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Abstract

The Camusu Aike volcanic field (CAVF), part of the discontinuous N-S-trending belt of Cenozoic mafic lava formations that occur in a
backarc position along extra-Andean Patagonia, is located in southern Patagonia (~ 50°S, Santa Cruz province), approximately 70 km east of
the extensive Meseta de las Vizcachas and just south of the upper Rio Santa Cruz valley. The CAVF volcanics cover a surface of ~200 km?
and occur mainly as lava flows and scoria cones. They are subdivided into two groups: Group I volcanics are high-TiO,, low-Mg# olivine-
hypersthene-normative basalts and trachybasalts that erupted at about 2.9 Ma; Group II lavas are much less abundant, more primitive basaltic
andesites that erupted at about 2.5 Ma. Both groups show a within-plate geochemical signature, though it is more marked in Group I lavas.

The main geochemical characteristics, age, and location of CAVF volcanics are consistent with the slab window opening model proposed
by different authors for the genesis of the Miocene-Recent mafic magmatism of Patagonia south of 46.5°S. The whole-rock geochemical and
Sr-Nd isotope features of Group I lavas (*”Sr/%°Sr=0.7035-0.7037; '**Nd/'**Nd =0.51288-0.51291) indicate a genetic link between these
lavas and the primitive basalts in southernmost Patagonia (Pali Aike volcanic field and Estancia Glencross area), which have been interpreted
as melting products of an isotopically depleted asthenosphere. The relatively evolved compositions of the erupted Group I magmas are
modeled by a polybaric crystal fractionation process without significant involvement of crustal contamination. The more primitive Group II
lavas are strongly depleted in incompatible elements, have slightly higher (LREE +Ba+ Th+ U)/HFSE ratios, and have more enriched
Sr—Nd isotope compositions (3’Sr/**Sr=0.7039; **Nd/'**Nd=0.51277) that are more akin to the Patagonian basalts farther to the north.
The most likely explanation for the geochemical features of Group II lavas is the occurrence in their mantle source of a small proportion of a
subduction-related, enriched component that likely resides in the former mantle wedge or the basal continental lithospheric mantle.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Basaltic magmas; Geodynamics; Late Cenozoic; Patagonia; Petrology

1. Introduction

The voluminous effusion of basaltic plateau lavas is one
the most prominent events that occurred during the Cenozoic
geological history of extra-Andean Patagonia (Stern et al.,
1990 and references therein). Some recent geochemistry and
petrology research has focused on the origin and geodynamic
significance of the Miocene-Quaternary basalts exposed in
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southern Patagonia, south of 46.5°S latitude (D’Orazio et al.,
2000, 2001; Gorring and Kay, 2001; Gorring et al., 2003).
The most accepted interpretation of this magmatism relates
the production of magmas to the opening of a slab window
under this sector of South America in response to the
subduction of the Chile oceanic spreading ridge at the Chile
Triple Junction (Ramos and Kay, 1992; Gorring et al., 1997).
Although the geology of some southern Patagonia volcanic
areas of this magmatic province has been studied adequately
(e.g. Pali Aike volcanic field (hereafter, PAVF), Skewes and
Stern, 1979; Meseta del Lago Buenos Aires, Baker et al.,
1981; Estancia Glencross area (hereafter, EGA) volcanics,
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D’Orazio et al., 2001), other areas, though they extend for
many hundreds of square kilometers, remain almost
unexplored or at a preliminary stage of investigation.

In this article, we report on the petrography, geochem-
istry, and geochronology of a volcanic field located south of
the upper Rio Santa Cruz valley and approximately 50 km
east of Lago Argentino. Before this study, the extent of
knowledge about the volcanic rocks in this area was
extremely limited. Gathered through a field survey and
sampling carried out in austral summer 2000, the
collected data show that these rocks were erupted during
the Late Pliocene and belong to two markedly different
groups: (1) a group of lavas and scoriae consisting of
moderately subalkaline basalt and trachybasalt with high-
TiO, content and relatively low Mg#s and (2) a group of
lavas consisting of volumetrically subordinate basaltic
andesites characterized by high-SiO, and -MgO contents
and low alkalis. Our study of magmas erupted in this area
provides a further opportunity to characterize the nature of
the Neogene-Quaternary basaltic magmatism of southern
Patagonia better and understand its origin and space-time
evolution.

2. Regional geological framework

At the latitudes of the study area, the South American
continent is structured, from west to east, of four main units
(Winslow, 1982; Ramos, 1988): (1) a Paleozoic meta-
morphic basement intruded by the Jurassic-Miocene, calc-
alkaline, Patagonian batholith and exposed in the Pacific
Archipelago (Hervé et al., 1981); (2) the Patagonian
Cordillera, made up of deformed silicic volcanics (Late
Jurassic, Tobifera or El Quemado complex) and an
ophiolitic/volcaniclastic assemblage from the Early
Cretaceous ‘Rocas Verdes’ backarc basin (Dalziel, 1981);
(3) the Andean Cordillera foothills, a thin-skinned fold-and-
thrust belt built up from the Late Cretaceous to the Late
Miocene (Kraemer, 1998; Coutand et al., 1999); and (4) the
Magallanes foreland, affected by Neogene extensional
tectonics that gave rise to graben systems (Diraison et al.,
1997). The latter two units consist of Jurassic-Quaternary
volcano-sedimentary formations of the Magallanes basin
(Biddle et al., 1986; Ramos, 1989).

The basaltic rocks of this study are located above the
northern part of the Magallanes sedimentary basin, where it
attains a thickness of 1000-2000 m (Biddle et al., 1986),
and in proximity to the eastern margin of the Andean
foothills. Kraemer et al. (1996) present an E-W regional
geologic section of the Patagonian Andes and Magallanes
basin at the latitude of the study area (50°20'S). On the basis
of gravimetric and geologic field data, they propose that the
crust under the Magallanes basin thickened during the
Pliocene—Pleistocene by emplacement of mafic igneous
rocks in the subsedimentary crust to its present thickness of
approximately 30 km.

During the last 15 million years, the geodynamic
evolution of southern South America has been largely
influenced by the collision of the Chile ridge, which
separates the Nazca plate from the Antarctic plate, with
the Chile trench (Fig. 1). According to the plate reconstruc-
tion models of Cande and Leslie (1986), the Chile ridge
started colliding with the Chile trench at the latitude of
Tierra del Fuego at 14—15 Ma and formed a trench—trench—
ridge triple junction. Because of plate margin configuration,
the triple junction migrated northward to its present position
close to the Taitao Peninsula (~46.5°S). This ridge—trench
collision along the Pacific margin of southern South
America is tightly linked to some prominent Cenozoic
geological features, such as the formation of a volcanic gap
in the modern calc-alkaline volcanic arc along the sector of
the Andean Cordillera between the Chile Triple Junction
and the Austral volcanic zone (Futa and Stern, 1988; Ramos
and Kay, 1992; Stern and Kilian, 1996), the Neogene uplift
of this sector of the Cordillera (Ramos, 1989), and the
Miocene-Quaternary eruption of basaltic lavas with
intraplate geochemical affinity in a backarc position
(Ramos and Kay, 1992; Gorring et al., 1997; D’Orazio et
al., 2000, 2001). Recently, modeling of isostatic rebound
related to advances and retreats of the Patagonian ice fields
(Ivins and James, 1999) has indicated an anomalously low
viscosity mantle and thin lithosphere, compatible with a slab
window that formed in response to the ridge-trench collision
under this sector of South America.

3. The Camusu Aike volcanic field

We assign the volcanic field in this study the name
Camusu Aike volcanic field (CAVF, hereafter), after the
name of a stream crossing this area; in the ancient
Tehuelche language, the word Camusu refers to the wavy,
flame-like movement of the grass. The CAVF is located
between 50°17’S and 50°34’S and between 71°00'W and
71°19'W, covers a surface of ~200 km? (Fig. 2), and is
composed of a sequence of lava flows that issue from
several scoria cones and eruptive fissures. These volcanic
rocks lie atop the Meseta Pampa Alta, a widespread high
plain located south of the upper Rio Santa Cruz valley that
slopes to the southeast with a ~ 1% gradient. According to
Strelin et al. (1999), this meseta is a proglacial plain
emerging east of the moraine deposits of the Pampa Alta
glaciation, 10 km west of the CAVF. Within the study area,
the Meseta Pampa Alta attains elevations of 700-420 m
above sea level (a.s.l.) and is crossed by several flat-
bottomed stream valleys (e.g. Cafiadon Camusu Aike,
Cafiadon Deus; Fig. 2). The proglacial deposits of the
Meseta Pampa Alta are gravels with clasts of schists, acidic
volcanics, and granitoid rocks, sometimes intercalated with
sandy lenses.

The volcanic cones of the CAVF are distributed
along an ENE-WSW band in the northern sector of
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Fig. 1. Schematic geodynamic setting of southern South America and adjacent Pacific Ocean. The sketch shows the fracture zones of the oceanic Nazca and
Antarctic plates (thin continuous lines), the Chile oceanic spreading ridge (grey strips), the Chile trench (heavy continuous line with triangles on the overriding
plate), the transcurrent margin between the Scotia and South American plates (dashed line), the Chile Triple Junction, the main active volcanoes of the Andean
Cordillera (filled smoking triangles), and the Cenozoic Patagonian lavas (black areas). The two large, black arrows are the convergence vectors of the Nazca
and Antarctic plates with respect to South America, according to the NUVEL-1A model of DeMets et al. (1994). The boxed area shows the studied zone
(enlarged in Fig. 2). Circled numbers are Patagonian basalt occurrences cited in the text: 1. Pali Aike volcanic field (Late Pliocene-Quaternary); 2. Estancia
Glencross area (Late Miocene); 3. Meseta de las Vizcachas (Middle Miocene—Late Pliocene); 4. Cerro del Fraile (Late Pliocene-Quaternary); 5. mesetas north
of Rio Santa Cruz valley (Miocene?-Late Pliocene); 6. Meseta del Viento (Early Pliocene-Late Pliocene); 7. Meseta de la Muerte and Meseta Strobel (Middle
Miocene—Early Pliocene); 8. Meseta Central (Late Miocene—Late Pliocene); 9. mesetas north and northeast of the Deseado Massif (Eocene—Late Pliocene); 10.
Meseta Belgrano (Late Miocene—Late Pliocene); and 11. Meseta del Lago Buenos Aires (Paleocene-Quaternary).

the volcanic field (Fig. 2). Through field surveys and
satellite image analysis, we recognize six main scoria
cones (basal diameter 1000-2000 m) and several minor
scoria cones and scoria ramparts. The largest scoria cone,
the Cerro Grande (767 m a.s.l.), rises approximately 120 m
above the surrounding plain. Another, located at 50°20’S,
71°14'W (752 m a.s.l), is characterized by a large
breaching to the west (Fig. 3a). The cones are made up
of red to black scoriae, sometimes with large ellipsoidal

bombs (up to 45 cm maximum length), and subordinate
spattered material.

One of the most prominent volcanic features of the
CAVF is an elongated structure consisting of several long,
piled lava flows. These flows start at the NW corner of
the volcanic field, close to the base of the cone at 50°20’S,
71°14'W; the longest one ends 33 km to the SE near
Estancia La Paz (Figs. 2 and 3b). Other lava flows that
form the CAVF occur as flat pahoehoe sheets.
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Fig. 2. Geological sketch map of the CAVF. Legend: 1. Santa Cruz Formation (Middle Miocene); 2. Camusu Aike volcanics (Upper Pliocene); 3. Meseta
Pampa Alta fluvioglacial deposits (Upper Pliocene-Quaternary); 4. alluvial and colluvial deposits (Quaternary); 5. faults; and 6. scoria cones. The track of the

Ruta Provincial 9 is also shown.

The stratigraphically lowermost lava flow found during our
survey is exposed in the northern sector of the CAVF in the
escarpment of the Rio Santa Cruz valley, covered by a layer
of fluvioglacial gravel (Fig. 3c). Discontinuous outcrops of
lava flows showing irregular columnar jointing occur in the
eastern sector of the CAVF and in the area around Puesto
Dos Hermanos (Fig. 2).

The study area was affected by extensional tectonics,
which generated a NW-SE-trending, ~ 10 km long,
~2.5 km wide graben structure in the northeast sector of

the CAVF (Fig. 2). Marked NW-SE structural control on
the volcanic activity is evidenced by the alignment of the
two eroded craters and the marked channelling of the major
lava flows in a NW-SE-trending morphological depression.

4. Analytical methods

Mineral analyses were performed at the Istituto di
Geoscienze e Georisorse (CNR, Firenze) using a JEOL
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Fig. 3. (a) Eroded scoria cone (50°20’S, 71°14'W, 752 m a.s.l.) showing a
wide breaching to the west, (b) lava tunnel in the basaltic flow at Estancia
La Paz (sample PA-324), and (c) lava flow (sample PA-309) exposed along
the uppermost flank of the Rio Santa Cruz valley at the northernmost end of
the CAVF. The flow, dated by 4OAr—Ar at 2.95+0.06 Ma, is overlain by
fluvioglacial gravel.

JXA-8600 electron microprobe coupled with four WDS
spectrometers. Instrumental conditions were as follows:
15 kV accelerating potential, 10 nA cup current, and 2 pm
beam spot; calibration standards were natural silicates;
matrix effects were corrected following Bence and Albee
(1968). SiO,, TiO,, Al,Os, Fe,Ostot, MnO, MgO, CaO,
Na,0, K50, and P,O5 for the whole rocks were determined
by X-ray fluorescence (ARL 9400 XP*) using Li,B,O,
glass disks (sample:flux ratio=1:7) at the Dipartimento di

Scienze della Terra, University of Pisa. FeO was determined
by titration. Loss on ignition was determined by gravimetry
at 1000 °C after preheating at 110°C. The estimated
precision for major element data in the concentration ranges
of the studied samples is better than 2%.

The concentrations of 30 trace elements were determined
by ICP-MS (VG PQII Plus STE) at the Dipartimento di
Scienze della Terra, University of Pisa. Samples were
dissolved in PFA vessels on a hot plate at approximately
120 °C with HF+HNOj. The sample solutions, at ca.
1:1000 dilution, were measured in replicates by external
calibration. Analytical precisions, evaluated by repeated
analyses of the in-house standard HE-1 (Mt. Etna hawaiite),
are between 2 and 5% relative standard deviation, except for
Gd and Tm (6%) and Be, Sc, and Pb (8%).

Sr and Nd isotopic analyses were carried out using a
Finnigan MAT 262V multicollector mass spectrometer at
the Istituto di Geoscienze e Georisorse (CNR, Pisa) and
conventional ion exchange methods for Sr and Nd
separations. Measured ®’Sr/*°Sr ratios were normalized to
86Qr/88Sr=0.1194; '*Nd/'**Nd ratios were normalized
to "*°Nd/"**Nd=0.7219. During the collection of isotopic
data for this study, replicate measurements of NIST SRM
987 (SrCO3z) and La Jolla standards gave values of
0.710240+ 11 (2s.d.) for 3Sr/®®Sr and 0.511848+26
(2 s.d.) for "**Nd/"**Nd.

The groundmass of samples PA-309, 320, and 324,
selected for **Ar—° Ar analyses (carried out at the Istituto di
Geoscienze e Georisorse, CNR, Pisa), was separated by
standard separation techniques and purified by hand-picking
under a stereomicroscope. The separated material was
further cleaned by acid leaching in an ultrasonic bath (1 h at
~50°C in 3.5N HCI and IN HNOs;). The final product was
wrapped in aluminum foil and irradiated for 4h in
the TRIGA reactor (University of Pavia, Italy), along
with the dating standard FCT-3 biotite (27.95 Ma; Baksi et
al., 1996). After irradiation, the samples (~ 15-20 mg) were
loaded into 8 mm diameter holes of a copper holder, placed
into an ultrahigh-vacuum laser port, and baked overnight at
~ 180 °C. Incremental laser step-heating experiments were
carried out using an infrared laser beam generated by a
diode-pumped CW Nd-YAG laser, which was defocused to
a ~2 mm spot. The laser beam was homogenized by a beam
homogenizer lens, which produces a flat power distribution.
Homogenous heating was obtained by slowly rastering the
laser beam by a computer-controlled x—y stage. The steps
were carried out with increasing laser powers until complete
melting occurred. The gas extracted was gettered and, after
20 min (including ~6 min lasering), equilibrated by
automated valves into a MAP215-50 noble gas mass
spectrometer fitted with a Balzers SEV 217 secondary
electron multiplier. Reported data (Table 1, Appendix A)
were corrected for post-irradiation decay, mass discrimi-
nation effects, isotopes derived from interfering neutron
reactions, and blanks. Errors are 2¢ and do not include
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Sample PA-324 is from a 4 m thick lava flow at the
southeastern termination of the NW-SE-elongated lava field
near Estancia La Paz (440 m a.s.l.). Sample PA-320
represents a lava flow that crops out close to Puesto Dos
Hermanos (550 m a.s.l.). The “OAr-*Ar data are summar-
ized in Table 1, and the age spectra for the three samples are
reported in Fig. 4. All the samples analyzed yield well-
defined plateaus (more than three contiguous steps that
together comprise more than 50% of the **Ar, released
and overlap at 2¢ analytical error), which we consider
meaningful. The data obtained indicate that the CAVF was
active during the Late Pliocene for at least 450 ka. Recently,
Mejia et al. (2004) published a paleomagnetic study of the
Plio-Pleistocene mafic lavas of southern Patagonia in which
they report two “°Ar—>’Ar dates of lavas from the CAVF of
2.98+0.03 Ma and 3.02£0.04 Ma, in close agreement with
our data. The *°Ar—>’Ar age determinations from our work
and Mejia et al. (2004) contrast with a single “°’Ar—*°Ar age
of 0.67+0.56 Ma quoted by Strelin et al. (1999) for a lava
flow from the central portion of the NW-SE-elongated lava
field. Unfortunately, the possible cause of the mismatch
between these data cannot be evaluated because of the lack
of the analytical details for the latter *CAr—*°Ar
determination.

6. Classification and petrography

As we show in the total alkali versus silica classification
diagram (Fig. 5), the majority of the volcanic rocks exposed
in the CAVF are hypersthene + olivine-normative basalts
and trachybasalts (hawaiites) (Group I; Fig. 5), whereas the
rare lavas with columnar jointing sampled in the Puesto Dos

"post-plateau” SEEe Camusu Aike
81 sequence ~_, > Volcanic Field
f .. ® Group | Lavas
74 ! e O Group Il Lavas
& I & ;
£ 'main-plateau
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Si0, (Wt.%)

Fig. 5. Total alkalis versus silica (wt.%) diagram for the studied rocks. The
fields for the volcanics from the PAVF (D’Orazio et al., 2000), EGA
(D’Orazio et al., 2001), Meseta de las Vizcachas (authors’ unpublished
data), and the main- and postplateau sequences of southern Patagonia
(MgO > 6 wt.%; Gorring, 1997) are shown for comparison. The boundary
line between alkaline and subalkaline rocks is also plotted (Irvine and
Baragar, 1971).

Hermanos area are quartz-normative basaltic andesites
(Group 1II; Fig. 5).

Basalt and trachybasalt rocks have textures that vary
between two extreme petrographic types. Most trachyba-
salts (e.g. PA-303, 305, 306) are aphyric or subaphyric
with rare phenocrysts of corroded plagioclase and
Ti-magnetite microphenocrysts. They can be vesiculated
or massive and have a microcrystalline groundmass of
plagioclase microlites, clinopyroxene, Fe-Ti oxides, and
olivine. The other petrographic type includes porphyritic
rocks (mostly basalts; e.g. PA-314, 315) with phenocrysts
of plagioclase, olivine, and Fe-Ti oxides. These rocks
have a total phenocryst content of approximately
20 vol.% and are characterized by plagioclase megacrysts
up to 2-3cm maximum length. Typically, these
megacrysts are devoid of inclusions and, in some cases,
appear strongly resorbed. In the latter case, they show a
calcic plagioclase rim (Ang;) around a homogeneous,
more sodic (Ansy) core (Fig. 6). Olivine microphenocrysts
are zoned with Fogg 71 cores and Fosz_s; rims (Fig. 6).
The groundmass consists of plagioclase (Ans,_so), sub-
ophitic clinopyroxene (Woy4o_43En37_3g), olivine (Fos;_g4),

An

70
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/L N N /NG N N Fs
80 60 40 — 20
Fo —— olivine Fa
TIOQ Group | Group Il

(micro) phenocrysts [l [
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F o/\‘ Wi
5 :

1/2 Fe,0,

Fig. 6. Compositions of plagioclases, clinopyroxenes, olivines, and Fe-Ti
oxides from the CAVF plotted in an Ab—An—Or triangle, Di-Hd—En-Fs
quadrilateral, Fo—Fa join, and FeO-TiO,-1/2Fe,0j3 triangle, respectively.
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ilmenite, and Ti-magnetite. Lavas with textures between
the two extreme petrographic types are moderately
porphyritic with phenocrysts of plagioclase (cores
Ansz_sg, rims Anss_g7) and microphenocrysts of olivine
(cores Fogr g4, rims Foss_s;) and Fe-Ti oxides. The
groundmass is composed of labradorite microlites,
diopside (Wo037_43En56_3g), olivine (Fos37_g9), ilmenite,
and Ti-magnetite. The ilmenite crystals of the Group I
lavas are characterized by an elevated content of the
geikielite component, which causes the data points to plot
above the ilmenite—hematite tie line in the Fe-Ti oxide
compositional triangle in Fig. 6.

Basaltic andesite rocks are olivine-phyric rocks
containing ~5 vol.% of olivine phenocrysts with forsteritic
cores (Fo79_g>) and less magnesian rims (Fog,) (Fig. 6). The
groundmass is composed of labradorite (Ansg_¢3)
microlites, augite (Wo,4_31Eny4_s3), and abundant ilmenite
as the unique Fe-Ti oxide phase. The groundmass pyroxene
of these lavas is distinctly less enriched in the Wo
component than are the Group I lavas (Fig. 6).

The coexistence of titanomagnetite and ilmenite in the
groundmass of the PA-324 lava (Estancia La Paz) enables us
to estimate the temperature and fO, of equilibration. By
applying Ghiorso and Sack (1991) geothermometer to the
average compositions of the two coexisting Fe-Ti oxide
phases, we find an equilibrium temperature of 1080 °C and
oxygen fugacities of 10~°2 atm (4+0.6 AFMQ log units).
Sample PA-302 contains skeletal Ti-magnetite microphe-
nocrysts with exsolution lamellae of ilmenite. By applying
Ghiorso and Sack (1991) geothermometer to these coexist-
ing Fe-Ti oxides, we obtain a temperature of 805 °C,
probably close to the subsolidus reequilibration temperature
of the Fe-Ti oxide minerals in this rock.

7. Geochemistry and Sr-Nd isotopes

We report major- and trace-element analyses of
representative samples from the CAVF in Table 2. On
the basis of the whole-rock chemistry, we confirm the
distinction of the two different group of rocks from the
CAVF. Group I basalts and trachybasalts have relatively
low MgO and K,O contents (4.2-5.1 wt.% and
0.8-1.5 wt.%, respectively), low Mg#s (42-49), and high
TiO, (3.0-4.2 wt.%). Group II basaltic andesite lavas have
higher MgO (6.6-7.2 wt.%) and Mg#s (~60) and lower
TiO, and K,O (1.9-2.0 wt.% and 0.4-0.6 wt.%, respect-
ively). The low MgO contents of Group I lavas are not
commonly observed in the southern Patagonia Miocene-
Quaternary volcanics, which usually have MgO concen-
trations >6 wt.% (Stern et al., 1990; D’Orazio et al., 2000,
2001; Gorring and Kay, 2001). The whole-rock chemistry
of the Group II lavas is also remarkable, because mafic
volcanics with high silica (> 52 wt.%) and low total alkali
(Na,O+K,0<4 wt%) are extremely rare in southern
Patagonia (Fig. 5).

Group I lavas and scoriae have a reduced variability for
most major elements except P,Os, K>O, and TiO,. In Fig. 7,
we use the P,Os concentration as an index of variation. With
the largest variability of the data set, P,Os shows
incompatible behavior, as suggested by its good positive
correlation with highly incompatible trace elements, such as
Th or Ba, and the absence of optically resolvable apatite
crystals in the rocks. The most remarkable major-element
variations in these lavas are represented by the progressive
decrease of TiO,, MgO, and CaO and the increase of K,O
and Na,O from the less evolved (lower P,Os) to the most
evolved (higher P,Os) rocks (Fig. 7). The remaining major
elements (SiO,, Al,O3;, and FeO,,) show much more
scattered variations.

The distribution of Cr and Ni in the CAVF lavas
conforms to their MgO content. Trachybasalts of Group I
are much more depleted in these elements with respect to
the basalts of Group I, whereas Group II lavas show
significant relative enrichments.

The incompatible element distribution of the CAVF
volcanics is typical of within-plate magmas from continen-
tal and oceanic settings (e.g. Sun and McDonough, 1989).
The primordial mantle-normalized trace-element patterns
(Fig. 8) exhibit humped distributions with high Nb, Ta, and
light rare earth elements (LREE) and relatively low large
ion lithophile element (LILE) and heavy rare earth element
(HREE) normalized concentrations. Among the Group I
lavas, a clear difference can be observed between trachy-
basalts and basalts. The former are characterized by
negative spikes of Sr and Ti (Fig. 8a), whereas the latter
have slightly positive spikes for these elements (Fig. 8b).
Group II lavas are distinguished from Group I by their lower
contents of incompatible elements and lower concentrations
of Nb and Ta relative to LREE and other highly
incompatible elements (e.g. Ba, Th, U; Fig. 8c).

The distribution of the REE for all samples of Group I is
remarkably similar; chondrite-normalized REE patterns
(not shown; normalizing values after McDonough and
Sun, 1995) are almost rectilinear and LREE enriched
(Lan=101-177, Yby=10.5-19.7, [La/Yb]n=28.2-9.6).
Group II lavas have lower total REE contents and lower
LREE/HREE ratios (Lan=57-60, Yby=8.5-8.7, [La/
Ybln=16.6-6.9).

We determined five Sr—Nd isotope compositions for the
CAVF volcanics (Table 2). ¥’Sr/*°Sr ratios range from
0.70352 to 0.70392, and '**Nd/'**Nd ratios range from
0.51291 to 0.51277. In Fig. 9, in which we have plotted the
available Sr—Nd isotope compositions for the Neogene-
Quaternary mafic lavas from southern Patagonia, the two
Group I basaltic lavas from the CAVF, plus the plagioclase
megacrysts separated from one of these lavas (PA-324), fall
within the low-7Sr/%Sr, high-'**Nd/'**Nd field ‘A’ defined
by the southernmost Patagonia basalts from the PAVF and
EGA. The limited number of southern Patagonia samples
belonging to this group have ®’Sr/*®Sr<0.7038 and
3Nd/"**Nd>0.5128. The two Group II samples are



Table 2

Chemical and Sr—Nd isotope data for selected volcanic rocks from CAVF

Group I volcanics

Group II volcanics

Sample PA-322 PA-315 PA-324 PA-311 PA-317 PA-309 PA-308 PA-312 PA-306 PA-302 PA-303 PA-307 PA-320 PA-318 PA-319
Lat. S 50°24'20"  50°19'03"  50°32'57" 50°18’06”  50°18/00" 50°17'36" 50°19’17" 50°18'05” 50°19'38" 50°20'47" 50°20'47" 50°19'22" 50°24/30" 50°23'18" 50°23'37"
Long. W 71°09'41”  71°07'33"  71°0026" 71°08'00"  71°10'29” 71°09'37" 71°13/07" 71°07'50" 71°13'22" 71°13/20" 71°13'20" 71°13’16" 71°06/35" 71°02'22"  71°03'03"
Rock B B B B B B B B TB TB TB TB BA BA BA
Major elements (wt.%)

SiO, 48.11 47.17 47.25 46.51 48.59 47.47 45.85 48.35 48.47 50.28 48.70 48.98 51.56 55.24 54.32
TiO, 4.16 4.08 4.21 3.72 3.97 4.08 3.78 3.57 3.11 3.01 3.03 2.79 2.03 1.92 1.86
Al,O3 16.38 15.90 16.84 16.31 15.53 15.71 15.56 15.54 15.98 16.16 15.85 17.12 14.63 14.42 14.24
Fe,03 2.90 2.59 2.60 3.70 2.71 8.41 11.42 3.59 3.40 2.96 4.17 3.59 1.47 1.49 2.08
FeO 8.79 10.17 9.08 9.72 9.61 4.95 3.11 8.97 9.55 9.67 8.59 8.66 8.85 8.22 7.62
MnO 0.13 0.15 0.14 0.17 0.16 0.15 0.17 0.16 0.18 0.18 0.18 0.18 0.14 0.13 0.13
MgO 5.13 5.09 5.01 4.87 4.85 4.80 4.75 4.71 4.30 4.22 4.18 4.38 7.17 6.88 6.64
CaO 8.08 8.41 8.09 7.92 7.92 8.21 8.47 7.95 7.60 7.45 7.49 7.11 8.71 8.40 8.30
Na,O 3.52 3.40 3.44 3.44 3.35 3.40 3.22 3.48 3.63 3.70 3.59 3.67 3.21 3.17 3.05
K,O 1.01 0.81 1.10 1.18 1.04 0.96 1.08 1.29 1.37 1.49 1.45 1.45 0.35 0.64 0.46
P,Os 0.46 0.56 0.45 0.59 0.51 0.51 0.59 0.57 0.74 0.77 0.74 1.05 0.27 0.27 0.26
LOI 0.75 0.70 0.60 0.75 0.74 0.62 0.76 0.86 0.74 0.74 1.00 1.02 0.93 1.14 1.12
Tot. 99.42 99.03 98.81 98.88 98.98 99.27 98.76 99.04 99.07 100.63 98.97 100.00 99.32 101.92 100.08
Mg# 49 46 48 44 46 45 43 45 42 42 42 44 60 60 60
C.ILP.W. Norm (wt.%)

Q 2.2 6.4 7.1
Hy 11.0 10.7 8.0 4.7 18.0 11.7 5.5 11.2 12.4 17.5 14.3 16.6 20.8 19.6 194
Ol 4.9 6.1 7.3 11.8 0.1 4.7 10.2 52 4.0 0.1 22 2.8

Trace elements (ppm)

Li 6.1 7.1 6.7 8.7 5.8 8.8 9.9 9.8 6.8 7.0 9.1
Be 1.4 1.3 1.3 1.3 1.2 2.1 2.2 2.1 1.0 1.0 0.9
Sc 17 19 16 18 18 18 18 18 18 20 19
\% 231 240 230 237 225 171 160 167 154 161 165
Cr 14 22 14 16 19 1 1 2 214 230 221
Co 44 43 42 42 43 35 33 34 39 40 41

Ni 55 47 56 47 47 10 8 11 140 143 152
Rb 10.4 124 15.4 14.8 14.3 21.9 22.3 21.1 10.6 7.1 5.0
Sr 670 610 675 587 609 556 548 539 373 380 392

Y 25.7 30.3 25.7 29.8 29.3 42 43 44 20.4 20.5 20.3
Zr 208 228 207 222 220 363 380 356 118 118 120
Nb 32 33 32 33 33 47 48 46 13.6 13.6 14.0
Cs 0.17 0.27 0.45 0.32 0.25 0.32 0.30 0.35 0.44 0.24 0.16
Ba 261 306 256 296 278 405 413 396 163 146 144
La 24.0 25.5 24.1 26.3 25.5 41 42 41 13.7 14.2 134
Ce 52 55 52 55 53 88 90 87 26.9 26.7 27.4
Pr 7.1 7.4 7.1 7.6 74 11.6 12.0 11.6 3.8 39 3.8
Nd 31 33 31 33 33 50 51 50 17.4 18.0 17.9
Sm 7.2 7.7 7.1 7.9 7.8 11.3 11.4 11.3 4.9 49 5.0
Eu 2.41 2.72 2.59 2.77 2.83 3.7 3.8 3.7 1.84 1.79 1.90

(continued on next page)

FTI=L0T (S00T) 81 $29U210S YAV UPILIUY YInOS fo [puinor / v 12 012040, d "W

—_
(o)}



Table 2 (continued)

911

Group I volcanics Group II volcanics
Sample PA-322  PA-315  PA-324  PA-311 PA-317  PA-309  PA-308  PA-312  PA-306  PA-302  PA-303  PA-307  PA-320  PA-318  PA-319
Lat. S 50°24/20"  50°19'03" 50°32'57"  50°18'06" 50°18’00" 50°17'36" 50°19'17" 50°18/05" 50°19'38" 50°20'47" 50°20'47" 50°19'22" 50°24/30" 50°23'18" 50°23'37"
Long. W 71°09’41”  71°07'33" 71°00'26" 71°08’00" 71°10'29” 71°09'37" 71°13’07" 71°07'50" 71°13/22" 71°13'20" 71°13'20" 71°13'16" 71°06'35" 71°02'22" 71°03'03"
Rock B B B B B B B B TB TB TB TB BA BA BA
Gd 6.6 7.8 6.7 7.6 7.6 10.4 10.4 10.9 52 53 5.1
Tb 0.92 1.04 1.01 1.17 1.12 1.53 1.61 1.59 0.78 0.71 0.79
Dy 5.1 6.1 52 6.1 5.9 8.3 8.5 8.5 4.1 4.1 42
Ho 0.95 1.13 0.94 1.12 1.10 1.56 1.59 1.60 0.74 0.75 0.77
Er 2.30 2.67 23 2.65 2.63 3.9 4.0 4.0 1.81 1.79 1.83
Tm 0.33 0.38 0.30 0.39 0.36 0.53 0.56 0.56 0.25 0.26 0.25
Yb 1.77 211 1.70 2.12 2.00 2.97 3.16 3.17 1.41 1.39 1.37
Lu 0.22 0.29 0.24 0.28 027 0.43 0.44 0.45 0.19 0.18 0.19
Hf 49 55 49 55 53 8.3 8.7 8.2 2.98 2.89 3.14
Ta 2.04 2.14 2.04 2.13 2.12 2.88 2.96 2.83 0.80 0.79 0.83
Pb 1.6 2.0 1.6 24 1.8 3.5 1.9 44 15 15 1.4
Th 2.29 252 232 2.80 242 4.1 43 4.0 1.53 1.48 1.49
U 0.63 0.58 0.68 0.65 0.64 1.05 1.13 1.01 0.44 0.37 0.32
87S1/%6Sr whole rock 0.703525 0.703704 0.703918 0.703908
13N d/'*Nd whole rock 0.512912 0.512884 0.512771 0.512777
87Sr/%Sr plagioclase 0.703569
143Nd/'**Nd plagioclase 0.512903

B, basalt; TB, trachybasalt; BA, basaltic andesite.

FTI=L0T (S00T) 81 $29U21F YLD UPILIGULY YINOS fo [punof / [p 12 02010, d "W
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Fig. 7. TiO,, MgO, CaO, K,O versus P05 (wt.%) variation diagrams for
the CAVF rocks. Symbols as in Fig. 5.

characterized by higher radiogenic Sr and lower radiogenic
Nd isotope compositions and plot within the field ‘B’ that
encloses the majority of basalts from southern Patagonia.

8. Discussion

8.1. The CAVF in the frame of Cenozoic southern Patagonia
magmatism

The “°Ar-*’Ar geochronological data we obtained
indicate that the volcanic activity in the CAVF occurred
during the Late Pliocene in a time interval of approximately
450 ka. Volcanic activity involved the eruption of high-Ti,
low-Mg# magmas at 2.9 Ma (Group I lavas), followed by
the emission of subordinate basaltic andesites at 2.5 Ma
(Group II lavas). Late Pliocene basaltic volcanism is
widespread in the Patagonian region south of 46.5°S;
volcanics dated 3.6—-1.8 Ma have been found, from south
to north, in the following volcanic areas: PAVF, Meseta de
las Vizcachas, Cerro del Fraile, the mesetas to the north of
Rio Santa Cruz valley, Meseta del Viento, Meseta Central,
Meseta Belgrano, the mesetas north and northeast of the
Deseado Massif, and Meseta del Lago Buenos Aires
(Charrier et al., 1979; Linares and Gonzalez, 1990;
Meglioli, 1992; Gorring, 1997; Mejia et al., 2004). In the
area between 46.5°S and 49.5°S, Pliocene-Quaternary
volcanism was preceded by the voluminous effusion of
lavas, both subalkaline and alkaline, during the Miocene and
Oligocene (Baker et al., 1981; Gorring et al., 1997).
Although this important phase of magmatism was not
known south of 49.5°S, recent geochronological data
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Fig. 8. Primordial mantle-normalized incompatible element patterns for
CAVF volcanics. Normalizing values after McDonough and Sun (1995).

indicate that Miocene volcanics were erupted in this section
of southern Patagonia in the EGA (D’Orazio et al., 2001)
and in the basal sections of the Meseta de las Vizcachas
(authors’ unpublished data; Mejia et al., 2004). In the latter
area, this Middle Miocene phase of volcanism seems
volumetrically important.

The two different groups of lavas erupted in the CAVF are
reminiscent of the main- and postplateau lavas defined by
Gorring et al. (1997) for the Patagonian plateau lavas
between 46.5° and 49.5°S. However, in each area of that
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Fig. 9. "*Nd/"**Nd versus *’Sr/*Sr diagram for the CAVF volcanics. Also shown are the fields for Cenozoic postsubduction volcanics from the Antarctic
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sector of Patagonia, the main-plateau magmatic activity
systematically predates by 2—-5 Ma the postplateau activity,
whereas in the CAVF, the Group II lavas (which may
represent the main-plateau lavas) are slightly younger than
the Group I lavas (which could represent the postplateau
lavas). Moreover, the CAVF Group II lavas were not erupted
in large volumes, as usually occurs for main-plateau lavas to
the north.

The CAVF is located on that portion of South America
east of the segment of the Chile ridge that collided with the
Chile trench at approximately 13—14 Ma (Cande and Leslie,
1986). In accordance with the slab window model (Ramos
and Kay, 1992; Gorring et al., 1997; D’Orazio et al., 2000), if
we assume a convergence rate between the Nazca and South
American plates of 9-10 cm yr ' during the past 25 my and a
subduction angle of 20-30° (Jarrard, 1986; Cande and Leslie,
1986), the trailing edge of the Nazca plate would have
crossed the Camusu Aike area 4-5 my after the ridge-trench
collision, or 57 my before the eruption of the studied lavas.
The time interval between the passage of the trailing edge of
the Nazca plate and the eruption of the CAVF magmas was
sufficiently long to allow the full development of a slab
window. Asthenospheric mantle rising into the space created
by the window opening would melt by decompression to
become the main source of the CAVF magmas.

8.2. Petrogenesis of CAVF magmas

8.2.1. Relationships between Group [
and Group Il CAVF lavas

The geochemical and isotopic study of the CAVF
volcanics clearly suggests two kinds of erupted magmas:
Group I basalts and trachybasalts and Group II basaltic
andesites. Notwithstanding the strikingly different compo-
sitions of these magmas, we explore the possibility that they
could be related by crystal fractionation and/or crustal
assimilation processes.

Simulations carried out with the thermodynamic codes
MELTS/pMELTS (Ghiorso and Sack, 1995; Ghiorso et al.,
2002), starting with the composition of the most primitive
Group II lava (PA-320), indicate that fractional crystal-
lization at pressures of 10—1 kbar do not drive the residual
liquid to compositions that match those of Group I lavas
(Fig. 10). The assimilation of Patagonian crust should
generate a concurrent increase of 87Sr/868r, Si0,, and LILE
and a decrease of '**Nd/ 144Nd, Mg#, and compatible trace
elements. However, the observed variations are in contrast
with those expected for a crustal assimilation process.

In conclusion, the two series of magmas erupted at the
CAVF cannot be related by either crystal fractionation at
low or high pressures or assimilation of crustal materials.
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Fig. 10. TiO, versus SiO, (wt.%) diagram showing the fields for Group I
CAVF basalts and Group II CAVF basaltic andesites. Also plotted are
liquid lines of descent for the fractional crystallization of a magma with the
bulk composition of sample PA-320. Crystal fractionation simulations were
performed using the thermodynamic codes MELTS and pMELTS at
pressures of 1 and 10 kbar, respectively (Ghiorso and Sack, 1995; Ghiorso
et al., 2002).

8.2.2. The role of crustal contamination

The low Mg#s of the Group I CAVF volcanics, coupled
with the plagioclase megacrysts hosted in some lavas,
indicate the ponding and differentiation of these magmas at
shallow levels within the Patagonian continental crust. This
condition could have favored the interaction of magmas
with crustal materials. However, the Group I volcanics
analyzed for Sr-Nd isotopes are characterized by some of
the most depleted values of the southern Patagonia
magmatic province (Fig. 9). Moreover, the plagioclase
megacrysts separated from sample PA-324 were found in
(Nd), or close to (Sr), isotope equilibrium with the host rock
(Table 2).

Group II lavas are characterized by less differentiated
compositions, high SiO, values, and more enriched Sr-Nd
isotopes. In Fig. 9, the two Group II samples plot in that
portion of field "B" that is characterized by the highest
'SNd/'**Nd and lowest *’St/*°Sr ratios. If Group I CAVF
magmas acquired their geochemical and isotopic
characteristics through upper-crust assimilation processes,
the uncontaminated initial magmas should have Sr-Nd
isotope compositions similar to those in field ‘A.” However,
Patagonian lavas in this field are characterized by elevated
concentrations of highly incompatible trace elements
(Th, Nb, LREE), whereas the Group II lavas have

concentrations of these elements below both these magmas
and typical continental crust.

In summary, the available geochemical and Sr-Nd
isotope data do not support crustal assimilation as a
major process in the evolution of the magmas erupted in
the CAVF.

8.2.3. Magmatic evolution of Group I lavas

As stressed in the previous section, the CAVF lavas of
Group [ are characterized by a peculiar whole-rock
chemistry. They are among the most evolved southern
Patagonia lavas in terms of MgO, Ni, and Cr contents but
have low contents of incompatible elements, particularly
K>O, Rb, Cs, Ta, Nb, Th, U, and LREE. Evidently, the
tectonic stress field needed for the stagnation and differen-
tiation of basaltic magmas at shallow levels in the crust
did not occur frequently in southern Patagonia during
the Cenozoic, as indicated by the dominance of highly
primitive lavas.

We simulated the major-element compositions of the
CAVF Group I lavas by a crystal fractionation model using
the MELTS/pMELTS codes. We hypothesized a two-stage
process. In the first fractionation stage, a primitive
Patagonian magma stagnates at the base of the crust
(P=10 kbar, ~35 km), segregating an arbitrarily assumed
amount of solids of 20 wt.%. In the second stage, the
fractionated magma rises into a shallow magma chamber
(P=1kbar, ~3.5km) where it fractionates further and
approaches the composition of the CAVF Group I basalts
and trachybasalts (Fig. 11).

From the available data set of southern Patagonia
primitive lavas (i.e. those with Mg# >65), we selected
the starting composition for our model from those
characterized by a subalkaline affinity (i.e. normative
nepheline=0) and a TiO, content >2 wt.%. These
selection criteria were fulfilled only by some lavas from
the PAVF (D’Orazio et al., 2000). In Table 3, we report
the composition of PA-113, the PAVF lava selected as the
starting magma. The fractionated phases in the first stage of
the model (from 1320 °C, Liquidus of the starting magma, to
1270 °C), are 20 wt.% of olivine and clinopyroxene in a
weight ratio of approximately 1:7. In the second stage
of differentiation, the fractionation of a solid assemblage of
olivine, spinel (chromite followed by Ti-magnetite),
plagioclase, and clinopyroxene, for a total of ~35 wt.%
removed, drives the residual liquid to a composition close to
the CAVF basalt. Further fractionation of an additional
11 wt.% of the same phases drives the residual liquid to the
composition of the CAVF trachybasalt. The final tempera-
ture of 1110°C in the model is very close to the
equilibration temperature of 1080 °C obtained, according
to the Fe-Ti oxides geothermometer, for the groundmass of
the CAVF Group I basalt PA-324.

The major-element composition of the final liquids
obtained with the proposed two-stage model (columns C
and E, Table 3) matches the average composition of
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Table 3
Crystal fractionation simulations carried out with the thermodynamic codes
pMELT/MELTS
Stage 1 2
P (kbars) 10 1
Melt fraction  1.00 0.805 0.652 0.537

A B C D E F
SiO, (wt.%)  47.08 46.52  48.08 48.40 50.71 49.72
TiO, 2.78 3.22 3.55 3.85 2.86 3.01
AL O; 13.07 15.07 16.65 16.50 16.89 16.67
Cr,03 0.06 0.08 0.00 0.00 0.00 0.00
Fe,03 1.65 1.76 2.05 4.60 1.88 4.00
FeO 9.68 10.6 10.08 8.15 8.91 8.60
FeO tot 11.16 12.18 11.92 12.28 10.60 12.20
MgO 12.04 9.68 5.14 4.87 431 4.39
CaO 9.61 8.19 8.57 8.26 7.56 7.58
Na,O 2.58 3.11 3.70 3.49 4.24 3.72
K,O 0.94 1.16 1.42 1.08 1.72 1.43
H,O 0.50 0.62 0.76 0.80 0.93 0.89
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Fig. 11. TiO, versus MgO (wt.%) diagram showing the fields for the CAVF
lavas and the liquid line of descent for the two-stage fractional
crystallization of a magma with the bulk composition of PAVF sample
PA-113. Stage 1 involves the crystal fractionation of 20 wt.% olivine +
clinopyroxene at the base of the crust (P=10 kbar), and stage 2 involves
the crystal fractionation of a solid assemblage of olivine, plagioclase,
clinopyroxene, and spinel (followed by Ti-magnetite) in a shallow magma
chamber (P=1 kbar). Crystal fractionation simulations were performed
using the thermodynamic codes MELTS and pMELTS at pressures of 1 and
10 kbar, respectively. Numbers along the liquid line of descent refer to the
wt.% of the fractionated solid.

the CAVF Group I basalts (column D, Table 3) and
trachybasalts (column F, Table 3) reasonably well. The
chemical component with the largest deviation between
calculated and observed values is K,O. However, consider-
ing the large uncertainties related to the choice of the
starting magma and the assumptions used in the model, we
judge the obtained solution to be satisfactory for our
purposes.

The incompatible element distribution of the PAVF lavas
is similar to those of the CAVF Group I except for higher
contents of the most incompatible elements (e.g. Rb, Ba, K,
Th, U, Nb, Ta, LREE; Fig. 12). Therefore, we argue that the
source of the CAVF Group I magmas was less enriched in
highly incompatible elements than was the source of
PAVF magmas.

8.3. Mantle sources of CAVF magmas

The geochemical and Sr—Nd isotope characteristics of
the CAVF Group I lavas provide a typical within-plate
signature, very similar to that of the southernmost Patagonia
lavas from the PAVF and EGA. Moreover, the reasonably
evolved nature of the Group I lavas can be modeled by
a polybaric crystal fractionation process, starting from

A, Starting liquid composition (PAVF sample PA-113; D’Orazio et al.,
2000); B, Liquid composition obtained fractionating 2.5 wt.% olivine (avg.
composition Foggg) +17.0 wt.% clinopyroxene (avg. WosgEnssFsg) from
liquid A. Liquidus 7=1320 °C, final T=1270 °C; C, Liquid composition
obtained fractionating 11.6 wt.% olivine (avg. composition Fog;;) +
3.1 wt.% clinopyroxene (avg. Wos3EnsgFsg) +3.5 wt.% plagioclase (avg.
Anzp9) +0.8 wt.% spinel (chromite+ Ti-magnetite) from liquid B.
Liquidus 7=1260 °C, final T=1125 °C; D, Average composition of
CAVF basalts; E, Liquid composition obtained fractionating at P=1 kbar,
12.1 wt.% olivine (avg. composition Fog;4) +8.8 wt.% clinopyroxene
(avg. WosoEngoFs;g) +8.3 wt.% plagioclase (avg. Anz;3) +4.3 wt.%
spinel (chromite + Ti-magnetite) from liquid B. Liquidus 7= 1260 °C, final
T=1110 °C; F, Average composition of CAVF trachybasalts.

an initial magma whose major-element composition is akin
to primitive basalts found in the PAVF. Therefore, we
consider these lavas the evolved products of melts derived
from the relatively depleted asthenosphere, which then rose
through the slab window that had opened below southern-
most Patagonia (D’Orazio et al., 2000, 2001).

The nature of the mantle source(s) involved in the
genesis of the Group II lavas is more difficult to explain.
Although the geochemistry of these lavas is dominated by a
within-plate signature, they have a slightly enriched Sr and
Nd isotope composition, similar to most Patagonian lavas to
the north (Fig. 9), and LREE/HFSE ratios (e.g. La/Nb)
that are higher than the typical within-plate values
observed for the PAVF, EGA, and CAVF Group I lavas
(La/Nb=0.6-0.8; Fig. 12). Moreover, the LREE/HREE
fractionation of Group II lavas is among the lowest of the
southern Patagonia region. These geochemical features can
be explained if we assume a heterogeneous asthenospheric
mantle source or, alternatively, invoke an interaction
between the asthenosphere and an enriched mantle
component residing in the basal continental lithospheric
mantle or the former mantle wedge. However, the existing
data indicate that southernmost Patagonia has a
homogeneous, isotopically depleted asthenosphere
(Stern et al., 1990; D’Orazio et al., 2000, 2001; Gorring
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Fig. 12. Nb/Y versus La/Nb diagram for Groups I and II CAVF volcanics. Also plotted are the fields for PAVF (D’Orazio et al., 2000), EGA (D’Orazio et al.,
2001), Meseta de las Vizcachas (authors’ unpublished data), and main- and postplateau lavas (Gorring et al., 1997). Black and white stars are the average OIB
and N-MORB values (Sun and McDonough, 1989), respectively. The inset shows the primordial mantle-normalized incompatible element patterns of four

representative samples from CAVF, PAVF, and Meseta de las Vizcachas.

and Kay, 2001) rather than one that is heterogeneous over
short distances.

Considering the geological evolution of southern
Patagonia in the last 500600 Ma (age of the stabilization
of the mantle lithosphere in this region; Ramos, 1988), two
main types of enrichment processes can be envisaged: (1) an
asthenosphere melt metasomatism related to either the
large-scale Middle Jurassic magmatism associated with the
Gondwana break up (e.g. Pankhurst et al., 1998; Féraud
et al., 1999) or the Cenozoic Patagonian mafic magmatism
(e.g. Stern et al., 1990; Ramos and Kay, 1992) and (2) a
fluid/melt mantle metasomatism, associated with the
subduction of oceanic plates beneath southern South
America since the Cretaceous.

Studies of mantle xenoliths carried by Patagonian
volcanics indicates that the continental mantle lithosphere
is invariably isotopically depleted but often affected by
modal or cryptic recent metasomatism. The nature of the
metasomatic agent/process is controversial. Some authors
(Gorring and Kay, 2000) invoke a strong carbonatite
metasomatism at <25 Ma; others (Laurora et al., 2001)
suggest that the metasomatic agent was a hydrous fluid or
silicate melt, possibly from a subducted slab; still others
hypothesize a slab melt component with adakitic affinity

for the metasomatism of the Cerro del Fraile mantle
xenoliths (Kilian and Stern, 2002). Whatever the nature of
the enrichment process, the lithospheric mantle represented
by these xenoliths is not a viable isotopic contaminant for
the CAVF Group II magmas that have more enriched
Sr-Nd isotope compositions. Thus, we argue that the
enriched mantle domains are located in a deeper region of
the mantle that was not sampled as xenoliths by the
uprising magma.

The available geochemical data about Group II lavas—in
particular the (LREE+Ba+Th+U)/HFSE ratios slightly
above typical within-plate values (Fig. 12)—suggest slab-
derived metasomatic components in the source of these
magmas. In Fig. 12, we report the Nb/Y versus La/Nb ratios
of some volcanics from southern Patagonia. The Nb/Y ratio
indicates the degree of partial melting, whereas the La/Nb
ratio indicates source heterogeneity, mainly related to
subduction-related components. In this diagram, the
CAVF Group II lavas fall in the space between the fields
for the PAVF, EGA, and CAVF Group I and the field for the
lavas from Meseta de las Vizcachas. The latter are
characterized by a subduction-related imprint, as shown in
the primordial mantle-normalized incompatible element
pattern in the inset of Fig. 12.
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9. Summary and conclusions

The CAVF was active during the Late Pliocene in a
backarc setting located approximately 170 km east of the
Andean Cordillera axis. Magmas were erupted as lava flows
or scoriae and formed a volcanic field of approximately
200 km?. Volcanic rocks can be divided into two basic
groups. Group I rocks are ~2.9 Ma basalts and trachyba-
salts characterized by high-TiO, contents, low Mg#s,
within-plate incompatible element distributions, and
depleted Sr—Nd isotope ratios. They appear to be the end
product of a polybaric crystal fractionation process that
started from typical asthenospheric slab window melts with
compositions close to some magmas erupted in the PAVF.
Group II rocks are ~2.5 Ma, relatively primitive basaltic
andesites characterized by high-SiO, contents, lower
incompatible element contents, higher (LREE, Ba, Th,
U)/HFSE ratios, and more enriched Sr—-Nd isotope
compositions. They also are interpreted as products of
slab window magmatism; in this case however, astheno-
spheric melts suggest a modest contribution from

an enriched reservoir. In consideration of the long
subduction history of the Pacific margin of South America
and the geochemical anomalies (e.g. slightly high LREE,
Ba, Th, U/HFSE ratios) of the Group II lavas, we believe
that the enriched component likely is represented by
materials derived from prior subduction of the Nazca plate.

The study of the volcanic rocks that form the CAVF has
revealed a significant geochemical variability in magmas
erupted in a relatively small area and a short time interval. In
particular, in the CAVF, moderately differentiated lavas that
rarely are found in the other southern Patagonia Cenozoic
volcanic formations occur. These features are primarily
related to the geochemical heterogeneity of the mantle
source below the CAVF and the modalities of magma ascent
(the latter also is related to the local stress field). The factors
that control the origin, chemical evolution, and geodynamic
significance of the Cenozoic mafic magmatism of southern
Patagonia will be fully evaluated in additional
investigations in which we integrate petrological, geochem-
ical, and geochronological data with geophysical and
structural data.

Table Al

YOAr—*°Ar laser step-heating analyses. Argon dataX 10~ "> moles

No. Aramy S Arcy  PArg PAr, “Arroy  Age Ma) 420 YArt % PArg, % CalK +20
Sample PA-309, J=0.0003622+0.0000011

1 0.09389 0.1671 0.01768 0.3195 28.533 1.6 2.3 2.8 2.8 0.99 0.09
2 0.1948 1.687 0.04983 1.447 63.457 2.66 0.41 9.3 12.7 2.20 0.13
3 0.1380 2.612 0.04568 1.765 48.281 2.78 0.30 15.6 15.5 2.79 0.17
4 0.07726 2.720 0.02685 1.676 30.128 2.84 0.24 242 14.7 3.06 0.18
5 0.04332 3.268 0.01417 1.797 20.920 2.95 0.14 38.8 15.7 343 0.20
6 0.02742 4.256 0.00732 2.003 17.332 3.01 0.07 532 17.5 4.01 0.24
7 0.03455 4.671 0.00538 1.548 17.033 2.88 0.11 40.0 13.6 5.69 0.34
8 0.04094 7.147 0.00367 0.4269 13.937 2.81 0.62 132 3.7 31.6 1.9
9 0.06277 8.260 0.00343 0.4338 20.487 2.92 0.73 9.5 38 359 22
Total fusion 2.83 0.11

Sample PA-320, J=0.0003631+0.0000011

1 0.06425 0.4508 0.06839 0.62656 21.272 2.39 0.61 10.7 7.8 1.36 0.10
2 0.10575 1.861 0.08856 1.86091 38.411 2.52 0.18 18.6 23.1 1.89 0.12
3 0.06385 2.305 0.06066 1.54081 25.266 2.72 0.19 253 19.1 2.82 0.17
4 0.04098 2.871 0.04016 1.16351 16.462 2.45 0.18 26.4 14.4 4.66 0.28
5 0.02975 4.545 0.03428 1.04270 12.658 2.43 0.14 30.5 12.9 8.23 0.49
6 0.01476 4.889 0.02254 0.64360 6.798 2.48 0.24 358 8.0 14.33 0.85
7 0.01297 10.511 0.01858 0.45640 5.714 2.70 0.34 329 5.7 435 2.6
8 0.01297 17.499 0.02798 0.43265 5.464 2.47 0.53 29.8 5.4 76.3 4.6
9 0.00560 8.219 0.01565 0.29265 2.682 2.30 0.53 383 3.6 53.0 33
Total fusion 2.52 0.09

Sample PA-324, J=0.0003636+0.0000011

1 0.04144 0.4978 0.04186 0.6564 15.423 3.17 0.35 20.6 4.1 1.43 0.10
2 0.10783 3.965 0.16068 3.307 46.183 2.84 0.17 31.0 20.6 2.26 0.15
3 0.04610 5.179 0.07980 2.569 24.929 2.89 0.08 453 16.0 3.80 0.25
4 0.01979 5.321 0.02887 2.066 15.089 2.93 0.09 61.2 12.8 4.86 0.32
5 0.01228 5.686 0.01771 2.202 13.536 2.95 0.10 73.1 13.7 4.87 0.32
6 0.01035 4.730 0.01847 1.897 11.464 2.90 0.09 73.2 11.8 4.70 0.31
7 0.01284 5.031 0.01895 1.280 8.858 2.59 0.18 57.1 8.0 7.42 0.49
8 0.02183 11.074 0.02985 1.526 11.807 2.30 0.15 453 9.5 13.69 0.88
9 0.00772 5.424 0.00678 0.5769 4.571 2.60 0.20 50.0 3.6 17.7 1.1

Total fusion

2.82 0.05
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