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Lago Yehuin, a WNW-ESE elongated basin located in the outer fold-and-thrust belt of the Fuegian Andes, occupies a
compartmented structural depression originated along a segment of the le-lateral Lago Deseado fault system. is paper describes
the first geophysical survey performed within the lake. New acquired high-resolution single-channel seismic data, integrated with
geological information in the surroundings of the Lago Yehuin, allowed to: (i) produce a complete bathymetric map of the lake,
(ii) reconstruct the basement surface of the lake, and (iii) analyze the geometry, distribution, and thickness of the sedimentary
infill. Two sub-basins were recognized within Lago Yehuin: A western sub-basin, 7.5 km long, with a maximum depth of 118 m;
an eastern sub-basin, 7.2 km long with a maximum depth of 80 m. Both sub-basins are limited by a set of normal faults which
overprint NE-verging thrusts. ree seismo-stratigraphic units have been identified in the seismic records: (1) a lower unit with
wedged geometry interpreted as a mass flow deposits; (2) a thick (up to 120 m) intermediate unit of glacio-lacustrine nature and
irregularly distributed in the Yehuin basin; (3) a thin (generally <10 m) upper lacustrine unit which drapes the entire basin. Lago
Yehuin is considered a Neogene basin generated by strike-slip tectonics that was later affected by glacial and glacio-lacustrine
deposition. Interpreted submerged ridge moraines within Lago Yehuin are correlated with onland moraine arcs built by the
complete recessional paths of Fuego and Ewan ice lobes. A significant structural control is proposed not only for the formation of
Lago Yehuin, but also for the general paths of the northern arms of the Fagnano palaeo-glacier.
Keywords: Lago Yehuin, Fuegian Andes, Single-channel seismic profiles, Strike-slip tectonics.

1. Introduction

Lago Yehuin (LY) is located in the southernmost Andes, in isla Grande de Tierra del Fuego (Fig. 1). e
regional geologic history of this area encompasses several tectonic phases which include a Late Jurassic-
Early Cretaceous extension, a Late Cretaceous-Palaeogene compression, and strike-slip tectonics during the
Neogene (Katz, 1972; Dalziel et al., 1974; Dalziel and Palmer, 1979; Kohn et al., 1995; Klepeis, 1994a, b;
Kraemer et al., 1996; Kraemer, 2003; Lodolo et al., 2003).

LY is a lacustrine basin located 10 km north of lago Fagnano, the largest freshwater lake of Tierra del
Fuego, which occupies a pull-apart basin developed within the South America-Scotia transform boundary
(Fuenzalida, 1972; Dalziel, 1989; Lodolo et al., 2003). LY, which displays a WNW-ESE oriented elongated
shape, lays in a low altitude zone (between 900 and 50 m a.s.l.) and is part of a provincial reserve named
“Corazón de la Isla”. e lake is the largest freshwater lacustrine body within the reserve, and the largest basin
within the Fuegian steppe, with a surface of 43 km2. e mean annual precipitation and temperature are
600 mm and 6 °C, respectively. e Río In is the main river which brings water from the neighboring Lago
Chepelmut into lago Yehuin. e output waters of LY derive to the lago Yakush, a small lake located a few
kilometers to the south (Fig. 2).

In the last ten years, a series of geophysical and geological surveys have been conducted in the Tierra del
Fuego region, focusing primarily in the tectonic evolution of the South America-Scotia plate during the
Cenozoic, and analyzing the features associated with this continental transform margin (Esteban et al., 2011,
2014; Lippai et al., 2004; Lodolo et al., 2003, 2007; Menichetti et al., 2001, 2007a and b, 2008; Tassone et
al., 2005, 2011). Several works, mainly of geophysical nature, have been devoted to other Fuegian lakes, like
lago Fagnano (Lippai et al., 2004; Zanolla et al., 2011; Waldmann et al., 2008, 2009, 2010a and b, 2011;
Esteban et al., 2014) and lago Roca (Lodolo et al., 2010). Only general references are found about LY, which
was considered as the result of glacial activity (Coronato et al., 2008a).

e main objective of this study is to decipher the genesis of the LY basin and reconstruct the geometry
of the sedimentary infill by means of the interpretation of the first seismic survey performed within the lake.
About 39 km of high-resolution seismic profiles have been acquired with a Boomer sub-bottom profiler;
these data have been used to present a bathymetric map of the lake, to identify the bedrock and characterize
the sedimentary infill of the basin. e data allowed to derive the depositional architecture and thickness
of the deposits within the lake, and analyze the possible relationship between pre-existing structures and
the recent sedimentary setting. e results were integrated with geologic information from the surrounding
areas in order to present a model for the LY origin and evolution.
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Fig. 1
Fig. 1. Physiographic and structural provinces of the Isla Grande de Tierra del Fuego. In the inset box, the current plate tectonic
frame of the southern tip of South American, Scotia and Antarctic Plates; NP: Nazca Plate; CHT: Chile Trench; TdF: Tierra

del Fuego; NSR: North Scotia Ridge; SFZ: Shackleton Fracture Zone. e black dashed box limits the studied area SFZ (Fig. 2).

Fig. 2
Fig. 2. Geologic map of the lago Yehuin area; location in figure 1. e elevations of the bottom of lago Yehuin (new acquired data)
and lago Fagnano are displayed. Las Pinturas fault is part of the Magallanes-Fagnano Fault Zone. Adapted from Menichetti et al.

(2008); Martinioni et al. (2013); Torres-Carbonell et al. (2013) and Esteban et al. (2014). e red dots show the position of studied
outcrops, with the reference to the respective figures. e purple dashed line encloses the area of Fagnano Glacier, Fuego and Ewan

glacier lobes aer Coronato et al. (2009); FG AcA: Fagnano glacier accumulation area; FG AbA: Fagnano glacier ablation area.

2. Geologic and tectonic framework of the lago Yehuin area

e geologic history of the southernmost Andes is the product of a complex succession of contrasting
tectonic regimes. During Early Mesozoic the active margin of Gondwanaland stretched between the adjacent
southern South America-Antarctic Peninsula and the Pacific margin (Dalziel and Elliot, 1973; Dalziel,
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1982). A major tectonic event was a widespread extensional regime in the Late Jurassic and related silicic
volcanic activity that led to the formation of the Rocas Verdes marginal basin along the southern Patagonian
and Fuegian continental margin (Dalziel et al., 1974; Suárez and Pettigrew, 1976; Hanson and Wilson, 1991;
Calderón et al., 2007). Widespread extensional fault arrays consisting of N- to NW-oriented grabens and
half-grabens and E- to NE-oriented transfer faults are associated with this Jurassic stage (Ghiglione et al.,
2013).

In the Late Cretaceous, compression along the Pacific margin of the South American plate led to the
closure and inversion of the marginal basin and the develop-ment of the Andean orogen with its associated
fold-and-thrust belt (Dalziel et al., 1974; Wilson, 1991; Bruhn, 1979; Nelson et al., 1980; Diraison et al.,
2000; Kraemer, 2003; Menichetti et al., 2008).

Since the Late Oligocene-Early Miocene the tectonics shied to a strike-slip regime in correspondence
to the formation of the Scotia Plate and its boundary with the South America Plate, represented in the
southernmost Andes by the Magallanes-Fagnano fault system (MFFS; Klepeis and Austin, 1997; Diraison
et al., 2000; Lodolo et al., 2003; Ghiglione and Ramos, 2005). Since then, this transform boundary
accommodates the relative movement between the South America and Scotia plates. e associated
structures are mainly transtensional with extensional faults and the development of pull-apart basins along
the main wrench faults (Lodolo et al., 2003; Menichetti et al., 2008). e Lago Deseado Fault System (LDFS,
Fig. 1) is one of the major satellite structures associated with the plate boundary. LDFS is a linear structure
about 100 km long with a le-lateral movement and associated extensional component (Klepeis, 1994b)
which runs across the studied area.

From a structural point of view, the southernmost Andes can be divided into several WNW-ESE trending
morphostructural provinces (Kranck, 1932; Winslow, 1982; Dalziel and Brown, 1989; Suárez et al., 2000;
Olivero and Martinioni, 2001; Klepeis and Austin, 1997; Diraison et al., 2000; Kraemer, 2003; Menichetti
et al., 2008, Fig. 1):

i. e most internal province, which stretches between the forearc active ocean/continent convergent
margin of the Chile Trench and the accretionary wedge in the Pacific Ocean.

ii. e Fuegian Batholith, comprising the Late Creta-ceous plutons emplaced at mid to upper crustal levels
into a low-grade metamorphic complex.

iii. e Fuegian Cordillera, composed of Palaeozoic metamorphic rocks-sedimentary and magmatic
remnants of the Rocas Verdes basin, characterized by NE verging thrust complexes; it represents the thick
skinned, or internal, Fuegian fold-and-thrust-belt (FFTB).

iv. e external province, which includes the Magallanes foreland-thrust belt-thin skinned FFTB or
external FFTB-which is located north of the seno Almirantazgo and lago Fagnano, across the central-
northern part of the Island (Fig. 1). e Magallanes foreland basin is filled with Cenozoic sediments involved
in shallow NNE-verging thrust systems. e studied area is set within this morphostructural province.

e main structural features of the LY area are N-NE-verging thrusts, with a morphology charac-terized by
elongated NW-SE valleys. In map view, the shape of the lake basin broadly mimics the trend of local thrusts
(Fig. 2). A series of NW-SE normal faults related to the strike-slip tectonics cut across the thrust faults in
the western area, near the Río Claro mouth.

e central part of the Tierra del Fuego island, north of Lago Fagnano, includes a succession of Lower
Cretaceous to Eocene units exposed along WNW-ESE oriented belts (Fig. 3; Malumián and Olivero,
2006; Olivero and Malumián, 2008; Martinioni et al., 2013). e Lower Cretaceous Beauvoir Formation
exposed along the northern margin of Lago Fagnano, part of the back-arc basin-fill of the former Rocas
Verdes marginal basin, is composed of slates, mudstones and minor sandstones of hemipelagic deep-marine
environment. e Upper Cretaceous, which includes Arroyo Castorera, Río Rodríguez and Policarpo
formations, is mudstone-dominated, with an upward increase in coarse sand material and represents the
transition to the Late Cretaceous Austral foreland basin evolution. is transition is interpreted as turbiditic
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deposits that were progressively accumulated in front of the rising Fuegian Andes (Martinioni et al.,
2013). e Paleocene Tres Amigos Formation (Cerro Apen Beds in Martinioni et al., 2013) consists
of conglomerates, sandstones and siltstones from fan delta deposits. e Leticia and Cerro Colorado
formations (both from Eocene of La Despedida Group) crops out in the northeast. ese formations consist
of mudstones and sandstones from a coastal and estuarine environment.

e outcrops at the margins of LY belong to the Late Cretaceous Policarpo Formation, the Paleocene
Tres Amigos Formation and to widespread Quaternary sedimentary deposits (Fig. 4H). e Mesozoic unit
corresponds to grey mudstones (Fig. 4A, C, D) and sandstones (Fig. 4B); the former oen show compressive
deformation (Fig. 4B, D) when involved in thrusts. Tres Amigos Formation outcrops are mostly sandstones
(Fig. 4E, G) and coquinae (Fig. 4F) of fairly constant WNW-ESE strike sometimes displaced by thrusts (Fig.
4G).

A significant proportion of the area surrounding LY is dominated by Quaternary deposits, mostly of
glacial origin. During the Late Pleistocene, glaciers spread from the cordillera Darwin ice sheet, and flowed
to the east (Caldenius, 1932; Bujalesky et al., 1997). During the Last Glacial Maximum, ca. 25,000 yr B.P.
approximately 50 alpine-type glaciers flowed from the northern and southern sides of the Fagnano glacier
(Coronato et al., 2009; Rabassa et al., 2011). Among these, two ice-tongues-Fuego and Ewan main lobes-
flowed through the studied area (Fig. 2), as evidenced by frontal moraines along the valleys of Fuego and
Ewan rivers. Many sequences of glacio-fluvial terraces are found through the river valley. In the Fuego river
valley, three levels of terraces including lateral moraines, with thin gravel covers in the higher terraces; along
the Ewan river valley and the eastern margin of Lago Chepelmut, several glaciofluvial terraces are located. e
area situated between the Chepelmut and the Yehuin moraine is characterized by a landscape formed by hills
and depressions as a consequence of the ice ablation, with remnants of paleolakes (Coronato et al., 2008a, b).
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Fig. 3
Fig. 3. Chrono-stratigraphic chart. Modified from Menichetti et al. (2008).

Stratigraphy based on Olivero and Malumián (2008) and Martinioni et al. (2013).
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Fig. 4
Fig. 4. Photographs and structural data in the lago Yehuin area. Lower hemisphere equal area plots of joints and faults (black

lines) and bedding planes (red lines). Number (n) of measurements is also indicated. A. Outcrop of Policarpo Formation,
of Campanian-Maastritchian age, close to the road and near Estancia Ushuaia (NE view). e lithology consists of grey
mudstones with incipient bedding affected by two joint systems; B. Outcrop of the sandstone member of the Policarpo

Formation at cerro Cabras. e dashed lines limit a sub-vertical shear zone pertaining to the Cerro Cabras thrust; C. Grey
mudstones of Policarpo Formation at the southeastern margin of Lago Yehuin with several joint systems, with cross cutting

relations. e red arrows indicate the E-W slip of a sinistral fault that could be related with the transtensive le-lateral tectonic
phase; D. Mudstone of Policarpo Formation in the SW area of Lago Yehuin affected by low angle compressive structures
overprinted by subvertical faults; E. Outcrops of Tres Amigos Formation made of sandstones displaying parallel bedding;
F. NW-SE view of Tres Amigos Formation outcrops in cerro Shenolsh exposing coquina affected by sub-vertical joints; G.
rust in sandstones of Tres Amigos Formation near Estancia Los Cerros. e red dashed lines limit a thrust fault of W-

E strike and north vergence; H. A conglomerate cropping out in the SW area of lago Yehuin, interpreted as of glacial origin.

3. Data acquisition

e maximum distance between adjacent seismic lines does not exceed 4 km of separation. e majority of
the seismic lines have N-S or NE-SW directions; a single seismic line (tie line) was acquired along a WNW-
ESE direction to intercept perpendicularly most of the other seismic profile (Fig. 5) to allow stratigraphic
correlations. Grids were created using a Kriging method with cells spaced at 0.00115°. e spacing was
adequate to obtain results with the minimum amount of grid artifacts. We use a forcing factor along the NW-
SE direction considering the particular elongated geometry of Lago Yehuin. In order to remove incoherent
data, minor editing was applied to these grids. Finally, the GMT soware (Wessel and Smith, 1991) was
then used to generate all the maps displayed in this work.
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Fig. 5
Fig. 5. Lago Yehuin area with the main geographic references and location of the acquired seismic lines (red lines within

the lake; red numbers indicate the different lines in order of acquisition). e hydrographic network is also displayed and
subdivided in two sectors (separated by a black dashed line): the drainage in the southern sector belongs to the Fagnano

drainage basin; the drainage net in the northern sector -including lago Yehuin and Chepelmut- is strongly controlled
by the morphostructure imposed by the NNW-verging Magallanes fold-and-thrust belt. e blue dashed line is the

Atlantic/Pacific water divide. Also, the bathymetric map of lago Yehuin is displayed, highlighting the two sub-basins
separated by a central high in the narrowest part of the lake. e lake shoreline is 43 m a.s.l. Contour lines are every 10 m.

4. Bathymetry and seismic interpretation

4.1. Bathymetry of lago Yehuin

e high-resolution seismic profiles have been used to elaborate the bathymetric map of LY (Fig. 5). e
lake basin is divided in two sub-basins, separated by a shallow morphologic relief located in the center of the
lake, where the basin presents the minimum width. ese two sub-basins are named Eastern and Western
sub-basins, respectively. e Western sub-basin has a length of 7.5 km and a maximum depth of 118 m (the
lake shoreline is located at 43 m a.s.l.). is sub-basin is asymmetric, with a relatively gently western slope
(2.6°) with respect to the slope at the eastern side (8.5°). e northern (15°) and southern (18°) margins have
similar slopes, although the relief of the southern margin is more irregular in profile. e Eastern sub-basin
has a length of 7.2 km and a maximum depth of 80 m. is sub-basin displays an asymmetric profile, quite
gentle at the eastern margin (2.3°) and more abrupt at the western margin (5°). e northern margin (8°) has
a more abrupt slope than the southern margin (6°). As in the Western sub-basin, the relief of the southern
margin is rougher than the northern margin.

e presence of two small islands in the center and eastern part of the lake (one island is known as “La
Piedra”, the other island is unnamed) represent significant elevations in the morphology of LY and of the
central high, reaching heights of more than 20 m above the lake water level.

4.2. Seismic interpretation

ree seismic units have been individuated in the seismic record acquired within LY (Table 1; see Pugin et
al., 1999; Fernández et al., 2017). ese units were defined as parts of the seismic sections based on their
geometric patterns, architecture and stratigraphic relationships. Each seismic unit highlight a specific seismic
facies (SF) which were identified based on concepts of depositional systems and seismic sequence stratigraphy
(Mitchum et al., 1977; Table 2). e three seismic units are:
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- Lower Unit-LU (SF I).
- Intermediate Unit-IU (SF II, SF III, SF IV, SF V and SF VI).
- Upper Unit-UU (SF VII, SF VIII, SF IX).
All the seismic units rest on a recognizable acoustic basement whose top is generally defined by a

continuous and high-amplitude reflector, H0 (Table 3). Deepest depressions defined by the stepped
geometry of H0, host the Lower Unit which top corresponds to a medium to low-amplitude and
discontinuous reflector, H1, interpreted as an angular to erosive unconformity. Resting either above H0 or
H1, the Intermediate Unit is capped by a high amplitude, sometimes discontinuous and strong reflector,
H2, displaying small depressions. Given the irregularity of H2 and the contact with the overlying reflectors,
this surface is interpreted as an erosive unconformity. e acoustic basement (SF0) is characterized by highly
discontinuous, chaotic reflectors with some transparent intervals. Based on the geology of the area and the
outcrops observed in the lake shoreline (Figs. 2, 4) the basement likely corresponds to Upper Cretaceous-
Paleocene rocks pertaining to the Policarpo and Tres Amigos formations.

Detailed observation of offsets and displacements within the reflectors allowed to identify several
discontinuities within the acoustic basement. Two groups were recognized, the most remarkable occurs as
medium to high angle planes which are interpreted as normal faults; the second group corresponds to low
angle planes which are overprinted and displaced by high angle surfaces. On the basis of their fairly constant
south gentle dip, this older group is correlated to the thrust faults mapped onland (Figs. 2, 6, 7). e steeply
dipping to vertical basement-involved faults bound small grabens and constitute an overall negative flower
cross-sectional pattern (Fig. 7).

Fig. 6
Fig. 6. Above, uninterpreted NW-SE high resolution single-channel seismic profiles 10 and 10b. Below, interpreted sketch;

depth is given both in seconds of two-way traveltime (TWT) and converted to sub-lake level depth (m) based on a P-
wave velocity of 1,430 m/s for water and 1,600 m/s for the sedimentary section. Vertical exaggeration is shown in the lower

le side of the interpreted section. Vertical dashed red lines indicate crossing seismic profiles (location shown in figure
5). e black lines are interpreted normal faults. e western sector, grey shadowed, is a composite section resulting from
interpolating seismic lines 11, 12 and 13 and using the bathymetric map. e sketch displays the distribution, geometry

and internal seismic reflectors pattern of the ten recognized seismic facies within the entire Lago Yehuin basin. e seismic
facies (SF) are displayed in different colors: purple for SF I; yellow for SF II; brown for SF III; dark green for SF IV;

magenta for SF V; gray for SF VI; cyan for SF VII; green for SF VIII; red for SF IX; the acoustic basement is in white color.
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Fig. 7
Fig. 7. Above, uninterpreted N-S high-resolution single-channel seismic line 01, located in the Western sub-basin. Below,

interpreted sketch of the section; depth is given both in seconds of two-way traveltime (TWT) and converted to sub-
lake level depth (m). Color code of seismic facies is the same as in figure 6. An irregular topography is observed. Vertical
exaggeration is shown in the lower le side of the interpreted section. Vertical red lines indicate crossing seismic profiles

10* (dashed) and 11 (solid); locations are shown in figure 5. e acoustic basement hosts a large depocenter in the central
zone. Two sets of faults were recognized: older thrust faults overprinted by normal faults displaying an upward branching

pattern. SF III (brown) presents a chaotic seismic pattern and it is founded in a marginal location; SF III, with layered fabric,
is located at the north of SF II (yellow). SF VII, SF VIII, SF IX are located over these glacigenic deposits (seismic unit IU).
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Table 1

Table 2
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Table 3

4.2.1. Lower Unit

e oldest unit is restricted to the deepest depressions of both sub-basins (Fig. 8A). eir maximum thickness
is approximately 36 m in the Western sub-basin. e fabric is mainly chaotic with some intervals of parallel
reflectors, which are north-dipping (Fig. 9A).

SF I. e basal facies SF I (Fig. 9A) is bounded at the base and top by weak and discontinuous reflectors
of medium amplitude; it has a chaotic internal structure with some transparent intervals and shows onlap
terminations against the basement top. is facies is restricted to the deepest depocenters, with a maximum
preserved thickness of 0.024 TWT seconds (corresponding to 36 m) in the Western sub-basin. SF I can
also be recognized in a small depocenter between seismic lines 07 and 08 in the Eastern sub-basin (Fig. 6)
displaying an internal structure of north-dipping, weak reflectors.
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Fig. 8
Fig. 8. Maps of sedimentary thickness for the different seismic units. A. Sedimentary thickness of the Lower Unit. e

distribution is irregular, with thickest deposits mostly concentrated in the deepest sectors of the basement, forming three
depocenters: two at the Western sub-basin and one at the Eastern sub.-basin; B. Sedimentary thickness of the Intermediate

Unit. e thickest sedimentary package is located in the Western sub-basin (~120 m). e deposit fills a trench like
depression within the basement, which widens westwards. In the Eastern sub-basin, the deposits are scarce, concentrated

mainly near the eastern margin; C. Sedimentary thickness of the Upper Unit. e distribution of this unit is highly irregular,
forming isolated depocenters located within small depressions of the top of the intermediate unit. It is important to remark

that some isolated depocenters in the Western sub-basin are located where there is a gap in the seismic data; D. Total
sedimentary thickness. e major thickness is located in the Western sub-basin and corresponds mainly to the IU seismic unit.

Fig. 9
Fig. 9. Selected sectors of the seismic profiles showing the different seismic facies. A. Deposits of the LU (SF I) showing the

north-dipping reflectors; B. An interpreted lateral moraine (SF II), resulting from ice retreat; C. Upper part of the IU deposits
(SF III), underlying the UU (SF VII-SF IX); D. Detail of SF II showing the chaotic internal structure at the le side. At the
right side, a view of SF III showing the layered internal structure; E. Deposits of SF VII, VIII and IX over small depressions
on SF III; F. Detail of SF IV in the eastern sub-basin (red lines separates seismic facies); G. Detail of SF V near the eastern
margin of Lago Yehuin showing the chaotic internal arrangement; H. Deposits of SF VI in the slope break of the deposits

of SF V; I. A small deposit of SF V-outlined in red- between SF VII and SF VIII. is can be the result of a mass movement
triggered by gravity; J. UU over a thin deposit of the IU (bounded with a blue line); K. Another view of a small deposit of the
UU over the IU; L. Deposits of SF VII, VIII and IX located in a small depression on SF II top; M. ickest deposit of the UU
showing details of the reflector configuration of SF VII, VIII and IX; N. Two small normal faults that affect the basement in
the Western sub-basin. ese faults bound SF III against SF 0 (acoustic basement); O. A normal fault affecting the basement
in the Western sub-basin; P. A view of the central high in the seismic line 10 showing some normal faults affecting the SF 0.
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4.2.2. Intermediate Unit

e entire collection of seismic facies which compose this unit makes it the thickest (Fig. 8B). e acoustic
fabric is either chaotic or vaguely layered (Fig. 9G), whereas in cross sections reflectors display a folded pattern
(Fig. 9D). Major accumulation is located in the Western sub-basin and exceeds 120 m in thickness, near the
western margin. Also, the distri-bution of the isopachs shows a major deposition trend along a NW-SE axis,
which correlates with the basement morphology (Fig. 10). ree mounds thicker than 60 m are located near
seismic lines 2, 3 and 4 (Fig. 8B). Five seismic facies are included in this unit:

SF II. Described for the Western sub-basin, facies SF II (Fig. 9B) is bounded at the base and top by strong
reflectors of high amplitude and comprises a thick package (≤0.07 TWT s, 100 m). It is charac-terized by a
chaotic seismic fabric, with geometries of crested ridges less than 100 m high and 200-400 m wide (Figs. 6, 7).

SF III. Facies SF III (Fig. 9C) comprises a thick package of 0.06 TWT s. It displays a layered structure with
parallel, strong to medium reflectors. Its upper reflector shows some diffractions mainly in the Western sub-
basin (Fig. 6). Some irregular discontinuities are observed within this facies; against these unconformities.
e irregular top surface defines small depocenters. is can be interpreted as a depositional landform or, in
some sectors, as an erosive unconformity.

SF IV. Strong to medium intensity and high amplitude reflectors enclose this facies (Fig. 9F) which shows
a chaotic internal structure, with some weakly-layered sectors. is facies is only observed in the Eastern sub-
basin and displays a distinct morphology characterized by several terraced surfaces (Fig. 6).

SF V. Asymmetrical ridges located in the eastern margin of LY, thicker than 0.050 TWT s (about 75 m)
(Figs. 9G, 6) and a few kilometers wide, with strong, discontinuous, high-amplitude base reflectors against
of the acoustic basement and strong, continuous, low-amplitude reflectors against of the overlying seismic
units. It has a smooth slope, chaotic internal structure with some intervals of sub-parallel, low-amplitude,
discontinuous reflectors. is unit would be equivalent to SF II of the Western sub-basin.

SF VI. Disturbed facies (Fig. 9H) located near slope-breaks identified only in the Eastern sub-basin (Fig.
6), with limited thickness (0.008 TWT s). SF VI has a medium-strong top and base reflectors; the acoustic
fabric is characterized by discontinuous reflectors and some transparency.

Fig. 10
Fig. 10. Topographic map of interpreted basement beneath Lago Yehuin with 25 m contour interval. e separation of the basin into

two sub-basins is still recognizable. In the Western sub-basin, the basement forms an elongated depression; the form is less defined
in the Eastern sub-basin. Seismic lines 10 and 10b (Fig. 6) displays this compartment. Segmented lines represent the seismic lines.
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4.2.3. Upper Unit

is unit is characterized mainly by the presence of layered and continuous reflectors with a draped
distribution, filling the depressions. e isopach map of the Upper Unit (Fig. 8C) shows isolated packages
of a variable thickness, with the thickest ones located in the center of the Western sub-basin, reaching almost
25 m. In the Eastern sub-basin, the thickness is reduced to about 10 m.

e distribution of the total sedimentary infilling of the YB (Fig. 8D) shows a preferential accumulation
along a NW-SE axis. e maximum sediment thickness in the entire lake is 140 m near the western margin.
ree seismic facies are included in this unit:

SF VII. A thick unit (Fig. 9I, J) that fills the variable topography formed by the underlying seismic facies
(acoustic basement, SF II, SF III, SF IV and SF VI), reachs a maximum thickness of almost 0.020 TWT
s (30 m). Its distribution involves both the Western and Eastern sub-basins (Figs. 6, 7). e base and
top is characterized by strong and continuous reflectors; its internal structure is composed by layered and
continuous reflectors with a periodic alternation of strong and weak reflectors.

SF VIII.A thin unit (~0.002 TWT s, 3 m) that overlies SF VII in both sub-basins (Figs. 6, 7), bounded by
strong and continuous reflectors (Fig. 9K). Within SFVIII twelve strong, continuous and parallel reflectors
are recognized; locally a small package of a few chaotic and transparent reflectors is enclosed within SF VIII
(Fig. 9I).

SF IX. It represents the uppermost, thinnest (≤0.002 TWT s, ≤3m) and youngest seismic facies (Fig. 9M)
which drapes the entire lake floor (Fig. 6). Strong top and base reflectors enclose an internal fabric composed
by weak, continuous and parallel reflectors.

4.3. Basement map

e topography of the basement top (Fig. 10) shows two main depressions separated by a structural high in
the center of the lake, which mimics fairly well the lake bathymetry (Fig. 5). At the west and east of this raised
zone, the depth of the basement increases progressively to reach a maximum in the Western and Eastern sub-
basins. In the former, the depth reaches a maximum of 160 m below lake level, while in the Eastern sub-basin
the maximum depth is reduced to 100 m. e morphology of the acoustic basement, in the western side, is
a trench-like depression of WNW-ESE strike bounded by high-or-intermediate angle normal parallel faults
(Fig. 7) that produce a stepped basement surface.

5. Discussion

5.1. Geological interpretation of the seismic units

5.1.1. Lower Unit

e acoustic configuration of this unit, mainly chaotic with intervals of parallel, north-dipping reflectors
limiting transparent bodies corresponds to wedged deposits, and interpreted as mass-flow deposits
(Waldmann et al., 2010b). is architecture, with the divergent reflector pattern (Fig. 9H) has been
previously recognized in similar environ-ments such as the Alpine lakes system (i.e., Chapron et al., 1996;
Schnellmann et al., 2002). Based on the lack of observable deformation of the sedimentary cover by faulting,
this unit is considered post tectonic.
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5.1.2. Intermediate Unit

Seismic facies that compose this unit (SF II, SF III, SF IV, SF V and SF VI) are similar to others that
have been interpreted elsewhere as till deposits (Eyles et al., 2000; Waldmann et al., 2008, 2010a, 2010b;
Pinson et al., 2013). ese characteristics include groups of discontinuous to chaotic reflectors of high to
low amplitude, interpreted as coarse grain sediment of glacial diamicton (Pinson et al., 2013). Moreover,
the crested morphology of SF II, SF V and their distribution forming ridges (of roughly NE-SW strike in
the Western sub-basin and NW-SE in the Eastern sub-basin) are interpreted as moraines, formed at the ice-
margin by a temporary advance and/or still-stand of the glacier front (Fig. 6).

e lowermost seismic facies of this unit (SF II in the Western sub-basin and SF V in the Eastern sub-
basin) is represented by the three mounds recognized in the figure 8B. ese are composed by a mainly
chaotic configuration of the reflectors and sometimes with an incipient layering, which can be ascribed to
a complex till landform (Pinson et al., 2013). ese deposits can be interpreted as moraine deposits based
on the similarity (mainly the ridge-shape) with features described by other authors (i.e., Pugin et al., 1999;
Fernández et al., 2017). e distribution of the seismic lines across the lake allows to recognize this seismic
unit and their morphology in different parts of the LY (Fig. 8B). ese moraine arcs could be deposited
during the general retreat of the glaciers in the region. e regression of the Fuego glacier lobe went through
the Fuego river valley and has cut across the Western sub-basin of LY. During this regression, the ice lobe
deposited several frontal moraines along the entire river valley (Coronato et al., 2008a).

SF III, with a slightly layered internal structure (Fig. 9C), can be interpreted with a more remarkable
influence of lacustrine sedimentation processes, i.e., an outwash plain. Its location, laterally near SF II, may
suggest an interaction with glacial sedimentation processes.

SF IV, a facies with terrace morphology, is interpreted as due to fluvial action (Fig. 9F). As an example,
similar facies has been recognized in Lake Malawi in East Africa (Scholz et al., 1998; Lyons et al., 2011),
Lake Baikal and Lake Tanganyika (Scholz et al., 1998) and southern Ontario (Pugin et al., 1999). is
type of seismic facies generally corresponds to channel valleys with their sedimentary infill and laterally-
located terraces. Similar glacio-fluvial structures observed near the central hilly area of Lago Fagnano could
correspond to proglacial delta forms (Bujalesky et al., 1997), deposited aer the retreat of the Fagnano
palaeoglacier.

SF VI, the very restricted wedges of chaotic to transparent facies located on slope breaks (Fig. 9G, H), are
interpreted as deposits likely produced by mass wasting events. is architecture has been already recognized
in other similar glacial environments such as Alpine lake systems (Chapron et al., 1996; Schnellmann et al.,
2002; Strasser and Anselmetti, 2008).

5.1.3. Upper Unit

e seismic facies that compose this unit (VII, VIII, IX) show a configuration defined by abundant layered
and continuous reflectors. Comparison with other studies (i.e., Waldmann et al., 2010a) suggests that this
configuration may represent lacustrine sedimentation. e high-amplitude reflections may represent fining
upward sequences of turbidites or small slides, mainly composed by coarse-grained (high-impedance) bases
of debris flows and intercalated with clays and silts (Waldmann et al., 2008). Correlations with sediment
cores made by different studies commonly assigne this acoustic type to interlayering of fine-grained sediments
from a lacustrine setting, where the facies are usually interpreted as a lake stage mud drape from an uniform
suspension (i.e., Waldmann et al., 2008; Pinson et al., 2013).
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5.2. Areal lineament pattern and structure of lago Yehuin basin

A regional le-lateral, strike-slip tectonic regime was interpreted through the analysis of fault planes and
their associated lineaments in the area of the external Magallanes fold-and-thrust belt (Klepeis, 1994a, b;
Menichetti et al., 2008; Torres-Carbonell et al., 2008b). From a wide set of photo-interpreted lineaments
derived from ASTER and SRTM images of the area north of lago Fagnano (Fig. 11A), a correlation between
groups of major trends with the structural geology can be established. e constructed rose diagram (Fig.
11B) has revealed the presence of a dominant trend with WNW-ESE (N100-110° E) strike, a main secondary
trend oriented roughly W-E (N90-100° E) and subordinated trends spanning between N50° E to N120° E.
A less significant trend is also recorded within the NE quadrant (N20-50° E). e rose diagram shows four
main trends of lineaments identified in the eastern isla Grande de Tierra del Fuego with their interpreted
tectonic significance (Lodolo et al., 2003; Menichetti et al., 2008). e lineament trends interpreted in our
work matches fairly well with two of these: the Principal Displacement Zone of the Magallanes-Fagnano
Fault System and the Magallanes fold-and-thrust belt. e overall distribution of these lineaments with
respect to the general strike of the LDFS is quite consistent with a Riedel fracture model for a le-lateral
shear system broadly oriented E-W (Fig. 11C). e ESE-WNW trend is associated with the deformation
system of the Magallanes fold-and-thrust belt, which is particularly impressive in this area north of Lago
Fagnano; some morphological depressions associated with strike-slip faults contribute to this trend. e
NE-SW trend is distributed in the whole area, but is particularly evident to the north-northeast of Yehuin
and Chepelmut lakes, where NE-SW trending discontinuities dissect older structural lineaments. Moreover,
the hydrographic net significantly contributes to this trend (Fig. 11A) Widespread Neogene extensional
reactivation of ancient Jurassic NE-SW transfer faults related to strike-slip tectonics was interpreted for the
external FFTB (Ghiglione et al., 2013). e orientation of the extensional structures in the Riedel shear
model (Fig. 11C) matches fairly well with these reactivated extensional Jurassic faults.

e present-day tectonics in the area was analyzed by recent GPS studies along the Magallanes-Fagnano
Fault System which indicates that the principal strain components define two deformation styles: a zone
with predominant shortening of the crust to the west, and significant stretching on the east (Mendoza et
al., 2011). NW-SE extensional components and a subordinate contraction component with a SW-NE trend
have been reported for the LY area (Mendoza et al., 2011, 2015). erefore, LY basin is located within
a regional framework dominated by transtensional, le-lateral deformation, and in particular within the
deformation zone of LDFS (Fig. 1). Strike-slip basins are commonly classified by the structural setting of
the strike-slip faults. e scheme proposed by Allen and Allen (2005) groups the basins in four main types.
e term “pull-apart basins” are used to describe basins formed in local transtensional settings (Ingersoll and
Busby, 1995). In the general setting of the Magallanes-Fagnano fault system and the lago Deseado fault, the
LY basin can be classified as a pull-apart basin.

Structures related both to the compressive stage and to the wrench tectonics have been interpreted from
the analysis of the seismic records (Fig. 12). e strike of the thrust faults was defined by correlation with
outcrops (Fig. 2), whereas the dominant NW-SE strike of extensional faults was determined by correlating
the 15 seismic lines available in this work (Fig. 5). e negative flower pattern displayed by normal faults
(Figs. 6, 7) in NE-SW and NW-SE sections support an overall le lateral kinematics. e strike of the
faults controlling the central structural high, in turn, has been determined by correlation with the structures
recognized in cerro Shenolsh outcrops (Fig.4E, F). In this context, the cerro Shenolsh may be considered as
the northern continuation of the central high within the LY (Fig. 12).
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Fig. 11
Fig. 11. A. Main structural lineaments from ASTER and SRTM images, in the area north of lago Fagnano, central

Tierra del Fuego; black circles represent the hypocenter of shallow seismic events (between 0-30 km depth); the
blue lines are the hydrography of the area; grey dashed line mark the position of the inferred Lago Deseado Fault

System; the red lines are the identified lineaments; B. Rose diagram summarizing the azimuth and length distribution
of the identified lineaments. Also, four lineament trends are shown around the rose displaying the interpreted

tectonic significance from Lodolo et al. (2003); C. Riedel shear model for the area; MDZ: Main deformation zone.

Fig. 12
Fig. 12. Interpreted structures in lago Yehuin basin. e fault arrangement resulted from the correlation and integration of the

newly acquired 15 seismic sections and onland data. e thick red line shows the location of the thrust front 56 Myr ago (Torres-
Carbonell and Dimieri, 2013). e + and - symbols indicate the topographic relation of the basement between the structural high

and the two sub-basins. e dark brown dashed lines show the location of geological sections; ENE trending, thick black dashed lines
correspond to interpreted Jurassic transfer faults reactivated by Neogene tectonics (Ghiglione et al., 2013). Moraine arcs (magenta
lines) along Fuego and Ewan river valleys are also indicated (from Coronato et al., 2008a, b). A-A’ General cross section displaying
the complex structure resulting from transtensional faulting overprinting NE-vergent thrusts. B-B’ and C-C’ WNW-ESE sections
shows the similar structural architecture along the northern lake margin and the submerged within the basin. ick black line in

C-C’ corresponds to the longitudinal thrust projection. Profile B-B’ shows the sedimentary infill covering the underlying geology.
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5.3. Paleogene compressional tectonics

Within the external FFTB, compressional deformation and emplacement of thrust sheets continued from
the Ypresian to the Early Miocene (~56 to ~20-16 Ma) and was coeval with sedimentation in the foreland
basin (Malumián and Olivero, 2006; Olivero and Malumián, 2008; Torres-Carbonell et al., 2014). At about
~56 Myr, the front of the FFTB was located nearly the southwestern margin of the present LY (Fig. 13A);
Policarpo and Tres Amigos formations were then involved in thrust sheets; out-of-sequence thrusts were
later developed in the eastern area of LY (Torres-Carbonell et al., 2014; Torres-Carbonell and Dimieri, 2013;
Torres-Carbonell et al., 2011; Olivero y Malumián, 2008) (Figs. 2, 12). A subsequent compressive phase in
the external Fuegian FFTB was dated as Oligocene to Early Miocene (Torres-Carbonell et al., 2013). In the
Fuegian Atlantic margin, the last thrusts are unconformably overlain by sub-horizontal Miocene beds of cabo
Ladrillero and cabo San Pablo units (Malumián and Olivero, 2006; Ponce et al., 2008; Torres-Carbonell
et al., 2008a). ere is an evident parallelism between the general WNW-ESE orientation of LY and the
strike of the local thrusts (Fig. 2). Although it cannot be fully ruled out the existence of a pre-Miocene proto-
Yehuin basin, likely an intermountain depression between thrust ridges. However the configuration of the
acoustic fabrics and deposit geometry does not support a syn-compressional basin formation.

Fig. 13
Fig. 13. Schematic reconstruction of the main evolutionary stages of the lago Yehuin basin. A. During Eocene times the area

was set in a regional compressive scenario. e emplacement of thrust sheets began in the Ypresian and continued till the
early Miocene (~56 to ~20-16 Myr); B. Strike-slip regime was established around 11-7 Myr. A series of normal faults were

developed parallel and perpendicular with the thrust faults. e two sub-basins separated by a structural high were generated
during this period. e inset shows the Riedel shear model for the Neogene deformation. MDZ: Main Deformation Zone;
C. During the LGM (~25 kyr), the northern diffluent lobes of the Fagnano palaeoglacier, Fuego and Ewan ice lobes, flowed

through the Western and Eastern sub-basins of lago Yehuin, over the deposits of the LU; D. e present configuration
of the water bodies and the position of the recessional moraines both onland and submerged within the lacustrine basin.

5.4. Neogene transtensional regime and ice-related deposits

Information gained from seismic records indicates a transtensional regime for the basin formation, with
the presence of negative flower structures, which suggests coeval strike-slip and extensional components of
the deformation (Fig. 12). e activity of the interpreted transtensional fault system in LY is temporally
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constrained between the last pulses of compressional tectonics in the external FFTB and the time preceding
the LU deposition. It is known that in Late Miocene, a transtensional regime was established along the
South America-Scotia plate boundary (Eagles, 2016). e onset of major strike-slip faulting in Tierra del
Fuego is considered to be not older than the Late Miocene (Torres-Carbonell et al., 2014). Given that the
glacial deposits of the IU fossilize the extensional structures, the transtensional activity is roughly constrained
between Late Miocene and pre-Pleistocene. e Yehuin terminal moraine that currently delimits the lake
to the west (Fig. 12) has been preliminarily bracketed between 25,000 and 12,100 yr B.P. (Coronato et al.,
2008a), which possess a time constrain for the glacial deposits within the western Yehuin basin. A minimum
age for Ewan glacier lobe retreat is provided by radiocarbon dating of a peat bog within the remains of Hantuk
moraine which yielded 9,300 yr B.P. (Coronato et al., 2008b) indicating a probable Holocene age for glacial
deposits within the Eastern sub basin. Post-glacial tectonic has been recognized for LDFS at lago Deseado
area (Klepeis, 1994b; Menichetti et al., 2008), which suggests a westward migration in strike-slip activity
along the LDFS. Analogous age trend was also reported for the Magallanes-Fagnano Fault system (MFFS;
Esteban et al., 2012). NE-striking extensional faults bounding the central high and the western and eastern
lake margins (Fig. 12) may be related to reactivation of ancient transfer faults of the Jurassic extensional
stage. Moreover, the overall orientation of the former Fuego and Ewan glaciers was likely controlled also by
these Mesozoic structures (Fig. 13). e prominent, sharply defined shallow relief in the central part of LY
forms a continuous cross-basin barrier. Substantial variations in sediment thickness occur on either side of
this barrier, particularly in the intermediate unit (Fig. 8B). Such contrast may be caused either by differences
in the sediment supply and/or diachronism in depocenter generation. is last possibility may be discarded
given that deposits of the LU are found in both sub-basins (Fig. 8A).

e main input of sediments to the Western sub-basin during this period was due to the recessing Fuego
lobe glacier, whereas for the Eastern sub-basin was the Ewan lobe glacier. One possible explanation to the
differences in sedimentation rate between the two sub-basins could be ascribed to the fact that the two
glaciers (Ewan and Fuego) were different in size and strength, and therefore carried out different amount
of sediments. Another explanation could be that the sub-basins were deglaciated at different times, and
therefore while one was free of ice and was filled up by sediments, the other one could have been under a
glacier. In both cases, the position of the morphological sill helped to separate the sediment loads, causing the
differences in the sedimentation rates. During the period of glacier retreat, the westernmost sub-basin was
the main morphological receptacle of clastic material for the Fuego lobe. It is noteworthy that the southwards
glacier route as indicated by moraine arcs displays a sharp bend from NE-SW to WNW-ESE when the
recessing lobe meets the western Yehuin basin (Fig. 12). In contrast, the situation was slightly different for
the Eastern sub-basin in relation to the Ewan lobe, whose recessional path met the Chepelmut basin in
route to the Eastern sub-basin. It is inferred that the Chepelmut basin sequestered a significant proportion
of clastic material transported by the Ewan lobe, keeping the Eastern sub basin as an underfed basin. e
lack of glacial sedimentation in the central high also supports independent sedimentary histories during the
glacier dominated stage. e inherited basin morphology and the differences in the behavior of glacier-lobe
retreat resulted in different sedimentary architecture between both sub-basins. Western and Eastern sub
basins sheared a common history only since the lacustrine stage. In this connection, it is noteworthy that
the thickest deposits of the IU are found in the westernmost sector of the Western sub-basin (Fig. 8B). e
western limit of LY is currently delimited by the Yehuin terminal moraine which forms a crested topographic
high of 30-70 m above lake level. e basement topography within the lake adjacent to the Yehuin moraine
shows an abrupt slope in this margin (related to NE-SW extensional faults, Fig. 12) which is characterized by
a relief of >120 m (Fig. 10). erefore, the accumulated height difference >150 m in a short distance (about
2 km) may have provided the accommodation space for the deposition of the thickest glacial sedimentary
package within the LY (up to 120 m) likely in a recessional stage of the Fuego Ice lobe.
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It has been long recognized that glaciers exploit previous structures as natural channels for ice flow;
in particular recent studies highlighted the close relationship between the structures related to wrench
kinematics in the southern Andes and ords orientation (Glasser and Ghiglione, 2009 and references
therein; Breuer et al., 2013), i.e., Fagnano, Beagle Channel glaciers are examples of the structural control
exerted on overall glacier discharge patterns (Bujaleski, 2011; Lodolo et al., 2002, 2003). e general trend
of Fuego and Ewan glaciers strongly reflects this structural control on glacial erosion; in this case the
general orientation of the northern diffluent lobes of the Fagnano paleoglacier would have been governed by
structures of the same strike as the Jurassic transfer faults (Fig. 12) that could have been reactivated during
strike-slip tectonics. Moreover, the obstacle represented by Cerro Shenolsh and its southern prosecution,
i.e., the internal barrier within the LY (Fig. 12B-B᾽, C-C᾽), caused the separation of the northern diffluent
of Fagnano glacier in two ice lobes, Fuego and Ewan. e Yehuin sub-basins, in turn, acted as transverse
depressions in the glacier route, both during advance and retreat stages forcing a sharp bend in the ice path.
erefore, the location of glacier deposits during the recessing stages, in and around LY area, were strongly
controlled by both the reactivation of ancient Jurassic transfer faults as well as by localized depressions related
to strike-slip faults. During this stage the lake’s waters were emptied towards the Atlantic Ocean, as it is also
recorded by fluvial outwash relics in the Ewan and Fuego rivers area (Coronato et al., 2005). Aer the glaciers
retreated, the general sediment supply pattern inverted, establishing the present drainage pattern with the
LY being part of the lago Fagnano watershed.

6. Conclusions

e contribution of this work is mainly focused in the analysis of newly acquired seismic data within the LY,
a previously unexplored area from a geophysical point of view, located in the core of the isla Grande de Tierra
del Fuego. e seismic records have been used to image the sub-bottom morphology of the basin, to derive
its sedimentary architecture, and to propose an evolutionary history of the lake within the general tectonic
framework of the external Magallanes fold-and-thrust belt.

e acquired data have yielded a 3-D representation of the LY basin, which is composed by two sub-basins
of comparable sizes (7 km major axis, and 2-3 km minor axis) but distinct depths: the Western sub-basin
reaches up to 118 m below the lake water level, whereas the Eastern sub-basin has a maximum depth of 80
m. ree seismic units are defined within both the LY sub-basins, which reflect different sedimentation/
structure relationships. Due to the lack of age information of the sedimentary infill, it is not possible to
temporally correlate the interpreted sequences with the outcrop data. However, we propose here some
interpretation about the evolution of the LY sedimentary fill. e poorly represented, lowermost unit (LU)
is considered younger than Late Miocene in age (onset of wrenching kinematics in Tierra del Fuego), and
might correspond to mass-flow deposits. e erosional activity of subsequent Pleistocene glaciations would
have been responsible for the very limited deposits of the LU. e sedimentary record is dominated by
the intermediate unit (IU) of glacio-lacustrine deposits (up to 120 m) with distinct thicknesses in both
sub-basins, indicating separated evolutionary histories during this stage. Several moraine arcs have been
interpreted, along with onland moraine ridges, allowing to reconstruct the recessional paths of Fuego and
Ewan ice lobes. e entire LY basin is draped by a thin (<10 m) lacustrine unit, including the central barrier
indicating the onset of a single basin since 12,000 yr B.P. Although the significant differences in basins size,
the total sedimentary thickness of LY (up to 140 m) is comparable to the adjacent Lago Fagnano (up to
150 m). eir stratigraphic history is also similar in relation to glacial and lacustrine stages. ere is a tight
correspondence between structural lineaments and ice flow paths of Ewan and Fuego lobes. e structurally-
controlled corridors of ice discharge were later reshaped by glacial activity.

Analysis and integration of geologic field data and seismic records suggest that LY is the product of a
Neogene wrench kinematics overprinting pre-existing compressive structures. A le-lateral transtensional
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regime along WNW-ESE structures was interpreted as the responsible factor for the development of the
Western and Eastern sub-basins. Internal compartment and external boundaries of LY are related to NE-SW
extensional faults which reactivated old Mesozoic structures. erefore, LY basin is interpreted as a strike
slip basin developed along the major deformation zone of the Lago Deseado Fault System, a main segment
of the South America-Scotia plate boundary.
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