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Abstract

Volumetrically minor microsyenites, alkali microgranite and related trachytic dykes intrude early Pliocene OIB-like alkali
basaltic and basanitic flows of the Meseta del Lago Buenos Aires in Central Patagonia (47°S–71°30′W), and occur together with
scarce trachytic lava flows. Whole-rock K–Ar ages between 3.98 and 3.08 Ma indicate that the emplacement of these felsic rocks
occurred more or less synchronously with that of the post-plateau basaltic sequence that they intrude, during a bimodal mafic–
felsic magmatic episode devoid of intermediate compositions. Chemically, these rocks have A1-type granitoid affinities and are
characterized by high silica and alkali contents (60–68 wt.% SiO2; 8.7–10.8 wt.% Na2O+K2O), major and trace elements
patterns evidencing evolution by low-pressure fractional crystallization, and Sr and Nd isotopic signatures similar to those of
coeval basalts ((87Sr/86Sr)o=0.70488–0.70571; (143Nd/144Nd)o=0.512603–0.512645). Nevertheless, some of them have the
most radiogenic Sr values ever reported for a magmatic rock in the Meseta and even in the whole Neogene Patagonian Plateau
Lavas province ((87Sr/86Sr)o=0.70556–0.70571; (143Nd/144Nd)o=0.512603–0.512608). In addition, very high contents of
strongly incompatible elements in the most evolved rocks, together with Sr isotopic ratios higher than those of coeval basalts,
suggest the occurrence of open-system magmatic processes. Continuous fractional crystallization from a primitive basaltic
source, similar to post-plateau coeval basalts, towards alkali granites combined with small rates of assimilation of host Jurassic
tuffs (AFC) in a shallow magmatic reservoir, best explains the geochemical and petrographic features of the felsic rocks.
Therefore, A1-type magmatic rocks can be generated by open-system crystallization of deep asthenospheric melts in back-arc
tectonic settings.

In Central Patagonia, these ∼3–4 Ma old alkaline intrusions occur aligned along a ∼N160–170 trending lineament, the
Zeballos Fault Zone, stacking the morphotectonic front of one segment of the Patagonian Cordillera. Intrusion along this fault zone
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occurred during the onset of a new transtensional or extensional event in the area, related to major regional tectonics occurring in
possible relation with the collision of one segment of the Chile Spreading Ridge with the trench.
Keywords: Mafic–felsic alkaline magmatism; Syenites; Central Patagonia back-arc; Pliocene; Chemical modeling
1. Introduction

Alkaline bimodal (mafic–felsic) magmatism is typ-
ically found in extensional tectonic settings such as
continental rifting zones (e.g. Trua et al., 1999; Ayalew
and Yirgu, 2003; Peccerillo et al., 2003) and back-arc
basins (e.g. Shinjo and Kato, 2000). In these settings,
basalts represent huge volumes of flood lava flows (OIB-
like signatures) associated in space and time with
variable amounts of felsic volcanic rocks. The genesis
of mafic volcanism is usually related tomantle upwelling
with variable participation of the asthenosphere and the
lithosphere to the source of the magmas. Genetic models
explaining the relationships between silica-undersatu-
rated mafic and silica-oversaturated felsic magmas (with
absence of intermediate compositions) are still a matter
of debate. Some workers have proposed that the alkaline
felsic melts are generated from partial melting of crustal
rocks (anatexis) or young underplated basalts (Whalen
et al., 1987; Tchameni et al., 2001), while the mafic lavas
derive directly from partial melting of mantle rocks.
However, fractionation of mantle-derived mafic mag-
mas, occurring in open-system conditions (e.g. associ-
ated with partial melting of crustal rocks, assimilation of
crust coupled with fractional crystallization – AFC – of
basaltic magmas and magma mixing) seems to be a more
viable mechanism to generate bimodal magmatic suites
(Whalen et al., 1987; Mingram et al., 2000; Tchameni
et al., 2001; Litvinovsky et al., 2002; Peccerillo et al.,
2003; Vernikovsky et al., 2003; Wang et al., 2005).

The Meseta del Lago Buenos Aires (MLBA; 47°S–
71°30′W) is one of the largest (∼6000 km2) most
voluminous (ca. 2000 km3) basaltic plateaus in the back-
arc domain of Central Patagonia. It forms part of a
regional-scale basaltic province named Neogene Pata-
gonian Plateau Lavas (NPPL, Gorring et al., 1997)
outcropping from 46°30′S to 52°S in Argentina (Fig. 1).
This province has first been genetically and chronolog-
ically related to the development and northward
migration of a series of slab windows opened as a
consequence of the subduction of the South Chile
Spreading Ridge (SCR) under the South American Plate
since∼15Ma (Cande and Leslie, 1986; Ramos and Kay,
1992; Gorring et al., 1997; Gorring and Kay, 2001).
However, a recent chronological and petrogenetic study
of the Miocene MLBA main-plateau basalts by Guivel
et al. (2006) has shown that the spatial distribution and
time span of this OIB-like basaltic magmatism are better
explained by a model involving the development of a
tear in the downgoing Nazca slab. This tear evolved into
a unique slab window parallel to the trench, by the
combined processes of plate detachment (sinking of the
deep part of the Nazca plate) and thermal erosion of the
slab window edges (Thorkelson and Breitsprecher,
2005), during the first Chile Ridge-trench collision
events at ca. 15–12 Ma. Petrogenetic studies of the
Pliocene to Quaternary MLBA post-plateau mafic lavas
indicate that they were generated from an asthenospheric
source and then ascended through a completely opened
slab window under the Lago General Carrera–Buenos
Aires region (Gorring et al., 2003).

Several bodies of felsic rocks intruding early Pliocene
volcanic sequences, associated with scarce lava flows,
are exposed on the western side of the MLBA (Fig. 2)
and have been recently mapped by Giacosa and Franchi
(2001). These felsic rocks are volumetrically minor
when compared with the contemporaneous MLBA
mafic rocks, and are unknown elsewhere in the NPPL.
However, the occurrence of 5–7 Ma old peralkaline
rhyolite obsidian archeological artifacts has been
reported by Stern (1999, 2004), and that of ca. 9 Ma
old fluidal rhyolitic flows in the Meseta Chile Chico by
Espinoza et al. (2005a). In the MLBA, a complete felsic
sub-volcanic system coeval with basaltic volcanism is
exposed, which represents a unique opportunity to study
their genetic relationships.

The aim of this study is to investigate the chrono-
logical, petrological, geochemical and isotopic charac-
teristics of these felsic alkaline rocks and to evaluate
their genetic relationship with the coeval and younger
MLBA basalts. Our results allow us to propose a pet-
rogenetic model of this bimodal felsic–mafic magma-
tism and to relate it with the Neogene plate dynamics in
Patagonia.

2. Tectonic setting and regional geology

The Meseta del Lago Buenos Aires (MLBA) basaltic
plateau is located south of the Lake General Carrera–
BuenosAires (LGCBA),∼320 km southeast of the present



Fig. 1. Present day tectonic setting of Southern South America showing lithospheric plates configuration, oceanic Fracture Zones (FZ), South Chile
Ridge (SCR) segments, Chile Triple Junction (CTJ) (after Cande and Leslie, 1986) and the location of the Meseta del Lago Buenos Aires (MLBA) in
the context of the Neogene Patagonian Plateau Lavas (in black, after Gorring et al., 1997). Dark grey arrows indicate the relative plate motion of the
Nazca and Antarctic Plate with respect to the South American Plate; numbers are relative velocities in cm/yr (after DeMets et al., 1990). Expected
positions of subducted segments of the Chile Ridge (SCR0 to SCR-2) below southern South America are represented as thick grey lines. Gray numbers
(inMa) indicate the time of collision of the different segments of the Chile Ridgewith the Chile Trench. LGCBA: LagoGeneral Carrera–BuenosAires;
SVZ, AVZ: Southern and Austral Volcanic Zones of the Andes; PFTB: Patagonian Fault and Thrust Belt; LOFZ: Liquiñe–Ofqui Fault Zone.
location of the Chile Triple Junction generated between
the subductingAntarctic andNazca oceanic plates and the
South American continent (45°46′S), and ca. 150 km east
of the volcanic arc gap between the Southern and Austral
Volcanic Zones of the Andes (Fig. 1).

To the west of the study area, the Cordillera is con-
structed by overthrusted blocks and folded sequences
of the Early Jurassic–Early Cretaceous Ibáñez Group
(part of the Mesozoic Chon-Aike acid Large Igneous
Province; Pankhurst et al., 1998), made up of felsic
volcanics and tuffs together with continental sedimen-
tary deposits. These rocks overlie unconformably the
Eastern Andean Metamorphic Complex, an Early
Carboniferous greenschist sequence of metasedimentary
and meta-volcanic rocks (Ramos, 1989; Hervé et al.,
1998; Bell and Suárez, 2000). The tectonic front of the
Cordillera in the LGCBA region consists of four en
échelon segments of these Late Paleozoic–Mesozoic



Fig. 2. a) Geological map of the area south of Lago General Carrera–Buenos Aires (modified from Lagabrielle et al., 2004), location of the study area
is shown by a frame; b) SPOT satellite image of the southwestern flank of the MLBA (Zeballos Fault Zone area) east of the morphotectonic front of
the Cordillera, showing the location and the ages (Ma±1σ) of studied intrusions and lava flows. Field photographs a) and b) in Fig. 3.



rocks, separated by fault zones with dominant N160–
N170 strike-slip displacement (Lagabrielle et al., 2004).
Further west, sub-parallel to the present coastline,
outcrops the Patagonian Batholith, a continuous body
about 1000 km long and 200 km wide consisting of
Late Jurassic to Pliocene subduction-related intrusive
rocks (Weaver et al., 1990; Bruce et al., 1991; Hervé et al.,
2000, 2007).

The up to 300 m-thick basal lava sequence of the
MLBA overlies unconformably the synorogenic sedi-
ments of the Río Zeballos Group (late Early to early
Middle Miocene; Ugarte, 1956; Marshall and Salinas,
1990; Flint et al., 1994; Escosteguy et al., 2002) and
locally the Jurassic volcanics. This ca. 1500 km3 main-
plateau basaltic pile (which determines the overall
plateau-like morphology of the meseta) comprises tabular
basaltic lava flows and necks (Hashimoto et al., 1977;
Busteros and Lapido, 1983; Giacosa and Franchi, 2001)
emplaced during Upper Miocene–Lower Pliocene
(∼12.2–3.3 Ma, Guivel et al., 2006) (Fig. 2a). Later,
post-plateauMLBA basalts (Gorring et al., 2003; Fig. 2a)
were emplaced in several volcanic pulses during the last
3.4 Ma–100 ka (Baker et al., 1981; Ton-That et al., 1999;
Brown et al., 2004; Singer et al., 2004) as monogenetic
cones, maars and fluid flows filling incisions and valleys
dug into the main-plateau sequence (Guivel et al., 2006).
They are volumetrically minor (∼600 km3, Gorring et al.,
2003) compared to the main sequence. In the southwest-
ern border of theMLBA, close to theMonte Zeballos area
(Fig. 2b), several felsic sub-volcanic bodies (shallow level
plugs and dykes) crosscutting Early Pliocene basalts and
related evolved lavas outcrop at altitudes around 1800–
2000m a.s.l. These rocks have been described byGiacosa
and Franchi (2001) as the Cerro Lápiz trachyte volcanic
suite, mainly composed by sub-volcanic bodies, disrupted
volcanoes and eroded short lava flows. Previous
40Ar/39Ar dates reported by Brown et al. (2004) for
some of these felsic intrusions indicate ages around
3.2 Ma. In addition, the Las Nieves pluton, a small and
Table 1
Whole-rock K–Ar ages of Pliocene western Meseta del Lago Buenos Aires

Unit–sample Structure Rock type Location 40Ar–39Ar
(Brown et a

Cerro Lápiz PAT-12 Neck Alkali granite SW-MLBA 3.18±0.04
Mifeldi PAT-20 Dyke Microsyenite SW-MLBA

PAT-22 Laccolith Microsyenite SW-MLBA 3.29±0.22
Pico Rojo PAT-27 Lava Trachyte W-MLBA

PAT-29 Neck Syeno-diorite W-MLBA
Las Nieves CC-138⁎ Pluton Granite Las Nieves

river

Decay constants: λe=0.581×10−10 yr−1; λβ=4.96×10
−10 yr−1; 40K/Ktotal =

⁎Analyzed at SERNAGEOMIN, Chile (Morata et al., 2002).
isolated 3.2±0.4 Ma old meta-aluminous biotite quartz-
monzonite (Morata et al., 2002), is located within a fold
and thrust zone intruding the Jurassic volcanic sequence
(Fig. 2a) 55 km northwest of the studied area (46°40′S).

3. Field observations

The studied felsic rocks correspond to three plugs, two
dykes and two lava flows sampled on the western flank of
MLBA exposed along the Alto Ghio–El Zeballos rivers
glacial valley (Fig. 2b). This valley corresponds to a
N160–170 tectonic corridor (Zeballos Fault Zone;
Lagabrielle et al., 2004, submitted for publication)
defined here by the morphotectonic front of one segment
of the PatagonianCordillera to thewest and by the vertical
scarp of MLBA to the east (Fig. 2). The number of
samples collected was limited due to difficult access
conditions, but they are thought representative of themain
morphological and geological units exposed in the studied
area (Figs. 2b and 3). All the studied rocks were fresh
enough for geochemical analysis (Loss On Ignition values
lower than 1.5 wt.%) and whole-rock K–Ar dating (Table
1).

The studied rocks from south to north are discussed
in the following subsections.

3.1. Cerro Lápiz microgranite

It is a pencil-shaped neck intruding Mio-Pliocene
basalts connected to theMLBAplateau only by a slumped
basaltic pile and intercalated sediments cooked by the
intrusion (Fig. 3a). An associated trachytic vesicular lava
flow was sampled very close to the intrusive.

3.2. Mifeldi microsyenite

Located 4 km north from Cerro Lápiz, it is a
lenticular-shaped intrusion forming a∼200 m high N–S
trending vertical scarp which coincides here with the
felsic rocks and Las Nieves granite

ages (Ma±2σ)
l., 2004)

Fused weight
of sample (g)

40Ar⁎

(×10−7 cm3/g)

40Ar*
(%)

Age
(Ma)

± Error
(1σ)

0.806 5.74 48.2 3.65 ± 0.10
0.803 4.61 23.9 3.08 ± 0.13
0.8093 4.49 34.8 3.28 ± 0.10
0.4325 4.49 44.9 3.34 ± 0.09
0.4583 3.94 66.6 3.98 ± 0.1

3.20 ± 0.40

0.0167.



Fig. 3. Field photographs and corresponding graphic sketches of (a) Cerro Lápiz alkali microgranite and (b) Mifeldi microsyenite. Note in (a) the
disposition of N160–170 syenitic dykes along inferred normal faults delimitating slump sliding, and in (b) the intrusive relationships (laccolith-like)
between the microsyenite and the basaltic flows. Note also in b) the contrasted textures of the massive core and the tectonized border of the intrusion,
and the occurrence of a N160E dyke. (?): inferred location. See location of photographs in Fig. 2b.
MLBA border. Clear crosscutting and horizontal
(laccolith-like) intrusive relationships with Mio-Plio-
cene basalts are visible along the nice exposure of this
longitudinal section (Fig. 3b). Close to the outcrop,
numerous blocks of syenite including felsic xenoliths
were found. In addition, several ∼N160–170 trending
sub-vertical syenitic dykes occur immediately south of
the major intrusion, within a shallow depression that
runs south towards the Cerro Lápiz neck (Fig. 3a and b).
3.3. Pico Rojo syeno-diorite

This huge sub-circular neck is rimmed to the east by a
glacial valley which erases any contact with the MLBA
basalts. It is located 9 km north fromMifeldi microsyenite
in a region where numerous basaltic dykes and necks
crosscutting the Miocene sediments are exposed, which
could represent the feeders of the Mio-Pliocene MLBA
volcanism (no field relationships were observed between



Table 2
Representative EMPA mineral chemistry analysis of western Meseta del Lago Buenos Aires felsic rocks

Mineral Feldspars Pyroxenes

Sample PAT-12 PAT-12 PAT-12 PAT-13 PAT-13 PAT-20 PAT-20 PAT-20 PAT-20 PAT-20 PAT-20 PAT-20 PAT-29 PAT-29 PAT-13 PAT-13 PAT-13

Unit C. Lápiz C. Lápiz C. Lápiz C. Lápiz C. Lápiz Mifeldi Mifeldi Mifeldi Mifeldi Mifeldi Mifeldi Mifeldi Pico Rojo Pico Rojo C. Lápiz C. Lápiz C. Lápiz

Rock Alk-Gr Alk-Gr Alk-Gr Trachyte Trachyte m-syenite m-syenite m-syenite m-syenite m-syenite m-syenite m-syenite sy-diorite sy-diorite Trachyte Trachyte Trachyte

Observation Core Rim GM Core Rim Core Rim GM Core Rim GM Core Core Core Core Rim GM

SiO2 65.05 64.93 65.55 66.07 66.26 59.11 65.56 66.02 49.80 50.02 51.68 55.46 48.94 49.10 51.51 47.86 47.35
TiO2 0.00 0.00 0.01 0.07 0.00 0.00 0.07 0.20 1.16 0.17 0.28 0.01 0.24 1.35 0.07 0.00 0.27
Al2O3 19.31 20.07 20.71 19.36 19.39 24.83 20.62 18.44 3.28 0.77 0.23 0.02 0.14 3.58 0.46 0.96 0.84
FeO 0.28 0.38 0.22 0.14 0.32 0.32 0.41 0.47 10.92 19.55 28.10 14.03 34.17 10.80 16.95 27.09 28.76
MnO 0.00 0.00 0.00 0.01 0.07 0.00 0.07 0.00 0.41 0.71 1.02 1.90 1.63 0.35 0.62 1.33 1.32
MgO 0.00 0.00 0.03 0.00 0.02 0.03 0.01 0.00 14.21 8.32 13.34 28.62 10.97 13.57 9.15 2.62 1.63
CaO 0.51 1.45 2.51 0.74 1.21 6.91 2.14 0.25 18.98 19.14 4.46 0.20 3.07 20.60 20.94 19.21 19.26
Na2O 4.98 6.91 8.37 5.49 6.83 7.40 9.05 5.25 0.57 0.46 0.08 0.00 0.11 0.47 0.45 0.29 0.32
K2O 9.41 5.72 2.29 8.42 6.63 0.57 2.13 9.49 0.00 0.02 0.00 0.01 0.00 0.03 0.00 0.00 0.00
Total 99.54 99.47 99.70 100.29 100.72 99.18 100.06 100.11 99.33 99.16 99.20 100.31 99.27 99.85 100.16 99.35 99.74
Si 2.959 2.925 2.910 2.968 2.956 2.666 2.905 2.988 1.868 1.965 2.000 1.985 1.975 1.837 1.985 1.957 1.945
Ti 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.007 0.033 0.005 0.008 0.000 0.007 0.038 0.002 0.000 0.008
Al 1.035 1.066 1.083 1.025 1.019 1.320 1.077 0.983 0.145 0.035 0.011 0.001 0.007 0.158 0.021 0.046 0.041
Fe2+ 0.011 0.014 0.008 0.005 0.012 0.012 0.015 0.018 0.250 0.584 0.920 0.393 1.120 0.213 0.511 0.869 0.915
Fe3+ 0.095 0.061 0.000 0.028 0.037 0.128 0.037 0.062 0.079
Mn2+ 0.000 0.000 0.000 0.000 0.003 0.000 0.003 0.000 0.013 0.024 0.034 0.058 0.056 0.011 0.020 0.046 0.046
Mg 0.000 0.000 0.002 0.000 0.001 0.002 0.000 0.000 0.794 0.487 0.778 1.527 0.660 0.757 0.526 0.160 0.100
Ca 0.025 0.070 0.120 0.035 0.058 0.334 0.102 0.012 0.763 0.806 0.187 0.008 0.133 0.826 0.865 0.842 0.848
Na 0.439 0.603 0.721 0.478 0.591 0.647 0.777 0.461 0.042 0.035 0.006 0.000 0.009 0.034 0.034 0.023 0.026
K 0.546 0.329 0.130 0.483 0.377 0.033 0.121 0.548 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Sum 5.016 5.008 4.973 4.997 5.018 5.014 5.003 5.017 4.003 4.003 3.944 4.001 4.004 4.004 4.002 4.005 4.007

Cation per formula unit of representative plagioclase based on 8O and pyroxenes on 6O.
Alk-Gr: alkali granite; m-syenite: microsyenite; sy-diorite: syeno-dirite.
GM: groundmass.
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Table 3
Representative ICP-MS and ICP-AES geochemical analyses of Pliocene western Meseta del Lago Buenos Aires felsic rocks and Las Nieves granite

Sample no. PAT-12 PAT-13 PAT-20 PAT-21 PAT-22 PAT-27 PAT-29 CC-138⁎⁎

Age [Ma] 3.65 – 3.08 – 3.28 3.34 3.98 3.2

UTM E 292340 292340 292728 293428 293488 290427 290092 723419

UTM S 4778705 4778705 4780366 4780915 4781845 4789707 4790381 4825965

Unit C. Lápiz C. Lápiz Mifeldi Dyke Mifeldi Pico Rojo Pico Rojo Las Nieves

Rock type Alkali granite Trachyte Microsyenite Microsyenite Microsyenite Trachyte Syeno-diorite Quartz-monzonite

Major elements
SiO2 68.1 65.2 65 62.8 63.6 60.9 59.6 63.7
TiO2 0.12 0.23 0.66 0.78 0.67 0.6 1.24 0.85
Al2O3 15.5 16.05 15.8 16.4 16.5 16.55 15.3 16
Fe2O3_total 3.16 5.14 5.44 6 5.65 7.13 7.9 4.88
MnO 0.01 0.14 0.11 0.12 0.1 0.27 0.18 0.09
MgO 0.09 0.1 0.79 1.09 0.91 0.62 1.52 1.72
CaO 0.74 1.7 2.22 2.75 2.44 2.4 3.8 3.29
Na2O 5.32 5.14 5.12 5.22 5.28 5.86 5.18 4.34
K2O 5.35 5.66 4.64 4.3 4.44 4.68 3.51 3.81
P2O5 0.03 0.07 0.28 0.38 0.3 0.29 0.61 0.23
L.O.I. 1.52 0.48 0.09 0.04 0.23 0.74 1.48 1
TOTAL 99.94 99.91 100.15 99.88 100.12 100.04 100.32 99.63

Trace elements (ppm)
Rb 122 96.8 136 115 120.5 91.1 82.3
Sr 16.4 81 237 319 299 259 356 400
Ba 206 1185 790 874 869 1489 867 590
Sc⁎ 1.5 8.5 7.5 8.7 8 16 15.5 10
V⁎ 2 2 19 29 24 3 47 75
Cr⁎ 3 3 3 3 3.5 1.5 2.5 5
Co⁎ 0 0 5 6.5 5 2.5 7.5 11
Ni⁎ 1 1 1.5 2 1.5 1 1 5
Y 41.3 49.5 36 31.1 30.4 41.8 39.8 26
Zr⁎ 250 116 59 107 43 550 273 395
Nb 94.7 77.3 56 51.9 52.2 56.3 42.4 21
Cu 4.7 4.91 6.1 4.48 4.26 6.55 18
Zn 116 147 104.3 111.6 125 116 79
Ga 29.6 28 26.3 27.3 26.2 24.7
Ge 2.17 2.09 161 1.69 1.782 1.72
As 3.05 2.41 210 2.46 1.029 1.38
Mo 6.35 4.77 376 4.69 3.95 3.1
Cd 0.041 0.164 0.098 0.128 0.1222 0.1331
Sn 3.79 2.39 240 2.98 2.05 2.68
Cs 1.78 1.36 324 3.75 1.39 1.576
La 164 179 74 66.7 68.6 70.95 48.4 43
Ce 288 325 137 135.4 137.7 145.5 105.7 97
Pr 30.6 32.4 13.6 13.51 14.99 11.42
Nd 106 115 48 48.9 47.8 55.4 45.3 44
Sm 17.3 18.2 8.5 8.6 8.3 10.14 9.27 7.24
Eu 1.46 2.89 1.8 2.12 1.92 3.16 2.76 1.36
Gd 11.6 12.7 7.2 6.78 6.51 8.17 8.16 5.29
Tb 1.69 1.84 1.023 1.009 1.26 1.257
Dy 9.13 10.2 6.2 5.93 5.93 7.54 7.4 5.35
Ho 1.63 1.96 1.161 1.122 1.538 1.476 1.11
Er 4.07 5.43 3.1 3.19 3.11 4.4 4.16 3.02
Tm 0.518 0.759 0.438 0.437 0.646 0.586
Yb 3.08 4.73 3 2.77 2.71 4.18 3.67 2.98
Lu 0.419 0.731 0.408 0.393 0.658 0.559 0.44
Hf 6.8 3.4 2.74 1.022 12.41 6.73 9
Ta 5.17 4.1 3.34 3.37 3.19 2.5



Table 3 (continued )

Sample no. PAT-12 PAT-13 PAT-20 PAT-21 PAT-22 PAT-27 PAT-29 CC-138⁎⁎

Age [Ma] 3.65 – 3.08 – 3.28 3.34 3.98 3.2

UTM E 292340 292340 292728 293428 293488 290427 290092 723419

UTM S 4778705 4778705 4780366 4780915 4781845 4789707 4790381 4825965

Unit C. Lápiz C. Lápiz Mifeldi Dyke Mifeldi Pico Rojo Pico Rojo Las Nieves

Rock type Alkali granite Trachyte Microsyenite Microsyenite Microsyenite Trachyte Syeno-diorite Quartz-monzonite

Trace elements (ppm)
Pb 14.77 12.96 11.48 26.45 8.23 10.23
Tl 0.166 0.244 0.164 0.686 0.1173 0.288
Th 17.8 14.7 18 14.7 15.35 10.67 8.83 19
U 1.9 1.86 3.37 2.39 2.38 2.16

⁎⁎ Las Nieves granite analyzed by ICP-AES at Sernageomin, Chile (Morata et al., 2002).
PAT-20 andmarked (⁎) elementsmeasured by ICP-AES. Relative standard deviation is ca. 1% for SiO2 and 2% for the othermajor elements except for low
values (b0.50% oxide) for which the absolute standard deviation is 0.01%. For minor elements, relative standard deviation is ca. 5% except for
concentrations below six times the detection limit, for which the absolute standard deviation is about one third of the detection limit. Detection limits are
2 ppm forBa,V, Cr, Co,Ni, Zr andCe; 1 ppm forNd,Gd andEr; 0.5 ppm forRb, Sr,Nb,La and Sm; 0.3 ppm forY,Dy andTh; 0.15 ppm for Sc, Eu andYb.
them and the felsic intrusives). This rock contains deci-
metric felsic xenoliths. A trachytic lava flow occurring
near this neck, at 2000 m a.s.l., has also been sampled.

4. Analytical methods

Whole-rock 40K–40Ar ages were obtained at the
geochronology laboratory of the Université de Bretagne
Occidentale (Brest, France). 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 powdered for K analysis
by atomic absorption after HF chemical dissolution and
0.5–0.15-mm grains were used for argon isotopic ana-
lyses. Argon extraction was performed by the direct tech-
nique 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 proce-
dure described by Bellon et al. (1981). Age calculations,
Table 4
Sr–Nd isotopic data for Pliocene western Meseta del Lago Buenos Aires fel

Sample Rock type Age Rb Sr Sm Nd 87Rb/86Sr 87S

(Ma±1σ) (ppm)

PAT-12 Syenite 3.65±0.1 122.4 16.4 17.32 106.12 21.5589 0.7
PAT-13 Trachyte – 96.8 81.0 18.21 115.03 3.4564 0.7
PAT-21 Syenite

(dyke)
3.08±0.13 115.0 319.0 8.60 48.92 1.0428 0.7

PAT-22 Syenite 3.28±0.10 120.5 299.2 8.30 47.78 1.1651 0.7
PAT-27 Trachyte 3.34±0.09 91.1 259.1 10.14 55.43 1.0172 0.7
PAT-29 Syeno-diorite 3.98±0.1 82.3 356.3 9.27 45.27 0.6681 0.7
following the equation of Mahood and Drake (1982) and
using the Steiger and Jäger's (1977) recommended con-
stants, are given, with 1σ error, in Table 1.

Mineral chemistry (Table 2) was carried out at Micro-
sonde Ouest (Brest, France), using a five spectrometer
Probe CAMEBAX SX-50. Analytical conditions were
15 nA, 15 kV, counting time 6 s, using natural standards
as reference and ZAF corrections. A detailed account of
the procedure is given in Defant et al. (1991).

Major and selected trace element analyses (Table 3)
were performed on agate-ground powders by ICP-AES at
the chemical laboratory of the Université de Bretagne
Occidentale (Brest, France).All datawere calculated 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 (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 et al. (2000).
sic rocks

r/86Sr (87Sr/86Sr)o
147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)o eNdCHURt

0682 0.70570 0.0987 0.51261 0.512608 −0.5
0574 0.70556 0.0957 0.512605 0.512603 −0.6
0493 0.70488 0.1064 0.512647 0.512645 0.2

0499 0.70494 0.1050 0.512637 0.512635 0.0
0505 0.70501 0.1107 0.512635 0.512633 0.0
0573 0.70571 0.1239 0.512647 0.512645 0.2



Fig. 4. I) Ab–An–Or compositional triangles for feldspar phenocrysts and groundmass of W-MLBA felsic rocks. II) Classification diagrams for
pyroxene phenocrysts and groundmass of W-MLBA felsic rocks (Morimoto et al., 1988); a) intrusive rocks, b) lava flows.
Data quality was controlled by running BCR-2 standard.
Relative standard deviations are generally ≤5%.

The Sr and Nd isotopic compositions of six selected
samples (Table 4) were analyzed on a Finnigan-Mat 261
multicollector mass spectrometer at the LMTG (Tou-
louse, 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 et al.
(1995). Sr was loaded on a W single filament with a
TaCl ‘activator’ and Nd was loaded on one of two Re
filaments. The La Jolla standard was run regularly and
isotopic ratios were corrected for any laboratory bias, as
described in Benoit et al. (1996).

5. Geochronology

The three intrusives, the dyke and two lava flows,
display K–Ar ages between 3.98 and 3.08 Ma (Table 1),
roughly synchronous with the beginning of the post-
plateau basaltic magmatism in the MLBA (3.4–3.3 Ma,
Baker et al., 1981; Ton-That et al., 1999; Brown et al.,
2004) andwith the basal lava flowof a basaltic pile located
close to the Cerro Lápiz neck (3.03±0.3Ma; Brown et al.,
2004; Fig. 3a). These ages closely match those obtained
with the 40Ar–39Armethod byBrown et al. (2004) for two
of the same rocks (see Table 1). This felsic magmatism is
also coeval with the 3.2±0.4 Ma old Las Nieves pluton
(Morata et al., 2002), exposed 55 km northwest (Fig. 2a).

6. Petrography and mineral chemistry

6.1. Intrusives

In the Cerro Lápiz neck (sample PAT-12), alkali feld-
spar (up to 50% in volume) showing sanidineK-rich cores
(An3Ab43Or54) and anorthoclase rims (An7Ab60Or33) is
the only microphenocryst, set in a fine-grained trachytic
groundmass of Na-rich plagioclase laths (An4–16Ab63–76
Or8–31) and Fe–Ti oxides (Fig. 4Ia). Besides, several tiny
(b20 μm) interstitial late stage mineral phases were
recognized through SEM–EDS qualitative analyses.
Among them, monazite, allanite, Ce-aeschynite ((Ce,Ca,



Fe)(Ti,Nb)2(O,OH)6), thorite (ThSiO4), thorianite
(ThO2), and baddeleyite (ZrO2) are the most abundant,
and show high contents of trace elements like Th, U, Zr,
Nb, Yand light rare earth (La, Ce, Nd) elements (Fig. 5a).

Mifeldi intrusive and dykes (samples PAT-20, -21 and
-22) show a porphyritic texture; highly zoned plagioclase
(25 modal %; An45–10Ab52–77Or2–12) dominates over
zoned augitic clinopyroxenes (5 modal %; Wo41–40
En40–35Fs19–25). Pigeonite (Wo3–10En30–57Fs30–63)
forms the external rims of some clinopyroxene phenocrysts
and also occurs as disseminated grains in the ground-
mass (Fig. 4IIa). Rare orthopyroxenes (En76–72Fs24–28),
amphibole pseudomorphs (completely replaced by
biotite+Fe–Ti oxides), minor Fe–Ti oxides and accessory
apatite and zircon can be found in a fine-grained trachytic
groundmass mostly made up of anorthoclase and sanidine
(An1–8Ab45–66O54–26; Fig. 4Ia).
Fig. 5. a) SEM images showing the occurrence of tiny interstitial incompatibl
in sample PAT-12 alkali microgranite; b) microphotograph (100×, non-polar
growths of green ferro-hedenbergite between feldspars; c) SEM image of
hedenbergite and zircon, note the different textures of clinopyroxene in the gr
with an augitic core and ferro-hedenbergitic rim in PAT-13 trachyte (see com
Pico Rojo neck (sample PAT-29) is an inequigranular
holocrystalline rock with strongly zoned plagioclase
(55 modal %) (An16–73Ab77–26Or7–1) and anorthoclase
(An13–4Ab72–57Or15–39; Fig. 4Ia), clinopyroxene (10
modal %, Wo41–38En42–37Fs18–22) and unaltered Fe–Ti
oxide (3 modal %) phenocrysts. Rare pigeonite (Wo4–8
En32–60Fs35–60) forms the core of some micropheno-
crysts (Fig. 4IIa). Characteristically this sample contains
quartz xenocrysts with a clinopyroxene reaction rim com-
positionally similar to the phenocrysts (Wo37–40En24–40
Fs22–37). Accessory apatite and zircon are also present.

6.2. Lava flows

Close to the Cerro Lápiz neck, a vesicular trachytic
lava (PAT-13) is made up of phenocrysts of normally-
and reversely-zoned potassic oligoclase (5 modal %)
e trace elements-rich mineral phases (allanite, monazite, among others)
ized light) of the groundmass of PAT-13 trachyte, note the interstitial
a vesicle in sample PAT-13 with grown euhedral crystals of ferro-
oundmass; d) SEM image of a zoned subhedral primary clinopyroxene
positional trend for this pyroxene in Fig. 4IIb).



(An19–26Ab70–69Or11–5) and anorthoclase–sanidine
(An2–7Ab34–64Or64–29; Fig. 4Ib), set in a groundmass
mainly composed of sanidine and anorthoclase laths
(An0–11Ab32–70Or21–67), tiny Fe–Ti oxides and green
interstitial ferro-hedenbergite (15 modal %; En2Wo42-
Fs56; Fig. 4IIb). The latter occurs either in association
with the groundmass feldspar (Fig. 5b) or as euhedral to
subhedral crystals on the walls of most of the vesicles
(also together with zircon; Fig. 5c). Rare micropheno-
crysts with ferro-augitic cores (Wo45En26Fs29), similar
to those found in the syenites, and green ferro-
hedenbergite rims (Wo43–42En8–2Fs49–56) are also present
(Fig. 5d).

A massive porphyritic lava flow (sample PAT-27),
sampled close to Pico Rojo neck, is characterized by
phenocrysts of quartz (5N modal %), homogeneous
ferroaugite (5 modal %, En24Wo39Fs37; Fig. 4IIb),
zoned anorthoclase (15 modal %; An34–5Ab46–77Or6–39;
Fig. 4Ib), Fe–Ti oxides (10 modal %) and accessory
subhedral apatite set in an oriented (trachytic) alkali
feldspar-lath groundmass (Fig. 4Ib).

7. Geochemistry

A total of seven samples were analyzed for major and
trace elements and six for Sr and Nd isotopes. The corre-
sponding data set is presented in Tables 3 and 4. Data for
Fig. 6. Total alkali vs. silica (TAS) classification diagram (Le Bas et al., 1986)
corresponding plutonic rock names for each field are shown between bracket
quartz-monzonite, filled circles: western MLBA lava flows. Inset: Na2O vs. K
fields of MLBA Pliocene Post-Plateau basalts (Baker et al., 1981; Gorring et
et al., 2006) are also shown. Division line between alkaline and sub-alkaline
the post-plateau basalts of the MLBA (Baker et al., 1981;
Gorring et al., 2003; Guivel et al., 2006) as well as those
from the 3.2 Ma old Las Nieves pluton (Morata et al.,
2002) were also plotted in all geochemical diagrams
(Figs. 6–9).

7.1. Major and trace elements

SiO2 concentrations of analyzed rocks range from 60
to 68wt.%, withCerro Lápiz alkali microgranite (PAT-12)
being the more silica-rich sample. A marked SiO2 gap
(from 52 to 61 wt.% SiO2) separates the Pliocene felsic
alkaline volcanism from the contemporaneous post-
plateau basalts, as expected in a typical bimodal suite.

In the total alkalis vs. silica diagram (Fig. 6) the
western MLBA Pliocene felsic sub-volcanic rocks and
lava flows plot in the trachyandesite (syeno-diorite),
trachyte (syenite) and alkali rhyolite (alkali granite)
fields. In the Na2O vs. K2O diagram shown in Fig. 6
they plot in the potassic field (Na2O/K2O=0.9–1.48;
average 1.16), differing therefore from coeval post-
plateau basalts which mainly plot in the Na-series field.
All the felsic rocks are mainly peraluminous to slightly
metaluminous (A/CKN=1.05–0.97) and quartz-norma-
tive (CIPW norm) in contrast with the undersaturated,
nepheline-normative post-plateau basalts. All the intru-
sives classify as “within plate granitoids” in the
for the Pliocene magmatic rocks of Meseta del Lago Buenos Aires. The
s. Filled triangles: western MLBA intrusives, open triangle: Las Nieves

2O subdivision diagram of the alkaline series (Middlemost, 1975). The
al., 2003; Guivel et al., 2006) and Mt. Zeballos alkaline rocks (Dasilva
series from Irvine and Baragar (1971).



Fig. 7. Selected major (wt.%) and trace elements (ppm) vs. SiO2 together with Ta vs. Th rectangular diagrams for W-MLBA felsic rocks. MLBA
Pliocene post-plateau basalts (black dots: Baker et al., 1981; Gorring et al., 2003; Guivel et al., 2006) and the field (light grey) of some Mt. Zeballos
alkaline rocks (Dasilva et al., 2006) are also shown. Data re-calculated on a water-free basis. Symbols as in Fig. 6.



Fig. 8. a) Chondrite-normalized REE diagram (Nakamura, 1974) for Pliocene W-MLBA felsic rocks. Inset: diagram showing positive correlation
between the extent of the negative Eu anomaly and SiO2 wt.%. b) Primitive mantle-normalized trace elements diagram (Sun and McDonough, 1989;
plus Ta and Hf from Wedepohl and Hartmann, 1994) for W-MLBA felsic rocks. The field for MLBA Pliocene post-plateau basalts (Gorring et al.,
2003; Guivel et al., 2006) is shown in dark grey. Open triangle: Las Nieves quartz-monzonite (Morata et al., 2002). Dashed line in both diagrams is for
Cerro Lápiz sample (PAT-12).
granitoid discrimination diagrams of Pearce et al.
(1984) (e.g. Y+Nb vs. Rb), as “A-type granites” in
the 10 000×Ga/Al vs. Zr+Nb+Ce+Y diagram of
Whalen et al. (1987) and in the “A1-type” subdivision of
A-type granitoids of Eby (1992) (not shown).

Selected major (wt.%) and trace elements (ppm) vs.
silica (wt.%) variation diagrams are shown in Fig. 7. CaO,
Fetotal, TiO2 (Fig. 7) and MnO, P2O5 (not shown) show
negative correlations with SiO2, in the prolongation of the
trends defined by the MLBA post-plateau basalts.
Contrarily, K2O shows a positive correlation with SiO2,
and MgO and Al2O3 display weak negative trends
different from those defined by the post-plateau basalts,
which are either positively (for Al2O3) and strongly
negatively (for MgO) correlated with SiO2. Nb (Fig. 7),
Ta, Th and Rb (not shown) behave incompatibly in the
felsic rocks, showing positive correlations with SiO2,
different from the post-plateau basalt trends. Sr and Ba



Fig. 9. a) (87Sr/86Sr)o vs. ɛNd diagram for Pliocene W-MLBA alkaline rocks. Initial isotopic ratios of rocks older than 3 Ma (plotted for comparison)
were re-calculated at 3 Ma. MLBA post-plateau basalts from Hawkesworth et al. (1979) and Gorring et al. (2003). Other Neogene slab window-
related lavas from Antarctic Peninsula (Hole et al., 1995), Pali-Aike (D'Orazio et al., 2000, 2001), and the Neogene (main- and post-plateau)
Patagonian Plateau Lavas province (NPPL, Stern et al., 1990; Gorring et al., 1997; Gorring and Kay, 2001) are also plotted. Star symbol: Jurassic
(160 Ma) rhyolitic tuff (Parada et al., 2001). Symbols as in Fig. 8.
display poor negative correlations with SiO2; notably,
Cerro Lápizmicrogranite sample shows very low contents
in Ba and Sr. In contrast, all incompatible trace elements
in the post-plateau basalts show negative correlationswith
silica contents, evidencing variable partial melting
degrees of a primitive mantle source (Guivel et al.,
2006) (Fig. 7). In rectangular diagrams, strongly incom-
patible elements (e.g. Ta vs. Th; Fig. 7) define diverging
trends passing through the origin for mafic and felsic
rocks. Some compatible elements such as Sc and V dis-
play a negative correlation with SiO2 (not shown). Other
compatible trace elements such as Co, Cr, Ni have very
low concentrations in the felsic rocks, close to analytical
detection limit.

All the studied felsic rocks are enriched in Light Rare
Earth Elements (LREE) ((La/Sm)N=3.2–6.0; (La/
Yb)N=8.8–16.9, up to 35.4 in sample PAT-12; Fig. 8a),
with LREE fractionation increasing with SiO2 content. All
but Cerro Lápiz alkali microgranite sample (PAT-12)
exhibit sub-horizontal Heavy REE (HREE) patterns ((Dy/
Yb)N=1.16–1.40), contrasting with the fractionated
HREE patterns of the coeval post-plateau basalts. This
sample (PAT-12) shows a slightly fractionated HREE
pattern ((Dy/Yb)N=1.90) which results in a HREE
trend sub-parallel to those of post-plateau basalts. All
the studied felsic rocks show a negative Eu anomaly (Eu/
Eu⁎=0.3–0.9), the importance of which correlates
positively with SiO2 contents (Fig. 8a): the lowest Eu/
Eu⁎ (0.3) is observed in the most evolved rock (sample
PAT-12, 68.1 wt.% SiO2).

Primitive mantle-normalized spider diagrams (Fig. 8b)
for the studied rocks show similarities with those of OIB-
like post-plateau basalts (Gorring et al., 2003), together
with strong negative anomalies in some elements. All the
felsic rocks display similar and sub-parallel patterns
enriched in Large Ion Lithophile Elements (LILE;
e.g. Rb=82–122 ppm; Ba=790–1488 ppm). They are
variably depleted in High Field Strength Elements
(HFSE; e.g. Ta, Nb, Hf, Zr, Ti) as well as in Sr and P,
and enriched in Pb. Cerro Lápiz alkali microgranite and
the associated trachyte (samples PAT-12 and -13,
respectively) are particularly enriched in LREE and Th
and depleted in U, Sr, P and Ti, far below the concen-
trations in the other acid rocks.

7.2. Sr–Nd isotopes

The Sr and Nd isotopic compositions measured in six
felsic samples from the western MLBA are reported in
Table 4 and plotted in Fig. 9. All the analyzed samples
plot in the Mantle Array, with (87Sr/86Sr)o values
ranging from 0.70488 to 0.70571 and (143Nd/144Nd)o



from 0.512603 to 0.512645 (ɛNd=0.2 to −0.6),
defining a clear trend rooted in the field of the MLBA
post-plateau basalts. A positive correlation between
SiO2 (wt.%) content and (87Sr/86Sr)o (and negative with
respect to ɛNdo) is observed. Within this trend, three of
the analyzed rocks have Sr and Nd isotopic ratios similar
to those of the coeval post-plateau basalts (Fig. 9).
Samples from Cerro Lápiz area (PAT-12 and -13)
and Pico Rojo neck (PAT-29) plot outside this field,
having the most enriched Sr isotopic signature
((87Sr/86Sr)o=0.70556–0.70571) and depleted Nd iso-
topic signature ((143Nd/144Nd)o=0.512603–0.512608
with ɛNd=−0.5 to −0.6) of all reported rocks from
the MLBA.

8. Discussion

The main petrogenetic problems which arise from the
study of bimodal volcanic provinces are related to the
origin of the alkaline felsic rocks, their relationships
with coeval basaltic magmatism and the explanation of
the lack of rocks having intermediate compositions
(see Peccerillo et al., 2003 and references therein). In the
particular case of the Pliocene MLBA magmatism,
additional important issues are i) its relationships with
slab tear/window processes, ii) the origin of the
alignment of the felsic intrusions along the Zeballos
Fault Zone, and iii) its relationships with the Mio-
Pliocene tectonic evolution of the area.

8.1. Origin of felsic alkaline magmas

Two main hypotheses have been proposed to explain
the genesis of bimodal alkaline magmatism. One states a
genetic relationship between mafic (mantle-derived) and
felsic rocks through fractional crystallization processes
with variable (or even absent) crustal contamination
(AFC process) (Litvinovsky et al., 2002; Mingram et al.,
2000; Peccerillo et al., 2003;Vernikovsky et al., 2003;
Wang et al., 2005). The other hypothesis invokes the
genesis of mafic and felsic magmas from different
sources, the felsic melts being generated either from the
anatexis of crustal country rocks or from the partial
melting of young underplated basalts (Whalen et al.,
1987; Tchameni et al., 2001), and the basic rocks
derived directly from mantle partial melting. For the
Plio-Pleistocene undersaturated alkaline and primitive
MLBA post-plateau basalts, Gorring et al. (2003) and
Guivel et al. (2006) proposed a genesis from an OIB-
type asthenospheric source, variably contaminated by an
EM1-type component from the Patagonian lithospheric
mantle. Therefore, the two main hypotheses described
above for the genesis of coeval silica-oversaturated
felsic magmas will be tested in the framework of this
genetic model for the mafic lavas.

8.1.1. Melting of basement rocks or underplated basalts
The basement rocks exposed along the western flank

of theMLBA, below the∼600m thickMiocene molasse,
correspond to the more than 1000m thick Early Jurassic–
Early Cretaceous ignimbrites and rhyolites of the Ibáñez
Group, and, to the west, to the Eastern Andean
Metamorphic Complex (EAMC, Fig. 2a). Sr and Nd
isotopic ratios ofMiddle Jurassic rhyolitic tuffs are around
87Sr/86Sr=0.714405, 143Nd/144Nd=0.512362 (Parada
et al., 2001) and the average of the Patagonian S-type
crust is 87Sr/86Sr=0.72184, 143Nd/144Nd=0.51232
(Kilian and Behrmann, 2003), which could be represen-
tative of the isotopic signature of the EAMC. As Sr and
Nd isotopic ratios of western MLBA felsic rocks are less
and more radiogenic, respectively, than these possible
crustal sources (see Table 4), derivation by melting of
these basement rocks is not supported by our isotopic
data. Additionally, ratios of incompatible elements such as
LILE/HFSE ratios (e.g. Rb/Nb, Rb/Zr, Th/Ta) should
remain constant or increase in liquids formed by melting
of crustal rocks, as LILE are more incompatible than
HFSE during crustal anatexis (e.g. Ayers and Harris,
1997). The studied rocks haveLILE/HFSE ratios (e.g. Rb/
Nb=1.3–2.4; Ba/Nb=2.2–27) lower than the Jurassic
volcanics (Rb/Nb=6.1–24; Ba/Nb=96–218) and the
metamorphic basement (Ba/Nb=11.2–53, Faúndez
et al., 2002; Rb/Nb=7, Ba/Nb=34, Kilian andBehrmann,
2003). Hence, there are neither isotopic nor incompatible
trace element arguments supporting the derivation of the
alkaline felsic magmatism of the MLBA from anatectic
processes involving the basement rocks.

On the other hand, some of the alkaline felsic rocks
from the western MLBA have Sr and Nd isotopic
signatures similar to those of the post-plateau MLBA
basalts (Fig. 9). This feature could be consistent with a
model of genesis of the evolved magmas through partial
melting of underplated basalts with isotopic composi-
tions similar to those of the post-plateau basalts. The
HREE patterns and high YbN values (N10) of the
studied felsic lavas seem to exclude the presence of
garnet as an important residual phase in their source,
which could be consistent with the “normal” thickness
of the Central Patagonia crust (b40 km; Introcaso et al.,
1996; Tassara et al., 2006). Indeed, garnet is only stable
in meta-basaltic amphibolites at pressures higher than
0.9 GPa (Schmidt and Poli, 1998). Therefore the
generation of the studied felsic lavas through partial
melting of OIB-type underplated basalts has been tested



by incompatible and compatible trace element modeling
in Section 8.1.3. However, this hypothesis cannot
explain the high Sr and low Nd isotopic ratios of the
alkali microgranite and related trachyte, and the
occurrence of an additional open-system process has
to be considered as discussed below.

8.1.2. Fractional crystallization of alkali basaltic
magmas

Numerous evidences are found in the petrography
and chemistry of the analyzed samples that support
mineral fractionation of a basaltic melt as the main
driving mechanism to explain the differentiated signa-
ture of western MLBA felsic rocks.

The behavior of elements such as MgO, Al2O3, K2O,
Sc and V is that expected for a series evolving through
fractional crystallization of themineral phases observed in
the analyzed samples. Depletions in Sr, P, Hf, Zr and Ti
might be explained as a consequence of fractionation of
plagioclase, apatite, zircon and Fe–Ti oxides, respective-
ly. The variable Ce/Pb ratios (Table 3) of the less evolved
felsic samples could trace either mineral fractionation
effects or contamination by a low Pb/Ce assimilant
(Section 8.1.3); but the extreme Ce enrichments (highest
Ce/Pb ratios) observed in themost evolved rocksmight be
a consequence of the crystallization of LREE-bearing
minerals (see below). The TiO2 contents of all our
samples do not correlate with Zr and Hf values, implying
that the latter were not controlled by fractionation of Ti-
oxides, but rather by the removal of zircon, which is an
accessory phase in many samples. Especially, Mifeldi
syenitic samples (PAT-20 and -22) are depleted in Zr and
Hf (59 and 43 ppm Zr; 1.022 ppm Hf) compared to the
other analyzed rocks (116–550 ppm Zr; 3.4–12.4 ppm
Hf) reflecting intense zircon fractionation in these
magmas. The concentrations of trace elements compatible
with respect to feldspar (Ba, Sr, Eu) are also variable,
particularly in Cerro Lápiz samples, which display the
lowest Ba and Sr contents of our set (206 ppm Ba; 16 and
81 ppm Sr; Figs. 7 and 8b) and are the only rocks having
sanidine as an early phase. Furthermore, the increase of
the Eu anomaly with magmatic differentiation, together
with the good correlation of Eu/Eu⁎ with Sr, and the lack
of it with Ba, suggest that low-pressure fractionation of
plagioclase was predominant over that of alkali feldspar.
Fractionation of clinopyroxene and Fe–Ti oxides is
evidenced by strongly decreasing Sc and V contents as
silica increases among the felsic rocks. It is well-known
that the crystallization of accessory mineral such as
allanite and monazite in metaluminous to peralkaline
granitic melts strongly fractionates LREE from HREE
(e.g. (Dy/Yb)N

allanite =1.36–5–56; Poitrasson, 2002), Th
from U and typically produces a pronounced negative Eu
anomaly in chondrite-normalized diagrams (seeGieré and
Sorensen, 2004, and references therein). Therefore, the
extremely fractionated REE patterns of the most evolved
rocks (e.g. PAT-12, (La/Yb)N=35; (Dy/Yb)N=1.9) and
the variable enrichments in other trace elements (Fig. 8)
are at least partly explained by the precipitation of these
incompatible element-rich minerals (see Section 6.1). All
these observations are consistent with the genesis of felsic
rocks through low-pressure fractional crystallization of
mafic magmas in shallow crustal chambers, providing
wide opportunity for assimilation, and they further imply
that the Cerro Lápiz microgranite is more fractionated
than the rest of our sample set.

Regarding the genetic relationships between mafic
and felsic rocks, the huge volumetric dominance of
basalts over the latter also favors the fractional
crystallization hypothesis (with or without assimilation)
as the main viable mechanism to explain the Pliocene
bimodality of the MLBA rocks. However, this hypoth-
esis fails to explain the lack of intermediate rocks, which
remains a problem for many bimodal alkaline provinces
(Peccerillo et al., 2003).

8.1.3. Closed vs. open-system evolution: AFC model for
MLBA felsic rocks

Augite syenites, commonly present in alkaline intru-
sive complexes, are often associated with alkali granites,
together with more evolved or cumulate rocks (Green-
land, Stevenson et al., 1997; South China, Wang et al.,
2005; Southern Brazil, Gualda and Vlach, 2006; India,
Upadhyay et al., 2006; among others). In Central Pata-
gonia this typical lithologic association occurs almost
synchronously (Mifeldi augite-microsyenite: 3.08-
3.28 Ma; Cerro Lápiz alkali microgranite: 3.65 Ma),
but more differentiated rocks and/or cumulates are
lacking or are not yet recognized. Many authors have
postulated a genetic relationship among these lithotypes,
the alkali granites being produced through fractional
crystallization±assimilation of alkali basaltic or augite
syenitic liquids (Stevenson et al., 1997; Marks and
Markl, 2001; Litvinovsky et al., 2002).

Closed system fractional crystallization from one of
the most primitive MLBA post-plateau basalt taken
from Gorring et al. (2003) has been tested by simple
mass balance calculations using major elements.
Mineral compositions measured by Espinoza et al.
(2005a) in similar basalts fromMeseta Chile Chico were
used in this model. To obtain the composition of the less
evolved syenitic rock (sample PAT-29), an assemblage
consisting of 23 wt.% olivine, 48 wt.% plagioclase,
21.5 wt.% clinopyroxene, 5.8 wt.% of magnetite and



1.8 wt.% apatite needs to be removed through a high rate
of fractional crystallization (Σr2 =1.54). Then, mass
balance calculations allow modeling major element
behavior between sample PAT-29 and the more evolved
(and younger) PAT-20 microsyenite. For this pair, a
fractionating assemblage of 56.5 wt.% plagioclase,
24.6 wt.% clinopyroxene, 16.5 wt.% magnetite and
2.4 wt.% apatite is needed (Σr2 =0.46). To better
constrain this hypothesis, trace element closed system
fractional crystallization modeling was carried out
yielding reasonable, but not well-fitted results (see
Fig. 10a and b and Table 5).

The behaviors of both incompatible and compatible
elements were tested to further confirm the results of the
above models, and to evaluate a hypothetical genesis of
the felsic rocks by partial melting of either a basaltic
source (underplated basalts) chemically equivalent to
the MLBA post-plateau ones, or a more evolved rock
derived from the fractionation of primitive basalts. In the
Fig. 10. Variation diagrams illustrating partial melting (PM, dashed line) and c
applied to trace elements for the W-MLBA felsic rocks. a) Th vs. Nb/Y diagr
(PAT-29) could partially reproduce the values observed in the more differe
enrichments of felsic rocks cannot be achieved either by CSFC or by PM of a p
part of the studied rocks could be generated starting from the less evolved sye
fit; d) Sc (moderately compatible) vs. La diagram showing a loose fit for the C
indicated in the corresponding diagram. Ticks every 10% in model lines rep
models carried out using highly incompatible elements
(e.g. Th vs. La; Fig. 10b), neither closed system
fractional crystallization (CSFC) nor partial melting
(PM) from a chemically equivalent primitive source
reproduce the chemical composition of felsic rocks. In
models using highly compatible elements (Cr vs. Th;
Fig. 10c) a rather satisfactory fit is observed only for the
CSFC model. For moderately compatible elements (e.g.
Sc vs. La; Fig. 10d), the CSFC model yields rather
satisfactory results only for some of the less evolved
samples. Similarly, PM calculations starting from a
more evolved basaltic source fail to reproduce consis-
tently the enrichments observed in some samples. These
results are consistent with the fact that PM processes
generates liquids with variable enrichments in incom-
patible elements but with moderate depletion in
compatible elements, while CSFC is much more
efficient in producing compatible elements depletion
than incompatible elements enrichment. Therefore, a
losed system fractional crystallization (CSFC, continuous line) models
am showing that CSFC processes starting from the less evolved syenite
ntiated samples; b) Th vs. La diagram showing that the high HFSE
rimitive basaltic source; and alternative CSFCmodel showing that only
nite; c) Cr (compatible) vs. Th diagram evidencing good CSFC model
SFC model. Bulk distribution coefficients (D) used for each model are
resent amount of melt. See text for discussion.



Table 5
Parameters used in CSFC and AFC models in Figs. 7, 10 and 11

Sample AP-02s 120395-10 EAMC S-type crust PAT-29

Rock type Alkali basalt Tuff Limestones–sandstones Microsyenite

Role Parental magma Assimilant Assimilant Assimilant Parental magma

Age [Ma] 3.4N 160 Paleozoic Paleozoic 3.08

Cr (ppm) 281
DCr 4
Sc (ppm) 25
DSc 2.5
Ba (ppm) 419 1810 304 482
Nb (ppm) – 8.3 10 14.3 42.4
High DNb 0.1
Low DNb 0.02
Ta (ppm) 2.35
DTa 0.01
Y (ppm) 39.8
High DY 0.5
Low DY 0.1
Th (ppm) 3.6 8.83
DTh 0.01 0.01
Rb (ppm) – 94 – 101.0
Sr (ppm) 579.0 117 80.0 173.0
High DSr 3.0
Low DSr 1.1
La (ppm) 30.0 48.4
DLa 0.01 0.01
Sm (ppm) 5.80 4.4 6.00 6.00
Nd (ppm) 30.00 28.9 30.00 28.60
87Sr/86Sr 0.704597 0.71441 0.72184
(87Sr/86Sr)o 0.704597 0.71431
143Nd/144Nd 0.512708 0.512362 0.51232
(143Nd/144Nd)o 0.512706 0.512360
eNdCHUR(3 Ma) 1.4 −5.3

EAMC: Eastern Andean Metamorphic Complex.
D: magma distribution coefficient for indicated element.
–: no data.
Jurassic tuff from Parada et al. (2001); Pliocene alkali basalt from Gorring et al. (2003).
Values for EAMC and S-type crust are averages from Faúndez et al. (2002) and Kilian and Behrmann (2003).
derivation of the felsic rocks through fractional
crystallization of primitive basaltic magmas is favored.
The contrasted behavior of highly (Cr) and moderately
(Sc) compatible elements indicates that high amounts of
olivine, rather than clinopyroxene, were removed from
the basaltic liquids, a feature consistent with the
petrography of post-plateau olivine-rich basalts.

Finally, it is necessary to call for open-system models
to justify some high incompatible elements concentra-
tions (Fig. 10a and b) as well as the Sr and Nd isotopic
signatures of the more evolved magmas (Fig. 9). AFC
models according toDePaolo (1981)were tested using the
same primitive basaltic source and choosing as an
assimilant a Middle Jurassic rhyolitic tuff from the Ibáñez
Formation (sample 120395-10 outcropping 20–25 km
southwest of the studied area: 87Sr/86Sr=0.714405,
143Nd/144Nd=0.512362; Parada et al., 2001, Table 5).
These AFC tests show that the genesis of the complete
suite of felsic rocks from the W-MLBA requires ratios of
assimilation vs. crystallization (r) lower than 0.3 and
progressively increasing DSr during fractionation.
According to the Sr vs. (87Sr/86Sr)o model (Fig. 11a),
the composition of the less evolved acid rock (PAT-29) is
obtained for F values (amount of residual liquid) between
30–40%, a r value of ∼0.30 and a low DSr=1.1,
otherwise unrealistic r values as high as 0.9 are needed
(Fig. 11a, curve 1). Mifeldi microsyenites and dyke (PAT-
20, -22 and -21) need F values between 30 and 70%, with
r values between 0.10–0.30 and DSr=1.5–2.0 (Fig. 11a,
curves 2, 3 and 4). The highly differentiated alkali
microgranite (PAT-12) and the associated trachytic lava
(PAT-13) require the highest amount of crystallization



(F=15–20%), an even lower range for r=0.03–0.10 and
higher values forDSr=2.0–3.0 (Fig. 11a, curves 3 and 5).
These results are corroborated when the model is tested
with incompatible elements ratios (La/Nb vs. Sr/La;
Fig. 11b, curve 1) and also when strongly incompatible
trace elements (e.g. Ta) concentrations are modeled
(Fig. 11).

Following the major element modeling results,
another tested model was the derivation of the alkali
microgranite and related trachyte by AFC of the less
evolved syenite (PAT-29), using the same assimilant
(Middle Jurassic rhyolitic tuff) composition. This model
might explain the existence in the trachytic lava of
clinopyroxene cores with compositions similar to those
of the syenites (Figs. 4IIb, 5d). The same type of Sr
isotopic model (not shown) yields satisfactory results
for similar low r values (0.02–0.1), but with slightly
higher F=25–55% and also only for DSr as high as 3. In
addition, equivalent modeling using trace elements also
indicates that low r values (0.1) and high DSr (∼3) are
required to generate the most differentiated magmas
(Fig. 11b, curve 2). To comply with some of the above
models, assuming a compatible behavior for Sr (DSr=3)
is necessary. Peccerillo et al. (2003) showed that,
although values of DSr=3 are somewhat higher than
those found in alkali basalts, these values are rather
optimal for felsic systems in which feldspar is the
dominant fractionating phase, as it is the case here.

8.2. Proposed petrogenetic model

The geochemistry of the MLBA OIB-type post-
plateau basalts supports an origin by low degrees (1–5%)
of partial melting of a peridotitic primitive mantle source
in the garnet stability field (65–70 km), and interaction
with the Patagonian continental lithospheric mantle to
gain their enriched isotopic signature (Gorring et al.,
2003). The mechanism for melting is thought to be the
decompressional melting of upwelling subslab astheno-
spheric material due to the generation of a slab window
in the subducting plate, as a consequence of either the
subduction of diverging segments of the active Southern
Chile Ridge (Gorring et al., 1997; Gorring and Kay,
2001; Gorring et al., 2003; Espinoza et al., 2005a) or the
opening of a slab tear parallel to the trench during ridge-
trench collision (Guivel et al., 2006).
Fig. 11. a) Assimilation–fractional crystallization (AFC) modeling
showing that Sr contents and the Sr isotopic signature of W-MLBA
felsic rocks can be achieved by ratios of assimilation of the country
rocks (Jurassic tuffs) vs. crystallization (r) lower than 0.4 and
progressively increasing DSr during fractionation of a primitive post-
plateau basaltic liquid (curves 1 to 4). That of the more differentiated
Cerro Lápiz rocks needs even lower rates of assimilation/fractional
crystallization but higher crystallization rates (curve 5, r=0.03–0.1;
F=∼15%); b) equivalent AFC model applied in a La/Nb vs. Sr/La
diagram; curve 1: starting from the same basaltic source in a) to yield
the ratios of the other samples using similar parameters (r and DSr);
curve 2: alternative AFC model for the generation of the most
differentiated magmas starting from the less evolved syenite (PAT-29)
with F valuesb10%, and also low r values (0.1) and high DSr (3),
c) equivalent AFC modeling of an strongly incompatible element (Ta)
in the felsic rocks, corroborating results shown in a) and b). Ta value
for the Jurassic tuff calculated as Ta⁎=Nb/17. Star symbol: Jurassic
tuff from Ibáñez Formation used as assimilant. Bulk distribution
coefficients (D) used for each model are indicated in the corresponding
diagram. Ticks every 10% in model lines represent amount of residual
liquid (F). See text for discussion.



Models based on Sr–Nd isotopes and major and trace
elements indicate that Pliocene felsic rocks from the
westernMLBAarea could be generated byAFCprocesses
of coeval post-plateau basaltic liquids contaminated in
upper crustal levels by Jurassic ignimbrites of the Ibáñez
Formation. In all tested models the Cerro Lápiz alkali
microgranite and the associated trachytic lava (samples
PAT-12 and -13) need a very high degree of fractional
crystallization to achieve their elemental and isotopic
signatures. Similarly, Stevenson et al. (1997) noted that the
genesis of alkaline granite in the Ilímaussaq Complex
probably occurred through large-scale contamination and
crystallization of basaltic or augite syenite magmas. The
fractional crystallization hypothesis is able to explainmost
of the geochemical and isotopic features of the mafic–
felsic MLBA suite, but it implies the need for large
volumes of basalticmagmas to generate the felsic melts by
this process. In this respect, the volume estimate of
∼600 km3 (Gorring et al., 2003) for the MLBA post-
plateau lavas and cones is clearly much higher than the
∼0.5 km3 minimum estimated volume of the felsic
intrusions. This, together with the low assimilation rates
calculated, is consistent with the results of Dufek and
Bergantz (2005) who showed the difficulty to generate
large amounts of crustal melts based on thermal input
(mantle melts) and crustal thickness constraints.

Consequently, a two stage petrogenetic model can be
proposed for the genesis of the felsic magmatism in the
western border of the MLBA. In its first step, enriched
asthenospheric basaltic melts were generated from
mantle upwelling and ascended through a slab tear or
window, forming the MLBA post-plateau sequence
(Gorring et al., 2003; Guivel et al., 2006). Second, part
of these magmas was stored in shallow level intracrustal
magma chambers, where intense fractionation of
plagioclase, clinopyroxene, Fe–Ti oxides, apatite,
zircon (see Section 8.1.2), together with minor assim-
ilation of host Jurassic felsic volcanics, generated the
evolved liquids. The first mantle-derived magmas
interacted with the host rocks (high r values) and stayed
in the magma chamber, allowing extensive fractional
crystallization which generated the less evolved syenitic
liquids (now the Mifeldi and Pico Rojo syenites and
trachytes). Continuously, newly injected primitive melts
mixed with mafic magmas ponding at the bottom of
the chamber. Later, an increase in mineral fractionation
rate (low r values), now dominated by feldspars (as
evidenced by chemistry and texture of samples PAT-12
and -13), together with a decrease in assimilation rates
of the wall rock (now less fertile), generated low
density-highly differentiated granitic magma (now the
Cerro Lápiz alkali microgranite and trachytes). This
hypothesis is also coherent assuming that granitic melts
derive from parental syenitic melts (see Section 8.1.3).
Then, Fe- and Zr-rich residual magmatic liquids re-
equilibrated with the felsic melts and precipitated Fe-
rich clinopyroxenes and zircons in the interstices of the
main mineral framework and in volatile-filled vesicles.
Later, mafic magmas ponding near the bottom of the
partly emptied magma chamber may have used the
same structures that the felsic liquids and/or ancient
structures to reach the surface. Finally, younger mantle-
derived mafic melts may have reached directly the
surface without shallow storage, and were emplaced
during the Pleistocene in the eastern part of the MLBA
(Fig. 12).

The intrusion sequence is constrained by the ages we
obtained (Table 1) and is consistent with the temporal
evolution of a zoned magma chamber, further support-
ing the AFC model discussed above. The first generated
syenitic magmas intruded north of the studied area (Pico
Rojo neck); later, granitic magmas stored in the upper
part of the magma chamber, generated from either newly
injected mafic magmas or older remnant syenitic
liquids, intruded the southern part of the Zeballos
Fault Zone (Cerro Lápiz neck); and finally, syenitic
magmas coming from deeper levels in the magma
chamber reached sub-volcanic depths (Mifeldi laccolith
and dykes; Figs. 2b and 12). Simultaneously, scarce
trachytic lava flows were emplaced at the surface.

A stratified magma evolution in a shallow magmatic
reservoir (e.g. Turner and Campbell, 1986; Peccerillo
et al., 2003) like that described above could explain the
lack of rocks with intermediate compositions (the Daly
gap). Low density and crystal-rich differentiated (and
assimilated) liquids accumulated at the top of the
chamber, acting as a barrier for deeper basaltic magmas
to undergo convective stirring. Furthermore, the recur-
rent injection and mixing with asthenospheric melts may
have prevented differentiation of mafic magmas in the
deep layers of the chamber. Therefore, a well-stratified
reservoir could be able to avoid (or restrict) the
generation of liquids with intermediate compositions.
As no other felsic rocks with crystallization ages
younger than those described here have been reported
for the MLBA, we may suppose that this process of
differentiation occurred once at the beginning of post-
plateau magmatism. Therefore, the studied felsic
magmas could have frozen at shallow levels below the
volcanic system developed in the western edge of the
MLBA, preventing the extrusion of their parental mafic
magmas. This could have resulted into an eastward
migration of volcanic activity, as evidenced by the
occurrence of Pleistocene–Holocene basaltic cones and



Fig. 12. Actual schematic WE section across the Zeballos Fault Zone and the W-MLBA at 47°05′S. At shallow depth, an inferred Pliocene stratified
magmatic reservoir (not to scale) located in the Jurassic Ibáñez/El Quemado acid volcanics hosts primitive asthenosphere-derived mafic melts. Then,
the studied evolved syenitic and granitic liquids are generated by assimilation–fractional crystallization (AFC) processes from the stored basaltic
melts. Major Pliocene structures and stratigraphic units of the study area are shown. See location of profile in Fig. 2a.
lava flows mainly in the eastern edge of the MLBA
(Brown et al., 2004; Singer et al., 2004) (Fig. 12).

The initiation of this volcanic event in the western
MLBA would have been triggered both by the upward
pushing of the sub-slab upwelling mantle and the onset
of a new tectonic regime. This would allow the
upwelling of magmas to upper crustal levels, storing
in recently created spaces and later, together with the
effect of lithostatic ice rebound (e.g. Bevis et al., 2006)
and high erosional rates (Thomson et al., 2001), the
exhumation of the sub-volcanic bodies (see discussion
below).

8.3. Implications for the Pliocene tectonic evolution of
Patagonia

The area south of LGCBA is located just above
the estimated present-day location of the subducted
(ca. 6 Ma ago) SCR-1 segment of the South Chile ridge
(Cande and Leslie, 1986), then the sub-oceanic plate
mantle is in direct contact with the continental mantle
wedge (Fig. 1). Our recent work on alkali flood basalts
in the region (Espinoza et al., 2005a; Guivel et al., 2006)
and that of other workers (Ramos and Kay, 1992;
Gorring et al., 1997; Gorring and Kay, 2001; Gorring
et al., 2003; among others) clearly indicate the occur-
rence of a thermal and compositional mantle anomaly
below the region since, at least, Eocene times.
Furthermore, geophysical surveys in the region (e.g.
Murdie et al., 2000) confirm the actual occurrence of
this hot mantle anomaly below LGCBA. However, the
present (and past) continental response associated to this
mantle–lithosphere interaction is still poorly understood,
especially regarding possible changes of the tectonic
regime.

In other regions where syenitic and alkaline-granite
bodies (plus other lithologies) occur jointly, it is common
to find them in locally circular arrangements, with ring
dykes of different compositions surrounding the main
intrusion or crosscutting it (Mingram et al., 2000;
Riishuus et al., 2006), but also in linear arrangements
(Tchameni et al., 2001; Upadhyay et al., 2006). The latter
is generally attributed to a continental rift setting
(or transtensional tectonics; Wang et al., 2005), because



in many well-known ancient and actual rift systems
(Central Russia, India, East African Rift) alkali intru-
sions are common and even considered characteristic for
this type of geotectonic setting (Litvinovsky et al., 2002;
Peccerillo et al., 2003; Upadhyay et al., 2006). In Central
Patagonia, these ∼3–4 Ma old alkaline intrusions (and
rectilinear dykes) outcrop at ca. 1800m a.s.l. at the top of
the western edge of theMLBA, and are aligned along the
N160–170 trending lineament of the Zeballos Fault
Zone (ZFZ) paralleling the morphotectonic front of one
segment of the Patagonian Cordillera (Figs. 2 and 3). All
these features could indicate that the process of magma
intrusion either benefited from pre-existing structures
associated with the Cordilleran construction (pre-
∼15 Ma; Ramos, 1989; Suárez et al., 2000; Lagabrielle
et al., 2004) or occurred during the onset of a new
transtensional or extensional Pliocene tectonic event in
the region, or both.

Our field observations (intrusive relationships, oc-
currence of dykes following the major trend of the
intrusives; Fig. 3), may indicate ∼WE transtensional
tectonics that suggest vertical displacement along the
Zeballos Fault Zone. Previously described normal and
strike-slip faults in the ZFZ support this idea (Lagab-
rielle et al., 2004, 2006) as well as the evidence of 5–
3 Ma old tectonic-controlled paleo-topography at the
foot of the main MLBA scarp in the studied region
(Lagabrielle et al., submitted for publication) (Fig. 12).
Furthermore, the spatial distribution of the intrusives
following the ZFZ trace also correlates with a series of
N160–170 regional lineaments occurring north and
south of LGCBA (Puerto Ibáñez-Chile Chico Fault
Zone; Lagabrielle et al., 2004), which in turn coincide
with the trend of the subducted Chile Ridge segments
(B. Scalabrino, in preparation).

The geodynamic significance of the magmato-
tectonic events which occurred in the MLBA between
ca. 4–3 Ma is not yet clearly understood. However, we
have several lines of evidence that important events
occurred at that time in the region. These are of three
types: magmatic, tectonic and geodynamic. Magmatic
events include: (i) the change from main-plateau alkali
basaltic to post-plateau basanitic volcanism, which
involved a significant decrease of the partial melting
degrees of their mantle sources (Gorring et al., 1997,
2003; Guivel et al., 2006); (ii) the genesis of the studied
felsic lavas, and (iii) the occurrence of the Las Nieves
pluton (Morata et al., 2002). The tectonic events, which
are not so well-constrained in time but occurred after
4 Ma, include (i) the collapse of the central part of the
LGCBA region (development of the LGCBA transverse
rift zone) leaving relict planar surfaces of Avellanos and
Meseta Chile Chico (Lagabrielle et al., 2004; Espinoza
et al., 2005b), and (ii) the development of strike-slip
faulting along the ZFZ (Lagabrielle et al., 2004, 2006).
Finally, at 3 Ma, the main geodynamical event is the
collision of the SCR 0 segment with the Chile Trench
(Cande and Leslie, 1986). This event affected a region
of the Cordillera underlain by a hot and weak mantle due
to the presence of the subducted SCR-1 segment
migrating progressively northeastwards (Fig. 1). We
tentatively propose that the arrival near the trench
followed by the collision and the final subduction of
segment SCR 0 disturbed the regional tectonic regime
and changed drastically the tectonic coupling between
the descending oceanic lithosphere and the upper South
American plate, south of the Tres Montes Fault Zone
(Fig. 1). New structural work and fault data need to be
compiled in order to better constrain the regional tec-
tonic aspects of this event.

9. Conclusion

A series of alkaline felsic intrusions, ranging from
syeno-diorite to alkali microgranite, together with
associated trachytic lava flows, dated between 3.98 and
3.08Ma, occur in the western flank of theMLBA basaltic
plateau. This magmatism occurred synchronously with
the emplacement of young mafic lavas on the Meseta
(post-plateau basalts), and they are genetically related.
The felsic intrusive rocks are aligned along a major
N160–170 tectonic corridor (the Zeballos Fault Zone),
and crosscut Jurassic volcanics and Miocene sediments.
The intrusion benefited from a regional transtensional or
extensional tectonics (rift-like) prevailing in the area of
LGCBA during the Pliocene, and related to a regional
tectonic event that occurred in possible relation with the
collision of one segment of the Chile Spreading Ridge
with the trench. The Pliocene felsic magmatism in the
LGCBA region was initiated when sub-slab astheno-
spheric basaltic melts ascended through a slab tear/
window at ∼4–3 Ma (MLBA post-plateau basalts), then
part of them were stored at shallow crustal levels in
magma chambers hosted by Jurassic ignimbrites. This
storing gave opportunity to large-scale fractional crystal-
lization of the mineral phases now observed in the
samples (plagioclase, clinopyroxene, Fe–Ti oxides,
apatite plus zircon) and to variable degrees of assimilation
of the host rock. An AFC model is proposed as the most
likely petrogenetic process able to account for the
geochemical signature of the studied felsic rocks and to
explain their scarcity with respect to coeval basalts.

A-type granitoids are mainly associated with anoro-
genic to post-orogenic continental settings, and tectonic



processes such as slab breakoff or delamination of a
thickened lithosphere are often considered responsible for
a hot mantle upwelling (mantle-derived magmas or
upwelling asthenosphere) (Whalen et al., 1996) capable
to generate the high melting temperatures required for the
generation of this type of magmas (Clemens et al., 1986).
Furthermore, A1-type granites (Eby, 1992), which show
elemental ratios similar to oceanic island basalts, have
been related with the inferred occurrence of hotspot activ-
ity related to mantle plumes, generally associated with
OIB-type extensive basaltic magmatism or to intraplate
rifting. The data presented here show that is possible to
generate magmas with A1-type geochemical character-
istics through open-system fractionation processes (AFC)
occurring in other geodynamic settings such as back-arc
areas, particularly after active ridge subduction.
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