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U/Pb detrital-zircon geochronology of eleven sandstones collected from Cretaceous through Oligocene strata
of the eastern Magallanes foreland basin of southernmost Argentina records a dramatic provenance shift near
the end of themiddle Eocene at ca. 39Ma. From the Late Cretaceous throughmost of themiddle Eocene, detrital
zircons reaching the foreland basin were dominantly contributed from ≤140 Ma sources, most likely derived
from the Patagonian–Fuegian magmatic arc. In contrast, detrital-zircon populations of sampled upper Eocene
and Oligocene strata are dominated by 150–190 Ma and pre-Mesozoic grains presumably derived from
ignimbrites and granitoids associated with the break-up of Gondwana and frommetasedimentary rocks of the
Cordillera Darwin metamorphic complex, respectively. Exposures of these units occur in the hinterland of the
Fuegian Andes thrust belt and inboard of the Patagonian–Fuegian batholith, suggesting that middle to late
Eocene shortening in the rear of the Fuegian orogenic wedge structurally dammed batholith-derived sediment
from reaching the foreland basinwhile contributing Jurassic and pre-Mesozoic detritus from hinterland thrust
sheets. The timing of this interpreted deformation is in agreement with (1) independent structural,
stratigraphic, and thermochronometric evidence of middle Paleogene deformation in the Fuegian Andes, and
(2) marine Nd isotope ratio data that reveal initial penetration of Pacific water through the Drake Passage,
thereby suggesting a possible link between the kinematics of the Fuegian Andes, the opening of Drake Passage,
and if related, the Oi-1 glaciation of Antarctica.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Fuegian Andes currently form the southern terminus of the
8000 km long Andean mountain belt. However, as recently as the
Paleogene this subduction-related orogen continued at least 1000 km
farther south by connection with the Antarctic Peninsula (Dalziel and
Elliot, 1971). The progressive Cenozoic dismemberment of this moun-
tain belt formed the Scotia Arc, an assemblage of continental and
transitional crust occupying the southwestern part of the Southern
Ocean's Atlantic sector (Fig. 1A). The development of the Scotia Arc is
associated with the opening of Drake Passage between the Antarctic
(ANT) and South American (SAM) plates, thereby forming the Scotia
(SCO) and associatedmicroplates and resulting in significant changes to
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global ocean circulation. A prominent hypothesis for the earliest
Oligocene (Oi-1) glaciation of Antarctica (Miller et al., 1991; Zachos
et al., 2001) posits that the opening of thismarine gateway removed the
final continental barrier to thedevelopmentof theAntarctic circumpolar
current (ACC), which now thermally isolates Antarctica from warm
ocean gyres, and allowed for the development of persistent large ice
sheets (Barker and Burrell, 1977; Kennett, 1977).

Although recent numerical modeling favors the Paleogene draw-
down of atmospheric CO2 (Pagani et al., 2005) and albedo feedback as
the primary drivers of middle Cenozoic glaciation of Antarctica
(DeConto and Pollard, 2003; Huber and Nof, 2006), the role of the
ACC in Paleogene ice-volume increase and global cooling is widely
debated, largely because the timing of Drake Passage opening and onset
of the ACC remains contentious. Currently, the oldest known oceanic
crust in the Scotia Sea dates to the late Oligocene (Barker and Burrell,
1977; Eagles et al., 2005), which Barker (2001) employed to interpret an
earlyMiocene onset of theACC. Pelagic stratigraphic architectures in the
SouthernOcean have been interpreted to indicate a late Oligocene onset
of the ACC (Pfuhl and McCave, 2005; Lyle et al., 2007; Koenitz et al.,
2008). If correct, these interpretations preclude an ocean circulation
mechanism for the Oi-1 glaciation of Antarctica.
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Fig. 1. Maps of the study area. A. Scotia Arc including the southernmost Andes, Antarctic Peninsula and sub-Antarctic islands. The Antarctic Circumpolar Current (ACC) connects the Pacific and Atlantic sectors of the Southern Ocean through
Drake Passage and thermally isolates Antarctica fromwarm pole-ward ocean currents. Tectonic plates and plate boundaries are shown in gray: ANT: Antarctica, SCO: Scotia, SAM: South America, SHET: South Shetland, SAND: South Sandwich.
B. Simplified geology of southernmost South America and Tierra del Fuego. Geologic patterns as in C. Location of cross-sections in Fig. 5 depicted by line A–A'. C. Simplified geologic map of study area showing location of samples. Geology
compiled and modified from Wilson (1991), Klepeis (1994a,b), Kohn et al. (1995), Fildani and Hessler (2005), Olivero and Malumián (2008), and fieldwork conducted by the first three authors.
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In contrast to interpretations of latest Paleogene or early Neogene
developmentof theACC, several lines of evidence point towards a zenith
of plate tectonic activity in the Scotia Arc and Drake Passage preceding
the Oi-1 glaciation: (1) water-mass provenance data from the Atlantic
sector of the Southern Ocean are consistent with late middle Eocene
penetration of Pacific water through Drake Passage (Scher and Martin,
2006); (2) the accumulation of lower Eocene strata in southernmost
South America has been interpreted as evidence of coeval crustal
thinning (Ghiglione et al., 2008); and (3) thermochronometric data
from the FuegianAndes of thenorthern Scotia Arc suggest rapid tectonic
exhumation from 60–30 Ma (Nelson, 1982; Kohn et al., 1995; Mukasa
and Dalziel, 1996; Gombosi et al., 2009).

As the dominant western component of the northern limb of the
Scotia Arc (Fig. 1), the Fuegian Andes should preserve an important
recordof the region's kinematic history. Sandboxmodelshavebeenused
to suggest that the curvature of the Patagonian and Fuegian Andes may
date to the Cretaceous (Diraison et al., 2000; Ghiglione and Cristallini,
2007). However, the Fuegian Andes display several characteristics that
indicate greater Late Cretaceous–Paleogene contractional deformation
than in their Patagonian counterpart to the northwest, including: (1)
exhumed amphibolite-facies hinterland rocks (Klepeis, 1994a; Kohn et
al.,1995), (2) significantly larger shortening estimates (Kraemer, 2003),
(3) greater and faster Paleogene foredeep subsidence (Biddle et al.,
1986) and (4) significant contraction in the Magallanes basin fold–
thrust belt during the Eocene (Torres Carbonell et al., 2008). These
observations are consistent with progressive anticlockwise vertical-axis
rotation (oroclinal bending) of the Fuegian Andes, which would have
had a profound effect upon the opening of Drake Passage via rotation-
induced separation between the Antarctic Peninsula and the southern-
most Andes. Regional kinematic analysis of the southern Andes should
evaluate this hypothesis, and provide insight into the timing and
magnitude of displacements in the Scotia Sea. In this paper, we
contribute new sediment composition data that record a dramatic
provenance shift adjacent to the Fuegian Andes in the eastern
Magallanes foreland basin that is coeval with other evidence for the
opening of Drake Passage.

Sedimentary provenance analysis can constrain the sources and
transport pathways of detrital sediments. As a result, foreland basin
sediment provenance data have provided important constraints on
the reconstruction of the kinematic history of mountain belts (e.g.,
DeCelles et al., 1993; Robinson et al., 2001; Horton et al., 2002; Najman
et al., 2005). Here, we examine the exhumational history of the
Fuegian Andes through the lens of sediment provenance of the
adjacent Magallanes foreland basin in order to better determine the
kinematic history of the orogen. We report ~1200 single-grain
detrital-zircon U/Pb ages collected from eleven Cretaceous and
Paleogene sandstones and a single pre-Jurassic metasedimentary
sample analyzed by laser-ablation inductively coupled plasma multi-
collector mass-spectrometry (LA-MC-ICP-MS). To aid in the inter-
pretation of our results, we also report the U/Pb crystallization ages of
two felsic orthogneisses from the Cordillera Darwin complex. Because
of its refractory nature, high concentration of radiogenic U (10 ppm–

1 wt.%), abundance within the continental crust, and durability in the
supracrustal environment, zircon has proven to be a particularly
useful tool for modern sedimentary provenance analysis. In addition
to improving depositional age constraints from unfossiliferous and/or
poorly magnetized strata (Fildani et al., 2003; DeCelles et al., 2007),
U/Pb detrital-zircon geochronology can be valuable for fingerprinting
tectonostratigraphic units (e.g., Weislogel et al., 2006).

2. Geologic setting

The Cretaceous–Cenozoic Magallanes foreland basin system
accumulated a near-complete detrital stratigraphy associated with
the orogenic development of the Patagonian and Fuegian Andes
(Olivero and Malumián, 2008 and references therein). Hence, its
contents comprise a valuable compositional and kinematic record of
the southern terminus of this important mountain belt. Fig. 1 and the
following sub-sections provide a brief overview of the history and
tectonostratigraphy of the orogen.

2.1. Geologic history

The southern Andes formed along the western margin of South
America during Late Jurassic to Recent subduction of Pacific oceanic
lithosphere, contemporaneous with and related to the progressive
opening of the south Atlantic Ocean basin. This tectonic history began
coevally with the voluminous eruption of Jurassic rhyolitic and silicic
ignimbrites and emplacement of felsic plutons that formed a silicic large
igneous province recognized in Patagonia and West Antarctica (Pan-
khurst et al., 1998) with mafic intrusions also known in the Karoo
province of South Africa (Pankhurst et al., 2000), all of which have been
tied to the initial break-upofGondwana (Rileyand Leat,1999; Pankhurst
et al., 2000). South America's resultant westward migration relative to
Africa instigated contractional tectonics along its leading edge. This
contraction resulted in east-dipping subduction and associated calc-
alkalinemagmatismstarting in the latest Jurassic that continuesnorth of
the SCO–SAM–ANT triple junction today (Hervé et al., 2007).

The initial Late Jurassic–Early Cretaceous subduction system
coincided with the development of the ocean-margin Rocas Verdes
sedimentary basin inboard of the nascent magmatic arc (Dalziel et al.,
1974) in which a thick succession of volcaniclastic and other detrital
sedimentary rocks were deposited (Wilson, 1991; Olivero and
Martinioni, 2001; Willan and Hunter, 2005; Fildani and Hessler,
2005; Olivero andMalumián, 2008). Retro-arc contractional deforma-
tion in the southern Andes began soon after deposition of the Rocas
Verdes succession, resulting in: (1) its inversion and shortening
(Wilson, 1991; Fildani et al., 2003); (2) obduction of its basin-floor
pseudo-ophiolitic rocks (Wilson, 1991); and (3) locally deep burial of
the aforementioned Gondwana break-up volcanics (Galáz et al., 2005)
and underlying accretionary prism rocks formed during the Paleo-
zoic–early Mesozoic Gondwanide orogeny (Kohn et al., 1995; Faundez
et al., 2002; Thomson and Herve, 2002; Hervé et al., 2003).

Continued shortening through the end of the Paleogene (1) loaded
the southern South American crust causing flexural subsidence and
accumulation of a thick succession of dominantlymarine detrital strata
in the Magallanes foreland basin (Biddle et al., 1986; Wilson, 1991;
Olivero and Malumián, 1999, 2008); (2) exhumed metasedimentary,
volcanic and plutonic rocks of the Fuegian Andes hinterland, including
the Cordillera Darwin complex (Nelson, 1982; Kohn et al., 1995;
Mukasa and Dalziel, 1996); and (3) caused thin-skinned deformation
across the proximal Magallanes foreland basin to form the Magallanes
thrust belt (Wilson,1991; Klepeis, 1994a; Fildani et al., 2003; Kraemer,
2003; Fildani and Hessler, 2005; Ghiglione and Ramos, 2005; Olivero
and Malumián, 2008; Torres Carbonell et al., 2008). Beginning in the
latest Oligocene or early Neogene, convergence in the southernmost
Andes decreased dramatically, coincident with the origin of the SCO–
SAM sinistral transform boundary that remains active today (Fig. 1;
Klepeis, 1994b; Ghiglione and Ramos, 2005).

2.2. Tectonostratigraphy & candidate zircon sources

The Fuegian Andes are composed of five main tectonostratigraphic
units (Fig. 1C). Variations in the zircon composition of these units,
described below and in Fig. 2, allow the exhumational history of the
orogen to be reconstructed via detrital-zircon provenance of eastern
Magallanes foreland basin sediments.

2.2.1. Southern Andean metamorphic complexes
The Cordillera Darwin complex is a large, polydeformed assem-

blage of pelitic and metavolcanic phyllites, schists and gneisses that
resides in the core of the Fuegian Andes with an average elevation



Fig. 2. Composite histograms and probability plots of the crystallization ages of relevant tectonostratigraphic units from study area and equivalent units in Patagonia and the Antarctic Peninsula. A. Distribution of all detrital-zircon U/Pb ages
collected from Cretaceous–Oligocene sandstones of the eastern Magallanes foreland basin (this study) compared to crystallization ages reported from the South Patagonian–Fuegian batholith (Hervé et al., 2007); Jurassic volcanic rocks
occurring in southern South America and the Antarctic Peninsula associated with the break-up of Gondwana (Féraud et al., 1999; Pankhurst et al., 2000); detrital-zircon U/Pb ages collected from a metasedimentary sample (SONIA1) of the
Cordillera Darwin complex (this study); and detrital-zircon U/Pb ages collected from metasedimentary complexes in the Patagonian Andes (Hervé et al., 2003). B. Close-up of post-Triassic age distributions of Magallanes foreland basin
detrital zircons (this study), the South Patagonian–Fuegian Batholith (Rolando et al., 2002; Hervé et al., 2007) and the Jurassic volcanic rocks associated with the break-up of Gondwana. In both figures, the patterned polygons depict the
dominant age populations of each candidate source for comparison to the foreland basin detrital-zircon age distributions that are the focus of this study. The numbers in parentheses following numbers of samples (N) and analyzed grains (n)
indicate the numbers of grains that plot outside of the plotted range of ages (plain font) and within the plotted range but lacking sufficiently concentrated age populations to be visible (italicized font). See Supplementary material for all data
and metadata.
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3 See Appendix S1 for detailed discussion of sediment transport directions in the
greater Magallanes basin.
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more than 1000 m greater than the surrounding stratigraphy.
Although similar to other pre-Jurassic metamorphic complexes of
the southern Andes (Hervé and Fanning, 2003; Hervé et al., 2003;
Augustsson et al., 2006), it is distinguished by garnet- to sillimanite-
bearing amphibolite facies, which record peak temperatures and
pressures exceeding 650 °C and 10 kbar (Kohn et al., 1995). Integration
of these thermobarometric estimates with 40Ar/39Ar and fission-track
thermochronology indicate that this hinterland complex was
exhumed from depths as great as 30 km between 90–70 and 60–
40 Ma (Nelson, 1982; Kohn et al., 1995). The mechanism of
exhumation has been widely debated between thick-skinned uplift,
antiformal stack, andmetamorphic core complex interpretations (e.g.,
Dalziel and Brown, 1989; Klepeis, 1994a; Kohn et al., 1995; Kraemer,
2003).

Although detrital-zircon data from the Cordillera Darwin meta-
morphic complex have not been reported prior to this study, the
zircon composition of the metamorphic complexes of the Patagonian
Andes is well-documented (Fig. 2A), with a large well-defined 250–
350 Ma population likely derived from the Gondwanide belt formed
during the Carboniferous–Permian assembly of Patagonia and its
amalgamation to mainland South America (Hervé and Fanning, 2003;
Hervé et al., 2003; Augustsson et al., 2006). Many of the southern
Andean metamorphic complexes also contain significant but broadly
dispersed 400–700 Ma populations, presumably derived from rocks
associated with the Famatinian and Pampean belts prevalent in
central South America (ibid.). Samples from the eastern Andean
metamorphic complex, which resides in a similar inboard position as
the Cordillera Darwin complex, also contain significant 900–1200 Ma
zircons (Hervé et al., 2003), likely derived from adjacent regions in the
central Andes, southern Africa and perhaps East Antarctica.

2.2.2. Gondwana dispersal volcanic rocks and granitoids
The Tobífera/Lemaire Formations and Darwin intrusive suite are

the southern South American components of the aforementioned
silicic ignimbrites, volcaniclastic rocks and felsic plutons associated
with Jurassic break-up of Gondwana (Riley and Leat, 1999; Pankhurst
et al., 2000). Whereas the current exposure of the Darwin suite is
largely confined to Cordillera Darwin, the volcanogenic Tobífera/
Lemaire Formations are widely exposed in the Fuegian Andes
hinterland thrust sheets (Fig. 1), including those of Cordillera Darwin,
but also occur widely in the subsurface and foreland massifs
throughout much of southernmost South America where they
underlie Cretaceous and younger strata (Biddle et al., 1986; Wilson,
1991; Pankhurst et al., 2000). Although reported U/Pb zircon ages
from the Tobífera/Lemaire Formations and Darwin suite are relatively
rare (Mukasa and Dalziel, 1996; Pankhurst et al., 2000), genetically
related and compositionally similar strata throughout southern South
America and the Antarctic Peninsula are well dated (Pankhurst et al.,
2000). With a distribution of crystallization ages spanning ca. 145–
190 Ma and centered upon 170 Ma (Fig. 2; Féraud et al., 1999;
Pankhurst et al., 2000), these rocks compose the only prominent
primary source of Jurassic zircons in the regions surrounding the
study area. In the adjacent Patagonian Andes, thermobarometry
estimates of 6 kbar and 400 °C indicate that Andean mountain-
building exhumed these rocks from depths of 20–25 km (Galáz et al.,
2005).

2.2.3. Rocas Verdes basin
The Rocas Verdes sensu stricto are a complex of gabbros, sheeted

dikes, pillow basalts and tonalites that are interpreted as having
formed the floor of the middle Mesozoic Rocas Verdes marginal basin
(Stern et al., 1992; Cunningham, 1994), inboard of the Patagonian–
Fuegian magmatic arc (Fig. 1B & C). Given its predominantly mafic
composition, the Rocas Verdes complex is an improbable source of
detrital zircons, although zircon separates from rare, cogenetic
tonalites of the Sarmiento complex have yielded 140–150 Ma U/Pb
ages (Stern et al., 1992).

The Yahgan, Beauvoir, Zapata and La Paciencia Formations
comprise a thick succession of Late Jurassic and Cretaceous marine
volcaniclastic and siliciclastic strata that formed the Rocas Verdes
basin-fill (Dalziel and Elliot, 1971; Olivero and Martinioni, 2001;
Olivero and Malumián, 2008), which has been greatly shortened and
metamorphosed to greenschist facies (Cunningham, 1994; Kraemer,
2003). The fine caliber of most of the Rocas Verdes basin-fill precludes
it from being a significant source of zircons for the subsequent
Magallanes foreland basin. The sandstones present in the basin-fill
were deposited close to the magmatic arc and contain andesitic lithic
fragments (Olivero, 2002). The presence of such lithic fragments
suggests that, if present, Rocas Verdes basin-fill detrital zircons were
derived from the coeval Patagonian–Fuegian magmatic arc.

2.2.4. Patagonian–Fuegian magmatic arc
The Patagonian–Fuegian batholith is a calc-alkaline igneous suite

dominated by tonalites with subordinate granites and gabbros
(Rolando et al., 2002; Hervé et al., 2007). From the Late Jurassic to
the Neogene (Hervé et al., 2007), this magmatic arc contributed
voluminous crustal material to the western margin of southernmost
South America (Fig. 1B & C) where it intruded country rock largely
composed of the relict Gondwanide accretionary prism (Hervé et al.,
2003). A compilation of U/Pb zircon ages determined from the
Patagonian sector (Rolando et al., 2002; Hervé et al., 2007) provides
a proxy record of this protracted felsic magmatism, and highlights
apparent pulses of activity centered at 150, 105 and 85 Ma (Fig. 2). In
addition to the cohesive Patagonian–Fuegian batholith, cogenetic
arc-related intrusive rocks occur further inboard in the Cordillera
Darwin and Rocas Verdes thrust sheets of the Fuegian Andes where
they are locally known as the Beagle intrusive suite (Kohn et al.,
1995).

2.2.5. Magallanes foreland basin and thrust belt
From the Late Cretaceous through the Paleogene, flexural sub-

sidence inboard of the Fuegian and Patagonian Andes accumulated a
thick succession of strata in submarine-fan, shelf, shallow-marine and
deltaic settings, forming the Magallanes foreland basin (Fig. 1B & C;
Biddle et al., 1986; Olivero and Malumián, 1999; Fildani et al., 2003;
Fildani and Hessler, 2005; Ghiglione and Ramos, 2005; Olivero and
Malumián, 2008; Torres Carbonell et al., 2008). Integration of
sediment transport directions from throughout the basin (Winn and
Dott, 1979; Dott et al., 1982; Macellari et al., 1989; Martinioni et al.,
1999; Olivero et al., 2003; Olivero and Malumián, 2008) indicate that
sediment in the eastern Magallanes basin was transported directly
from the adjacent mountain belt.3 This orogen-perpendicular trans-
port is also indicated by sediment petrography constraints on
provenance (Olivero, 2002) and across-axis progradation directions
depicted in seismic sections (Biddle et al., 1986; Galeazzi, 1998).

Broadly synchronous northwardmigration of the Fuegian orogenic
wedge progressively entrained these strata into the thin-skinned
Magallanes foreland thrust belt (Klepeis, 1994a; Ghiglione and Ramos,
2005; Olivero and Malumián, 2008; Torres Carbonell et al., 2008) that
comprises the frontal part of the Fuegian orogen (Fig. 1B & C).

Detrital zircons recovered from Upper Cretaceous strata of the
northern/westernMagallanes foreland basin are dominated by a large
90–150 Ma population, with subordinate, poorly defined populations
with U/Pb ages scattered between the Mesoproterozoic and the Early
Jurassic (Fildani et al., 2003; Romans et al., in press). Heretofore,
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detrital-zircon U/Pb ages have not been published from Argentine
Tierra del Fuego, or from Paleogene strata anywhere in theMagallanes
foreland basin.

3. Sampled stratigraphy

The sampled units include a single quartzite sample and two
felsic/silicic orthogneisses collected from the southern margin of the
Cordillera Darwin complex, and eleven sandstones collected from the
Argentine sector of theMagallanes foreland basin (Fig. 1C). In addition
to brief descriptions below, more detailed contextual information is
presented in Appendix S2 and Table S1 of the online supplementary
materials, including sample descriptions and locations, and deposi-
tional age constraints.

3.1. Crystalline rocks of the Fuegian Andes' orogen

Sample SONIA1 was collected from a quartz-schist that occurs
locally at Caleta Sonia along the northern shore of the Beagle Channel
in Chilean Tierra del Fuego. The sampled interval constitutes part of
the comparatively low-grade rocks of the Cordillera Darwin complex
that occur between Bahia Yendegaia and Punta Yamana along the
Beagle Channel (Kohn et al., 1995). Our additional sampling of
Cordillera Darwinmetamorphic rocks did not produce detrital zircons,
but instead has revealed new occurrences of felsic to silicic
orthogneisses: Samples OLLA2 and YENDEGAIA2 were collected
from fine- to medium-grained, well-bedded gneissic strata exposed
in the southeastern Cordillera Darwin at Caleta Olla and Bahia
Yendegaia, respectively.

3.2. Magallanes foreland basin strata

Upper Cretaceous samples APEN14 and APEN7 and Paleocene
samples APEN25 and APEN1 were collected from litharenitic strata in
the Sierra de Apen of central Tierra del Fuego. Lower Eocene sample
CI-PT1 was collected from a thick succession of dark gray mudstones
and subordinate sandstones in the Punta Torcida Formation that
occurs north of Cabo Irigoyen of the Atlantic coast. Middle Eocene
sample APEN9 comes from a thin litharenite associated with a
polymict pebble–cobble conglomerate, collected from the foothills of
Sierra de Apen. Upper Eocene samples CCa1, CCc1 and CCd1 of the
Cerro Colorado Formation were collected from litharenites that occur
east of Cerro Colorado along the Atlantic coast of Tierra del Fuego.
Lower Oligocene sample MC1 is a coarse-grained to granular
sublitharenite that occurs approximately 50 meters up-section from
sample CCd1 in the same region. Oligocene sample PG1 is from a
litharenite near Punta Gruesa along the Atlantic coast.

4. Methods

The collection, preparation and analysis of detrital-zircon samples
largely follow the methods of Gehrels et al. (2006), with minor
modifications described below. Sample preparation and documenta-
tion was performed at the Tectonics & Sedimentation Laboratory at
the University of South Carolina. U/Pb zircon geochronology was
performed at the Arizona LaserChron Center at the University of
Arizona.

4.1. Sample collection and preparation

For each sample, approximately 5–10 kg of rockwas collected from
outcrops lacking evidence of large-scale soft-sediment deformation or
other possible contaminants. Collected samples were disaggregated
with a Bico WD Chipmunk jaw crusher, a Bico UD pulverizer, and a
custom-built steel mortar and pestle. High-density minerals were
initially concentrated with a MD Mineral Technologies MK 2 Gemeni
table and hand-operated ABS plastic gold pans. Secondary heavy
mineral concentration was completed with the heavy liquids sodium
polytungstate (specific gravity of 2.89), LST (a lithium heteropoly-
tungstate solution with specific gravity of 2.90) and/or methylene
iodide (specific gravity of 3.30) in 125 mL Pyrex separatory funnels
and/or 10 mL centrifuge tubes. Resulting heavy fractions were
processed step-wise via 0.25 A increments (from 0.25 to 1.75 A)
using a S.G. Frantz L1 isodynamic magnetic separator operating at
horizontal and vertical angles of 15° and 25°, respectively. To eliminate
possible biases associated with hand-picking, the resulting zircon-rich
separates were poured into Buehler ring forms along with chips of a
known zircon standard and NBS 610 trace element glass and bonded
in place using double-sided tape and epoxy resin. The resulting
mounts were gently polished using wet sandpaper of 2500 and 3000
grit in order to expose the grain cores.

4.2. U/Pb geochronology using LA-MC-ICP-MS

U/Pb detrital-zircon geochronology was conducted by LA-MC-ICP-
MS in two sample runs conducted during April 2006 and May 2008.
Analysis utilized grain ablationwith a DUV193 ArF exciplex laser using
spot diameters of 20–50 μm. The ablated material was carried in He
gas into the plasma source of a GVI Isoprobe, which is equipped with a
flight tube of sufficient width that U, Th, and Pb isotopes aremeasured
simultaneously. All measurements were made in static mode, using
1011 Ω Faraday detectors for 238U, 232Th, 208Pb, and 206Pb, a 1012 Ω
Faraday collector for 207Pb, and an ion-counting channel for 204Pb. Ion
yields were ~1.0 mV per ppm. Each analysis consisted of one
20-second integration with the laser off, 20 one-second integrations
with the laser firing, and a 30 s delay to purge for the next analysis.
Each resulting ablation pit is ~15 μm in depth. For each analysis,
measurement errors typically resulted in ~1–2% (2σ) age uncertainty.
Common Pb correction was accomplished by using the measured
204Pb and assuming an initial Pb composition from Stacey and
Kramers (1975) with uncertainties of 1.0 for 206Pb/204Pb and 0.3 for
207Pb/204Pb. Our measurement of 204Pb is unaffected by the presence
of 204Hg because backgrounds are measured on peaks (thereby
subtracting any background 204Hg and 204Pb). Inter-element fractio-
nation of Pb/U is generally ~20%, whereas fractionation of Pb isotopes
is generally ~2%. In-run analysis of fragments of a large Sri Lankan
zircon standard with known age of 564±4 Ma (2σ) was used to
correct for these fractionations. Interpreted ages are based on 206Pb/
238U for b1.0 Ga grains and on 206Pb/207Pb for N1.0 Ga grains. Analyses
that were N30% discordant or N5% reverse discordant were excluded
from interpretations.

4.3. Determination of maximum depositional ages from
detrital-zircon data

In strata lacking volcanogenic interbeds, radioactive diagenetic
minerals, and/or microfossils sufficient for high-resolution biostrati-
graphy, detrital-mineral ages can provide valuable insight into
maximum depositional ages (Fildani et al., 2003; DeCelles et al.,
2007). However, there is a lack of consensus in the scientific
community about the methods of constraining maximum deposi-
tional ages with U/Pb detrital-zircon geochronology (e.g., Fedo et al.,
2003; Andersen, 2005). In the Magallanes basin, the temporal overlap
between the biostratigraphic ages of our sampled units (Appendix S2)
and felsic magmatism in the adjacent Patagonian–Fuegian arc
decreases the possibility of a significant lag between the youngest
zircons in a sample and the time of that sample's deposition. However,
since a uniform method of interpreting the youngest zircon ages in a
sample has not been adopted by the scientific community, we present
as many as four candidate maximum depositional ages for each
sample (Fig. 3), and choose the best candidate through consideration
of contextual data. Given a data set of ~100 analyses, Gehrels et al.



Fig. 3.Maximum depositional age interpretations from youngest detrital zircons analyzed from each sample. τ ages are the weighted mean age (as calculated using Ludwig, 1999) of all grains whose central values fall between the probability
minima surrounding the youngest significant peak (defined as three or more grains that contain contributions to a single age-probability peak at the 2σ level). δ ages are the weighted mean age of all consecutively aged grains in the youngest
significant peakwhose 2σ errors overlap. Σ ages are the age of the graphical peak of the youngest significant population, which includes the portion of contributions to the peak at the 2σ level, regardless of whether the central age occurs within
the peak. We also present the ages of younger peaks composed of less than three grains (ϕ ages). Age populations interpreted as depositional ages are marked with a superscript asterix (*).

495
D
.L.Barbeau

Jr.et
al./

Earth
and

Planetary
Science

Letters
284

(2009)
489

–503



496 D.L. Barbeau Jr. et al. / Earth and Planetary Science Letters 284 (2009) 489–503



497D.L. Barbeau Jr. et al. / Earth and Planetary Science Letters 284 (2009) 489–503
(2006) define a significant population as three or more grains that
contain contributions to a single age-probability peak at the 2σ level
with the logic that it would be unlikely for three analyses that have
been affected by Pb loss or inheritance to yield similar ages. Using that
criterion, we report threemaximumdepositional age estimates for the
youngest significant population in our age probability density
distributions (Ludwig, 1999): (1) the mean age of all grains whose
central values fall between the probability minima surrounding the
youngest significant peak (τ ages); (2) the mean age of all
consecutively aged grains in the youngest significant peak whose 2σ
errors overlap (δ ages); and (3) the age of the graphical peak of the
youngest significant population, which includes the portion of
contributions to the peak at the 2σ level, regardless of whether the
central age occurs within the peak (Σ ages). As demonstrated in Fig.
3, the adoption of δ ages yields significantly superior values for the
mean square ofweighted deviates (MSWD)and probability offit (POF)
in comparison to τ ages, thereby indicating a higher likelihood of the
grains coming from a single age population. In addition to these age
estimates for ‘significant’ peaks (sensu Gehrels et al., 2006), we also
present the ages of younger peaks composed of less than three grains
(ϕ ages).

5. Results

We present U/Pb detrital-zircon ages for the eleven sandstone
samples collected from upper Cretaceous to Oligocene strata of the
Magallanes foreland basin in Argentine Tierra del Fuego along with a
single quartzite sample and two felsic/silicic orthogneisses from the
southern margin of Cordillera Darwin. These results are depicted
graphically as probability density distributions (Ludwig, 1999) in
Figs. 2–5. Tabulated data (Table S2), and concordia & crystallization-
age plots (Figs. S1 and S2) are presented in the online supplemen-
tary materials.

5.1. Maximum depositional ages

In Fig. 3, we show the youngest single-grain detrital-zircon ages
recovered from each sample. Irrespective of the maximum deposi-
tional age criteria employed, our results warrant reconsideration and/
or minor modification of the interpreted depositional ages of some of
the studied units, although the zircon ages from most samples are
consistent with biostratigraphically assigned ages.

The youngest significant age peak from the Cordillera Darwin
complex sample SONIA1 spans 260–370 Ma, with τ, δ and Σ ages of
295.9±4.3, 289.3±2.7, and ca. 296 Ma, respectively. A one-grain
ϕ age of 163±8 Ma is significantly younger than the other estimates
and biostratigraphic & detrital-zircon maximum depositional ages for
broadly equivalent metasedimentary units in the Patagonian Andes
(Hervé and Fanning, 2003;Hervé et al., 2003). The superiorMSWDand
POF values favor use of the δ age over the τ age for constraining
maximum depositional age.

The age interpretations for the youngest significant detrital-zircon
peak from upper Cretaceous sample APEN7 cluster around 75 Ma,
although a ϕ two-grain age of 56.4±1.9 Ma suggests that this sample
may be younger. In light of MSWD and POF values and regional
geologic relationships (see Appendix S2) we favor the 75 Ma inter-
pretation, which is consistent with the biostratigraphic ages of the
sampled unit's interpreted equivalents: the Policarpo (Maastrichtian–
Danian) and Bahía Thetis Formations (late Campanian–early
Fig. 4.Histograms and probability plots of detrital-zircon U/Pb age populations from single e
the oldest sampled stratigraphic unit at the bottom and the youngest unit at the top. Left
parentheses indicate the number of analyzed grains that are older than 800Ma. Right column
numbers in the upper left corner of each plot indicate the number and percentage of grains t
patterned polygons depict the dominant age ranges of the batholith, metamorphic complex a
age distributions.
Maastrichtian). The youngest peak of detrital-zircon ages from the
broadly equivalent sample APEN14 spans from ca. 60–80 Ma. Given the
favorable MSWD and POF values and consideration of the biostrati-
graphy, we interpret the δ age of 65.97±0.91 Ma as the maximum
depositional age of sample APEN14.

The youngest significant detrital-zircon age peak in the Paleogene
sample APEN25 ranges between ca. 73–88. Considering the compar-
able δ, τ and Σ ages constrained from this peak, we favor the δ age of
75.83±0.44Ma as a detrital-zirconmaximum depositional age. These
results are consistent with but significantly older than the late
Paleocene palynology ages of ca. 55 reported byMartinioni and others
(1999), which we use for our interpretations below. The youngest
significant detrital zircon peak in sample APEN1 has δ, τ and Σ ages
that roughly coincide at ca. 75 Ma, although a ϕ age of 65.2±3.0 Ma
suggests that this sample might be significantly younger. All of these
maximum depositional ages are consistent with the unit's biostrati-
graphically assigned late Paleocene–early Eocene depositional age of
ca. 53 Ma (Buatois and Camacho, 1993), which we use for our
provenance and kinematic reconstructions. The δ and τ maximum
depositional ages of 47.32±0.77 Ma for sample CI-PT1 of the Punta
Torcida Formation are identical and consistent with the Σ age, all of
which are in conflict with the biostratigraphically determined middle
early Eocene (50–52 Ma) age of the Punta Torcida Formation (Olivero
and Malumián, 1999). As a result of the robust nature of the youngest
significant detrital-zircon age peak, we utilize 47.3 Ma as the
depositional age for the sampled unit.

The youngest significant peak from sample APEN9 spans ca. 71–
82 Ma, which encompasses the Σ, τ and δ ages. However, we favor a
maximum depositional age represented by a single 46.6±3.8 Ma
zircon that is also consistent with the biostratigraphically assigned
middle Eocene age of the Ballena Formation. The youngest significant
age peak from sample CCa1 spans 40–46Ma, with nearly identical Σ, τ
and δ maximum ages at ca. 43 Ma; these ages are consistent with the
ca. 39 Ma biostratigraphic age assigned to Member A of the Cerro
Colorado Formation. A single 33.9±1.2 Ma zircon analyzed from this
sample is significantly younger than the assigned biostratigraphic age,
which we opt to disregard in light of stratigraphic relationships and
previous biostratigraphy. The youngest significant detrital-zircon peak
from sample CCc1 spans 65–82 Ma, with δ, τ and Σ ages at 72.0±1.3,
74.9±1.3, and ca. 76 Ma, respectively. As with CCa1, a single earliest
Oligocene zircon (33.2±3.4 Ma) is significantly younger than the
latest middle Eocene biostratigraphic age assigned to Member C of the
Cerro Colorado Formation. We disregard this single-grain ϕ age and
interpret the depositional age of this sample at ca. 38.5 Ma, in line
with biostratigraphic estimates.

Sample CCd1 contains a detrital-zircon age peak spanning 77–
95 Ma, with δ and τ ages of 78.2±2.1 and 80.3±4.3 Ma, respectively,
the former of which is coincident with the Σ age of ca. 78 Ma. All of
these ages are significantly older than the well-constrained late
Eocene (34.3–36 Ma) biostratigraphic age of Member D of the Cerro
Colorado Formation, which we use in our interpretations below. The
youngest significant age peak in sample MC1 spans 150–190 Ma,
although it also contains three younger ϕ-age peaks, two of which are
derived from a single grain (75.0±2.2 and 106.6±2.2 Ma), and one
that is derived from two grains (86.8±2.8 Ma). All of these ages are
significantly older than the biostratigraphically constrained earliest
Oligocene age (30–32 Ma) for the Estancia Maria Cristina beds, which
we use for our interpretations. The youngest significant peak for
sample PG1 spans ca. 19–31 Ma, with a statistically robust δ age of
asternMagallanes foreland basin samples analyzed in this study. Plots are arranged with
column depicts age distributions of all grains younger than 800 Ma: the numbers in
depicts a close-up of the post-Triassic portion of the probability distributions: the boxed
hat fall within plotted range. See supplementary material for all data and metadata. The
nd Jurassic volcanic sources (Fig. 3) for comparison to the foreland basin detrital-zircon



Fig. 5. Zircon U/Pb age distribution of all Jurassic grains from the easternMagallanes foreland basin samples analyzed in this study. The magmatic phases (V1, V2, V3) of Pankhurst et
al. (2000) associated with break-up of Gondwana are plotted along with geochronology of Jurassic rocks exposed in the southernmost Andes. Gaviota 2 and Morla Vicuña are from
Pankhurst et al. (2000), SCD-175 is from Mukasa and Dalziel (1996) and OLLA2 and YENDEGAIA2 are reported in this study.
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26.27±0.63 which we use instead of its slightly older 34.0–26.5 Ma
(early Oligocene) biostratigraphic age estimate.

5.2. Age distributions

In Fig. 2 and Table S2, we report the composite detrital-zircon U/Pb
age probability distribution constructed from all the eastern Magal-
lanes foreland basin detrital zircons analyzed in this study, and
compare the resulting age distribution with the composite age
distributions of candidate source rocks described in Section 2. These
candidate sources include the south Patagonian batholith (Rolando
et al., 2002; Hervé et al., 2007); Jurassic volcanic strata and related
intrusives from southern South America and the Antarctic Peninsula
associated with the break-up of Gondwana (Féraud et al., 1999;
Pankhurst et al., 2000); and metasedimentary complexes from the
Patagonian Andes (Hervé and Fanning, 2003; Hervé et al., 2003;
Augustsson et al., 2006). The latter are plotted adjacent to sample
SONIA1 collected from the Cordillera Darwinmetamorphic complex of
the Fuegian Andes (this study). In Table S2 and Fig. S2 we report the
crystallization ages of zircon collected from the orthogneiss samples
OLLA2 and YENDEGAIA2.

Sample SONIA1 (n=93) contains a large 280–310 Ma zircon peak,
comprising 27% of the sample's analyzed grains. Less defined peaks
spanning 450–500 Ma and 550–630 Ma are comparatively prominent
amongst diffuse populations of 320–630 Ma and 700–1100 Ma zircons
that constitute 36% and 25% of the analyzed grains, respectively (Fig. 2A).
The remaining SONIA1 zircons (nine grains,10% of the total) have broadly
distributed, isolated ages between 1.4 and 3.5 Ga (Table S2). Samples
OLLA2 and YENDEGAIA2 (n=20 each) contain unimodal zircon age
populations that suggest crystallization at 156.7±1.9 (95% conf.,
MSWD=1.8) and160.4±2.4Ma(95% conf.,MSWD=0.86), respectively.

The composite eastern Magallanes foreland basin detrital-zircon
distribution (Fig. 2; N=11, n=1043) analyzed in this study is
dominated by Cretaceous–Paleogene (53%) and Jurassic zircons (23%),
with subordinate contributions from 200–600 Ma (18%), and older
populations (6%). Within the post-Triassic population of the analyzed
grains, prominent peaks are centered on ca. 75 Ma and 100 Ma,
approximately coincident with recognized peaks in the sampled
granitoids of the south Patagonian batholith (Rolando et al., 2002;
Hervé et al., 2007), and on ca. 170 Ma, coincident with the peak of
Jurassic magmatism recognized in the silicic large igneous province of
southern South America and the Antarctic Peninsula (Fig. 2B; Féraud et
al., 1999; Pankhurst et al., 2000). Within the 200–600 Ma population of
grains, prominent, peaks are centered on ca. 275 Ma and 470 Ma, with
lesser peaks at 360–420 Ma and ca. 560 Ma (Fig. 2A). Older, broad, and
less prominent probability peaks occur at ca. 630Ma and 1080Ma, with
additional broad, small and/or isolated sub-populations from 0.7–
0.9 Ga,1.2–1.3Ga,1.5–1.7 Ga,1.8–2.0 Ga and ca. 2.7 Ga (Fig. 2A, Table S2).

The distributions of detrital-zircon age populations from indivi-
dual eastern Magallanes foreland basin samples are illustrated in
Fig. 4. Individual samples can be subdivided into three groups based
on their age distributions: (1) those largely dominated by Cretaceous–
Paleogene populations (72–91% of grains, mean of 80%); (2) a single
sample (CCc1) with comparable Jurassic (42%), Cretaceous–Paleogene
(30%) and older (28%) populations; and (3) those with significantly
larger Jurassic (35–65%, mean of 49%) than Cretaceous–Paleogene (6–
20%, mean of 10%) populations, accompanied by significant pre-
Jurassic populations (15–60%, mean of 41%). Group (1) samples have
depositional ages between ca. 75 and 39 Ma. The CCc1 sample was
deposited at ca. 38.5 Ma. The Group (3) samples have depositional
ages between ca. 35 and 26 Ma (Table S1).

6. Interpretations

6.1. Sediment provenance of the Cordillera Darwin complex protolith

The detrital-zircon composition of sample SONIA1 from the
southern Cordillera Darwin metamorphic complex (Fig. 2A) is similar
to that of metasedimentary units exposed in the hinterland of the
Patagonian Andes (Hervé and Fanning, 2003; Hervé et al., 2003;
Augustsson et al., 2006), and suggests a mixed provenance from the
Gondwanide, Famatinian, Pampean and Sunsás belts (see Section
2.2.1). Although the dominant age probability peak in SONIA1 (ca.
295 Ma) slightly post-dates that of the composite probability plot
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determined for the other Andean metamorphic complexes (ca.
280 Ma), the overall range of ages and the morphology of late
Paleozoic, early Paleozoic and Proterozoic age probability peaks are
remarkably similar, especially when considering the small number of
SONIA1 grains that define the early Paleozoic and Proterozoic peaks.
These results suggest that at the level of analysis employed herein, the
Cordillera Darwin and Patagonian Andes metamorphic complex
samples have sufficiently similar detrital-zircon compositions to
employ the latter's more robust composite age probability distribution
for interpreting recycled sediment contributions from Cordillera
Darwin complex in the composite and individual age probability
distributions of the Magallanes foreland basin samples.

6.2. Bulk sediment provenance of the eastern Magallanes foreland basin

The bulk detrital-zircon composition of sampled eastern Magal-
lanes foreland basin strata is consistent with derivation dominantly
from the Cretaceous–Neogene Patagonian–Fuegian magmatic arc, the
Jurassic volcanic and plutonic rocks associated with Gondwana break-
up, and contributions from southern Andeanmetamorphic complexes
that bear mainly pre-Jurassic zircons (Fig. 2).

Although Late Jurassic zircons occur in the south Patagonian
batholith (Hervé et al., 2007), the age distribution of Jurassic zircons in
the composite eastern Magallanes foreland basin is more similar to
that of the volcanic and plutonic rocks associated with the break-up of
Gondwana (Fig. 2B). Hence, we interpret Cretaceous and Paleogene
zircons occurring in the Magallanes foreland basin as having been
derived from the Patagonian–Fuegian magmatic arc, and Jurassic
zircons having been derived from the Tobífera/Lemaire Formation
volcanics and associated plutons, which are currently exposed in
hinterland thrust sheets of the Fuegian Andes (Fig. 1). Similar Jurassic
magmatic rocks are also exposed in the Deseado & North Patagonian
Massifs that reside 700 and 2000 km north of the study area,
respectively, and provide an alternative source for the Jurassic zircons
that occur in our samples. Pankhurst et al. (2000) interpreted the age
distribution of Jurassic volcanic and granitic rocks in southern South
America and the Antarctic Peninsula as the result of three separate
phases of Jurassic magmatism (V1, V2 and V3), which they suggest
indicate a southwestward-younging trend that could offer an
opportunity to confirm or refute our interpretation of the source of
Jurassic zircons in eastern Magallanes basin strata. However, the age
distribution of all Jurassic zircons analyzed from our foreland basin
samples spans the entirety of the three phases (Fig. 5). In light of our
new U/Pb data from Jurassic Cordillera Darwin felsic/silicic orthog-
neisses (OLLA2 and YENDEGAIA2) and previous high-precision
geochronology of Jurassic rocks from the southern Cordillera Darwin
(Mukasa and Dalziel, 1996), Canal Morla Vicuña, and from the Gaviota
2 borehole in theMagallanes basin subsurface (Pankhurst et al., 2000),
it appears that felsic/silicic Jurassic igneous rocks exposed in the
southernmost Andes also represent contributions from all three of the
Pankhurst et al. (2000) volcanic phases. It is therefore more probable
that the Jurassic zircons in the eastern Magallanes basin sandstones
were derived from the Fuegian Andes than from the distant massifs.
This interpretation is supported by paleocurrent and seismic strati-
graphy data (Biddle et al., 1986; Galeazzi, 1998) from the Campanian–
Maastrichtian Bahía Thetis Formation and equivalent deposits (Marti-
nioni et al., 1999; Olivero et al., 2003) and the Paleogene sandstones of
the Tres Amigos Formation, Río Claro Group, Punta Torcida Formation
and Leticia–Ballena–Cerro Colorado Formations and equivalent depos-
its (Torres Carbonell et al., 2008), which demonstrate across-axis
transport of sediment derived from the Fuegian Andes. This inter-
pretation is further bolstered by sandstone petrographic data indicat-
ing the foliated nature of Tobífera/Lemaire clasts in easternMagallanes
basin sediments (Olivero et al., 2002).Whereas these units are foliated
in the Fuegian Andes, Jurassic volcanics in the Deseado Massif do not
have these metamorphic textures.
In light of these sediment transport observations and the lack of a
suitable alternate source, we thus interpret pre-Jurassic zircons
occurring in the eastern Magallanes foreland basin samples as having
been derived from the Cordillera Darwinmetamorphic complex in the
Fuegian Andes hinterland (Fig. 2A).

6.3. Kinematic history of the Fuegian Andes as indicated by detrital-
zircon sediment provenance

We apply the provenance interpretations described in Section 6.2 to
the detrital-zircon age distributions of individual eastern Magallanes
foreland basin samples in order to reconstruct the Late Cretaceous to
Oligocene compositional and kinematic evolution of the Fuegian Andes.

6.3.1. Evolution of eastern Magallanes foreland basin sediment provenance
Based on the dominance of Cretaceous and Paleogene detrital

zircons in our Group (1) samples (Fig. 4), we interpret the Upper
Cretaceous through middle Eocene strata of the eastern Magallanes
foreland basin as having been derived almost entirely from the
Patagonian–Fuegian magmatic arc. The significant differences
between each sample's depositional age and that of its most abundant
detrital-zircon sub-population preclude the possibility that the
abundances of arc-aged zircons were inflated by syndepositional
magmatism, which combined with the broad range of Cretaceous and
Paleogene zircon ages suggests that sediment was derived from
diverse rocks within the magmatic arc. However, given the similar age
distributions of Cretaceous zircons in many of the Group (1) samples,
and independent evidence of syndepositional deformation in the
Magallanes foreland thrust belt (Ghiglione and Ramos, 2005), it is
possible that some of the arc-aged zircons in these samples were
recycled from wedge-top strata of the proximal Magallanes foreland
basin. Finally, the relative dearth of Jurassic and pre-Triassic zircons in
these samples preclude significant sediment contribution from
Tobífera/Lemaire-bearing thrust sheets or the Cordillera Darwin
complex that occur in the more hinterland parts of the Fuegian Andes.

In contrast to the protracted dominance of arc-derived sediment in
the Upper Cretaceous to middle Eocene Group (1) samples, the
sudden increase in the abundance of Jurassic zircons in the CCc1 and
Group (3) samples (Fig. 4) suggests late middle Eocene (ca. 39 Ma)
exhumation of the Tobífera/Lemaire Formations in proximity to the
Magallanes foreland basin. Although not as uniformly abundant, the
coeval increase in the abundance of pre-Triassic zircons also suggests
sediment derivation from metasedimentary strata of the Cordillera
Darwin complex. These increases coincide with a decrease in the
relative abundance of Cretaceous and younger zircons, from ~80% in
the Group (1) samples, to 30% in sample CCc1, to ~10% in the Group
(3) samples, suggesting progressive elimination of the Patagonian–
Fuegian arc as a sediment source for the eastern Magallanes foreland
basin, despite its well-documented Paleogene and Neogene activity
(Hervé et al., 2007). Together, these three provenance changes record
a fundamental reorganization of the sediment sources to the
Magallanes foreland basin in the late middle Eocene.

6.3.2. Model
We propose a generalized kinematic model (Fig. 6) that we

consider the most parsimonious explanation for the observed
sediment provenance changes while maintaining consistency with
independent constraints for the evolution of the Fuegian Andes. Our
data suggest that sediment was largely derived from the Patagonian–
Fuegian magmatic arc beginning with the onset of crustal thickening
and foreland basin subsidence in the Late Cretaceous (Biddle et al.,
1986). Derivation of this sediment from the arc requires (a) the
orogen's drainage divide was positioned at least as outboard as the
magmatic arc, and (b) a sediment pathway connected this hinterland
sediment source with the Magallanes foreland basin. This configura-
tion appears to have persisted until the late middle Eocene, although



Fig. 6. Interpreted kinematic history of the Fuegian Andes based on detrital-zircon provenance data collected from Upper Cretaceous to Oligocene strata of the eastern Magallanes
foreland basin of Tierra del Fuego. The line of the cross-section is depicted in Fig. 1.
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the occurrence of occasional, small populations of pre-Triassic zircons
in someGroup (1) samples is consistent with contributions from rocks
of the partially exhumed Cordillera Darwin complex. Alternatively, it
is possible these pre-Triassic zircons were derived from inherited
zircons within the Patagonian–Fuegian magmatic arc.

In contrast to the 30 million year history of magmatic arc sediment
provenance observed in the Upper Cretaceous through middle Eocene
strata of the eastern Magallanes basin, we interpret our latest middle
Eocene and younger samples as evidence for rapid exhumation of the
hinterland of the Fuegian Andes. In light of deformational evidence from
structural relationships (Klepeis, 1994a), thermochronology (Nelson,
1982; Kohn et al., 1995; Gombosi et al., 2009) and the stratigraphic
record of flexural subsidence (Biddle et al., 1986; Ghiglione and Ramos,
2005), this exhumational event is most consistent with crustal short-
ening and associated rock-uplift of thrust sheets intervening the
foredeep of the Magallanes foreland basin and the Patagonian–Fuegian
batholith (Figs.1C and6).Weenvision suchdeformation simultaneously
(1) shifting the orogenic drainage divide inboard, thereby damming the
sediment pathway between magmatic arc and foreland basin, and (2)
prominently exhuming the Cordillera Darwin complex and Tobífera/
Lemaire Formations in thrust sheets nowwidely exposed in the Fuegian
Andes hinterland, thereby recycling their contents into the Magallanes
foreland basin. Our provenance data suggest that this configuration
persisted until the late Oligocene, after which the convergent tectonic
regimeof the Fuegian Andes gaveway to sinistral deformation along the
Magallanes–Fagnano and possibly Beagle Channel fault zones (MFFZ
and BCFZ respectively; Klepeis, 1994b).

7. Discussion

The earliest Oligocene glaciation of Antarctica has been frequently
attributed to the tectonic opening of Drake Passage and the resulting
establishment of the ACC (Barker and Burrell, 1977). However, several
recent efforts challenge a causal relationship betweenmarine gateway
opening and polar glaciation, including those that favor alternative
glaciation mechanisms (DeConto and Pollard, 2003; Pagani et al.,
2005; Huber and Nof, 2006) and others that suggest a mismatch
between the timing of Antarctic glaciation and ACC development
(Barker, 2001; Pfuhl andMcCave, 2005; Lyle et al., 2007; Koenitz et al.,
2008). Evaluation of this ‘polar gateway’ hypothesis requires an
understanding of the temporal relationships between Scotia Arc plate
kinematics, penetration of Pacific seawater through Drake Passage,
and the growth of ice sheets on Antarctica. Towards these ends, our
new detrital-zircon provenance data from the eastern Magallanes
foreland basin provide insight into the kinematics of the western part
of the northern Scotia arc.

In Fig. 7, we plot the temporal relationships between marine proxy
data indicating the Oi-1 glaciation of Antarctica (Zachos et al., 2001)
and ocean circulation through Drake Passage (Scher and Martin,
2006) in conjunctionwith interpreted Scotia seafloor ages (Barker and
Burrell, 1977; Barker, 2001; Eagles et al., 2005) and the relative
abundance of the interpreted zircon provenance populations in each
of the studied eastern Magallanes foreland basin samples (this study).

The reconstruction of marine δ18O isotope ratios from benthic
foraminifera (Zachos et al., 2001) records the combined effects of global
ice-volume and ocean temperature variations since the end of the
Cretaceous. At least one-half of the dramatic N1.0‰ positive isotopic shift
thatoccurs in the earliestOligocene is associatedwith ice-volume increase
(Lear et al., 2000), which along with coeval evidence of ice-rafted debris
and clay mineralogy changes in the Southern Ocean is widely interpreted
to record theOi-1 glaciationofAntarctica at ca. 34Ma(Zachos et al., 2001).

Interpretation of magnetic seafloor anomalies and gravity data
from the Scotia Sea suggest that seafloor spreading was active by at
least chron C8 (ca. 26.5 Ma; Barker and Burrell, 1977; Barker, 2001;



Fig. 7. Comparison of global benthic foraminifera δ18O (Zachos et al., 2001) and Atlantic-sector Southern Ocean fish-tooth ɛNd (Scher and Martin, 2006) isotope values with eastern
Magallanes foreland basin detrital-zircon provenance data collected as part of this study. “Oi-1” depicts the onset of the Antarctic glaciation that occurred at the Eocene–Oligocene
transition. “Pac” depicts the onset of the transition fromAtlantic towards Pacific typewater-mass compositions in the Atlantic sector of the Southern Ocean (Scher andMartin, 2006).
“PS” indicates the onset of the dramatic sediment provenance shift recognized in the eastern Magallanes foreland basin. BATHOLITH: detrital zircons with ages consistent with
derivation from the Fuegian batholith. Jv: detrital zircons with ages consistent with derivation from the Jurassic-aged Tobífera Formation volcanics and associated Darwin suite of
granitoids. CDMC: detrital-zircons with ages consistent with derivation from the Cordillera Darwin metamorphic complex.
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Eagles et al., 2005). Evidence of incoherent displacement in the
western Scotia Sea suggest that spreading may have begun earlier
(chron C10: ca. 29 Ma: Lodolo et al., 1997), although the challenges of
magnetic anomaly interpretation of such small regions (Barker, 2001)
leaves open the possibility of other age interpretations for many
seafloor fragments in the Scotia Sea (e.g., Eagles et al., 2006).

In contrast to geophysical interpretations that favor a Middle to Late
Oligocene onset of Scotia Sea tectonics, Nd isotope data collected from
Eocene–Oligocene fossil fish teeth in the south Atlantic Ocean reveal a
~2‱ positive shift in seawater ɛNd(t) beginning at ca. 42–39Ma, which
is consistent with the influx of the more isotopically juvenile Pacific
waters through Drake Passage into the Atlantic sector of the Southern
Ocean beginning at that time (Scher and Martin, 2006). This
geochemical proxy evidence has been more recently integrated with
basin and tectonic models to suggest a protracted opening of Drake
Passage beginning with shallow opening as early as ca. 50 Ma
(Livermore et al., 2007; Ghiglione et al., 2008; Lagabrelle et al., 2009).

As described in Section 6 above, our detrital-zircon data record a
fundamental sediment provenance shift in the eastern Magallanes
foreland basin at ca. 39Ma as indicated by the remarkably rapid decrease
in relative abundance of Cretaceous–Paleogene detrital zircons and
concomitant increase of Jurassic and Paleozoic–Neoproterozoic popula-
tions (Figs. 4 & 7). These results suggest a dramatic reorganization of the
Fuegian Andes orogen that is most parsimonious and consistent with
middle Eocene shortening and exhumation of the orogenic hinterland
(this study: Fig. 6), which is independently supported by new
thermochronometry data from the Cordillera Darwin complex and
adjacent regions (Gombosi et al., 2009) applied to documented structural
relationships (e.g., Klepeis, 1994a). This interpreted kinematic reorgani-
zation demonstrates a temporal relationship between Fuegian Andes
deformation and the water-mass provenance evidence of the opening of
the adjacent Drake Passage from Scher and Martin (2006).

Whereas a temporal relationship alone is insufficient to ascribe
causality, it is difficult to imagine that dramatic shortening and
exhumation in the Fuegian Andes would not affect the adjacent and
coevally developing Drake Passage. The assessment of a genetic
relationship between these apparently coeval processes requires the
integrative analysis of numerous geophysical, geologic and geochem-
ical data, vital components of which are currently being collected.
While these considerations are beyond the scope of this paper, we
suggest that Eocene counterclockwise vertical-axis rotation of the
Fuegian Andes to form the Patagonian orocline would account for: (a)
the numerous indications of greater shortening in the Fuegian Andes
than in the Patagonian Andes as described in Section 1, (b) the
dramatic sediment provenance change (this study) associated with
exhumation of the Cordillera Darwin and associated thrust sheets in
the hinterland of the Fuegian Andes (Nelson, 1982; Kohn et al., 1995;
Gombosi et al., 2009), and (c) rotative opening of the Drake Passage



502 D.L. Barbeau Jr. et al. / Earth and Planetary Science Letters 284 (2009) 489–503
polar gateway sufficient to allow the flow of isotopically juvenile
Pacific water-mass into the isotopically evolved southern Atlantic
Ocean (Scher and Martin, 2006). Such oroclinal bending also
eliminates the need for the geologically dissatisfying ‘cuspate’ model
of pre-Drake Passage South America–Antarctic Peninsula reconstruc-
tions (Dalziel, 1983). Despite these advantages of interpreting Eocene
oroclinal bending in the Fuegian Andes, paleomagnetic and structural
evaluation of the required vertical-axis rotations is currently equivocal
(cf. Diraison et al., 2000; Kraemer, 2003; Ghiglione and Cristallini,
2007; Rapalini, 2007), and is further complicated by challenges of
identifying an appropriate driving mechanism for such differential
shortening and oroclinal bending.

While an open marine gateway between South America and
Antarctica is required for the development of the ACC, evidence of
a zenith of Eocene tectonic activity in the Scotia arc alone is
insufficient to constrain the ACC onset that may have caused or
contributed to Oi-1 glaciation because of the significant sill depths
required to allow such circulation (Livermore et al., 2007). However,
the ~5 Myr lag between the timing of the provenance shift recorded
herein (ca. 39 Ma) and the Oi-1 glaciation (ca. 34 Ma) may have
allowed time for the development of sufficient sill depths. The
sediment provenance data and kinematic interpretations presented
herein are temporally consistent with independent evidence of a
middle Eocene onset of Drake Passage opening (Scher and Martin,
2006). Whether sufficient opening and associated subsidence
occurred to allow ACC development in time for the Oi-1 glaciation
remains to be seen. Considering the ACC's dominant influence upon
modern global ocean circulation and temperature distribution
(Barker, 2001), constraining the timing and nature of its onset
remains vitally important. It appears that at least one part of the
gateway's development involved the Eocene kinematics of the
Fuegian Andes.

8. Conclusions

1. U/Pb detrital-zircon data from a quartzite in the Cordillera Darwin
metamorphic complex of the Fuegian Andes hinterland reveal an
age distribution that resembles the composite age distribution of
lower grade metasedimentary complexes reported from the
Patagonian Andes hinterland, suggesting a genetic relationship
between the complexes.

2. U/Pb geochronology from felsic/silicic orthogneisses preserved in
the southern Cordillera Darwin complex suggests Late Jurassic
magmatism in the southernmost Andes, in addition to Early and
Middle Jurassic magmatism recognized previously. Together these
rocks suggest a protracted involvement of southernmost South
America in the break-up of Gondwana.

3. The bulk U/Pb age distributions from N1100 detrital zircons
collected from upper Cretaceous–Oligocene strata of the eastern
Magallanes basin suggest (1) derivation of Cretaceous–Paleogene
components from the Patagonian–Fuegian magmatic arc, (2)
derivation of Jurassic grains from volcanic and plutonic rocks
associated with the break-up of Gondwana now exposed in the
hinterland thrust sheets of the Fuegian Andes, and (3) derivation of
abundant Paleozoic and Proterozoic zircons frommetasedimentary
rocks of the Cordillera Darwin complex.

4. Upper Cretaceous through late middle Eocene sandstones collected
from the eastern Magallanes foreland basin are dominated by
zircons derived from the Patagonian–Fuegian magmatic arc,
whereas upper Eocene and Oligocene strata are dominated by
zircon populations consistent with derivation from Jurassic igneous
rocks and the Cordillera Darwin complex, both of which are widely
exposed in the Fuegian Andes hinterland. The dramatic provenance
shift recorded at ca. 39 Ma is consistent with rapid uplift and
exhumation in the Fuegian Andes hinterland recognized in recent
thermochronometry studies. Marine geochemical evidence for
near contemporaneous opening of the Drake Passage suggests
that the kinematic history of the Fuegian Andesmay have played an
important role in the development of the marine gateway and the
subsequent Antarctic circumpolar current that is widely recognized
to thermally isolate Antarctica from tropical gyres.
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