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ARTICLE INFO ABSTRACT

Keywords:

The sedimentology, petrography, and U-Pb dating of two Eocene volcaniclastic horizons of the Punta Torcida
and Leticia formations, Austral basin, Tierra del Fuego, Argentina are interpreted and documented. The volca-
niclastic deposits, pumicite breccia and tuffaceous sandstones, are formed by glass shards, plagioclase crystals,
and pumiceous and lithic andesitic fragments. Originally deposited as tephra fallout, they have been subse-
quently reworked and redeposited in marine settings. The final deposits, however, are interpreted essentially as
syn-eruptive. U-Pb dating of detrital zircons gave a 46.3 + 0.4 Ma (early Lutetian) age for the top of the Punta
Torcida Formation and 41.9 + 0.71 (late Lutetian) to 39.6 + 0.82 (Bartonian) ages for the Leticia Formation.
Paleogene volcanic rocks are unknown in the Southern Patagonian-Fuegian Andes; hence the studied volcanic
deposits with minimal reworking are important to evaluate the time lag between eruption and true depositional
ages in detrital zircons. The resulting dates allow evaluating the timing of the important, basin-wide, intra-
Eocene unconformity known from Tierra del Fuego to Lago Argentino, Santa Cruz, Argentina. The documented
eruptive phases are related to Andean magmatism, probably located in the outcrop area of the Seno Ano Nuevo

FuegianAndes

Eocene volcanism
Detrital zircons

U-Pb dating
Austral-Magallanes basin

suite in the Chilean Archipelago.

1. Introduction

Exposures of Paleogene volcanic rocks are unknown along the
~1000 km axial length of the Southern Patagonian-Fuegian Andes
stretching from Lago Argentino (~50°S) to the easternmost Beagle
Channel (~55°S) (Fig. 1). Late Cretaceous and Paleogene igneous rocks
are only known from exposed plutons in the Chilean coastal archipelago
and the main island of Tierra del Fuego (Hervé et al., 2007; Gonzalez
Guillot, 2016; Poblete et al., 2016), but their corresponding volcanic
carapaces were probably eroded. Hence, time and spatial distribution of
Paleogene volcanic activity is only indirectly recognized and mostly
inferred from sedimentary petrography, detrital zircon data or from
sediment source-to-sink pathways (e.g. Barbeau et al., 2009; McA-
tamney et al., 2011; Fosdick et al., 2015; Schwartz et al., 2017;

Malkowski et al., 2017; George et al., 2020).

Large analytical data derived mainly from sedimentary petrography,
including 150 studied thin-sections from ~4 km-thick Late Cretaceous to
Oligocene marine successions from the thrust-fold belt of the Fuegian
Andes resulted in the finding of two main sandstone detrital modes: a
volcaniclastic, plagioclase-rich andesitic mode and a quartz-lithic mode
(Olivero, 2002; Torres Carbonell and Olivero, 2019; Barbeau et al.,
2009). Though there are some stratigraphic overlaps, at the large scale
the volcaniclastic mode dominates the Upper Cretaceous-lower Eocene
succession and the quartz-lithic mode dominates the late mid
Eocene-Oligocene succession. The later succession rests on a regional,
basin-wide unconformity (Fig. 2) recognized in the Austral-Magallanes
basin from Tierra del Fuego (Olivero and Malumian, 1999, 2008;
Torres Carbonell and Olivero, 2012; 2019, and bibliography therein) to
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Fig. 1. Regional geological map of the Austral and Malvinas basins (A) and geological map of Tierra del Fuego (B) showing the location of Fig. 3, the study area at
Cabo Campo del Medio Anticline. Modified from various sources (cf. Torres Carbonell and Olivero, 2019).
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Lago Argentino (Malumian, 2002).

The timing and causes of formation of this basin-wide intra-Eocene
unconformity are not well known. Within the fold-thrust belt of Tierra
del Fuego this unconformity is remarkably well exposed in the study
area, where it separates early Eocene to early mid Eocene turbidites of
the Punta Torcida Formation from shallow-marine late mid Eocene
sandstones of the Leticia Formation, with an estimated minimum hiatus
of ~3 Myr (Olivero and Malumian, 1999; Torres Carbonell and Olivero,
2012; 2019). In the northwestern part of the Magallanes/Austral basin,
however, the hiatus is considerably larger spanning up to ~20 Myr
between the Maastrichtian/Danian Dorotea Formation and the mid
Eocene Man Aike Formation (Malumian, 2002; Otero et al., 2013; Fos-
dick et al., 2015; George et al., 2020). It is not clear, however, if this
large ~20 Myr hiatus includes erosional removal of a thick pile of pre-
vious late Paleocene-early Eocene deposits (e.g. Fosdick et al., 2015)
—-implying a significantly shorter non-depositional hiatus— or just
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non-deposition of this sedimentary pile during elaboration of the un-
conformity (e.g. George et al., 2020).

U-Pb ages obtained from volcanogenic detrital zircons are maximum
depositional ages and the time difference with true depositional ages
would depend on the duration of the time lag between phenocryst
crystallization, extrusion, and final deposition. This lag is minimal for
direct volcanic input, e.g. in tephra fallout deposits, but the time dif-
ference between volcanic events and true depositional ages may in-
crease significantly with episodes of erosional removal and redeposition
of detrital zircons. Hence, fresh volcanic materials or volcanic deposits
with minimal reworking are extremely important to evaluate the time
lag between volcanic activity and true depositional ages in detrital zir-
cons (cf. Barbeau et al., 2009; Schwartz et al., 2017).

The main aim of this study is to document and date two thick Eocene
volcaniclastic packages interpreted as the deposits of essentially synse-
dimentary volcanic activity. The older volcaniclastic package is located
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Fig. 2. Stratigraphic chart of the Austral-Magallanes basin Late Cretaceous-Cenozoic deposits in Tierra del Fuego and Patagonia, Argentina and Chile. Stratigraphy
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on top of the early to early mid Eocene turbidites of the Punta Torcida
Formation, just underneath the regional intra-Eocene unconformity. The
younger volcaniclastic package is located atop the late mid Eocene
shallow marine sandstones of the Leticia Formation. These volcani-
clastic packages offer considerable interest and we shall argue through
the study that they represent: 1) Eocene volcaniclastic deposits with
minimal reworking, so far the only known of such deposits in the thrust-
fold belt of the Fuegian Andes and likely in the whole Austral- Mag-
allanes basin; 2) they have a key role for the absolute age assignation of
two separate, but close volcanic events; 3) they are important for proper
evaluation of U-Pb maximum depositional ages from detrital zircon
throughout the Eocene in the Austral-Magallanes basin; and 4) they offer
the possibility to better constrain the hiatus involved in the development
of the regional intra-Eocene unconformity in the Fuegian Andes.
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2. Materials and methods

Two samples with detrital zircons, CM 282-5 from the Punta Torcida
Formation and CM 25 from the Leticia Formation, were analyzed for LA
ICP-MS and SHRIMP U-Pb geochronology. In sample CM 282-5 zircon
grains were concentrated by conventional methods and analyzed using
an Element 2 (Thermo Scientific) high-resolution sector field mass
spectrometer coupled with a 213-nm NdYAG UP-213 excimer laser
ablation system (New Wave Research), housed at the Institute of Geol-
ogy of the Czech Academy of Sciences, Praha. The laser was fired at a
repetition rate of 5 Hz, using a spot size of 25 pm and a fluence of c. 5-6
J/cm?. Natural zircon reference material 9150091500 (1065 Ma, Wie-
denbeck et al., 1995) and its measurement uncertainties were used as
isotopic calibration primary standard for normalization of all unknowns,
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including validation zircon reference secondary material: GJ-1 (609 Ma,
Jackson et al., 2004) that were periodically analyzed during the mea-
surement for quality control. These values correspond well and are less
than 1% accurate within the above published reference values (ESM
Supp. DataTable 1). The U-Th-Pb isotopic ages shown in concordia
diagrams (Fig. 5) were generated with Iolite (Paton et al., 2011) and
Isoplot programs (v 3.75; Ludwig, 2012). U-Pb data are filtered to
remove analyses that are >2% discordant.

In sample CM 25 zircon concentrates were prepared at the Depar-
tamento de Geologia, Universidad de Chile. The U-Pb ages (Supp. Data
Table 2) determined during this investigation were obtained using
SHRIMPs I, II and RG at the Research School of Earth Sciences, the
Australian National University, Canberra. The measurement techniques
and data processing are those described by Williams (1998) as explained
in Hervé et al. (2007).

The geographic coordinates of the samples are: CM 282-5,
54°27'06.23"S, 66°28'49.02"W; and CM 25, 54°27'01.05"S,
66°29'23.24"W.We use the Eocene time scale published in Gradstein
et al. (2012).

3. Geological setting

The Austral-Magallanes is a large foreland basin system that extends
along the front of the southernmost Andes, from northwestern Santa
Cruz (Argentina) and eastern Magallanes-Ultima Esperanza (Chile) to
the offshore extension of the system in the South Atlantic Ocean (Fig. 1),
where it connects with the Western Malvinas basin (Biddle et al., 1986;
Galeazzi, 1998; McAtamney et al., 2011; Sachse et al., 2015; Malkowski
et al., 2017; Torres Carbonell and Olivero, 2019). In Tierra del Fuego,
Argentina (Fig. 1), the Upper Cretaceous-Cenozoic sedimentary infill of
the Austral-Magallanes basin accumulated synchronous with several
contractional stages that followed a major ductile deformation phase,
associated with the closure and inversion of the predecessor Late
Jurassic-Early Cretaceous Rocas Verdes back-arc basin (Dalziel, 1981;
Klepeis et al., 2010; Torres Carbonell et al., 2017, and the bibliography
therein).

The progressive evolution of the Late Cretaceous-Cenozoic stratig-
raphy, depositional environments, and tectonic structures of the Austral-
Malvinas foreland basin in Tierra del Fuego, Argentina, have been sys-
tematically studied during the last two decades by part of the present
authors (EBO and PTC). A synthesis of this evolution can be found in
Olivero et al. (2002, 2003); Malumian and Olivero (2006); Olivero and
Malumian (1999, 2008); Lopez Cabrera et al., (2008); Ponce (2009);
Torres Carbonell (2010); Torres Carbonell et al., (2008, 2011; 2014;
2017); Martinioni (2010); Bedoya Agudelo (2019); Torres Carbonell and
Olivero (2012, 2019) and bibliography therein. From the Late Creta-
ceous to the Oligocene-earliest Miocene, the sedimentary fill of the
foreland basin system includes thick, unconformity-bounded, syntec-
tonic clastic wedges accumulated in successive elongated depocenters
oriented subparallel to the Fuegian Andes. Sedimentation of these clastic
wedges was closely related to the evolution of the Fuegian thrust-fold
belt and dominated by axial and transverse turbidite systems, the
clastic material of which was derived from the Fuegian Andes and the
Fuegian-South Patagonian andesitic magmatic arc. South of the defor-
mation front and within the thrust-fold belt, the turbidite systems
include Campanian-Danian (Bahia Thetis and Policarpo formations);
Paleocene-lower mid Eocene (Rio Claro Group); upper mid
Eocene-Oligocene (La Despedida Group); and part of Oligocene-Miocene
(Cabo Domingo Group) deposits. North of the deformation front, the
major part of the Cabo Domingo Group consists of subhorizontal strata
(Fig. 1).

Our study is located along the Atlantic shore and south of the
deformation front, in the Cabo Campo del Medio-Cerro Colorado area
(Figs. 1 and 3). At this locality, the basin-wide intra Eocene unconfor-
mity is superbly exposed. This angular unconformity separates the early
Eocene to basal mid Eocene Punta Torcida Formation of the Rio Claro
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Group, from the late mid Eocene Leticia Formation of the La Despedida
Group (Olivero and Malumian, 1999, 2008; Torres Carbonell et al.,
2008; 2011). The intra Eocene unconformity marks a major change of
sedimentary facies and sedimentary petrography, reflecting an impor-
tant tectonic control on depositional environments. Beneath the un-
conformity, the Punta Torcida Formation consists of a deep-water
turbidity system that filled and elongated foredeep, the evolution of
which is intimately related to the northward propagation of the
thrust-fold belt during the early Eocene-early mid Eocene (Torres Car-
bonell and Olivero, 2012, 2019). The sedimentary petrography of the
Punta Torcida Formation, as well as that of the rest of Paleocene-Eocene
deposits of the Rio Claro Group, is dominated by volcaniclastic com-
ponents derived from the Fuegian-South Patagonian andesitic arc (Oli-
vero, 2002; Torres Carbonell and Olivero, 2019). Above the
unconformity, the Leticia Formation is characterized by shallow-water
settings (Olivero and Malumian, 1999, 2008; Lopez Cabrera et al.,
2008; Torres Carbonell and Olivero, 2012) and the sedimentary
petrography is dominantly characterized by quartz-lithic components,
mostly derived from older stratigraphic units of the Fuegian Andes and
following a typical unroofing pattern (Olivero, 2002; Barbeau et al.,
2009; Torres Carbonell and Olivero, 2019). These notable sedimentary
changes in the Leticia Formation reflect a major orogenic exhumation of
the southernmost Andes and deposition in a newly formed depocenter
above the angular unconformity. This new depocenter was interpreted
as a wedge-top depocenter denominated Maria Luisa sub-basin (Torres
Carbonell et al., 2008, 2009).

4. Punta Torcida Formation
4.1. Sedimentary facies and petrography

At the type locality of Punta Torcida-Cabo Campo del Medio anti-
cline, the Punta Torcida Formation has a minimum thickness of about
450 m and consists of a stacking of three major sedimentary packages,
informally denominated PTg, PT;, and PTy (Fig. 3). The base of the
Formation is not exposed; the top of the Formation is a marked angular
unconformity with the Leticia Formation. At the southern limb of the
Cabo Campo del Medio anticline, the PT; and PT; packages were eroded
and the Leticia Formation unconformably covers the PT, package (Oli-
vero and Malumian, 1999, 2008; Torres Carbonell and Olivero, 2012).

The lower mudstone-dominated sedimentary package PTo, cropping
out near the anticline axis is strongly deformed, making difficult to
measure a continuous section. Nonetheless, partial sections including
the informal members Pta, Ptb, and Ptc of Olivero and Malumian (1999)
sum up a minimum of c¢. 200 m of thick mudstone beds and thin,
fine-grained sandstone interbeds (Fig. 1). The informal members Pta-b-c
are characterized by variable proportions of thin-bedded, fine-grained
sandy turbidites, depicting Bouma Tb-c-d/e divisions, with common
convolute bedding, climbing ripples, and thin horizons of slumped beds
(Torres Carbonell and Olivero, 2012). The sandstone petrography (Oli-
vero, 2002) is dominantly composed of volcaniclastic components,
characterized by abundant andesitic fragments (Lv = 60-93%). Zonal
plagioclase crystals are commonly abundant (P = 19-34%) and mono-
crystaline quartz grains are scarce (Qm = 7-10%).

The PT; package consists of thick intervals of interbedded fine-to
very fine-grained tuffaceous sandstones and thinner intervals domi-
nated by mudstones with interbedded sandstones. The facies association
of the PT; package constitutes a turbidite system defining large channel-
like lenticular geometries (Fig. 3) with variable thicknesses, ranging
from 86 to 138 m (Torres Carbonell and Olivero, 2012). The
sandstone-dominated intervals consist mostly of parallel laminated,
fine-grained sandstone with abundant soft deformation structures and
occasional intercalations of current ripple cross bedding. Less common
are thinner beds of classical turbidites depicting Bouma Ta-e divisions
and intercalated mudstones. Some fluted sandstone bases bear the
graphoglyptid trace fossils Helicolithus isp., Helicorhaphe isp.,
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Megagraptum submontanum, and Paleodictyon majus. In addition, several
sandstones bear abundant structures of Ophiomorpha rudis and Zoo-
phycos isp. (Lopez Cabrera et al., 2008). The petrography of the PT;
sandstone beds is similar to that of the PT, package.

The PT;, package is up to 116 m thick and forms the upper part of the
studied succession at Cabo Campo del Medio (Figs. 3 and 4; Torres
Carbonell and Olivero, 2012; 2019). The PT, package is dominated by
volcaniclastic breccia with alternations of sandy turbidites and minor
lenticular mudstone and shell fragment interbeds. The dominant vol-
caniclastic breccias bear abundant angular pumicite fragments with the
original volcanic glass still preserved in some fragments (e.g. Fig. 4F-H),
but commonly the glass has been devitrified into a greenish, dense
aggregate of small chlorite crystals (e.g. Fig. 4B, 4C, 4E). The base of
some volcaniclastic breccias shows synsedimentary soft-deformation
structures, characterized by ball and pillow structures (Fig. 4B). Most
of the volcaniclastic breccias of the PT2 package are densely bio-
turbated, commonly with partial obliteration of bedding surfaces. In-
dividual trace fossils are difficult to identify, but large traces of
Zoophycos sp. are commonly discernible (Lopez Cabrera et al., 2008).

The sandy turbidites, c. 50 cm thick, of the PT, package include two
facies, one consists of structureless or roughly laminated, normally
graded medium-grained sand intervals, with erosive bases and flute cast
structures, covered by parallel laminated and ripple or climbing ripple-
laminated intervals of fine-grained sandstone, usually with deformed
ripple cross lamination at the top that grade to silty mudstone. The other
sandy turbidite facies consists of fine-grained sandstones with profuse
parallel lamination. The volcaniclastic breccias are interstratified with
bioturbated, very fine-grained tuffaceous sandstones and mudstones
bearing abundant shell fragments (Fig. 4C), dominated by the bivalve
Nucula sp., with occasional scaphopods and gastropods.

Stratal geometry of the PT, package are characterized by lenticular
bodies that commonly rest on scoured steep surfaces with variable di-
mensions, ranging from smaller lenses, c. 2 m wide, to larger channel-
form bodies with widths of c. 50 m and more than 200 m in length
(Fig. 3C; 4A). Paleocurrent vectors measured in flute casts and ripple
cross-lamination are parallel to the axis of large channels and indicate a
northeastward to eastward general paleoflow (Fig. 3C). The depositional
paleoenvironments of the Punta Torcida Formation are interpreted as
deposits of channeled turbidite systems, with channel or channel margin
facies (PT;-PT; packages) and probably overbank-levee or interchannel-
basinal facies (PT( package) (Torres Carbonell and Olivero, 2012).

The petrography of the volcaniclastic breccias and turbidite sand-
stones of the PT, package (Olivero, 2002; Torres Carbonell and Olivero,
2019, Fig. 4F-H) is dominantly composed of volcaniclastic fragments,
mostly pumicite and andesitic lithic fragments (Lv = 60-90%). Zonal,
euhedral plagioclase (andesine) crystals are commonly abundant (P =
40-7%) and monocrystaline quartz grains are very scarce or absent (Qm
= 0-3%). Pumicite volcanic glass is commonly devitrified to a greenish
mass of chlorite and/or glauconite, the latter is sometimes very abun-
dant making up to 30% of the total volcanic lithic fragments.

4.2. Detrital zircon U-Pb dating

Most of the studied zircons from sample CM 282-5 are clear and
dominated by euhedral, both short- and long-prismatic crystals, with
subordinate needle crystals. Most of them are 150-360 pm long. Using
CL imaging (Fig. 4D), internal zircon growth structures revealed pre-
dominantly igneous oscillatory zoning together with sector zoning,
characteristic of slowly grown zircons in igneous settings (Hanchar and
Miller, 1993). Laser ablation ICP-MS measurements of 22 zircon grains
in sample CM 282-5 yield a scatter of U-Pb concordant ages between 45
Ma and 47 Ma (Supp. Data Table 1) with a resulting single concordia age
of ca. 46.3 + 0.4 Ma (2 o, early Lutetian; Fig. 5).

Previously, Barbeau et al. (2009, their sample CI-PT1) have deter-
mined a detrital zircon maximum depositional age of 47.32 + 0.77 Ma
for the Punta Torcida Formation. The sample was recovered from a
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medium-grained, moderately sorted, subrounded litharenite bed that
occurs within a thick succession of dark gray mudstones north of Cabo
Irigoyen in the Atlantic coast of Tierra del Fuego. Identification of the
stratigraphic location of this horizon (sample CI-PT1) in our section is
not straightforward but most likely it would be located within the PT, or
PT; informal packages of the type section of the Punta Torcida Forma-
tion at Cabo Campo del Medio.

5. Leticia Formation
5.1. Sedimentary facies and petrography

At the type locality of the Cabo Campo del Medio Anticline, the
Leticia Formation rest on a high-relief angular unconformity (Figs. 3 and
4A), known as the U4 unconformity (Torres Carbonell et al., 2011). The
relationship between the basal beds of the Leticia Formation and the U4
unconformity is a marked onlap (Figs. 3B and 4A). The top of the For-
mation is a planar unconformity developed at the contact with the late
mid Eocene interval of the Cerro Colorado Formation. The Leticia For-
mation displays variable thicknesses and sedimentary facies on each
limb of the anticline (Fig. 3B). At the southern limb, the Formation is c.
520 m thick and consists of three main facies associations: a lower
sandstone-dominated facies (Les); a middle very fine-grained totally
bioturbated sandstone facies (Leb); and an upper volcaniclastic facies
(Let). At the northern limb of the anticline, the Leticia Formation, with a
minimum thickness of c. 200 m, consists mostly of the Les and Let facies
associations.

The package including the lower sandstone-dominated facies (Les) is
recognized on both southern (c. 80 m thick) and northern (c. 100 m
thick) limbs of the anticline (Fig. 3B). The Les interval is dominated by
thick, up to 2-3 m, fine massive fine-grained sandstone beds, with
subordinated fine conglomerate lenses and normally graded fine-
sandstone beds. This thick-bedded horizon is followed upwards by
well-stratified, fine-grained, glauconite sandstones with parallel lami-
nation, sometimes with dense concentrations of carbonaceous particles,
current and wave-ripple cross-laminae, herringbone cross-stratification,
and occasional large (1 m thick) dunes, with asymptotic cross-bedding.
Some beds bear relatively abundant trace fossils, including the ichno-
genera Curvolithus, Diplocraterion, Euflabella, Gyrochorte, Macaronichnus,
Ophiomorpha, Patagonichnus, Schaubcylindrichnus, and Tasselia (Lopez
Cabrera et al., 2008; Olivero and Lopez Cabrera, 2013). In the northern
limb of the anticline, this lower sandstone-dominated package is char-
acterized by large channels, up to 250-300 m wide (Figs. 3C and 6A).
The thick Leb interval (c. 350 m) is restricted to the southern limb of the
anticline (Fig. 3B) and consists mostly of very fine-grained glauconitic
sandstones, with the original bedding obliterated by bioturbation, which
is characterized by a dense mottling with few recognizable trace fossils
(Lopez Cabrera et al., 2008; Olivero and Lopez Cabrera, 2013). The
sandstone petrography of the Les and Leb intervals is dominated by
quartz-lithic fragments, with significant percentages of metamorphic
rock fragments (especially quartz-sericite foliated rocks) and
sedimentary-metasedimentary lithic fragments, and scarce volcanic
rock fragments. Thus, they show a marked compositional change with
respect to the Punta Torcida Formation (Olivero, 2002; Torres Carbonell
and Olivero, 2019).

The upper part of the Leticia Formation is dominated by volcani-
clastic, coarse-grained sandstone and fine breccia (Let facies), which are
continuous across the Cabo Campo del Medio Anticline reaching nearly
40-50 m in the south and 60 m in the north (Fig. 3B-C). Large channels
sometimes nested in successive levels recording heterolithic bedding,
epsilon cross-bedding, and through cross-bedding are typical for this
interval (Fig. 6A-C). The sandstone petrography of the Let interval is
very distinctive and dominated by zonal, euhedral plagioclase (ande-
sine) phenocrysts and fresh, volcanic glass, both as pumicite and glass
shard fragments (Fig. 6D-E).

Paleocurrent vectors measured in current ripples and dunes are
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Fig. 4. Stratigraphy and petrography of the Punta Torcida Formation at Cabo Campo del Medio. A: Panoramic view of the channeled (Ch) PT; facies association of
the Punta Torcida Formation, unconformably (U4) covered by the Leticia Formation. The horizon from which sample CM 282-5 was taken is shown. B: typical
volcaniclastic facies of the PTy; base of massive turbidite with ball and pillow soft deformation an abundant pumicite (Pu) fragments covering densely bioturbated (B)
tuffaceous bed. C: alternating shell concentrations (S), bioturbated tuffaceous mudstones (B) and tuffaceous turbidites with abundant pumicites (Pu). D, E: bio-
turbated pumicite breccia of sample CM 282-5 (E), with zircon internal structures (CL image) showing U-Pb laser ablation ICP-MS analysis spots (25 pm) marked
with concordant 2°°Pb/2*8U ages + 26 uncertainties (D). F, G: thin section of the pumicite horizon in Fig. 4C (F, plane-polarized light; G, cross-polarized light)
showing abundant euhedral plagioclase crystals (P), glass shards (G), and andesitic fragments (A). H: thin section of sample CM 282-5, showing abundant euhedral

plagioclase crystals (P) and pumicite fragments (Pu).
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Fig. 5. U-Pb concordia diagram for sample CM 282-5 of the Punta Torcida
Formation (22 analyses). All data are plotted with 2¢ uncertainties.

directed to the east, which is coincident with the orientation of the main
channel axes (Fig. 3C). Sedimentary facies and trace fossils of the Leticia
Formation suggest shallow marine deposition, under partial influence of
tides and waves (Lopez Cabrera et al., 2008; Olivero and Lopez Cabrera,
2013). Overall, it was interpreted as an
aggradational-retrogradational-progradational succession filling a
major erosive depression carved into the Punta Torcida Formation
(Torres Carbonell and Olivero, 2019).

5.2. Detrital zircon U-Pb dating

The 95% of all detrital zircon grains (57 out of 60 grains) in sample
CM 25 yields a range of U-Pb ages between 37 Ma and 48 Ma. The
probability plot of the largest zircon grain population (95% of all grains)
show three Eocene peaks: one in the Bartonian, 39.6 Ma; and two in the
Lutetian, 41.9 Ma and 45.0 Ma (Fig. 7, right column). The 39.6 Ma and
41.9 Ma peaks are within the age range of calcareous nannoplankton
and foraminifers of the Leticia Formation, which are interpreted as
indicating the NP16 calcareous nannoplankton zone of Martini (1971),
particularly the biostratigraphic range between c. 39-43 Ma within the
NP16 zone (Olivero and Malumian, 1999; Malumian and Jannou, 2010;
Bedoya Agudelo, 2019). Hence, the 39.6 and 41.9 Ma peaks are
considered the closest ones to the depositional age of the Leticia For-
mation. The 45.0 Ma peak is closest to the age of the sample CM 282-5
(46.3 Ma) from the PT2 volcaniclastic facies of the Punta Torcida For-
mation. The rest of the zircon grains yield ages varying from 88.8 &+ 1.5
Ma (Late Cretaceous, one grain); to 157 + 2.3 Ma (Late Jurassic, one
grain); and to 400.5 + 5.3 Ma (Early Devonian, one grain) (Fig. 7; Supp.
Data, Table 2).

6. Discussion

Large dataset of detrital zircon age spectra (e.g. Barbeau et al., 2009;

McAtamney et al., 2011; Schwartz et al., 2017; Malkowski et al., 2017;
Sickmann et al., 2019; Olivero et al., 2003, and references therein)
combined with isotopic dating of igneous rocks and regional geologic
studies (e.g. Dalziel, 1981; Sudrez et al., 1985; Wilson, 1991; Biddle
et al., 1986; Pankhurst et al., 2000; Fildani and Hessler, 2005; Hervé
et al., 2007; Olivero and Malumian, 2008; Klepeis et al., 2010; Gonzalez
Guillot, 2016; Poblete et al., 2016; Torres Carbonell and Olivero, 2019)
have provided important information on sediment source regions and
provenance for most of the studied detrital zircons in the Late
Cretaceous-Eocene sedimentary fill of the Austral-Magallanes basin in
Southern Argentina and Chile.

Broadly defined, but with differences between regions along the
~1000 km axial length of the Southern Patagonian-Fuegian Andes, the
main identified provenance of detrital zircons derived from Andean
rocks includes: 1) mostly Paleozoic metasedimentary basement com-
plexes; 2) Jurassic silicic to bimodal, rift-related volcanic rocks (Tobi-
fera, Quemado, and Lemaire formations); and 3) Late Jurassic-Miocene
Patagonian batolith (Barbeau et al., 2009; Schwartz et al., 2017; Mal-
kowski et al., 2017; Sickmann et al., 2019). In the southernmost region,
the Fuegian Andes are clearly differentiated from the northern
Austral-Magallanes Andean regions because of: 1) dominance of
arc-derived Late Cretaceous-Paleogene detrital zircons; 2) reduced
presence of detrital zircons derived from Late Jurassic volcanic rocks for
most of the Late Cretaceous-Early Eocene fill; and 3) very scarce detrital
zircons derived from the Paleozoic basement (Barbeau et al., 2009;
McAtamney et al., 2011).

The sandstone petrography of the Late Cretaceous-Miocene sedi-
mentary fill of the Austral Magallanes basin in the Fuegian Andes pre-
sents also a very distinctive pattern (Olivero, 2002; Torres Carbonell and
Olivero, 2019). The Qm-F-Lt and Qt-F-L modal sandstone petrography
clearly discriminates Late Cretaceous-early mid Eocene from late mid
Eocene-Miocene sedimentary successions. The older succession mainly
includes the transitional and undissected magmatic-arc field of Dick-
inson et al. (1983), while the late mid Eocene-Miocene succession plot
mainly in the recycled orogen field. Moreover, the lithic clasts compo-
sition shows a marked change from Late Cretaceous-early mid Eocene
volcanic (andesitic)-rich mode to a late mid Eocene-Miocene meta-
morphic (quartz-sericite schists) and sedimentary-metasedimentary
lithic—rich mode (Olivero, 2002; Torres Carbonell and Olivero, 2019).
This notable shift in the sandstone modes is confirmed by a remarkable
shift in the detrital zircon composition (Barbeau et al., 2009).

In the foreland strata of the Fuegian Andes, arc-derived detrital zir-
cons were most likely sourced from magmatism in the Fuegian-South
Patagonian Batolith, particularly from the mid-Late Cretaceous
(126-74 Ma) Beagle suite, the Late Cretaceous rear-arc Fuegian Potassic
Magmatism and Ushuaia Peninsula Andesites (84-68 Ma, Gonzalez
Guillot et al., 2018; Torres Carbonell et al., 2020) and the Paleogene
(67-40 Ma) Seno Ano Nuevo suite. Suarez et al. (1985) and Hervé et al.
(2007) stressed the point that most granitoids of the Beagle and Seno
Ano Nuevo suites are represented by geographically restricted plutons,
mostly emplaced in the far south. Hence, regional geologic distribution
of Late Cretaceous-Paleogene granitoids (Sudrez et al., 1985; Hervé
et al., 2007; Gonzalez Guillot, 2016) together with paleocurrent vectors
of transverse and axial depositional systems (see Torres Carbonell and
Olivero, 2019) and dominant detrital zircon composition (Barbeau et al.,
2009; McAtamney et al., 2011), all offer consistent evidence for a
dominant clastic procedence sourced from rocks exposed in the southern
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Fig. 6. Stratigraphy and petrography of the Leticia Formation at Cabo Campo del Medio. A: Large channels filled with volcaniclastic (Let) and sandstone-dominated
(Les) sedimentary facies, see Fig. 3C for location and scale, depicting the stratigraphic horizon of sample CM 25. B: Cross-bedded tuffaceous breccia where sample CM
25 was collected. C: Channeled tuffaceous breccia with large epsilon cross-stratification, located between Punta Torcida-Cerro Colorado, same stratigraphic horizon
with Let facies depicted in Fig. 5A-B. D, E: thin sections of sample CM 25 (D, plane-polarized light; E, cross-polarized light) showing abundant euhedral zoned

plagioclase crystals (P) and pumicite fragments (Pu).

area.

No associated Late Cretaceous-Paleogene volcanic activity is known
at present in the outcrop area of the Beagle suite, rear-arc, and Seno Ano
Nuevo suite granitoids (Hervé et al., 2007) or in the Fuegian Andes
(Olivero and Malumian, 2008; Gonzalez Guillot, 2016). However, the
described thick horizons of volcaniclastic breccias and tuffaceous
sandstones in the Punta Torcida (>100m-thick, PT5) and Leticia
(>50-60m-thick, Let) formations, point to the presence of at least two
separate volcanic events. These volcaniclastic horizons are interpreted
essentially as syn-eruptive deposits. They were not, however, directly
originated from pyroclastic flows or tephra fallout deposition. Instead,
the volcaniclastic materials show clear evidence of remobilization and
redeposition in marine settings, such as displaced marine body fossils,
abundant trace fossils, and channel-like geometries originated in

deep-marine (Punta Torcida Formation; Fig. 4) or tidal (Leticia Forma-
tion; Fig. 6) settings. The composition of the volcaniclastic rocks of the
PT; package in the Punta Torcida Fomation, or Let sedimentary facies in
the Leticia Formations are exclusively or dominantly composed of
pumicite, euhedral plagioclase crystals, and andesitic lithic fragments
(Fig. 4F-H; 6D-E). On the contrary, epiclastic fragments are absent or
very rare in these volcaniclastic facies. This suggests that the volcani-
clastic material was mostly deposited on land from subaerial tephra
fallout, during a relatively long period of time covering large areas and
smoothing the landscape. Subsequently, fluvial erosion removed the
volcaniclastic fragments delivering large volumes of pumice, glass
shards, crystals, and lithic fragments to the sea, where they were
distributed and redeposited in turbidite systems (PT5) or tidal settings
(Let).
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Fig. 7. Histogram and probability plot of detrital-zircon U-Pb age populations from sample CM 25, Leticia Formation. Left column depicts age distributions of all
grains younger than 180 Ma (59 out of 60 grains). Right column depicts a close-up of the Paleogene portion of the probability distributions, including 57 out of

60 grains.

The envisaged scenario for deposition and remobilization of the
volcaniclastic material is supported by the U-Pb age spectra in the
analyzed detrital zircon grains of sample CM 25 from the Leticia For-
mation. In this sample, 95% of all detrital zircon grains cluster in three
Eocene peaks of 39.6 Ma, 41.9 Ma, and 45.0 Ma (Fig. 7). The rest of the
zircon grains (5%) are represented by three grains of Late Cretaceous;
Late Jurassic, and Devonian age. This age distribution differs markedly
from the histograms and probability plots of detrital zircon population
analyzed from stratigraphically closer Eocene sedimentary samples in
the Fuegian Andes (Barbeau et al., 2009). These analyses include zircon
detrital grains from the Punta Torcida Formation and from members
CCa and CCc of the Cerro Colorado Formation (Samples CI-PT; CCal;
and CCcl, respectively of Barbeau et al., 2009). All of them show age
peaks of Late Cretaceous and/or Late Jurassic zircon grains and a large
spread of age values, ranging from Paleogene to Paleozoic zircon grains
(see Fig. 4 of Barbeau et al., 2009). Thus, the 95% cluster of Eocene
zircon grains in sample CM 25 strongly supports the interpretation of
essentially syn-eruptive remobilization and redeposition of the analyzed
volcaniclastic horizon in the Leticia Formation.

The U-Pb age of the detrital zircons within the volcaniclastic horizon
in the Punta Torcida Formation is clearly defined by the robust statistical
value of 46.3 + 0.4 Ma (Fig. 5), which is taken as the depositional age of
the PT, package. The volcaniclastic horizon of the Leticia Formation
includes two close U-Pb age values of 39.6 + 0.82 Ma and 41.9 + 0.71
Ma, which are consistent with the biostratigraphical reference to the
NP16 calcareous nannoplankton zone (Malumian and Jannou, 2010;
Bedoya Agudelo, 2019). Thus the depositional age of the Let horizon of
the Leticia Formation is bracketed between 39.6 + 0.82 Ma and 41.9 +
0.71 Ma. The other Eocene peak of 45.0 + 0.54 Ma is much older and
probably corresponds to detrital zircons reworked from a previous
eruptive phase of similar age than that of the volcaniclastic horizon in
the Punta Torcida Formation. The maximum age difference between the
top of the Punta Torcida Formation (sample CM 282-5, 46.3 + 0.4 Ma)
and the top of the Leticia Formation (Sample CM 25, 39.6 + 0.82 Ma) is
approximately 6.7 Myr considering the central peak ages, or 7.9 Ma
considering the maximum and minimum 2 sigma uncertainities,
respectively. However, the Leticia Formation is more than 500 m thick
and thus, the hiatus involved in the U4 unconformity must be consid-
erably less than 6 Myr. Based on biostratigraphy, the 500 m of the Leticia
Formation are considered to represent no more than a 3 Myr duration
(Malumian and Olivero, 2006), hence the hiatus involved in the U4
unconformity should encompass between c. 3.7-4.9 Myr.

As interpreted from the petrography, depositional settings, and U-Pb
dating in detrital zircons, the depositional ages of the volcaniclastic PT2
package, Punta Torcida Formation, and the Let facies, Leticia Formation,
are roughly coincident with syn-eruptive phases in the southern
magmatic arc. The closest granitoid plutons of the Seno Ano Nuevo
suite, exposed in the Chilean Archipelago between Peninsula Hardy-
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Canal Ballenero, are located about 150-200 km to the SW of the pre-
sent location of the studied area. They include Paleocene to Eocene
diorite, tonalite and granodiorite plutons isotopically dated between
58.7 Ma and 40.3 Ma (Hervé et al., 2007; Poblete et al., 2016). As these
records cover the span of the volcanic eruptive phases interpreted for the
Punta Torcida (46.3 Ma) and Leticia (39.6 Ma and 41.9 Ma) formations,
we think that the Seno Ano Nuevo magmatism is a likely candidate for
the source of the detected Eocene volcanism.

7. Conclusions

At the Cabo Campo del Medio Anticline area located on the Atlantic
coast of Tierra del Fuego, Argentina (Figs. 1 and 3), two thick Eocene
volcaniclastic packages almost exclusively composed of euhedral
plagioclase crystals, glass shards, and pumicite and andesitic lithic
fragments (Figs. 4 and 6) are interpreted as reworked syn-eruptive de-
posits. The older volcaniclastic package forms the uppermost strati-
graphic levels of the Punta Torcida Formation (early Eocene-basal mid
Eocene), which is part of a deep-marine, channeled turbidite system.
The younger volcaniclastic package forms the uppermost stratigraphic
levels of the Leticia Formation (late mid Eocene), characterized by
shallow marine, partly tidal-influenced deposits.

U-PDb dating of detrital zircons recovered from two samples resulted
in: a concordia age of 46.3 + 0.4 Ma (early Lutetian) for the volcani-
clastic package of the Punta Torcida Formation (Fig. 5); and three
Eocene peaks of 39.6 + 0.82 Ma, 41.9 + 0.71 Ma, and 45.0 &+ 0.54 Ma
(Fig. 7) for the volcaniclastic package of Leticia Formation. The 39.6 Ma
and the 41.9 Ma peaks are consistent with the NP16 calcareous nan-
noplankton zone assigned to the Leticia Formation, hence these peaks
are interpreted to represent the depositional age of the Leticia Forma-
tion. The older peak of 45.0 Ma probably represents detrital zircons
reworked from a previous eruptive phase of similar age than that of the
volcaniclastic horizon in the Punta Torcida Formation.

The U-Pb age results indicate that the hiatus involved in the elabo-
ration of the important basin-wide, intra-Eocene unconformity that
separates the Punta Torcida and Leticia Formation in the study area
spans no more than c. 3.7-4.9 Myr. This is a significantly shorter period
than that of the c. 20 Myr, previously estimated at the northern part of
the Austral Basin, in Ultima Esperanza, Chile, and Santa Cruz Province,
Argentina.
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