroan pargasitic hornblende (45 modal
%), anorthite-bytownite plagioclase (An,, ., Ab, , 35
modal %,; Fig. 4a), diopside (Wo,, ,,En,, . Fs . .. 10
modal %; Fig. 4b) partly replaced by amphibole (Fig.
5¢), Fe-Ti oxides (5 modal %), and up to 5 modal %
accessory apatite and zircon. Mineral intergrowths
are common among these crystals. Amphibole and
clinopyroxene have compositions similar to those of
the host andesite, while plagioclases are Ca-richer
in the nodule (Fig. 4).

* Gabbro nodule
® Fox center

O Fex border

W Groundmass
-~ Core to rim

04

FIG. 4. a. Ab-An-Or ternary compositional diagram for analyzed feldspar, b. classification diagram for pyroxenes (Morimoto ef al.,
1988) in the studied rocks; ¢. Forsterite percentage content of olivine in the analyzed basalt. Compositional patterns of oscil-

latory zonation in plagioclase are indicated by arrows.
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FIG. 5. Microphotographs of rocks from the Zeballos Volcanic Sequence. a. Sharp contact between a gabbroic nodule and the host
porphyritic lava (dashed line); b. mineral assemblage of the nodules (pl+amph+cpx+mt+ap+zr); ¢. Subsolidus disequilibrium
texture of clinopyroxenes partially transformed into amphibole in a nodule; d. altered olivine microxenocrysts in an Hb-bearing
andesite evidencing mixing with basaltic melts (see text for explanations). Scale bar in photographs.

6. Geochemistry
6.1. Major and trace elements

Samples are subalkaline (according to Irvine and
Baragar, 1971) and define a high-K calc-alkaline
trend evolving from basalt to basaltic andesites
and andesites, in the SiO, versus K,O diagram
(Le Bas ez al., 1986; Fig. 6; Table 3). High AL O,
and low TiO, also indicate an arc-like signature
for the Zeballos Volcanic Sequence. CIPW norm
indicates silica oversaturation (qz-normative) for
the intermediate samples, whereas the basalt and the
gabbroic nodule are ne-normative. Silica contents
vary between 46.7 to 57.7 wt%, and the nodule
displays a picritic basalt chemical composition (42
wi% Si0O,); the magnesium numbers (mg#) range
from 0.52 to 0.40.

Major oxides versus silica plots are presented in
figure 7a. CaO, TiO,, Fe_, and MgO decrease with
increasing silica contents, while K,0, Na,O and
ALQ, contents tend to increase. The gabbro nodule
plots always consistently at the low silica end of
each trend defined by the other samples.

Variation diagrams for trace elements (ppm)
versus silica (wt%) are shown in figure 7b. Highly
incompatible elements such as Nb (Fig. 7b) and
Zr, Th, Ta, Hf, Th (not shown) display positive
correlations with SiO,; while Ni, Cr, Sc (Fig. 7b)
and V, Co (not shown) decrease drastically as silica
increases. In particular, the Cr contents of the two
least differentiated samples (PAT-36 and -33; 89 and
85 ppm Cr, respectively) are significantly higher than
those of the other analyzed rocks (3-29 ppm Cr),
being similar to those of the Patagonian adakites
(81-102 ppm) but lower than the contents of some
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FIG. 6. SiO, versus K,0 wt% diagram (after Peccerillo and Taylor, 1976) for the studied rocks of the Zeballos Volcanic Sequence
(ZVS). Miocene andesitic intrusives (black crosses; Ramos ef al., 2004) and Lower Miocene North Patagonian Batholith (NPB)
granitoids (black circles, Pankhurst ef al., 1999; Parada et al., 2000) are also plotted. Fields for Meseta del Lago Buenos Aires
(MLBA), Meseta Chile Chico (MCC), main-plateau transitional basalts from the Neogene Patagonian Plateau Lavas (NPPL,
12-4 Ma; Gorring et al., 1997; Gorring et al., 2003; Espinoza et al., 2005; Guivel et al., 2006), Patagonian Adakites (Kay ef
al., 1993; Ramos et al., 2004), Southern South Volcanic Zone (SSVZ; D’Orazio et al., 2003; Lopez-Escobar et al., 1993; Futa
and Stern, 1988) and some South America Flat Slab region volcanic rocks (Pocho volcanic rocks, Kay and Gordillo, 1994;
Chachahuén volcanic complex, Kay ef al., 2006) were drawn for comparison.

mafic Miocene granitoids of the NPB (213-340 ppm).
The same behavior is observed to a lesser extent for
Ni and Co. Ba and Sr increase together with silica
in the whole series, while Rb content decreases. The
most evolved andesitic sample (PAT-32) displays
a very high Rb content (84 ppm) compared to the
other samples (28-57 ppm Rb; Fig. 7b). Particularly,
the Sr content is higher in the studied lavas than in
the other calc-alkaline Miocene rocks at similar Si
contents, but lower than in the Patagonian adakites
(Fig. 7b). The gabbro nodule has higher Sr and Y
and lower Sc, Ni, Cr (Fig. 7b) and V, Co (not shown)
than the basaltic sample.

Rare Earth Elements (REE) patterns of analyzed
samples are presented in figure 8a. Basaltic andesites
and the andesite PAT-32 have similar sub-parallel

fractionated patterns, enriched in light REE ((La/
Yb),=6.8-10.8) with subhorizontal heavy REE
((Ho/Yb),=1.2-1.3) and slightly concave down-
ward middle REE patterns ((Dy/Yb),=1.2-1.3),
respectively. No marked Eu anomaly is observed
in these rocks. The basalt displays lower REE
concentrations than the intermediate samples, with
a less fractionated pattern ((La/Yb),=4.5), no Eu
anomaly, no middle REE concavity and slightly
more fractionated heavy REE ((Ho/Yb),= 1.4). The
gabbroic nodule pattern has a shape similar to that
of the basalt ((Ho/Yb),=1.5), but displays slightly
higher middle to light REE concentrations. As a
whole, the REE patterns of the ZVS plot within
the field defined by the transitional basalts of the
MCC and MLBA plateaus (Fig. 8a).
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Primitive mantle-normalized diagrams show that
the studied rocks are variably enriched in Large Ion
Lithophile Elements (LILE) and homogeneously
depleted in High Field Strength Elements (HFSE)
(Fig. 8b). Marked negative Nb-Ta, Hf, Ti and positive
K, Pb and Sr anomalies are observed for all samples.
The analyzed basalt displays lower contents in all
incompatible trace elements than the intermediate
lavas. The gabbroic nodule is extremely depleted
in the most incompatible elements, and displays
marked negative Rb, Nb-Ta, Hf-Zr and positive P
anomalies. Once again, the studied rocks plot con-
sistently within the field defined by the transitional
basalts of MCC and MLBA, which are characterized
by similar anomalies (Espinoza ef al., 2005; Guivel
et al., 2006).

6.2. Sr-Nd isotopes

Four lava samples (a basalt, two basaltic ande-
sites and an andesite) and the gabbroic nodule were
analyzed for Sr and Nd isotopic compositions (Table
4). The corresponding data, after age corrections,
form a coherent trend in the second quadrant of the
Sr-Nd diagram (Fig. 9). The initial *’Sr/*Sr of the
five samples is restricted to values ranging between
0.70366-0.70402, and all but the andesite (the most
evolved analyzed lava) display a narrow range of €,
values between +2.1 and +3.8, while the andesite
has a lower €, (+0.1). The analyzed rocks plot close
to the Early Miocene NPB granitoids (Pankhurst et
al., 1999), but differ significantly from Mesozoic
intrusives and Late Miocene-Pliocene satellite bo-
dies of the Batholith, which have a more radiogenic
signature. In addition, the ZVS rocks plot within the
field defined by the transitional basalts (~12-4 Ma)
of the Neogene Patagonian plateau lavas (Gorring
etal., 1997; Gorring and Kay, 2001; Espinoza et al.,
2005; Guivel et al., 2006).

7. Discussion

7.1. Evidence of evolution by fractional crysta-
Ilization for the Zeballos Volcanic Sequence

Major and trace element variation diagrams
suggest derivation by fractional crystallization of
the Zeballos Volcanic Sequence from a parental
basaltic liquid, similar in composition with basalt
PAT-36. The compatible behavior of some major
and trace elements such as Ca0, TiO,, Fe _, MgO

total”
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and Sc, Ni, Cr and V, Co suggests early olivine and
later clinopyroxene plus Fe-Ti oxide fractionation
from this kind of magma. In addition, amphibole
fractionation is suggested by the decrease of Rb/Ba,
K/Ba and Dy/Yb ratios (concave-downwards middle
REE patterns of the intermediate lavas, with (Dy/Yb)
~—1.2-1.3), although apatite fractionation may also
contribute to this feature. The rather regular increase
of Na,0 and AlO, with silica contents of the lava
samples, along with its fairly high Sr concentrations
and the lack of significant Eu anomalies, suggest
that plagioclase fractionation did not control the
differentiation process at any stage. Similarly, alkali
feldspar fractionation is not recorded in ZV'S rocks
chemistry, as indicated by the increase of Ba with
silica contents. Highly incompatible elements as Th,
Nb, Ta, Hf, Zr, Y and REEs are enriched in the most
differentiated samples, suggesting that these elements
were stored in the residual liquid as fractionation of
major and accessory phases occurred. Similar char-
acteristics are partially recognized in other Miocene
calc-alkaline Patagonian rocks (NPB granitoids and
back-arc intrusives; Fig. 7a, b).

Depletions in Rb, Nb-Ta, Hf-Zr and enrichment
in P in the gabbro nodule are consistent with crys-
tallization of hornblende, zircon and apatite, which
are present in high modal abundances in this rock.
Panjasawatwong et al. (1995) have shown a strong
control of melt CaO and AL O, on the plagioclase
An content, concluding that An_ plagioclase can-
not crystallize from intermediate magma under
any P-T-H,O conditions. Moreover, this composi-
tion can only be produced by crystallization from
water-rich basaltic melts. Therefore, the nodules
from ZVS lavas record the addition of considerable
amounts of water either to the melting zone where
calc-alkaline melts were produced or to primitive
basaltic liquids (from which mineral phases in the
nodules would have crystallized), which would
have later interacted with intermediate melts (see
below). Moreover, absence of Eu anomalies in the
REE patterns of analysed rocks (Fig. 8a) suggest
that magmas were stabilized under high pressure
and/or oxidizing conditions, further suggesting
water involvement (e.g., Aigner-Torres et al., 2007).
The application of the Holland and Blundy (1994)
geothermometer to several amphibole-plagioclase
pairs evidencing equilibrium (as inclusions or in
direct contact) yields crystallization temperatures
between 980° and 880°C for pressures of 1 and 0.5
GPa, respectively.
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FIG. 7a. Selected major oxides (wt%, values on anhydrous basis) versus silica (wt%) diagrams for rocks of the Zeballos Volcanic Se-
quence. Lower Miocene North Patagonian Batholith (NPB) granitoids (Pankhurst ef al., 1999; Parada et al., 2000) and Miocene
intrusives (Ramos et al., 2004) are also plotted. Compositional fields for Meseta del Lago Buenos Aires (MLBA), Meseta Chile
Chico (MCC) and the Neogene Patagonian Plateau Lavas (NPPL) transitional and alkaline basalts (ca. 12-4 Ma; Gorring et al.,
1997; Espinoza ef al., 2005; Guivel et al., 2006) and that for the Patagonian Adakites (Kay ef al., 1993; Ramos et al., 2004)
were drawn for comparison.



Espinoza et al./ Andean Geology 37 (2): 300-328, 2010 317
400 T l_l__l_ TTTT TTTT TTTT TTTT TTTT | TTTT | T 80 TTTT T !_I_J TTTT TTTT TTTT TTTT TTTT | T
O Cr 70 | ' ' Ni 4
. I~ -
300 [ 1 60 N
50 [~ : -
200 [ * 4 st i
30 T
100 4
1,500
1,000 [— *7]
r - 1.500 [~
- * —
- - - — L} —
B - - u ¥ . ] 1,000 [~ o _
500 - 5 - & [
C S i - |
[ . 500 - TR .
LTS o * ® .
_I 11 | L1l ] | L1l ] I | 111 | 1111 | 1111 | 111 | 1111 | 1111 |.I ] I.I |.
100 e SO [T T[Tt el
 Rb - . o Sc
80 1l 40— ]
60 [- . 1 30 oA " 1
- _ *
n 2 . L] 4
40 [ ] | ] 1 20—
.l e ..
L E . 4
20 [ 1 10r
S e o A R anmnananmn MR
Ly .
10 {. ; 7 B : T
- 3 . —
° L]
30 . 4 20 —
L]
- u - 1 -
; (N [
0k - " . . - By = . . i
-4 . u .
- ° * _ * o o o.. ° . °
,Io 1111 | 1111 I 1111 I 1111 I 1111 I 11 I.I I 1111 I 1 0 1111 I 1111 I 1111 I 1111 I 1111 | 1111 I 1111 I |
40 45 50 55 60 65 70 75 40 45 50 55 60 65 70 75
SiO; wt% SiO, wt%

FIG. 7b. Selected trace elements (ppm) versus silica (wt%) diagrams for rocks of the Zeballos Volcanic Sequence. Simbology as in

figure 7a.



318 MIDDLE MIOCENE CALC-ALKALINE VOLCANISM IN CENTRAL PATAGONLA (47°S): PETROGENESIS AND IMPLICATIONS...
WwoeE—T—71 1 1 1 T 1 T T 1T T T 1 T 4 MWOoOETTT 1T T I TTIT i TTTTTTI T TTTTITrTIT1T1g
= a) J = b) 3
C 7 : o8 ]
= T 100 E
100 — (1) E
g E 3 % ! . 7
= 3 . -
© C J = £ s
c . s ta
s - 4 2wg o -
£ = = b - - = |
v oL 1 E E : - V‘I—zz 3
5 o - | ) =)
S 1w e | 3 | |
= T 3 zo
F 3 1E 3
u 1 C | ‘ | ]
Rb Th Ta K Ce Pr Hf | Sm Ti Yb
1 | 1 1 1 | | | 1 1 1 | | | 1 1 I 1 I | T | I‘ | T | T I 1 I 1 ; 1 I 1 I I 1 : | :
La Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu CG Ba U Nb La Pb St Nd 2Zr Eu To Ho Er Lu
FIG. 8. a. Chondrite-normalized (Nakamura ef al., 1973) rare earth elements diagrams and b. Primitive mantle-normalized (Sun and

McDonough, 1989) trace elements for rock samples of the Zeballos Volcanic Sequence. Compositional fields for Meseta del
Lago Buenos Aires (MLBA), Meseta Chile Chico (MCC) and the Neogene Patagonian Plateau Lavas (NPPL) transitional
(light grey field) and alkaline basalts (segmented line) (ca. 12-4 Ma; Gorring ef al., 1997; Espinoza ef al., 2005; Guivel ef al.,
2006) were drawn for comparison. OIB patterns from Sun and McDonough (1989). Simbology as in figure 7a.

7.2. Possible origin of the transitional signature
of some Neogene Patagonian plateau basalts

The transitional signature of Neogene Patago-
nian Plateau Basalts is defined as an intermediate
between alkaline and calc-alkaline geochemical
affinities, characterized by arc-like magmatism
features (Nb and Ti depletions, La/Nb>1, low Ce/Pb
and Nb/U), combined with a clear OIB-type intraplate
imprint (Ba/La=10-20, high contents in both LILE
and HFSE). The origin of this signature has been
attributed to the generation of these plateau basalts
from an enriched asthenospheric source combined
with the contribution of a lithospheric component
involving: i) subducted basaltic slab-derived melts/
fluids, ii) subducted crustal sediment-derived fluids/
melts, and/or iii) older calc-alkaline magmas (not
previously recognized) stored at crustal levels (Go-
rring and Kay, 2001; Espinoza et al., 2005; Guivel
et al., 2006). As shown by Guivel et al. (2006),
the intensity of Nb and Ti depletion is attenuated
during differentiation, suggesting that it is related
to the ‘local’ source of these basalts rather than
representing an overall regional mantle feature.
Therefore, these anomalies are likely related to the
occurrence of a restitic rutile-bearing residue of
slab melts (produced at the edges of the slab tear,
see Thorkelson and Breitsprecher, 2005; Guivel et
al., 2006) in the shallow asthenospheric or deep
lithospheric Patagonian mantle. Indeed, rutile retains
only Nb, Ta and Ti and is commonly observed as
a residual phase during partial melting of oceanic

basalts under P-T conditions consistent with those of
hot subduction zones (Ringwood, 1990; Foley et al.,
2000; Schmidt et al., 2004). In addition, ca. 9 Ma old
calc-alkaline rhyolitic tuffs interbedded with basalts
of MCC were previously thought to be responsible
(by mixing processes) for this signature (Espinoza et
al., 2005). However, other major and arc-like trace
element characteristics observed in the transitional
basalts (e.g., slightly higher SiO,, Th/Yb, Zt/Nb and
lower Ce/Pb than those of alkali basalts; Fig. 10),
are not explained by the process described above.
Then, the influence of a subduction component in
the chemistry of transitional basalt represented by
the ZVS magmas, is supported by arc-like signature
recognized in their trace element contents (La/Nb>1,
high Th/Nb and Ba/Nb, low Nb/Zr and Ta/Hf<0.4;
Fig. 10). Furthermore, trace elements contents and
ratios (LILE/HFSE; HFSE/HFSE) of transitional
basalts plot consistently between those of genuine
alkali basalts and ZVS rocks, suggesting a mixing
origin for them (e.g., Ce/Pb, Nb/U, La/Yb, LILE/
Nb; Fig. 10). In addition, disequilibrium features
evidencing mixing are recognized in plagioclase
from the intermediate lavas and the basalt as oscilla-
tory zoning patterns (Fig. 4a), and in some basaltic
andesites where altered olivine microphenocrystals
are found (Fig. 5d). Further evidence supporting the
mixing hypothesis is the fact that transitional basalts
were emplaced randomly during the main-plateau
volcanic stage (Guivel et al., 2006), and their flows
are interbedded with those of pure alkali basaltic
composition.
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7.3. Miocene calc-alkaline magma sources

The calc-alkaline nature of ZVS rocks suggests
that these magmas would have been generated by
some type of subduction-related magmatic processes,
as reflected by its chemical signature. Then, magma
source of ZVS could have been variably influenced
by subducting slab and/or subducted sediments ftuids/
melts and/or continental crust material, as usually
envisioned for subduction-related magmatism (e.g.,
Ellam and Hawkesworth, 1988). However, a clear
crustal signal is not recognized in ZVS magmas
neither in their trace elements features nor in their
isotopic ratios (see Figs. 7, 9). Rather low contents
of source enrichment tracers (e.g., Ta, Hf, Nb) and
unradiogenic isotopic ratios are consistent with de-
rivation of the ZVS magmas from an incompatible
element-depleted and unradiogenic mantle source.
Besides, flat HREE patterns ((La/Yb),=10-15;
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(Sm/Yb),=2.5-3.5; Fig. 10e) preclude their deriva-
tion from a deep garnet-bearing source similar to
that of NPPL basalts (Gorring et al., 1997; Gorring
and Kay, 2001; Espinoza et al., 2005). On the other
hand, subducted sediments fluids/melts involvement
could be depicted by Th contents (e.g., Kilian and
Behrman, 2003). Th is often metasomatically added
to arc mantle-source regions, a process which leads to
accentuate the negative Nb anomalies characteristic
of arc magmas in multielemental spider diagrams
(e.g., Fig. 8b). In the Nb/YD versus Th/Yb diagram
of Pearce and Peate (1995) (Fig. 10a), ZVS rocks
plot towards higher Th at a given Nb than do NPPL
alkali basalts, which lie well within the mantle array
(consistent for rocks with very little or lacking
subduction components), reflecting an arc-type
sediment imprint in the source of studied rocks.
Furthermore, fluid-mobile element signature varies
with differentiation (increasing LILE/HFSE: Th/Nb,
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Th/Hf, Ba/Nb, decreasing Ce/Pb; Fig. 10c, d, g),
implying that the influence of subducted sediment
components varied throughout magmatic evolution.
In addition, the higher than-MORB Th/U ratio of
ZVS rocks confirms the need for sediment addition
to its mantle source.

Regarding Miocene magma sources, the lack
of any important crustal signature both in the
former westernmost arc (NPB) and the studied
volcanic rocks is noteworthy. Miocene granitoids
are mostly mafic rocks with calc-alkaline affinity,
directly related to subduction, having primitive
isotopic signatures (Fig. 9). Crustal influence (high
8Sr/%Sr) is only recognized in older (Mesozoic)
and younger (Late Miocene-Pliocene) granitoids
from the NPB (Pankhurst et al., 1999). Thus, the
fairly similar unradiogenic isotopic signatures of
Miocene rocks suggest a rather common mantle
source (Fig. 9). Coeval and later to ZVS, the Pa-
tagonian adakitic rocks have high Cr, Ni and Sr
contents, HREE depletion and strongly unradiogenic
isotopic signatures. All these features are consistent
with melts generated from the subducting slab and
then ascending through an enriched mantle wed-
ge, where compatible elements such as Cr and Ni
would be included into the uprising liquids (Kay
et al., 1993; Ramos et al., 2004). In the ZVS, the
two less differentiated rocks have higher Cr con-
tents, and to a minor extent Ni contents, than those
of the intermediate lavas, and similar to those of
Patagonian adakites and to some NPB granitoids
(Fig. 7b). This evidences the interaction of parental
ZVS liquids, and similarly, of NPB magmas, with
an enriched component, probably represented by
the mantle above their melting regions.

As shown previously, ZVS and Miocene intru-
sives share geochemical features with the Miocene
NPB granitoids, but also they differ significantly.
First, they belong to a high-K series, while coeval
NPB granitoids display a low-K calc-alkaline
trend (Fig. 6). Second, although similar behaviors
are observed for some major and trace elements,
discrepancies in MgO, AlL,O, and in Sr, Ba, Y, Nb
and Th contents between them and NPB granitoids
suggests that their magmatic evolution followed
different fractionation trends (Fig. 7). La/Yb and
Nb/Zr ratios of ZVS lavas (and of the intrusives)
are intermediate between the NPPL alkali basalts,
the NPB arc granitoids and the active volcanoes
from the southern Andes. Since the Nb/Zr ratio of

the studied samples does not vary significantly with
differentiation nor, for example, with *Nd/"“Nd (not
shown), it is unlikely to be related with fractionation or
contamination processes (e.g., sediment involvement
in the source as suggested for some island arcs, e.g.,
Vroon et al., 1995), then it should trace a primary
feature of the ZVS magma source. Therefore, these
ratios allow to discriminate the source region enri-
chments between the earlier arc magmatism (NPB)
and a later eastern calc-alkaline volcanism (ZVS),
and also to introduce the hypotesis that the ZVS
magmatism have similar source characteristics with
flat-slab related calc-alkaline rocks of the Central
Andes (Pocho and Chachahuén complexes; Kay
and Gordillo, 1994; Kay et al., 2006; Figs. 10e, f).

7.4. Proposed Model: Transient Middle Miocene
shallow subduction related with the Chile
Ridge collision

To explain the occurrence of subduction-like
magmatism far from former arc regions some geotec-
tonic models have been developed. In the case of
Central Chile-Argentina (in the so-called Andean
flat-slab region), models involving the shallowing
of the subducting Neogene plate since ca. 8§ Ma and
the generation of a secondary dehydration front
far away from the arc position have been proposed
(Kay and Gordillo, 1994, Kay and Mpodozis, 2002).
This phenomena would induce the generation of
sub-alkaline magmas by slab dehydration and
mantle-wedge processes (e.g., Tatsumi and Eggins,
1995; Grove et al., 2003), resulting in the extrusion
of high-K amphibole-bearing basaltic to dacitic
magmas with a strong arc-like component near ca.
500-700 km east of the present trench and also a
tectonic efect. In this case, the phenomenon triggering
this process would have been the subduction of the
Juan Fernandez Ridge hotspot track (Foley et al.,
2000; Yéfiez et al., 2001). In Ecuador, the abnormal
width of the active volcanic arc (~120 km) and the
abundance of adakites and magnesian andesites with
adakitic affinity have been accounted for by the flat
or low-angle subduction of the Pacific plate, linked
to the arrival to the trench of the Carnegie Ridge
(Gutscher et al., 2000; Beate et al., 2001; Bourdon
et al., 2003). In Patagonia, shallow syncollisional
subduction was suggested by Gorring et al. (1997)
in relation with the subduction at ca. 15 Ma of
the Chile Ridge (Cande and Leslie, 1986) and the
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opening of a slab window under the continent, and
by Suérez et al. (2000) regarding timing of defor-
mation in the Patagonian fold and thrust belt, but
no further analysis of this process has been carried
out. In the next sections we present a model to show
the development, during the Middle Miocene, of a
transient low-angle subduction beneath Patagonia
that provoked the eastward migration of the arc
front and the consequent generation and extrusion
of calc-alkaline magmas.

7.4.1. Geodynamic constraints: convergence kine-
matics and ridge subduction

Changes in the convergence parameters (angle
and rate) between the Nazca and South American
plates are reported during the Cenozoic. The ca. 15
Ma ridge-trench collision at 55°S (Cande and Leslie,
1986) occurred synchronously with one of the two
events when subduction parameters changed, during
which high convergence rates (from ca. 30 mm/yr at
30Maup to 110 mm/yr at 15 Ma) and slightly oblique
subduction (ca. 79°) were registered (Pardo-Casas
and Molnar, 1987; Somoza, 1998) (see Fig. 11). As
established by Pankhurst et al. (1999), these periods
coincide with intense plutonic activity in the North
Patagonian Batholith, and generated magmas are
mostly mafic with unradiogenic isotopic signatures.
The subduction of young, hot and buoyant oceanic
lithosphere coupled with an increase in the conver-
gence rate would cause a decrease in the slab dip
(sce Jordan et al., 2001 and references therein). One
problem arising from this hypothesis is that it would
take many million years to equilibrate the slab (i.e.,
to reach a low subduction angle) within a resistant-
to-flow asthenosphere. For the Neogene Patagonian
mantle it has been shown that it has a low density and
stayed rather hot since, at least, Eocene times (e.g.,
Murdie et al., 2000; Heintz ef al., 2005; Espinoza
et al., 2005). This supports the possibility that the
slab could reequilibrate with the asthenosphere not
long after kinematics changed and young oceanic
lithosphere subducted under Patagonia (as the Chile
Ridge approached the continent), supporting the
development of transient shallow subduction during
the Middle Miocene.

7.4.2. Chemical similitudes with Andean Flat-slab
volcanics

Further support for emplacement of the ZVS and

the Miocene diorites over a gently dipping subducting

slab comes from their chemical similarities with
volcanic rocks of the Pocho volcanic complex (Kay
and Gordillo, 1994) in the Chilean flat-slab region
(28°-33°S, see Kay and Mpodozis, 2002) and of the
Chachahuén volcanic complex (37°S; Kay ef al.,
2006) in the Neuquén Basin (sece Kay and Ramos,
2006). Chemical similarities between the ZVS lavas,
the Miocene diorites and these flat-slab magmas
include: i) high K,O contents (Fig. 6); ii) similar
La/Yb, La/Sm and Sm/Yb ratios (Table 3); and iii)
similar Nb/Zr, La/Nb, Ba/Nb, Th/Hf, Th/Ta, Ta/Hf
ratios (Fig. 10). On the other hand, whereas long-
term Andean flat-slab volcanism evolved towards
a more arc-like signature (e.g., Kay and Gordillo,
1994; Kay et al., 2006), Patagonian magmas evolved
temporally towards a more primitive end member
(Pliocene ‘post plateau’ mafic volcanism), perhaps
as a result of the transient nature of the proposed
Middle Miocene shallow subduction event.

Our chemical data for the ZVS rocks are consis-
tent with the development during Middle Miocene
of a transient low-angle subduction under Patagonia
(Fig. 11). The particular geodynamic framework in
the southeastern Pacific at this time gives a consis-
tent support for this hypothesis. Thermal and age
characteristics of the subducting Nazca slab were
globally favorable to a decrease in the subduction
angle. However, the approach to the trench of the
active Chile Ridge seems to be the main factor for
triggering the decrease in the subduction angle. As
the Chile Ridge approached to the continent and
the Farallon (Nazca) Plate becames younger close
to the trench, the shallowing of the slab begun and
the first calc-alkaline magmas (ZVS) erupted in the
MLBA region (ca. 16 Ma). The shallowing slab would
reach melting temperatures ca. 300 km east from
the trench and released enough water (mainly from
subducted sediments mineral dehydration) to stabilize
amphibole (then generating oxidizing conditions).
Under these thermal and geodynamic conditions,
a new regime for magma genesis would be set.
Calc-akaline liquids from this source (incompatible
elements-depleted and isotopically unradiogenic)
would interact with a primitive component (high
Cr and Ni) in the mantle wedge above, modifying
the chemistry of parental ZVS magmas. A relatively
high degree of melting of this source, either mantle
wedge- or lithospheric-like, and later mineral frac-
tionation with negligible involvement of the crust
would produce the chemistry of the studied rocks.
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FIG. 11. Schematic cross sections (not to scale) of Patagonian lithosphere during the Early Miocene near the latitude of Meseta del
Lago Buenos Aires (MLBA, ~47°S) where petrogenetic and tectonic models supporting the generation of calc-alkaline
magmatism in the present-day back-arc domain are presented. Sections include magmatic and tectonic events that occurred
at different latitudes between 44° and 55°S. Pre- ~16 Ma: near orthogonal and relatively slow normal-angle subduction;
shallowing of the slab begins as the Chile Ridge approaches the trench; mafic calc-alkaline primitive plutonism (in terms of
Sr-Nd isotopes) is generated below the arc associated with the Liquifie-Ofqui Fault Zone (LOFZ) (Lower Miocene grani-
toids of the North Patagonian Batholith, NPB); deformation and uplift along the Patagonian Fold and Thrust Belt (PFTB);
deposition of synorogenic sediments in the foreland together with sporadic explosive volcanism. ~16-14 Ma: changes in the
convergence parameters occurred (convergence rate increases and oblique subduction); collision of the Chile Ridge with
the trench at ca., 15 Ma far south (~55°S); transient low-angle subduction under Central Patagonia; end of plutonism below
the arc; high-K calc-alkaline magmatism in the back-arc domain (ZVS and intrusives); last compressive event in the PFTB.
Post ~14 Ma: oblique subduction continues and convergence rate decrease; calc-alkaline magmatism of the ZVS ceased
when the tear in the Nazca slab (generated after Chile Ridge collided at 55°S and which propagated northward) arrived below
the MLBA region; later, deep sub slab asthenosphere-derived alkaline basaltic melts arose through the tear in the slab and
extruded extensively in the back-arc of Patagonia (main-plateau stage); interaction of these melts with stored calc-alkaline
magmas (related to the ZVS) produced transitional basalts which were extruded concomitantly with pure alkaline lavas; melts
of slab edges extruded as adakitic magmas also in a back-arc position. For each described period, the E-W component of
the convergence rate (mm/yr) between the Nazca and South American plates (averaged for periods between major magnetic
anomalies) and the convergence angle with respect to the present day North, are indicated by an oriented arrow (from the
data of Pardo-Casas and Molnar, 1987 and Pankhurst et al., 1999). LOFZ tectonics inferred from Pliocene transpressional
pop-up structure (Cembrano et al., 2002); NE: North East volcanic region in Santa Cruz, Argentina.
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The shallowing of subduction angle continued up to
ca. 14-12 Ma when the tear in the Nazca slab arri-
ved below the MLBA region. Afterwards, alkaline
and transitional flood basalts extruded forming the
plateau. South of the Lago General Carrera-Buenos
Aires area, melts from the subducted Nazca Plate
edges were emplaced as adakitic dacites, also in
the present-day back-arc domain (Thorkelson and
Breitsprecher, 2005; Breitsprecher and Thorkelson,
2009). Finally, Miocene uplift ended at ca. 14 Ma
after a shortening and compressive phase (Blis-
niuk et al., 2005; Lagabrielle et al., 2006, 2007),
contemporaneously with the end of calc-alkaline
magmatism in the MLBA area.

8. Conclusions

The Zeballos Volcanic Sequence (ZVS) rocks
represent a Middle Miocene high-K calc-alkaline
volcanic event in the Patagonian back-arc region.

The evolution of ZVS magmas by fractional
crystallization from melts similar to the basalt pre-
sent in the sequence is supported by major and trace
elements; no crustal involvement in this process is
recognized.

Amphibole-rich gabbroic nodules included
in intermediate lavas are cogenetic implying the
addition of considerable amounts of water to the
magma source.

ZVS rocks are enriched in LILE and REE and
have Nb/Zr, La/Yb, Ce/Pb, Nb/U ratios distinct from
those of typical arc-related (Miocene and present)
volcanic rocks. These features, as well as high Th,
low Th/U and €, variations, document a strong
signature of H,O-rich subducted sediments.

The arc component recognized in the transitional
signature of later Mio-Pliocene plateau basalts of
the Neogene Patagonian Plateau Lavas (Gorring
etal., 1997; Guivel et al., 2006) is thought to have
arisen from mixing of alkaline melts with stored
calc-alkaline magmas equivalent to those of the ZVS.

Similarities between the ZVS magmas and those
from volcanic complexes emplaced above a gently
dipping slab (present Andean flat-slab region in
Central Chile-Argentina; Late Miocene Neuquén
Basin), together with a suitable geodynamic confi-
guration, suggest the occurrence of transient Middle
Miocene low-angle subduction in Patagonia, possibly
associated with the arrival of the Chile Ridge and
the later ridge-trench collision at ca. 15 Ma.
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