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Foreword

The CADIC’s Geological Resources Program will soon turn 40 years of fruitful
development. During this period, many projects were carried out and others remain
to be implemented. In the course of time, three generations of researchers have
been formed. Mentioning names would be unfair to those that could be involuntarily
omitted. There is still a long way to go. The eagerness for knowledge should not
stop.

This book is a tribute to all those people who have worked in the different projects,
of pure and applied science, and educational, and human resources training, granted
to this foundational program and associated laboratories of the regional center of
CONICET in Ushuaia.

Ushuaia, Tierra del Fuego, Argentina Rogelio Daniel Acevedo
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Preface

Ignacio Subías Pérez, our kindhearted partner Natxo, Head of Mineral Resources
of the Zaragoza University, died prematurely in February, 2019. The contributions
that follow this foreword are intended as a memorial to his devotion to science and
friendship.

Some articles of the present volume concern polymetallic ore deposits, the study of
which had given him a well-deserved international reputation throughout his career.
In 2007, ISP led a grant about massive sulfides ores in Tierra del Fuego funded by the
Spanish Ministry of Education and Science and that support not only consolidated
the basis for the spirit of this book but also of former and future studies.

The collaborations that constitute the present work have been written by different
authors and everyone hopes that it will prove a fitting and lasting memorial to our
colleague, whose personal influence to our knowledge of the geology of the end of
the world was outstanding.

Ushuaia, Argentina Rogelio Daniel Acevedo
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An Introduction to the Geology of Tierra
del Fuego

Luis Díaz Balocchi, Sebastián José Cao, and Erika Lorena Bedoya Agudelo

Abstract Tierra del Fuego is an island located at the southern tip of South America.
It is one of the southernmost emerged lands on Earth, except for Antarctica. Its posi-
tion is significant in terms of geologic environments both in the past and present
times. During the Middle Jurassic, southern South America was exposed to regional
extension and volcanism, associated with the breakup of the Gondwana supercon-
tinent. In the Early Cretaceous, the Rocas Verdes back-arc basin (which included
oceanic floor expansion) was developed. Contractional tectonics started in the Late
Cretaceous, closing the back-arc basin and initiating theAndean orogeny. The crustal
thickening led to the formation of the Austral (Magallanes) foreland basin. From the
Late Cretaceous to the Eocene the Fuegian Andes went through a counterclockwise
rotation that generated the bending of the South America–Antarctica connection and
formed an orocline. Crustal extension responsible for the rupture of the continental
bridge started at the Eocene and implied the relative displacement of South America
to the north and Antarctica to the South. The contraction in the Fuegian Andes
ended during the Miocene. Later, they were affected by a strike-slip faulting regime
associated with transcurrence that started in the late Miocene. Nowadays, the island
is placed over the South American and Scotia plates, separated by the Magallanes–
Fagnano transformboundary (tectonically active) and is encircled by theAndes range
to the west and south. Through the late Cenozoic, diverse agents sculpted the relief of
Tierra del Fuego, mainly triggered by tectonic, climatic and eustatic action. Since the
Late Miocene, the climate of southern South America entered the glacial cycles that
are still active. Ice sheets covered the highest mountains in the southwestern portion
of the island and fed four main ice lobes that occupied valleys in the lowlands.
Late Pleistocene and Holocene glaciers were restricted to the higher and southern
zones. Coastal landscapes of the island expose evidences of the oscillation of sea
level through the late Cenozoic. Neotectonics related to the Magallanes–Fagnano
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2 L. Díaz Balocchi et al.

Transform System is playing an important role in the landscape development in the
central region.

Keywords Tierra del Fuego geology · Fuegian Andes · Rocas Verdes basin ·
Austral basin ·Magallanes–Fagnano Transform System · Patagonian glaciations

1 Introduction

Tierra del Fuego is an island positioned at the tip of South America, in one of
the southernmost emerged lands on Earth, except for Antarctica (Figs. 1 and 2).
Enclosed by the Andes range to the west and south, and surrounded by the Atlantic,
Pacific and Southern oceans, this location has unique significance in terms of climate,
oceanography, ecology, human settlements and, indubitably, geology.

Its topography varies from gentle hills and plains in the northern part to a rocky
mountainous environment in the south, with maximum elevations reaching over
2000 m a.s.l. Situated between 52° and 55° S, the climate is cold and oceanic,

Fig. 1 Simplified geologic map of Tierra del Fuego and adjacent islands (modified from Torres
Carbonell et al. 2014), indicating the main tectonostratigraphic units and structural elements. MS—
Magellan Straits; CD—Cordillera Darwin; BC—Beagle Channel; PM—Península Mitre
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Fig. 2 Present-day geographic and tectonic situation of Tierra del Fuego with respect to the Scotia
arc and theAntarctica Peninsula. TDF—Tierra del Fuego;MFTS—Magallanes-Fagnano Transform
System; ISS—Islas Shetland del Sur; IOS—Islas Orcadas del Sur; SP—Sandwich Plate; SFZ—
Shackleton Fracture Zone; HFZ—Hero Fracture Zone. Satellite image taken from Google Earth
Pro. Structure based on Galindo-Zaldívar et al., Bohoyo et al. (2007), Dalziel et al. (2013) and
Bohoyo et al. (2016)

with low thermal amplitude. Temperatures in winter usually fall below 0°C and not
frequently rise above 20°C in summer. Winds coming from the west and southwest
are constant and intense. Hydric regime shows a gradient from subhumid to humid in
a southward direction (Coronato et al. 2008).All these differences induce a vegetation
change from a grassy steppe in the northern zone to a deciduous Nothofagus forest
with peat bogs in the Fuegian Andes further south (Coronato et al. 2008).

The island rests over the South American and Scotia plates, separated by the
Magallanes–Fagnano transform boundary. During its geological history, Tierra del
Fuego was affected by different tectonic regimes together with variations in paleo-
geography, sedimentary environments and climate that, in present times, configure
a rich geology that we will try to briefly depict in the text below.

2 Mesozoic Rifting Stage and Back-Arc Basin Development

During theMiddle Jurassic, southern SouthAmericawas subjected to regional exten-
sional faulting and associated volcanism, both related to the breakup of Gondwana-
land. South of 50º S (present coordinates), crustal extension led to the opening of
a submarine trough in Late Jurassic times, which by the Early Cretaceous evolved
into a back-arc basin with oceanic floor development, known as the Rocas Verdes
back-arc basin (Katz 1972; Dalziel et al. 1974; Bruhn et al. 1978; Gust et al. 1985).
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The stratigraphy of the Rocas Verdes back-arc basin is best represented in
the southern portion of Tierra del Fuego and in adjacent islands of the Fuegian
Archipelago (Fig. 1). Exhumated relicts of the faulted continental basement are well
exposed in CordilleraDarwin (Chilean Tierra del Fuego), encompassing greenschists
to upper amphibolite facies metamorphic rocks, mostly Early Palaeozoic in age
(Hervé et al. 2010). The Middle-Upper Jurassic Lemaire Formation (in Argentina),
and its lateral equivalent, the Tobífera Formation (in Chile) comprise bimodal syn-
rift lavas, shallow intrusive bodies and volcaniclastic successions deposited in a
subaqueous environment (Hanson and Wilson 1991; Calderón et al. 2007; González
Guillot et al. 2016) (unit “a” in Fig. 1). In southeastern Tierra del Fuego, the
Lemaire Formation rocks portray very low to low-grade metamorphic grade, while
in Cordillera Darwin the Tobífera Formation displays a wider range of metamor-
phic conditions, from lower greenschists to amphibolite facies, being higher in
the southern sector of Cordillera Darwin (Nelson et al. 1980; Kohn et al. 1995;
Maloney et al. 2011). The Lapataia Formation, restricted to the southwestern corner
of Argentinian Tierra del Fuego, is thought to be a slightly highermetamorphic-grade
equivalent of the Lemaire Formation (Olivero et al. 1997; Cao et al. 2018; Acevedo
2019). Between the latest Jurassic and the Early Cretaceous, oceanic crust generation
took place. Rocas Verdes sea-floor remnants are preserved as incomplete ophiolite
sequences, discontinuously distributed from the southern Patagonian Andes to the
islands located south of Tierra del Fuego (Suárez 1977; Cunningham 1994; Stern
and De Wit 2003; Calderón et al. 2012) (Fig. 1).

By theEarlyCretaceous, theRocasVerdes basinwas rimmed by an active volcanic
arc to the southwest and the South American continent to the northeast. Part of the
Patagonian Batholith (labeled “1” in Fig. 1) is thought to represent the roots of this
volcanic arc (Dalziel et al. 1974; Suárez 1979). Over a mixed crust of faulted base-
ment blocks with partially developed oceanic crust and overlying the Upper Jurassic
rift sequences, thick clastic and volcaniclastic deposits filled the Rocas Verdes basin
during the Early Cretaceous (unit “b” in Fig. 1). In Argentinian Tierra del Fuego, the
Yahgán Formation comprises Lower Cretaceous deepmarine, flysch-like strata (very
low-grade slates and meta-greywackes); while the Beauvoir Formation (black slates
and mudstones) is considered its lateral equivalent to the north–northeast, repre-
senting outer platform sedimentary facies (Olivero and Martinioni 1996a; Olivero
and Malumián 2008). The youngest fossil record known in the Rocas Verdes basin
consists of late Albian inoceramids in the Yahgán Formation (Olivero and Martin-
ioni 1996b), establishing a minimum age constraint for sedimentary activity, prior
to tectonic contraction and the commencement of the Andean orogeny in Tierra del
Fuego.
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3 Late Mesozoic-Cenozoic Contraction: Back-Arc Basin
Closure and Foreland Basin Development

The Fuegian Andes are the result of a long-lived, complex history of contractional
tectonics, initiating in the Late Cretaceous. It has been proposed that the shift of
tectonic regime (from extensional to contractional) responsible for the inversion of
the Rocas Verdes basin and the beginning of the orogeny at the Pacific margin of
southernmost South America was a consequence of global changes in plate kine-
matics, namely the increase in sea-floor spreading rates at the South Atlantic oceanic
ridges (Dalziel 1986). Following structural criteria, the Fuegian Andesmay be subdi-
vided into an orogenic core or central belt of deformation (located hinterlandward,
labeled “2” in Fig. 1), and a foreland thrust-fold belt—further subdivided into “inter-
nal” and “external,” labeled “3” and “4,” respectively, in Fig. 1 (Torres Carbonell
et al. 2017a, b).

In a broad sense, the structure in the Fuegian Andes Central Belt domain reveals
two main deformation phases, each related to different stages in the history of the
Andean orogeny (Klepeis et al. 2010; Torres Carbonell et al. 2017a). The first phase
of deformation initiated ca. 100 Ma, causing the obduction of the oceanic floor and
volcanic/volcaniclastic fill of the basin to the northeast, and the underthrusting of
the South American cratonic margin to the southwest (present coordinates). During
this phase, the Rocas Verdes rocks experienced ductile deformation accompanied
by regional metamorphism (Bruhn 1979; Klepeis et al. 2010; Torres Carbonell et al.
2017a). The second deformation event took place between the Late Cretaceous and
the Miocene, and is characterized by brittle/ductile structures and the emplacement
of regional-scale thrust systems, overprinting and crosscutting previous structures
and metamorphic fabrics. This phase includes several deformation pulses, probably
responsible for most of the uplift and shortening registered in the hinterland and the
migration of the deformation front to the foreland (Klepeis 1994; Kohn et al. 1995;
Gombosi et al. 2009; Torres Carbonell and Dimieri 2013). The crustal thickening
achieved during the obduction of the Rocas Verdes basin exerted a tectonic load that
caused the flexure of the lithosphere at the orogenic front; thus favoring sedimentation
in the foreland region (to the northeast), with the adjacent growing orogen as the
main source of detritus. This resulted in the initial development of the Austral (in
Argentina) or Magallanes (in Chile) foreland basin (Biddle et al. 1986; Wilson 1991;
Fildani and Hessler 2005).

The Fuegian thrust-fold belt is a thin-skinned orogenic wedge developed at
the Fuegian Andes mountain front (Álvarez-Marrón et al. 1993; Torres Carbonell
et al. 2011). According to differences in structural style, it has been subdivided
into an internal thrust-fold belt and an external thrust-fold belt. The first one is
located between the hinterland central belt and the external foreland thrust-fold
belt, involves Upper Cretaceous (both Rocas Verdes basin and Austral basin) and
Paleocene (Austral basin) strata, and marks the structural linkage between defor-
mation and uplift in the orogenic core with the foreland propagation of structures
toward progressively shallower structural levels in the external thrust-fold belt (Torres
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Carbonell et al. 2017b). The latter comprises Cenozoic Austral basin units involved
in a series of imbricate thrust systems with a predominantly brittle behavior. At least
six contractional stages have been identified between the Maastrichtian-Danian and
the Miocene in the Fuegian thrust-fold belt (Torres Carbonell et al. 2011).

From the uppermost Cretaceous through the Early Miocene, sedimentation in the
Austral basin was accompanied by a significant tectonic control, evidenced in the
occurrence of several synorogenic sequences with angular unconformities, as the
foreland thrust-fold belt developed and the orogenic front advanced toward the fore-
land (Álvarez Marrón et al. 1993; Ghiglione and Ramos 2005; Rojas and Mpodozis
2006; Torres Carbonell et al. 2011). In Tierra del Fuego, the oldest sedimentary
strata with clear provenance from an adjacent exhumed orogen are conglomerates
in the Cerro Matrero, Río García (both localized in northern Cordillera Darwin)
and the Bahía Thetis (in Península Mitre) Formations, all of them Campanian in age
(Olivero et al. 2003;McAtamney et al. 2011). Overlying the Bahía Thetis Formation,
the Policarpo Formation (Maastrichtian-Danian) is constituted by outer shelf and/or
slope mudstones and sandstones (Olivero and Malumián 2008). The top of this unit
shows an angular unconformity in the contact with the overlying strata, which may
be Paleocene or Lutetian in different sectors of Tierra del Fuego (Torres Carbonell
et al. 2011). The Paleocene and lower Eocene of the Austral basin are represented
by the Río Claro Group, a regressive megasequence comprising turbiditic deposits at
the base, and shallower facies to the top (Olivero and Malumián 2008). The La
Despedida Group consists of a very thick clastic wedge (thinning to the north)
that marks an extended transgression between the middle Eocene and the upper
Eocene (Olivero and Martinioni 2001; Olivero and Malumián 2008), and the Cabo
Domingo Group (Oligocene-middle Miocene) includes mostly subhorizontal strata,
mainly exposed along the Atlantic coast from the thrust-fold belt deformation front
boundary to the north (Olivero and Malumián 2008). The lower to upper Oligocene
strata within the Cabo Domingo Group consist of folded marine conglomerates,
sandstones and mudstones deposited below the calcite compensation depth; while
the middle Miocene, upper part comprises shallow marine and deltaic mudstones of
the Carmen Silva Formation and the chiefly fluvial deposits of the Cerro Castillo
Formation (Olivero and Malumián 2008).

4 Oroclinal Bending and Rupture of the South
America–Antarctica Continental Bridge

Although there is general consensus that the southern tip of South America and the
Antarctic Peninsula where once joined forming a continuous continental “bridge,”
controversy still exists regarding the origin, timing and kinematics of their breakup
and relative displacement (Diraison et al. 2000; Barker 2001; Dalziel et al. 2013;
Torres Carbonell et al. 2014; Poblete et al. 2016; among many others). Paleogeo-
graphic reconstructions based on paleomagnetic data indicate that from the Late
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Cretaceous to the Eocene the Fuegian Andes went through a large counterclock-
wise rotation, related to the closure of the Rocas Verdes basin (Poblete et al.
2016). Conversely, Antarctica experienced clockwise rotation with respect to South
America, generating the bending of the South America–Antarctica connection and
forming a cuspate orocline (Barker 2001; Torres Carbonell et al. 2014). Additionally,
it has been proposed that from 110Ma until 55Ma bothmasses kept a similar relative
position and a continuous southward displacement (Milanese et al. 2019).

The initiation of crustal extension and thinning responsible for the rupture of
the South America–Antarctica continental bridge has been established at ca. 50 Ma
(Livermore et al. 2005). This implied the relative displacement of South America to
the north and Antarctica to the South, consistent with a northward thrust-front migra-
tion in the Fuegian thrust-fold belt recorded between the Eocene and the Miocene
(Torres Carbonell et al. 2014). In that period, the Scotia Sea (Fig. 2) developed
by extension at several spreading ridges, behind an east-migrating subduction zone
at the boundary between the South American and Antarctic plates (Barker 2001).
Contraction in the Fuegian Andes ended in the Miocene, coincident with a decrease
in expansion rates at the West Scotia Ridge, which ceased definitely at around 7 Ma
in the western and central Scotia Sea (Barker 2001).

5 Late Neogene–Recent Strike-Slip Faulting: The
Magallanes–Fagnano Transform System

After contractional deformation ceased, the Fuegian Andes became subjected to
a strike-slip faulting regime, associated with the Scotia plate northern transform
boundary (Fig. 2). In Tierra del Fuego, a system of regional faults with an approxi-
mately east–west trend and sinistral kinematics is known as theMagallanes–Fagnano
Transform System, located at the junction between the South American (to the north)
and Scotia (to the south) tectonic plates (Figs. 1 and 2). The strike-slip displacement
along the Fagnano system has been calculated at fairly 48 km (Torres Carbonell
et al. 2008). Considering this value together with geodetic determinations of relative
displacements documented at the plate boundary (Smalley et al. 2003;Mendoza et al.
2011), a maximum age between 7 and 11 Ma has been proposed for the initiation of
transcurrence in Tierra del Fuego, which is still active (Torres Carbonell et al. 2008).

6 Late Cenozoic Landscape Evolution of Tierra del Fuego

Finally, through the late Cenozoic, Tierra del Fuego was affected by diverse agents
that sculpted its relief (Rabassa et al. 2000, 2011; Coronato et al. 2008). Climatic and
sea-level oscillations triggered different geomorphological events that left a footprint
in the landscape. Since the Late Miocene, the climate of southern South America
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entered into the glacial cycles that are active until present (Mercer 1976; Wenzens
2006). The most prominent of these glacial episodes covered significant areas of the
island, but is still in active discussion whether it has been fully covered at some time
in the late Cenozoic (Malagnino and Olivero 1999; Rabassa et al. 2000; Coronato
et al. 2004a; Bujalesky et al. 2001).

Over the highest mountains located in Cordillera Darwin, the ice sheets fed outlet
glaciers and ice lobes that occupied lowlands. They dug wide valleys that follow an
eastward direction taking advantage of depressions of tectonic origin (Diraison et al.
2000; Rabassa et al. 2000). The four main ice flow axes were the Magellan Straits,
Bahía Inútil—San Sebastián, Lago Fagnano andBeagle Channel (Fig. 3). The several
advances are recognized as a series of nested moraine ridges and belts that have been
mapped and described since the nineteenth century (Darwin 1842; Nordenskjöld

Fig. 3 Simplified map of Late Cenozoic ice flow axis and approximate ice lobes extension in
Tierra del Fuego (based on Caldenius 1932; Meglioli 1992; Clapperton et al. 1995; Rabassa et al.
2000, 2011; Bentley et al. 2005; Glasser and Jansson 2008; Darvill et al. 2014, 2016). 1—Magellan
Straits lobe; 2—Bahía Inútil—SanSebastián lobe; 3—LagoFagnano lobe; 4—BeagleChannel lobe.
MS—Magellan Straits; BI—Bahía Inútil; BSSb—Bahía San Sebastián; SA—Seno Almirantazgo;
LF—Lago Fagnano; BC—Beagle Channel; PM—Península Mitre
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1899; Caldenius 1932; Feruglio 1950; Auer 1956; Meglioli 1992; Clapperton et al.
1995;McCulloch andBentley 1998; Rabassa et al. 2000, 2011; Coronato et al. 2004a,
b; Bentley et al. 2005; Glasser and Jansson 2008; Darvill et al. 2014, 2016; among
others).

The till plains and moraines of the oldest glaciations in Tierra del Fuego are
found in the northern parts of the island (Meglioli 1992). They are possibly related
to the Great Patagonian Glaciation (GPG, ca. 1.1 Ma BP, Mercer 1976), based on
the correlation with landforms of known chronological age studied in continental
Patagonia (Coronato et al. 2004a; Rabassa et al. 2011). The Post-GPG 1 (< 1 Ma,
> 760 ka), 2 (< 760 ka, > 315 ka) and 3 (< 260 ka, > 150 ka) glaciations (Coronato
et al. 2004b) are registered as well-defined morainic ridges and belts located on the
margins of the northern ice lobes (Magellan Straits andBahía Inútil—San Sebastián).
Minor expressions of Post-GPG 3 advance are visible as moraines in the Río Fuego
Valley, north of Lago Fagnano and in the Beagle Channel (Rabassa et al. 2011).
Further field, mapping and dating studies over the central zone and the southeastern
Atlantic coast are required to elucidate the extent and timing of glaciations prior to
the Last Glacial Maximum (LGM) in these sectors.

The Late Pleistocene glaciations were restricted to the southern mountainous
environments and the western coasts of Tierra del Fuego, surrounding the Magellan
Straits, Bahía Inútil and SenoAlmirantazgo (Fig. 3). TheLGM(ca. 25 kaBP,Rabassa
et al. 2011) ice limit is visible around the Chilean side of Tierra del Fuego, in the
central Magellan Straits and Bahía Inútil, where minor readvances were identified
(Bentley et al. 2005;McCulloch et al. 2005).Moraines produced by this glaciation are
also located on themargins of theLagoFagnano lobe, theRíoFuego andEwanvalleys
(Coronato et al. 2009), the inner valleys of the FuegianAndes (Coronato 1995), and in
the coasts of the Beagle Channel (Rabassa et al. 2000, 2011). Moraines recording the
LateGlacialminor ice readvances are found in inner and higher positions surrounding
the same valleys affected by the LGM (McCulloch et al. 2005; Coronato et al. 2009;
Rabassa et al. 2011).

Neoglaciation signals are limited to the higher sites of the Fuegian Andes, where
climatic conditions allowed cirque glaciers to persist. Several Holocene and Little Ice
Age moraines are preserved in the mountains located north of Ushuaia (Menounos
et al. 2013).

During interglacial periods, the ice melting created vast gravel outwash plains and
associated cut-in-fill terraces and fans. Examples of these landforms can be found
in the proglacial zone of the Lago Fagnano lobe (Coronato et al. 2009) and in the
steppes north and west of Río Grande (Codignotto and Malumián 1981; Bujalesky
et al. 2001; Quiroga 2018). In these periods, the cold and humid climate together
with the postglacial valleys topography led to the appearing of large peat bogs that
dominate the southern and southeastern lowlands of the island (Rabassa et al. 1996;
Iturraspe 2010).

The semiarid to subhumid conditions and westerly winds present in the northern
part of the island allowed the aeolianmodeling of the landscape. In the central portion
of Tierra del Fuego, there are several examples of Holocene deflationary features.
To the west of Río Grande, a group of ephemeral, brackish, shallow Lakes are set
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over blowouts (Codignotto and Malumián 1981; Coronato et al. 2011; Villarreal
et al. 2014; Montes 2015; Villarreal and Coronato 2017; Quiroga 2018; Montes
et al. 2020). They are encircled by depositional landforms formed by fine-grained
sediments. Some of the recognized elements are sand and silt dunes (Coronato et al.
2011, 2020), lunettes (Villarreal and Coronato 2017; Montes et al. 2020) and sandy
silt sheets (Villarreal et al. 2014). In the Bahía San Sebastián area, the interaction of
aeolian processes acting over paleomarshes allowed the formation of ephemerally
flooded pans, enlarged in an E-W direction (Arche and Vilas 1986, 2001; Villarreal
and Coronato 2017).

Coastal landscapes of the island expose evidences of the oscillation of sea level
through the Late Cenozoic, due to eustatic and tectonic processes (Bujalesky 2007;
Ponce et al. 2011). These landscapes are found along the Atlantic coast as well as in
the inner shores of the Magellan Straits and the Beagle Channel. They show a wide
variety of landforms related to the emergence and submergence of the coasts at a
local scale (Bujalesky 2007).

The northernAtlantic coast is part of a passivemargin. It is dominated by cliffs that
outline a straight wall positioned in a NNW–SSE orientation between Cabo Espíritu
Santo and Cabo Nombre (Codignotto and Malumián 1981; Bujalesky 2007).

The Bahía San Sebastián (Fig. 3) is a wide bay (40 km diameter) of semicir-
cular shape, developed over a glaciotectonic valley that was flooded during the
early Holocene (Codignotto 1975). The northern part is characterized by supratidal
fossil marshes and intertidal flats, the central and eastern shores are distinguished by
Cheniers ridges, while the southern sector is recognized for its cliffs and sandy beach
complexes (Vilas et al. 1986, 1999; Isla et al. 1991). The baymouth is partially closed
by El Páramo peninsula. It is a N-S oriented, 20-km long, gravel spit formed during
the last 5 ka BP by the southward longshore drift (Codignotto 1975; Codignotto and
Malumián 1981; Bujalesky 1990; Isla et al. 1991).

Southward, the central area of the Atlantic coast of Tierra del Fuego is defined
by several Holocene gravel beach ridges plains. These landforms closed previous
paleoembayments and estuaries, showing a relative sea-level descent (Bujalesky et al.
2001; Montes 2015; Bujalesky and Isla 2006). In addition, some of the southernmost
Pleistocene raised beaches of the world are recognized there (Bujalesky 2007).

The Magellan Straits display diverse coastal landforms along its shores, related
to glacial and eustatic oscillations. The coastal processes that affected its eastern
mouth, in the north of the island, are similar to the ones that acted over the Atlantic
margin. Thus, there appear cliffs, sandy beaches, spits, tidal mudflats, marshes and
coastal dune fields (Simeoni et al. 1997). In the central section of the strait, there is
a pattern of marine and glacio-lacustrine terraces and elevated shorelines (DeMuro
et al. 2015, 2017).

The south and southwesternTierra del Fuego shores, nearCordilleraDarwin, Seno
Almirantazgo and the western Beagle Channel (Fig. 3) were affected by tectonic and
glacial processes different from the ones that acted in the eastern and northern part
of the island (Bentley and McCulloch 2005), configuring coasts mainly occupied by
fjords.
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The central Beagle channel is surrounded by a rocky shoreline with cliffs and
gravel beaches situated in the embayments (Gordillo et al. 1992). Several terrace
levels are recognized along it, together with raised beaches of Holocene and Pleis-
tocene ages (Gordillo et al. 1992; Rabassa et al. 2008). The coastline has suffered
rapid modifications during the Holocene. The last postglacial flooding of the Beagle
valley occurred about 11 ka BP, with a maximum sea-level rise of about 10 m above
present day level at 6 kaBP (Bujalesky 2011),when low elevationLakeswere flooded
and connected with the sea as paleofjords (Gordillo et al. 1993). The southeastern
Peninsula Mitre (Fig. 3) shows rock cliffs and minor beaches, developed in bays and
near river mouths (Isla 1994; Coronato et al. 2008).

Neotectonics related to the Magallanes–Fagnano Transform System is playing
an important role in the landscape development in the central zone of the island.
Several Quaternary fault scarps and pull-apart basins associated to strike-slip motion
and transtension were recognized near Lago Fagnano (Costa et al. 2006; Perucca
et al. 2016; Onorato et al. 2016, 2019).

To conclude, present-day active geomorphological processes are those inherited
from the late Holocene, described above, in conjunction with fluvial, lacustrine, mass
wasting, periglacial and anthropogenic activity (Coronato et al. 2008).
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Beatriz Mine: A Polymetallic Massive
Occurrence in Tierra del Fuego

Silvia Ametrano, Ricardo Etcheverry, Horacio Echeveste, and Marta Godeas

Abstract The so-called Beatriz mine is located 15 km from Ushuaia and it was
the first recognized polymetallic massive sulfide in Tierra del Fuego. The ore
consists of a lens-shaped sulfide body with sedimentary and metamorphic textures,
composed by chalcopyrite, sphalerite, galena and pyrite, and minor pyrrhotite,
cobaltite, arsenopyrite, marcasite, magnetite and tetrahedrite. The lens is hosted in a
volcano-sedimentary sequence of Jurassic age.

Keywords Polymetallic lens · Massive sulfides · Pyritic chert

1 Introduction

Many colored oxidized sulfide belts outcrops are known in Tierra del Fuego, which
stretch along some 200 km within Andean Argentine territory. The first informa-
tion regarding to metalliferous mineralizations in the region comes from Popper (in
Kittl 1931) who assessed the auriferous placers discovered at Bahía Sloggett, which
produced approximately 20,000 oz of gold. Kranck (1932) presented a systematic
study of both sides of Canal de Beagle, where he surveyed different areas and found
base metal sulfides (sphalerite, galena, chalcopyrite and pyrite). This author briefly
refers to mineralizations located in Bahía Yendegaia, east coast of Lago Roca and
Bahía San Juan. At the beginning and middle of 20´s century, some gold placer
mining was developed in the Canal de Beagle and also rudimentary mining works
were carried on inBeatrizmine. Since 1970, geological surveys (Caminos et al. 1981)
determine several color anomalies (ArroyoLosCastores, RíoRemolino-Túnel, Bahía
Slogget, Bahía Aguirre). Many exploration and research works were also performed
(Zubia et al. 1989; Broili et al. 2000; Biel et al. 2010; Biel 2011) that have allowed
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to typify these mineralizations as belonging to massive sulfide type, volcanic or
sediments hosted (Acevedo et al. 2005).

The so-called Beatriz mine was the first recognized massive sulfide deposit in
the area (Zubia et al. 1989), since the first geological surveys carried out by the
Argentine Mining Geological Service (SEGEMAR) in the 70 s. Then the National
University of LaPlata (FCNyM) and theNationalCouncil of Science andTechnology
(CONICET) supported more studies. Nevertheless, others bigger colored zones and
polymetallic lenses outcroppings, such asArroyoRojo, called the attention of compa-
nies for exploration surveys as well as research projects. The exploration has led to
the recognition of several targets in the Sorondo and Alvear Range, which have
reached the drill stage (Acevedo et al. 2005; Broili et al. 2000; Biel et al. 2010). This
chapter summarized the knowledge reached on Beatriz polymetallic occurrence.

2 Regional Geological Setting

Beatriz mine is located in the western foothill of Monte Susana (54°51′30′′ SL and
68°27′33′′ WL) within Tierra del Fuego National Park (Fig. 1). This mineralization
is 15 km from Ushuaia and 200 m from Bahía Ensenada in the Canal de Beagle. It
is accessed through roads, although the last 1.5 km must be covered on foot.

The geological environment of Tierra del Fuego (Fig. 2) is characterized by a
deformed metamorphic basement represented by accreted prisms, assigned to the
Upper Paleozoic. In the southern part of South America, in Tierra del Fuego, during
the Jurassic, there was an extensional episode (Dalziel et al. 1974; Bruhn et al. 1978),
which originated a back-arc basin. During its evolution, a thick acid volcanism was
deposited (Lemaire Formation, Borrello 1969), which was interbedded with marine
sedimentary rocks. These sedimentary rocks correspond in their lower levels to high
energy environments that evolved toward deeper environment facies represented by
pelites and shales with no acid volcanic activity. These last sedimentary rocks with
some rhyodacitic volcanic rocks correspond to Yahgán Formation (Kranck 1932).

Fig. 1 Location of Beatriz mine
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Fig. 2 Geology of Tierra del Fuego (compiled after Caminos et al. 1981; Kranck 1932; Suarez
et al. 1985)

Later on, when attenuation and fracturing conditions were suitable, there was an
overflow of basaltic dikes and bodies, which are the best exposure of the back-arc
basin (Dalziel et al. 1987).

In the Argentine territory, the basement crops out only in the Argentine–Chilean
border (Fig. 2) through the Lapataia Formation. The sedimentary and volcanic rocks
of the back-arc basin were later affected by low grade and deformation metamor-
phism. It should be noted that the intercalation of the rhyolitic volcanic episode
(Tuffaceous Series, Thomas 1949; Lemaire Formation, Borrello 1969, 1972) in the
volcanic-sedimentary sequence of the back-arc is highly exposed in other sectors
of the Andes. The age of the main units of this basin has been defined as Upper
Triassic—Lower Cretaceous. Dark to greenish basic rocks, also metamorphosed,
located at Paso Garibaldi and other sites represent the rift period according to Dalziel
(1981); to the west, in Chilean territory, they have been named Rocas Verdes (Dalziel
et al. 1974) and other authors relate them to Tortuga Complex (De Wit and Stern
1981).

The evolution is completed with a magmatic arc with plutonic rocks of the Late
Cretaceous—Tertiary, when the closure of the basin is produced. These rocks form
stocks and domes of various compositions (granite—syenodiorite—diorite—horn-
blendite). The current tectonic configuration is due to the Andean orogeny, whose
compression effects appear in the different tectonic flakes, limited by reverse faults,


