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ABSTRACT

Magallanes—Austral Basin (MAB) fill is preserved along a >1000 km north—south trending outcrop
belt in the southern Patagonia region of Argentina and Chile. Although the stratigraphic evolution of
the MAB has been well documented in the Chilean sector (referred to as the Magallanes Basin), its
northern terminus in southern Argentina (Austral Basin) is poorly constrained. We present new
stratigraphic and geochronologic analyses of the early basin fill (Aptian—Turonian) from the Argen-
tine sector (49-51°S) of the MAB to document spatial variability in stratigraphy and timing of depo-
sition during the initial stages of basin evolution. The initiation of the retroarc foreland basin fill is
marked by the transition from mudstone to coarse-clastic deposition, which is characterised by the
consistent presence of sandstone beds > ca. 20 cm thick interpreted to represent sediment gravity
flows deposited in a submarine fan system. Depositional environments within the early fill of the
basin range from lower to upper deep-water fan settings as well as previously undocumented slope
deposits. These facies are present as far north as El Chalten, Argentina (ca. 49°S), indicating that
facies-equivalent rocks can be traced along-strike for at least 5 degrees of latitude, based on correla-
tion with strata as far south as the Cordillera Darwin (ca. 54°S). Eight new U-Pb zircon ages from
ash beds reveal an overall southward younging trend in the initiation of coarse clastic deposition.
Inferred depositional ages range from ca. 115 & 1.9 Ma in the northernmost study area to not older
than 92 + 1 Maand 89 + 1.5 Ma in the central and southern sectors respectively. The apparent dia-
chronous delivery of coarse detritus into the basin may reflect (1) gradual southward progradation of
a deep-water fan system from a northerly point source and/or (2) orogen-parallel variations in the
timing and magnitude of thrust-belt deformation and erosion that provided more local sources for

sediment delivery.

INTRODUCTION

Retroarc foreland basins are commonly characterised as
crustal depressions that develop over continental crust
between an orogenic belt and the craton (Dickinson,
1974; Beaumont, 1981; DeCelles & Giles, 1996). These
continental foreland basins often initiate with shallow- to
nonmarine depositional systems and quickly develop
accommodation-limited conditions and become over-
filled, which results in dominantly transverse sediment
dispersal systems (Fig. 1a) (Heller e al., 1988; Jordan,
1995; DeCelles & Giles, 1996; Horton & DeCelles, 1997,
Leier et al., 2007; Szwarc et al., 2014). In contrast, some
retroarc foreland basins develop over rifted or attenuated
crust incorporating inherited structures and variations in
crustal properties (e.g. rheology, density, elasticity, etc.),
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which have been described as ‘successor’ foreland basins
(cf. Graham er al., 1993; Fosdick er al., 2014). This
inheritance can profoundly influence how foreland basin
systems evolve both structurally and stratigraphically
(Stockmal et al., 1986; Desegaulx et al., 1991; Romans
et al., 2010; Fosdick et al., 2014). For instance, successor
foreland basin systems that initiate on attenuated crust are
more prone to enhanced subsidence that results in long-
lived, underfilled basin conditions and a protracted phase
of deep-marine deposition that utilises a principally longi-
tudinal (axial) sediment dispersal system (Fig. 1b) (e.g.
Romans et al., 2010, 2011). In addition, the influence of
weakened crust and thick sediment overburden leads to
enhanced crustal flexure in the foreland and thus broader
deflection towards the craton, which results in a subdued
forebulge zone (Fosdick et al., 2014).

Although the stratigraphic evolution of continental
foreland basins is relatively well documented (e.g. Heller
et al., 1988; Gardner, 1995; Jordan, 1995; Schwans, 1995;
DeCelles & Giles, 1996; Wang ez al., 2013), that of suc-
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(a) Continental retroarc foreland basin (Central Andes)

Shallow- and/or non-marine
depositional systems
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(b) Successor retroarc foreland basin (Southern Andes)

Fig. 1. Schematic diagrams showing
some of the structural and stratigraphic
characteristics of two different types of
retroarc foreland basin systems: (a) conti-
nental retroarc foreland basin (after Hor-
ton & DeCelles, 1997) such as that found
in the Cenozoic Central Andes, and (b)
successor retroarc foreland basin (after
Romans ez al., 2010 and Fosdick et al.,
2014), which is more characteristic of the
Cretaceous—Paleogene southernmost
Andes.

cessor foreland basin systems remains somewhat under-
represented in the literature despite an abundance of
examples (e.g. Aquitaine Basin, Austrian Molasse Basin,
Ebro Basin, Magallanes—Austral Basin) (cf. Desegaulx
et al., 1991; Wilson, 1991; Puigdefabregas et al., 1992;
Fildani & Hessler, 2005; De Ruig & Hubbard, 2006). This
investigation adds to a growing body of knowledge about
successor foreland basins by characterising the deposi-
tional facies, stratigraphic architecture and timing of
deposition during the early phases of the Magallanes—
Austral retroarc foreland basin (Fig. 2). In addition, this
work constrains the initial basin evolution and palaeo-
geography of the Cretaceous foreland basin near the
southernmost Andes.

The TLate Cretaceous Magallanes—Austral Basin
(MAB) of southern Patagonia is preserved along a nearly
continuous (>1000 km) north—south trending outcrop
belt of Cretaceous—Paleogene stratigraphy in the foothills
of the southernmost Andes (Fig. 2) and is a well-pre-
served example of a successor retroarc foreland basin sys-
tem. The Mesozoic history of the region is characterised
by basin inversion from an early extensional phase (Rocas
Verdes backarc basin) to a subsequent contractile phase
(Magallanes—Austral retroarc foreland basin) associated
with Andean orogenesis (Wilson, 1991; Fildani & Hessler,
2005). This study presents new U-Pb zircon geochronol-
ogy and detailed sedimentological and stratigraphic data
from the relatively poorly known northern (Austral) sec-
tor of the MAB (Fig 2). Combined with previous studies,
this work documents the basin-scale distribution and vari-
ability in the timing of deposition and depositional facies
during the early stages of foreland basin fill. Our results
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reveal a diachronous (southward younging) initiation of
deposition by sediment gravity flows along one or more
deep-water fan systems from as far north as El Chalten
(ca. 49°S) to at least as far south as the Cordillera Darwin
(ca. 55°S). This work also shows that temporal and spatial
variations in depositional setting and sediment distribu-
tion correspond to along-strike crustal variations that
were inherited prior to development of a foreland basin
system. This reinforces the notion that crustal inheritance
exerts an important and fundamental control on the strati-
graphic evolution of foreland basins.

GEOLOGIC BACKGROUND
Basin evolution

The Jurassic—Neogene basin evolution of southern Patag-
onia consists of a two-phase history, which includes an
older backarc rift phase (the Rocas Verdes Basin) and a
subsequent retroarc foreland basin (Magallanes—Austral
Basin) (Fig. 2) (Wilson, 1991; Fildani & Hessler, 2005;
Calderon et al., 2007; Romans ef al., 2010). A backarc
extensional setting (the Rocas Verdes Basin) associated
with the break-up of Gondwana characterised the south-
ern Patagonian Andes region of South America during
Jurassic — Early Cretaceous time (Katz, 1963; Dalziel
et al., 1974; De Wit & Stern, 1981; Biddle ez al., 1986).
Lithospheric extension is recorded through bimodal vol-
canism including basalt and gabbro of the Sarmiento and
Tortuga ophiolite complexes, and widespread silicic vol-
canism of the El Quemado, Ibanez and Tobifera Forma-
tions of western Patagonia (Fig. 2) (Saunders et al., 1979;
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Fig. 2. Geologic map of southern Patag-
onia highlighting Jurassic—Cretaceous
volcanic and sedimentary rocks associ-
ated with the Jurassic Rocas Verdes back-
arc and the Cretaceous retroarc foreland
fold-and-thrust belt. Modified from Bid-
dle er al. (1986), Wilson (1991) and Fil-
dani & Hessler (2005). Asterisk
corresponds to approximate location of
tuff age from Varela ez al. (2012), see text

De Wit & Stern, 1981; Pankhurst ez al., 2000; Calderén
et al., 2007). The resulting syn-rift Rocas Verdes Basin
was filled by volcaniclastic units associated with the silicic
volcanics mentioned above, and by black shale of the Rio
Mayer and Zapata Formations in Argentina and Chile
respectively (Wilson, 1991; Fildani & Hessler, 2005;
Richiano, 2014).

The transition from backarc extension to compression
is recorded by flexural deepening of the foredeep from
100-500 m water depth during the Aptian—Albian time
up to 1000-2000 m by Albian—Cenomanian time (Nat-
land et al., 1974). The formation of a fully developed
foreland basin is represented by the onset of deep-marine
coarse clastic deposition of the Punta Barrosa Formation
(Wilson, 1991; Fildani et al., 2003; Fildani & Hessler,
2005) (Fig. 3). The presence of inherited, attenuated
crust related to the early extensional phase allowed for
prolonged deep-water sedimentation (Fildani & Hessler,
2005; Romans et al., 2010, 2011). Continued evolution of
the foreland basin resulted in a deep-marine axial channel
belt that delivered sediment diachronously from north to
south, as recorded by the Cerro Toro Formation (Winn &
Dott, 1979; Crane & Lowe, 2008; Hubbard ez al., 2008;
Jobe et al., 2010; Bernhardt e al., 2012). This, in turn, is
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overlain by the Tres Pasos Formation, which reflects
southward progradation of the deep-marine slope
(Schultz et al., 2005; Hubbard er al., 2008; Armitage
et al., 2009; Romans er al., 2009) . Finally, deep-marine
facies transition upward to shallow- and marginal-marine
deposits of the uppermost Cretaceous Dorotea Formation
(Covault ez al., 2009; Romans et al., 2011; Schwartz &
Graham, 2014).

Punta Barrosa formation
Nomenclature

Consensus in the stratigraphic nomenclature for the
MAB outcrops has been hindered by inconsistency in
naming formations across national borders (Fig. 3). The
usage of the ‘Punta Barrosa Formation’ has been previ-
ously restricted to the Chilean sector of the basin (Magal-
lanes Basin) in the Ultima Esperanza District, and has not
been assigned to any stratigraphy from the Argentine
basin sector (Austral Basin). For the purposes of this
study, we extend the Punta Barrosa Formation nomencla-
ture to refer to stratigraphy that represents the first con-
sistent appearance of coarse-clastic deposition (e.g.
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Fig. 3. Generalised stratigraphic correlations between units exposed along-strike (N—S) of the Patagonia fold-and-thrust belt. Data
from this study combined with previous workers show a southward younging trend in the onset of coarse clastic deposition. Blue-
shaded region corresponds to deep-water deposition and green shaded region corresponds to shallow- and nonmarine deposition. Gen-
eralised stratigraphy of: (a) the region just north of Lago Viedma (near EI Chalten) in Argentina, modified after Arbe (2002); (b) the
region just north of L.ago Argentinto in Argentina, modified after Kraemer & Riccardi (1997); (c) the Ultima Esperanza district of
southern Chile, modified after Wilson (1991), Fildani & Hessler (2005) and Romans ez al. (2010); and (d) the Cordillera Darwin region

in Chile, modified after McAtamney ez al. (2011).

medium-grained sandstone) associated with turbiditic,
deep-water facies, as defined by previous workers (e.g.
Wilson, 1991; Fildani et al., 2003; Fildani & Hessler,
2005). Most notably, this nomenclature expansion
includes the Austral Basin, where it has been previously
mapped and referred to as undifferentiated units of the
Cerro Toro Formation (near Lago Argentino) (Arbe &
Hechem, 1984) and in some cases the Rio Mayer forma-
tion (near Lago Viedma) (Kosmal & Spikermann, 2001).
We correlated across national boundaries on the basis of
mapping and tracing the continuation of facies-equivalent
strata and key surfaces and stratigraphic packages along
the outcrop belt (Fig. 3). South of the Ultima Experanza
district of Chile, near the Cordillera Darwin, the Punta
Barrosa facies equivalent rocks are referred to as the
Latorre and/or Upper La Paciencia Formations (Fig. 3).

Ultima Esperanza District, Chile

In the Ultima Esperanza district of Chile, the onset of
foreland basin sedimentation is recorded in the Punta
Barrosa Formation, which generally consists of packages
of interbedded sandstone and mudstone and has an over-
all estimated thickness of about 1 km (Wilson, 1991; Fil-
dani et al., 2003). Wilson (1991) described the transition
from the underlying Zapata Formation to the Punta Bar-
rosa Formation as being marked by the ‘abrupt’, consis-
tent presence of medium-grained sandstone beds that
range from 30 to 100 c¢m in thickness; however, Fildani &
Hessler (2005) suggest that the contact is more subtle and
consists of a ca. 150-m-thick transition zone within which
a precise boundary cannot be placed. The transitional
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stratigraphy between the underlying Zapata Formation
and the Punta Barrosa (informally called the Zapata—
Punta Barrosa transition, nomenclature of Fildani &
Hessler, 2005) has a reported radiometric age of
101 4+ 1.1 Ma (Fosdick ez al., 2011). Detrital zircon ages
from multiple sandstone units suggest an overall maxi-
mum depositional age of ca. 92 Ma for the Punta Barrosa
(Fildani ez al., 2003). Detrital zircon age determinations
are younger than previous interpretations of a late Albian
to Cenomanian age based on a sparse ammonite assem-
blage (Cortés, 1964).

The Punta Barrosa Formation has been interpreted to
primarily reflect high- and low-density turbidity currents
deposited in an unconfined deep-water depositional set-
ting (lobes) within the axis of a constricted foreland basin
trough (Fildani & Hessler, 2005; Romans et al., 2011).
Paleocurrent indicators from the Punta Barrosa Forma-
tion consistently result in south to southeast palaeoflow
suggesting that sediment dispersal was parallel to the axis
of the foreland basin (Cortés, 1964; Wilson, 1991; Fildani
& Hessler, 2005).

Cordillera Darwin, Chile

South of Ultima Esperanza, Punta Barrosa Formation
facies equivalents have been documented as far as the
Cordillera Darwin (53-54°S) in Chile (Fig. 1) (McAtam-
ney et al., 2011). These units are referred to as the
Latorre (Seno Otway and Peninsula Brunswick) and
Upper La Paciencia Formations (Bahia Brooks). Esti-
mated minimum stratigraphic thicknesses range from 600
to 800 m, but may be as thick as 1200 m at Peninsula
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Brunswick (McAtamney et al., 2011). These strata gener-
ally consist of interbedded fine- to medium-grained sand-
stone and mudstone with occurrences of coarse-grained
sandstone to pebble conglomerate. Similar to the Ultima
Esperanza area, coarse-grained strata lie above thick suc-
cessions of thin-bedded mudstone and mark the initial
appearance of continuous, coarse-clastic (medium-
grained sandstone to pebble conglomerate) deposition.
Consequently, they are also interpreted as the onset of
foreland basin sedimentation in this portion of the Magal-
lanes Basin (Mpodozis et al., 2007, McAtamney et al.,
2011). Maximum depositional ages determined from
detrital zircon age populations are estimated to be as old
as 89 Ma, but may be as young as 85 Ma (McAtamney
et al.,2011).

Austral Basin, Argentina

Although fluvial and shallow-marine deposits appear as
the dominant facies early in the evolution of the northern
(Austral) basin sector, the northern extent of deep-water
facies was unknown. Deep-marine deposits have been
described from outcrops near Lago Argentino as undiffer-
entiated units of the Cerro Toro Formation (Arbe &
Hechem, 1984). These outcrops were recognised as early
basin fill deposits of Cenomanian—Turonian age and
interpreted as low- and high-density turbidites with a
southward palaeoflow (Arbe & Hechem, 1984). North of
Lago Argentino, age-quivalent strata consist of shallow-
to nonmarine deposits of the Lago Viedma (cf. Arbe,
2002) and Mata Amarilla (cf. Varela et al., 2013) Forma-
tions (Fig. 3). These formations are underlain by deltaic
and fluvial facies of the Albian-aged Piedra Clavada For-
mation (Poire et al., 2002) near L.ago Viedma and north.

METHODS

To better constrain the character and distribution of
facies as well as their timing of deposition, this study com-
bines field-based observations and interpretations with
U-Pb geochronology of zircon extracted from ash hori-
zons interbedded within these strata. All data were col-
lected from various along-strike locations within the
Austral Basin as for north as El Chalten to as far south as
the Brazo Sur (Figs 4 and 5). Sedimentologic and strati-
graphic data include general observations of lithology,
bedding characteristics and architecture as well as
palacocurrent measurements, and photopan interpreta-
tions. In addition, this study includes detailed measured
stratigraphic sections, which document centimetre-scale
variations in grain size and bed thickness as well as the
presence and/or absence of sedimentary structures. A
total of 321 palaeocurrent measurements were collected;
the majority (approximately two-thirds) of the measure-
ments come from sole marks (tool marks, grooves,
flute casts, etc.) and the remainders are from ripple
cross-laminations.
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Eight samples were collected from volcanic ash hori-
zons that are sparsely interbedded within the Punta Bar-
rosa Formation and equivalent strata throughout the
study area (Figs 4 and 5). In addition, a detrital zircon
sample was collected from the L.oma de las Pizarras
(LDLP) outcrop near the base of the section (Fig. 5),
which constrains the maximum age of deposition and pro-
vides important provenance information. U-Pb analyses
by laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICPMS) were conducted and reduced at
the Arizona Laserchron Center following methods
described in Appendix S1.

STRATIGRAPHY
Outcrop descriptions

Although exposures of the Punta Barrosa Formation and
equivalent strata are nearly continuous along the outcrop
belt, this study highlights stratigraphic and sedimentolog-
ical data from four general locations within the Austral
Basin. The furthest north is a ca. 50 m section exposed
along the LDLP ridge within the Parque Nacional los
Glaciares near the town of El Chalten, Argentina (Fig. 4).
The second location consists of a ca. 100-m section
located on Estancia L.os Hermanos (EILH) near the south-
ern shore of Lago Viedma (I'ig. 5). The third is a nearly
continuous ca. 200 m section that is located along the
shoreline on the southern side of the Magallanes Penin-
sula and is herein referred to as the Magallanes Peninsula
(MP) section (Fig. 5). Finally, the fourth and southern-
most location in the study area includes a continuous ca.
300 m section along the shoreline of the southwest shore
of Brazo Sur (Lago Argentino) and will herein be referred
to as the Brazo Sur (BS) section (Fig. 5). Additional
observations, interpretations and samples come from loca-
tions within Zona Centro including exposures near the
Rio Guanco (RG) and near the northern shore of Lago
Argentino (Fig. 5). Figure 6 shows examples of the out-
crop expression of the LDLP, MP and BS sections. The
following includes general descriptions and observations
from these four exposures, discussed from north to south.

Loma de las Pizarras Section

The LDLP section displays ca. 50 m of interbedded
sandstone and mudstone that conformably overlies
>100 m of mudstone, and gradually transitions upward
into more sand-rich units (Figs 6a and 7a). Bed thick-
nesses range from a few centimetres up to 2 m thick
(Fig. 7a). All beds show tabular geometries and consist of
grain sizes that range between mudstone and medium-
grained sandstone. Amalgamation of sandstone beds is
also common within coarser-grained intervals. Many of
the beds in this section appear massive (structureless), but
otherwise consist of units that are normally graded and
commonly contain dewatering structures and mudstone
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Estancia Los Hermanos Section

Outcrops within the Zona Centro region record important
variations in depositional context of the Punta Barrosa
Formation within the Austral Basin (Fig. 5). The ELH
section located near the southern shore of LLago Viedma,
exposes an approximately 100-m section that provides an
unparalleled view of bedding geometries and lateral facies
relationships within the lower Punta Barrosa Formation.
The ELLH outcrop is comprised of several distinct pack-
ages of medium- to thick-bedded sandstone that are
encased in mudstone-dominated intervals (Fig. 8). The
majority of this outcrop consists of chaotically bedded
units that are particularly common in the mudstone-dom-
inated facies. These deformed zones are bounded above
and below by continuous horizons, and they are inter-
preted as mass-transport deposits (MTDs; Shipp et al.,
2011). Several of these discrete sandstone packages transi-
tion laterally to a more chaotic expression at the southern
end. For example, two of the sandstone packages develop
into a series of multiple, imbricate thrust faults that are
generally verging towards the north (Fig. 8).

Several north-dipping normal faults are present that
offset both mudstone- and sandstone-dominated units
within the ELH outcrop. These faults likely formed syn-
chronously with deposition and are interpreted as growth
faults because: (1) these faults terminate up-section and
are overlain by continuous bedding with no apparent off-
set, (2) these faults have a roughly listric geometry and (3)
sandstone packages thicken towards the footwall and
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abruptly thin away from the fault (Fig. 8). In addition,
one sandstone package shows an apparent on-lapping rela-
tionship with the underlying mudstone that may relate to
synchronous growth on an adjacent normal fault (Fig. 8).

Magallanes Peninsula Section

The MP section is approximately 180 m of continuous
stratigraphy with excellent exposure quality (Figs 6b and
7b). This section consists largely of interbedded mud-
stone and sandstone (up to medium-grained sandstone)
and tabular, laterally extensive (100s of metres) bedding
geometries (Fig. 6b). Bed thicknesses range from very
thin-bedded (3-5 cm) up to medium bedded (1.5 m)
(Fig. 7b). The majority of the beds are normally graded
with fine- to medium-grained sandstone at the base and
siltstone and/or mudstone at the top. Common structures
include planar laminations, ripple cross-laminations,
dewatering structures, mudstone rip-up clasts and flame
structures. Bioturbation is also common within mudstone
intervals. This outcrop also includes an abundance of
argillaceous (mud-rich) sandstone beds, which are dis-
cussed later in the text. A total of 29 palaecocurrent mea-
surements were collected from the MP section, which
includes 11 sole marks and 18 ripple laminations (Fig. 5).
Sole marks indicate a general southward palaeoflow,
whereas ripple laminations suggest more of an east-south-
east palacocurrent direction.

Brazo Sur Section

The Punta Barrosa Formation at the southern end of
Brazo Sur preserves at least 300 m of continuous strati-
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Early evolution of the Magallanes-Austral Basin

20 metérs

Fig. 6. Photos showing the outcrop character of Punta Barrosa equivalent units in Argentina. (a) Lower section of stratigraphy from
Loma de las Pizarras near El Chalten, (b) lower portion of section from the Magallanes Peninsula showing tabular bedding geometries,
person circled for scale and (c) photopan showing nearly the entire outcrop at Brazo Sur. Yellow dotted lines denote the approximate

routes, where sections were measured (people circled for scale).

graphic section and, to our knowledge, also represents the
most complete documented section of the Punta Barrosa
Formation facies equivalent rocks. For descriptive pur-
poses, this section is informally divided into lower, middle
and upper sections (Fig. 6¢). These are not intended to
correspond to upper and lower Punta Barrosa divisions
that have been described in the Magallanes Basin (Wilson,
1991; Fildani & Hessler, 2005).

The lower section is at least 120 m thick and primarily
consists of tabular beds of mudstone and fine- to med-
ium-grained sandstone (Fig. 9). Bed thicknesses are vari-
able, but typically in the range of 20 to 100 cm. Similar to
the stratigraphy at MP, the majority of the beds in this
section are normally graded with fine- to medium-grained
sandstone at the base and siltstone and/or mudstone at
the top. Common structures include planar laminations,
ripple cross-laminations, dewatering structures, mud-
stone rip-up clasts and flame structures. This section also
contains the majority of argillaceous sandstone beds iden-
tified from the entire BS section.

The middle section consists of approximately 70 m of
very thin- to thin-bedded mudstone, siltstone and very
fine- to fine-grained sandstone. Initially this interval fines
upward (increasing mudstone/sandstone ratio) and then
gradually shifts back to a slightly upward coarsening trend
with increasing proportions of sandstone beds (Fig. 9).

© 2015 The Authors
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All beds show tabular geometries and rarely exceed thick-
nesses of 25 cm. Sandstone intervals commonly exhibit
planar laminations and ripple cross-laminations, while
mudstone intervals are typically massive and bioturbated.
This middle section gradually transitions upward into
coarser-grained facies of the upper section.

Last, the upper section of the Punta Barrosa Formation
at Brazo Sur is represented in the upper 110 m of the
stratigraphic section (Fig. 9). Overall, amalgamation is
much more common, especially in the lower 30 m of the
interval, and bedding geometries are commonly lenticular
or uneven (Figs 9 and 10). In this section, bed thicknesses
is up to 5 m, and are coarser grained (gravel-sized con-
glomerate). The coarse-grained, amalgamated interval is
well exposed and has a basal surface that can be traced lat-
erally for at least 400 m (Fig. 10). Also, compared with
the lower and middle sections, finer-grained facies are
more bioturbated, pervasively ripple cross-laminated and
often consist of intervals of repetitive thicknesses.

Paleocurrent indicators (ripples, flutes and grooves) are
abundant throughout the outcrop. A total of 236 measure-
ments were collected and include 147 sole marks and 89
ripple laminations. Sole marks indicate a consistent
south-southeast palacoflow and ripple laminations show a
bit more variation between a southwest to southeast palae-
oflow (Fig. 5). Also, sandstone injectites (clastic dikes) are
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Limit of interpretation
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Early evolution of the Magallanes-Austral Basin

Fig. 8. Photopan (a) and interpretation (b) of the outcrop near Estancia Los Hermanos (ELH) including the presence of growth
faults, on-lapping sandstone packages (c), mass transport deposits (M'TDs) and imbricated sandstone beds (d).

common throughout the entire BS section, but are espe-
cially abundant in the upper 50 m of the upper interval.

Lithofacies

Measured stratigraphic sections document bed scale (cen-
timetre to decimetre) features that include grain size, bed
thickness, sedimentary structures and bedding geome-
tries. These sections were then divided into lithofacies
which correspond to groups of beds with similar charac-
teristics, most notably grain size and bed thickness in this
case (Fig. 11). The usage of lithofacies in this context is
most similar to schemes that use third-order architectural
elements to describe deep-water stratigraphic architecture
(e.g. Ghosh & Lowe, 1993; Lowe & Ghosh, 2004; Ander-
son et al., 2006; Hubbard ez al., 2008). The following
descriptions of lithofacies are the result of combined
observations and interpretations from LDLP, MP and BS
outcrop locations. Detailed stratigraphic sections from
each location and the interpreted distribution of lithofa-
cies are shown in Figs 7, 9 and 10.

Measured stratigraphy from the Argentine sector of
the basin can be subdivided into five basic lithofacies
(Fig. 11, Table 1): (1) thick-bedded sandstone and con-
glomerate, (2) thick-bedded sandstone and minor mud-
stone, (3) medium-bedded sandstone and mudstone, (4)
thin-bedded sandstone and mudstone and (5) thin-bed-
ded siltstone and mudstone. Beds from all lithofacies are
interpreted as individual sedimentation units resulting

© 2015 The Authors

from sediment gravity flow deposits, including turbidity
currents, debris flows and transitional (or hybrid) flows
(cf. Haughton et al., 2009). Internal divisions of low- and
high-density sediment gravity flow deposits correspond
to those assigned by Bouma (1962) and Lowe (1982),
respectively.

LF-1: Thick-bedded sandstone and conglomerate

Description. Deposits of thick-bedded, medium-grained
sandstone to gravel-sized, clast-supported conglomerate
represent the coarsest facies observed in the Punta Bar-
rosa Formation and are only present within one interval at
the BS location (Figs 9 and 10). Individual beds are up to
5 m thick, but commonly range from 0.5 to 1.5 m thick.
Bedding geometries are often irregular and lenticular as
basal scour and amalgamation are common (Fig. 12a).
Sedimentation units are typically normally graded and
occasionally exhibit planar laminations (7}), but are
otherwise structureless (S3/7,). Additional features
include dish and pillar dewatering structures as well as
flute casts, grooves and tool marks. Although rarely pre-
served in these units, mudstone and siltstone intervals can
be up to 5 to 10 cm thick and occasionally contain sand-
filled burrows (7Thalassinoides).

Interpretation. Massive (structureless) sandstone intervals
that are abundant in the lower portions of beds represent
S; divisions of high-density turbidites (Lowe, 1982).

Basin Research © 2015 John Wiley & Sons L.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 307
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Water escape structures reflect density instabilities of
trapped fluids due to rapid deposition of waning flows.
Planar laminated beds are interpreted as high velocity 73,
divisions of low-density turbidity currents (Bouma,
1962). Lenticular bedding geometries, the abundance of
amalgamated beds, basal scour and the presence of con-
glomerate suggest that these deposits represent laterally
confined flows, which we interpret as indicating a chan-
nelised depositional setting.

At Brazo Sur, two additional stratigraphic sections
(BS-2 and BS-3) were measured through this interval to
compare laterally equivalent facies (Fig. 10). Although
the lack of continuous lateral exposure makes it difficult
to correlate these sections, at least one surface along the
base of LLF-1 can be traced along the outcrop. Locally,
this surface commonly shows down-stepping (towards the
west-southwest) into underlying beds (Fig. 12b). Fur-
thermore, in sections BS-2 and BS-3, lithofacies 1 is
nearly double the thickness (ca. 34 m) compared with that
of BS-1 (18 m) (Fig. 10). We interpret the down-step-
ping and lateral thickness changes as additional evidence
for the presence of channelisation within a confined sys-
tem.

LF-2: Thick-bedded sandstone and minor mudstone

Description. Thick beds of fine- to coarse-grained sand-
stone with minor mudstone are present within all three
measured sections. Bed thicknesses range from 25 to

200 cm, but are typically 40 to 120 cm thick (Fig. 11).
Bedding geometries are mostly even (tabular) and occa-
sionally irregular (undulose) at the base. Amalgamation of
sandstone units is common, but basal scour and erosion
are rare. Sandstone beds are most commonly massive
(S3/T,), normally graded and contain dish and/or pillar
structures. Planar laminations (7},) and mudstone rip-up
clasts are common while ripple cross-laminations (7,) are
rare. Where preserved, mudstone portions of sedimenta-
tion units are less than 10 cm thick, appear massive and
are occasionally bioturbated.

Interpretation. Lithofacies 2 is interpreted to reflect
rapid deposition of mostly high-density turbidity cur-
rents. Amalgamation of sandstone beds, mudstone rip-
up clasts and infrequent preservation of mudstone hori-
zons suggest that flows were energetic enough to remove
finer-grained caps of previous flows, but unable to main-
tain suspension of sand. Conditions of collapsing flows
(rapid deposition) are supported by the pervasive abun-
dance of dewatering structures (dishes and pillars). An
unconfined to weakly confined depositional setting is
interpreted as a result of beds being laterally continuous
and showing mostly even thicknesses at the extent of
the outcrop. We interpret the rapid deceleration and
collapse of these flows to broadly reflect a channel-to-
lobe transitional setting (e.g. Howell & Normark, 1982;
Mutti & Normark, 1987; Wynn ez al., 2002; Van der
Merwe et al., 2014).

© 2015 The Authors
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Fig. 12. Examples of bedding style and sedimentological character. (a) Lenticular beds showing basal scour and amalgamation that is
common in LF1. Scale is 16 c¢cm. (b) Localised scouring (down-stepping towards the southwest) of LF'1 in the BS-2 section. Scale is
16 cm. (c) Example of tabular units of interbedded sandstone and mudstone (LLF3). (d) Upper bed shows preservation of 7,—T4
Bouma divisions. Scale in 10 cm increments. (¢) Repeated beds of thin, low-density turbidites characteristic of LEF'4. Scale in 10 cm
increments. (f) Bioturbated siltstone and mudstone beds (LF5).

LF-3: Medium-bedded sandstone and mudstone

Description. Lithofacies 3 consists of medium-bedded,
fine- to medium-grained sandstone and mudstone and
represents the overall most abundant lithofacies. Individ-
ual beds are generally 30 to 80 cm thick, but range from
20 to 120 cm thick, and usually consist of tabular geome-
tries with rare occurrences of uneven thicknesses or len-
ticularity (Figs 11 and 12¢). Tabular beds can be traced

laterally for the entire extent of the outcrop, up to 250 m
in some cases (Fig. 6b). Nearly all sedimentation units are
normally graded and have a massive sandstone interval
(7)) at the base and a mudstone/siltstone upper interval
(Ty). Sandstone beds are rarely amalgamated. Current-
structured intervals such as planar laminations (73) and
ripple cross-laminations (7) are also common (Fig. 12d).
Other common structures/features include dish and pillar
structures, mudstone-rip up clasts and occasional sole

© 2015 The Authors
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marks (flutes and grooves) at the base of beds. The mud-
stone portions (7) of beds are typically silty and massive,
and rarely exhibit horizons of strictly claystone (7).
Trace fossils are common within this lithofacies and most
commonly include Thalassinoides and Ophiomorpha, as
well as fewer occurrences of Spyrophyton, Scolicia and
Skolithos.

Another important characteristic of this lithofacies is
the presence of argillaceous (mud-rich) sandstone beds
with varying concentrations of mud that occur at dis-
crete intervals within a bed (Fig. 13). These beds typi-
cally contain cleaner (mud-poor) sandstone intervals at
the base that abruptly transition upward into more
mud-rich sandstone divisions with dewatering pillars
and mudstone rip-up clasts. It is also common for
argillaceous units to exhibit one or more current-struc-
tured intervals (e.g. planar laminations and/or ripple
cross-laminations).

Fig. 13. Characteristics of hybrid beds
from the Magallanes Peninsula. (a) Rep-
resentative bed-scale characteristics of
multiple hybrid beds, which are com-
monly associated with LF-3. See section
adjacent to photo for scale. (b) Example
of within-bed features showing abrupt
changes in colour and inferred detrital
mud content. Locations of thin section
photomicrographs identified as P1, P2
and P3. Although sand-sized grains are
present throughout, the apparent mud
concentration increases upward in the

bed.

© 2015 The Authors

Early evolution of the Magallanes-Austral Basin

Interpretation. Lithofacies 3 is interpreted to reflect the
deposition from a range of sediment gravity flow types
including low-density turbidity currents, transitional
flows and debris flows. Clean (mud-poor) sandstone beds
commonly exhibit one or more divisions (7, 4) of low-
density turbidites (Bouma, 1962). Argillaceous sandstone
beds with discrete intervals of varying mud concentration
are interpreted as transitional flow deposits or ‘hybrid
event beds’ (cf. Haughton ez al., 2009) or ‘slurry beds’
(Lowe & Guy, 2000). Instances where sandstone beds
appear mud-rich throughout and do not show transitions
in mud content (except for mudstone caps) are inter-
preted as debris flow deposits. In all cases, the abundance
of tabular bedding geometries and preservation of mud-
stone divisions indicates that these flows were generally
nonerosive and unconfined. Similar facies characteristics
have been described in the Magallanes Basin by previous
workers and interpreted as lobes (i.e. sheets or splays)

(Argillaceous) medium-
edded sandstone
and mudstone
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along a fan setting (Wilson, 1991; Fildani ez al., 2007,
Romans et al., 2011).

LF-4: Thin-bedded sandstone and mudstone

Description. Lithofacies 4 consists of thin beds of mud-
stone, fine-grained sandstone and rare medium-grained
sandstone. Individual beds are most commonly 5 to
20 cm thick, but can be up to 40 cm thick (Figs 11 and
12¢). Beds are tabular and typically exhibit even thick-
nesses at the scale of the outcrop. Massive basal divisions,
planar laminations and ripple cross-laminations are all
common in sandstone units. In many instances, near-
complete and continuous low-density turbidite divisions
(T,_q) are preserved (Bouma, 1962). Mudstone units are
usually massive and contain burrows. In addition to bed
thickness and grain size, these units are most distinguish-
able from lithofacies 3 and 5 in that they are abundant
with current structures (planar laminations and ripple
cross-laminations) and are typically 40 to 60 per cent
mudstone.

Interpretation. Thin-bedded sandstone and mudstone
facies are interpreted as deposits of low-density turbidity
currents under waning flow conditions in a relatively dis-
tal or off-axis depositional setting (e.g. outer fan, crevasse
splay or levee-overbank). The general lack of any scour
features, the abundance of current structures (e.g. 7}, and
T, divisions), and the presence of tabular, laterally exten-
sive bedding geometries are interpreted to reflect rela-
tively low-energy flows that were unconfined. In some
instances, I.LF-4 likely corresponds to off-axis deposition
such as levee-overbank settings; whereas in other cases
these facies simply reflect the distal run-out of flows. The
discrepancy between these two interpretations is dis-
cussed below in more detail.

LF-5: Thin-bedded siltstone and mudstone

Description. Thinly interbedded mudstone facies are pri-
marily mudstone and siltstone, but occasionally include
grain sizes up to fine-grained sandstone. Beds are com-
monly 2 to 15 ¢cm thick and have even, tabular geome-
tries. Sedimentation units are normally graded where
they contain enough grain size variation and are otherwise
massive. This lithofacies differs from LLF-4 in that, over-
all, it is finer grained (only occasional beds of very fine- to
fine-grained sandstone) and consists of thinner beds that
rarely exceed 20 cm (Fig. 12f). Bioturbation is abundant
as nearly all of the mudstone and siltstone units within
this lithofacies contain trace fossils, which commonly
include Scolicia, Cosmorhaphe and Chondrites.

Interpretation. Similar to Lithofacies 4, we interpret thin-
bedded mudstone and occasional fine-grained sandstone
to reflect deposition of low-density turbidity currents in a
relatively distal or off-axis depositional setting such as a
lower fan, basin plain, or along a slope. The majority of

these units are interpreted to result from sediment fall-
out from suspension, as they are typically massive or nor-
mally graded. Thick (>5 m) intervals of LLF-5 are present
at least once in all three sections and likely represent a rel-
atively quiescent time and/or position in the depositional
setting of this system.

Interpretation of depositional environments
Deep-marine fan system

We interpret the LDLP, BS and MP outcrops to repre-
sent deposition along a deep-marine fan system. This is
consistent with previous workers’ interpretations of facies
equivalent units from the Magallanes basin sector in Chile
(Wilson, 1991; Fildani & Hessler, 2005; McAtamney
et al., 2011). Bathyal (1000-2000 m) water depths have
been determined from biostratigraphic assemblages in the
Magallanes Basin (Natland ez a/., 1974). In addition, the
assemblage of trace fossils observed throughout the study
area is consistent with those that are common to the Nere-
ites ichnofacies (MacEachern ez al., 2010). For the pur-
poses of this study, a submarine fan ‘system’ includes
both confined and unconfined elements, which from distal
to proximal consist of: basin plain, lower fan, mid fan and
upper fan (Ricci Lucchi, 1975; Normark, 1978)
(Fig. 14a). Furthermore, similar to other deep-water fan
models, this synthesis also includes the interpretation of
lobes as smaller scale features that are typically associated
with the middle to lower fan region (Fig. 14a) (Ricci Luc-
chi, 1975; Mutti, 1977, Walker, 1978; Howell & Normark,
1982). Lobe definitions and characteristics are discussed
later.

Thin-bedded, fine-grained units of LF-4 and LLF-5 are
interpreted as distal or off-axis (from any major sediment
fairway) deposits in a lower fan to basin plain setting (e.g.
Mutti & Ricci Luchi, 1975; Mutti ez al., 1978; Howell &
Normark, 1982). Overall, I.LF-3 is the most abundant and
we interpret these facies to represent lobes in a mid to
lower fan depositional setting. Thicker bedded, and more
amalgamated units of LLF-2 correspond more closely to
mid to upper fan regions where flows are losing confine-
ment and rapidly collapsing. The coarse-grained units of
LF-1 are present only in the upper part of the section at
Brazo Sur and we interpret these facies to represent con-
fined deposits in the upper fan region, or at least in the
vicinity of the channel-lobe transition zone (Mutti and
Ricci Lucchi, 1975; Mutti et al., 1978; Howell & Nor-
mark, 1982; Mutti & Normark, 1987; Wynn ez al., 2002,
Van der Merwe et al., 2014).

An important exception to the aforementioned associa-
tion of LF-4 occurs in the interval that is stratigraphically
above the section of LLF-1 at Brazo Sur (Figs 9 and 10).
Here, the LF-4 interval is laterally equivalent to coarse-
grained, amalgamated units of LF-1 (Fig. 10), which sug-
gests that they more likely represent overbank or levee
deposits rather than a distal fan setting (Fig. 14b). Thus,
the presence of repetitiously thin-bedded, low-density
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turbidites in LF-4 that are laterally equivalent to high-
density turbidites of LLF-1 reflects processes of flow-strip-
ping whereby flows can overspill confining margins and
portions still within the channel rapidly decelerate and
collapse due to loss of sediment load and/or loss of con-
finement (Piper & Normark, 1983). Given this transition
in depositional setting, the sandstone intervals of LLF-2
and LF-3 that are present above the LI-1 interval at
Brazo Sur more likely represent overbank (crevasse)
splays rather than mid- to upper fan lobe associations.
These interpretations imply that, at least at Brazo Sur,
the Punta Barrosa Formation represents an overall
progradational system (Fig. 14b). Although previous
workers have noted the presence of lobes (or sheets) for
the Punta Barrosa Formation in the Magallanes Basin
(Fildani & Hessler, 2005; Romans et al., 2011), this inter-
pretation marks the first time that channel and/or levee
overbank environments have been suggested for the Punta
Barrosa Formation.

Furthermore, LLF-3; 4 and 5 constitute the vast
majority of Punta Barrosa equivalent outcrops and
each of these facies are characterised by tabular beds
with mudstone intervals (Bouma 74 and 7, intervals).
We interpret this as an indication that once flows
reached a fan setting, they were able to sufficiently
expand laterally and deposit mud from suspension set-

© 2015 The Authors

tling. Consequently, these flows were probably not
confined by basin margins or local sea floor topogra-
phy, except those associated with more amalgamated
lithofacies (LLF-1 and LF-2).

Slope

The stratigraphy exposed at ELH is interpreted to repre-
sent deposition within a deep-water slope setting. This
interpretation is based primarily on the evidence for
growth faulting as well as the abundance of MTDs that
are common in slope settings (Posamentier & Martinsen,
2011). Interestingly, the north-dipping growth faults
appear to be antithetic with respect to the overall basin
configuration based on documentation of dominantly
south-directed palaeoflow throughout the basin (Wilson,
1991; Fildani & Hessler, 2005; this study) and regional
palaecogeographic reconstructions (e.g. Romans ez al.,
2011). Syn-depositional extensional forces along slope
settings commonly result in synthetic and antithetic
growth faulting (Galloway, 1998; Armentrout et al.,
2000; Imber ez al., 2003; Shultz and Hubbard, 2005). In
addition, observations of the Punta Barrosa Formation at
ELH are similar to descriptions of the younger Tres Pasos
slope system along El Chingue Bluff in the Magallanes
basin (Schultz ez al., 2005).
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U-PB ZIRCON GEOCHRONOLOGY -
SAMPLES AND RESULTS

This study reports new U-Pb geochronology data from
eight ash horizons from throughout the Austral Basin and
one detrital zircon sample from a sandstone bed at the
base of the LDLP section. A summary of sample locations
and interpreted ages is available in Table 2. Age data from
each sample is shown in Fig. 15 and analytical isotopic
data are available in Appendix S2. Results from samples
LH158, RG163, I.TA87 and MP94 yield MSWD values
that are less than the lower bounds of 95% confidence,
which suggests that uncertainties in the ages are over-esti-
mated (Mahon, 1996). In part, this may be due low U
concentrations in several of the analyses. Nevertheless, all
U-Pb ages within each sample’s calculated age overlap
within 2-sigma error. Uncertainties for each sample age
discussed in the text and shown in Table 2 and Fig. 15
are expressed at 95% confidence (ca. 20).

Sample LLP60 was collected from an ash horizon
interbedded with mudstone in the northernmost study
area approximately 20 m below the base of the LDLP
measured section. It yields an interpreted age of
115.1 & 1.5 Ma (20), which is consistent with previous
biostratigraphic age constraints that suggest an Aptian—
Albian age for this unit (Kosmal & Spikermann, 2001).

Samples LH158, RG163 and CHO06 were all collected
from thin (2—4 cm) ash horizons in the ‘Zona Centro’
region, between Lago Viedma and LLago Argentino. Sam-
ple LH158 was collected from near the base of the EI.LH
section (Fig. 12) and vyields an interpreted age of
100.3 4+ 2.7 Ma. RG163 was collected just below the
base of a relatively short (ca. 20 m) section of sandstone
and mudstone, which is internally coherent and it has an
interpreted age of 92.3 £ 1.7 Ma. Sample CH06 was col-
lected from Cerro Horqueta near the northern shore of
Lago Argentino and yields an interpreted age of
96.5 + 1.4 Ma.

Two ash samples (MP48 and MP94) were collected
from the Magallanes Peninsula and yield interpreted ages
of 96.8 £ 1.6 and 95.6 £ 1.5 Ma respectively. Sample

Table 2. Locations and U-PDb ages of zircon samples.

Interpreted
Sample ID  Lat (°S) Lon. (°W)  age (Ma) 26 Error
Ash samples
LP60 49°19.234  72°57.544  115.1 1.5
LHI58 49°40.709  72°49.929  100.3 2.7
RG163 49°58.205  72°48.535 92.3 1.7
CHO06 50°09.753  72°48.852 96.5 1.4
MP48 50°29.122  72°57.577 96.8 1.6
MP9%4 50°28.993  72°58.819 95.6 1.5
LTAS84 50°41.602  72°58.864  98.1 1.3
LTAS87 50°41.633  72°58.705  97.5 2.1
Detrital sample: (location and max. depo. age)
LP33 49°19.150  72°57.677  110.2 1.3

MP48 was collected from a roadcut exposure of interbed-
ded sandstone and mudstone. Sample MP94 was col-
lected within the context of the measured section from
the Magallanes Peninsula (Fig. 7b).

Finally, samples L TA84 and IL.TA87 were both col-
lected from ash beds in the context of the measured
stratigraphy at the southern end of Brazo Sur (Fig. 9).
Sample LL'TA84 comes from lower in the section and
yields an interpreted age of 98.1 £+ 1.3 Ma. Sample
L'TA87 was collected near the middle of the section and
yields an interpreted age 97.5 + 2.1 Ma.

Results of U-Pb detrital zircon ages (z = 96) from sam-
ple LP33 are shown as a histogram plot and probability
density functions in Fig. 15b. Analytical isotopic data are
available in Appendix S2. Age populations reveal one pri-
mary peak at ca. 110 Ma, and additional, subordinate
peaks at 130, 143, 270 and 520 Ma. Given the continuous
range of ages between 105 and 135 Ma, a maximum depo-
sitional age (MDA) was interpreted by calculating a
weighted mean average of the youngest peak age popula-
tion, which in this case includes 39 ages between ca. 105
to 120 Ma. This yields an interpreted MDA of 110.2 £
1.3 Ma. When accounting for 95% confidence (ca. 20)
limits on the uncertainties the MDA interpreted for sam-
ple LP33 is slightly younger (ca. 2-5 My) than the inter-
preted depositional age of sample I.P60. In part, this may
be a result of the fact that L.P60 was collected ca. 20 m
lower in the section.

DISCUSSION
Lobe dimensions and basin geometry

Given the interpretation that one or more deep-water fan
systems represent the early fill of the MAB, we can
attempt to learn more about the scale of these systems and
the overall basin geometry based on what is known from
other fan-lobe complexes. Thrust faulting and folding
limit the lateral continuity of outcrops in the study area,
however, sections representing submarine lobe facies are
well exposed and show vertically stacked packages of
beds, which can be interpreted and subdivided into an
architectural framework (Fig. 16). Prelat es al. (2010)
compiled morphological data from six different lobe sys-
tems to compare intrinsic and extrinsic relationships of
lobe dimensions. They proposed that two general groups
characterise the dimensions of lobe deposits: confined and
unconfined. Confinement, in this case, refers to basins
with steeper gradients perpendicular (or oblique) to flow
directions than those parallel, which includes irregular
sea-floor topography (Prelat ez al., 2010).

Prélat er al. (2009) proposed a hierarchical scheme for
submarine lobes from the Karoo Basin that emphasises
thickness, lithofacies and grain sizes of composite stratal
units. For comparative purposes, this study uses a similar
scheme in that we define the most basic architectural unit
at the bed scale, which corresponds to individual deposi-
tional events (e.g. sedimentation units). Also, we define a
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lobe as a set of genetically related beds (typically eight or
more) that are bound by ‘inter-lobe’ intervals (commonly
>(0.5 m thick) of thin-bedded mudstone and sandstone,
which likely correspond to lobe margins. Our nomencla-
ture diverges from that of Prelat ez a/. (2010), because in
contrast to lobes of the Karoo Basin, the vast majority of
beds that are affiliated with lobe facies in this study have
preserved mudstone caps. Thus, the application of the

© 2015 The Authors
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term ‘lobe element’ as described by Prelat ez al. (2010) is
probably inappropriate for these rocks and thus not
employed. Figure 16 shows an example of how this archi-
tectural scheme translates to the outcrop at Brazo Sur. In
general, the hierarchy used here is closely matched with
lithofacies divisions such that ILF-2 and LLF-3 correspond
to lobes and LF-4 and LF-5 are commonly associated
with inter-lobe intervals. The following comparison of
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Fig. 16. Example photo and measured section from the lower 50 m of the BS section showing how the outcrop expression corre-
sponds to the classification of lobe and inter-lobe (IL) or lobe margin deposits. Red line represents the approximate trace of a small (ca.
3 m of offset) localised fault.

the vertical dimensions of lobe facies from our study with
their data set allows for a first-order approximation of lobe
dimensions and the relative basin geometry during the
early history of the MAB.

Figure 17 shows a summary of lobe thicknesses from
each of the three sections presented in this study as well
as those documented in the Ultima Esperanza District of
Chile (Fildani & Hessler, 2005). Maximum lobe thick-
nesses range from 18 to 22 m and the average from each
section/area ranges from 9.3 to 12.5 m (Fig. 17). Plotting
this data on fields determined by Prelat ez al. (2010) sug-
gests that average lobe widths could range from ca.
2.5 km (confined system) up to widths of ¢a. 10 km (un-
confined system) (Fig. 17). On the basis of the overall
prevalence of tabular bedding geometries and preserved
mudstone bed-tops, we interpret this to have been a rela-
tively unconfined system and prefer the latter dimensions.
In addition, subsurface data from the Toro-1B well
drilled in the Ultima Esperanza District of Chile (Fig. 4)
revealed that the Punta Barrosa Formation is not present
at that location suggesting that it pinches out laterally
towards the east within a distance of ca. 40 km (Katz,
1963). Depending on the location of the pinch-out, and
accounting for ca. 30—40 km of thrust-belt shortening
(Fosdick et al., 2011) deposits of the Punta Barrosa For-
mation may have been able to extend laterally for
>100 km. The overall geometry of the MAB was likely
sufficient for accommodating the spatial capacity of sedi-
ment gravity flows into the basin. Thus, these flows were
relatively unconfined and probably not affected by the
basin margins.
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Hybrid event beds

This study highlights the presence of beds that we inter-
pret to have been deposited by flows that included both
turbulent and laminar characteristics. Such deposits have
been termed hybrid event beds (Haughton ez al., 2009) or
slurry beds (sensu, Lowe & Guy, 2000). In particular, the
BS and MP outcrops exhibit excellent exposures of
hybrid beds that share similarities with other better-
known locations such as the Ross Sandstone Formation in
Ireland and the Karoo Basin in South Africa (Haughton
et al., 2009; Hodgson, 2009; Talling, 2013). Depositional
models for end-member sediment gravity flows and their
deposits (e.g. debrites and turbidites) have been available
for decades; however, the rheological behaviour of transi-
tional flows and related deposits is still a subject of debate.
Recent efforts to constrain the origin and significance of
transitional flow processes and the resulting hybrid beds
highlight the complexities and challenges associated with
these deposits (Lowe & Guy, 2000; Haughton ez al.,
2003, 2009). In part, these challenges relate to the diffi-
culty in identifying hybrid beds in outcrop because they
often require fresh, clean exposures to observe subtle vari-
ations in detrital mud content. Similar to turbidity cur-
rent deposits, there is also a range of vertical profiles that
may be expressed in outcrop where only portions of the
idealised profiles are preserved (Haughton ez al., 2009;
Hodgson, 2009).

The interpretation of a depositional setting for rocks of
this study was based primarily on bedding geometries,
grain size and sedimentary structures and independently
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Fig. 17. Plot of lobe dimensions from the Punta Barrosa For-
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ca. 2.5 km (confined systems) to ca. 10 km (unconfined systems)
and maximum lobe widths may reach up to 20 km.

of the presence and distribution of hybrid beds. Thus, the
observations and interpretations may offer insight into
the depositional context of transitional flows. A few key
observations from this study include: (1) hybrid beds are
interbedded with turbidites and debrites; (2) the most
abundant vertical facies profile consists of HI, followed
by H3, and then capped by an H5 division (Haughton
et al., 2009); (3) upward transitions in mud/clay content
within beds are typically abrupt and rarely gradational,
(4) hybrid beds are most common in the lower portions of
the sections at both Brazo Sur and the Magallanes Penin-
sula, but do occur sporadically throughout each section
and (5) hybrid beds are most abundant in facies associated
with lobe deposits. An outcrop study from the Karoo
Basin found that hybrid beds were most abundant along
the fringes of individual lobes and in the more distal
(frontal and lateral) positions at the submarine fan scale
(Hodgson, 2009). Our interpretations are consistent with
these findings as hybrid beds in the Punta Barrosa Forma-
tion are most commonly associated with LF-3 and LF-4
(Figs 7 and 9), which correspond to mid to lower (medial
to distal) fan deposits (Fig. 14).

Basin-scale variations

There are notable similarities and differences in the lithol-
ogy, sedimentology and stratigraphic architecture of the
Punta Barrosa Formation between the Austral and Ultima
Esperanza basin sectors (Figs 2 and 3). Similarities
include: (1) Predominant grain sizes consist of mudstone
to fine- to medium-grained sandstone; (2) Bedding
geometries are mostly tabular at the extent of the outcrop;
(3) Interpreted modes of deposition include low- and
high-density sediment gravity flows, as well as hybrid
deposits and occasional debris flows; (4) Paleoflow was
dominantly south directed and (5) the majority of facies
suggest deposition along a submarine fan system. Con-
versely, some important variations are also noted, such as:
(1) units in the upper section at Brazo Sur contain gravel

© 2015 The Authors
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(granule) conglomerates, which is coarser than any of the
facies documented to the south in the Ultima Esperanza
district; (2) the amalgamation of beds (most notably from
the upper section at BS) is more common in the Austral
sector; (3) the interpretation of slope facies at ELLH was
previously unrecognised and 4) the presence of chan-
nelised deposits at Brazo Sur. These similarities and dif-
ferences between units in the Austral sector and UE
District of Chile suggest that outcrops in the Austral
basin sector represent a more proximal setting, which is
largely represented by more amalgamation, thicker beds
and coarser grain sizes.

Comparisons with the Punta Barrosa Formation equiv-
alents in the southernmost sector are somewhat limited
because the strata from the Cordillera Darwin and Seno
Otway have not yet been documented in similar detail.
Nevertheless, general descriptions by McAtamney et al.
(2011) record similar facies and are also interpreted to
reflect deposition in a submarine fan setting. Similarly,
sandstone beds are described as being in metre- to 10’s of
metres thick packages, which may be similar in scale to
the lobe facies described in this study. However, in con-
trast to a consistent southward palaeoflow pattern docu-
mented in the Ultima Esperanza District as well as this
study, palaecocurrent data from the southern basin sector
suggests a wider range of sediment dispersal patterns
including northeast, east, southeast and southwest (McA-
tamney e/ al., 2011).

In summary, submarine fan facies have been inter-
preted as the depositional setting during the early fill of
the MAB from regions as far North as El Chalten (this
study) to as far south as the Cordillera Darwin (McAtam-
ney et al., 2011). Yet, there are considerable along-strike
variations indicating, at least locally, that the northern
Austral sector represents a more source-proximal deposi-
tional setting during the early stages of the MAB. These
indications are based on the interpretation of slope faces
at ELH and the development of a relatively small-chan-
nellised system at the BS location.

U-Pb geochronology
Ashes — timing of deposition

New zircon U-Pb ages from ash beds reveal important
trends in the early fill of the MAB. Figure 18 plots radio-
metric age constraints relative to location from through-
out the basin, which includes maximum depositional ages
interpreted from detrital zircon geochronology by previ-
ous workers (Fildani ez al., 2003; McAtamney et al.,
2011). An overall southward younging trend is shown by
the assembly of interpreted depositional ages of units rep-
resenting the onset of coarse clastic deposition.

Consistent deposition of medium- to thick-bedded
sandstone (beds 1-2 m thick) began as early as ca.
115 Ma at the latitude of El Chalten (ca. 49°S), which is
chronologically associated with the shale-dominated Rio
Mayer Formation. Deposition of sand along a deep-water
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Fig. 18. A plot of interpreted U-Pb ages (Ma) compared with
sample locations (latitude) from ash beds and detrital zircon
sandstone samples associated with the onset of consistent sand-
stone deposition in the MAB. Data sources from Fildani ez al.
(2003), McAtamney ez al. (2011), and this study.

slope is preserved by stratigraphy at ELH and occurs at
ca. 100 Ma at this latitude. Based on interpretations of
the LDLP outcrop, the relative age and depositional set-
ting at ELLH suggests a pronounced southward prograda-
tion of this deep-water system during Albian time. The
other two samples collected from Zona Centro, RG163
and CHO6, were collected from outcrops that regionally
seem to correspond to the initial consistent appearance of
sandstone deposition. Although sample RG163 was col-
lected immediately below the first significant package of
sandstone found in the vicinity of the Rio Guanaco, this
sample plots slightly off-trend from the other data
(Fig. 18). This apparent discrepancy could be due to
unaccounted structural complexities within this portion
of the fold-thrust belt or could reflect deposition in an
off-axis position (mud-dominated) relative to the Punta
Barrosa locus of deposition sampled to the north and
south. We prefer the latter given that the outcrop at ELH
suggests a slope setting for this region as slope settings are
commonly characterised by mud deposition (Pickering
et al., 1986; Galloway, 1998; Prather et al., 1998).

All four of the U-Pb ash ages from the BS and MP
study areas range from 98.1 to 95.6 Ma and are all over-
lapping when accounting for 2¢ uncertainties (Fig. 18).
The resolution of these ages precludes from confidently
discerning the timing relationships between the BS and
MP outcrops. The youngest age interpreted (95.6 Ma)
from the southern portion of the Austral sector predates
maximum depositional ages of the Punta Barrosa Forma-
tion in the Magallanes sector by approximately 3 Myr.

Detrital zircon provenance

U-Pb detrital zircon ages from sample L.LP33 help con-
strain the maximum timing of deposition, as well as sedi-
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ment sources for these sandstone deposits. The
interpreted MDA for this unit is 110.2 £+ 1.3, which is
compatible with sample L.LP60 given their relative strati-
graphic positions. Approximately, 64% of the ages are
between 100 and 150 Ma and are represented in the pri-
mary peak at ca. 110 Ma with subordinate peaks at 130
and 143 Ma. Although arc magmatism began at ca.
150 Ma and was more or less continuous through the
Cretaceous, episodes of peak magmatism are thought to
have occured at 144-137, 136-127 and 126-75 Ma
(Hervé et al., 2007). Regardless of these intervals, based
on detrital zircon signatures, the Cretaceous arc appears
to be the primary source of detritus during the initial
appearance of consistent sandstone deposition at LDLP.
Additional, secondary peaks at ca. 270 and 520 Ma corre-
spond closely to detrital signatures observed in the East
Andean Metamorphic Complex (EAMC) (Hervé et al.,
2003) and are thus likely sourced by exhumation and
recycling of the EAMC during early the depositional his-
tory of the MAB. Thus, detrital zircon provenance data
from the LDLP outcrop are compatible with previous
workers’ interpretations of a westward thrust-belt source
for early coarse clastic deposition in the MAB (Fildani
et al.,2003; McAtamney ez al., 2011).

Foreland basin development

In the well-constrained Magallanes Basin sector, the onset
of foreland basin sedimentation is marked by an abrupt
deepening of the basin (Natland ez al., 1974) and the
appearance of consistent (deep water) coarse clastic depo-
sition. We suggest that similar facies in the Austral Basin
sector represent the same influences on basin evolution.
Results from this study suggest a model whereby the onset
of consistent, coarse clastic deposition is diachronously
initiated from as far north as El Chalten, Argentina (ca.
49°8S) to as far south as the Cordillera Darwin in Chile (ca.
54°S). This occurred in a time span of more than 10 Myr.

The southward younging trend observed in the initia-
tion of coarse clastic deposition can be explained by one
or a combination of the following end-member scenarios:
(1) The MAB originated with a strong longitudinal sedi-
ment dispersal system from a northern point source and
the delayed appearance of coarse clastics was a result of
this sediment dispersal system slowly prograding south-
ward. (2) Alternatively, the detritus for these deep-water
fan systems is derived from more local, westward sources
along smaller scale transverse dispersal systems that even-
tually feed into an overall axially drained deep-water basin
(cf. Golo Fan, Gervais et al., 2006). The second model
would suggest that the diachronous appearance of coarse
clastics was due to a progressive southward increase in
sediment supply, which began sourcing these smaller,
more localised tributaries that fed the deep-water fan sys-
tem(s). Diachronous sediment supply could be achieved
by increased uplift (and erosion) migrating southward
possibly in response to along-strike (north to south) evo-
lution of the sub-Andean fold and thrust belt. In short,
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the first scenario invokes a point source model whereas
the second scenario suggests more of a line source.
Although it is beyond the scope of this study, one
approach to resolving the feasibility of each of these mod-
els would be to compare provenance signatures between
each of these outcrops as well as expected contributions
from potential source areas.

It should be noted that our results depart from the Var-
ela er al. (2012) interpretation of synchronous initiation of
the basin in Chile and Argentina based on data from east-
ward prograding fluvial-estuarine deposits of the Mata
Amarilla Formation (Figs 2 and 5), which began at ca.
100 Ma based on an interbedded tuff age of
96.2 + 0.7 Ma collected from the middle Mata Amarilla
Formation. Our alternative interpretation accounts for
the timing and distribution of deep-marine facies gleaned
from the new data presented in this study and is consis-
tent with how previous models document this transition
in the Chilean sector. For instance, our work suggests the
presence of a deep-water basin (slope system) during the
earliest Cenomanian in the Zona Centro region, which
makes it difficult to reconcile having roughly coeval west-
to-east progradation of shallow- to nonmarine deposi-
tional systems located to the east of the study area.

Paleogeographic implications

Submarine fan facies can be traced from as far south as
the Cordillera Darwin in Chile to as far north as El Chal-
ten, Argentina. In addition, we report new evidence for
the existence of slope facies, which have not been previ-
ously documented for the early depositional history of the
MAB. New constraints on the distribution of these facies
as well as the timing of deposition provide a better under-
standing of the palacogeography and initial basin fill dur-
ing the early stages of the MAB (Fig. 19).

Late Aptian—Albian (115—-100 Ma)

In the northern sector of the basin (ca. 49°S), the Aptian—
Albian (as well as Cenomanian) time interval corresponds
to an overall transition from rift-sag subsidence to retro-
arc deformation and foreland basin development
(Fig. 19). Consequently, there are also complexities in the
range of depositional settings documented in different
locations at this latitude. This study highlights the pres-
ence of high- and low-density turbidites interpreted as
being deposited in an unconfined deep-marine environ-
ment. Based on U-Pb zircon geochronology, these depos-
its are late Aptian in age. Near Tres Lagos, approximately
100 km east of El Chalten, early Albian (Archangelsky
et al., 2008) fluvial-deltaic sequences have been identified
as the Piedra Clavada Formation (Poire ez al., 2002). The
tectonic context, provenance and spatial extent of both
the turbiditic sandstone units from this study, as well as
the Piedra Clavada Formation, remain largely uncon-
strained, making it difficult to assess the stratigraphic
relationships between these two seemingly disparate
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units. On the basis of the data available at this time, we
suggest that the deposition of deep-water turbidites docu-
mented in the Rio Mayer Formation (this study) not only
predates deposition of the Piedra Clavada Formation but
is also sufficiently distal to accommodate significant dif-
ferences in depositional settings (e.g. fluvial deltaic vs.
deep-water fan) (Fig. 19).

Cenomanian—Turonian (100-89 Ma)

Facies and architecture of earliest Cenomanian (or latest
Albian) (ca. 100 Ma) documented at the ELH outcrop
suggests that a southward-facing slope system was present
in the Zona Centro region at this time. Ages of deep-water
fan deposits in the vicinity of Lago Argentino may range
from 93.7 to 100.4 Ma, based on 26 uncertainties. Any
direct relationships between these slope and fan systems
during this time is difficult to determine, but should not
be ruled out, as there is a subtle overlap in age, and a link
between these systems would be consistent with the dom-
inantly south-directed palaeocurrents documented in fan
facies around Lago Argentino. In the northernmost part
of the study area, this time interval corresponds to shal-
low-marine deposition of the Lago Viedma Formation
(Arbe, 2002) near Cerro Pyramide (Figs 3 and 4) as well
as shallow-marine and fluvial deposits of the Mata Amar-
illa Formation (Varela er al., 2012) (Fig. 3). By the Turo-
nian stage (ca. 92 Ma) the onset of fan deposition reached
the Ultima Esperanza District of the Chilean sector of the
basin, as suggested by detrital zircon maximum deposi-
tional ages (Fildani ez al., 2003).

Contacian (89-85 Ma)

Based on maximum depositional ages of detrital zircon
analyses, consistent deposition of medium-bedded sand-
stone (e.g. Lattore and upper La Panciencia Formations)
near the latitude of Peninsula Brunswick (ca. 54°S) did
not begin until at least 89 Ma and possibly not earlier
than 85 Ma (McAtamney et al., 2011) (Fig. 19). This
represents the youngest known onset of deep-water fan
deposition into the basin. The timing of these deposits
corresponds to the early development of the Cerro Toro
Formation (Figs 3 and 19), which includes the diachro-
nous evolution of a well-documented sinuous axial chan-
nel belt in the Ultima Esperanza District (Hubbard et al.,
2008; Bernhardt ez al., 2012). Although these units are
chronologically correlative, it is uncertain as to whether or
not the deep-water fan system(s) in this portion of the
basin were linked to the Cerro Toro channel belt to the
north. Provenance interpretations byMcAtamney ez al.
(2011) suggest a primarily westward (arc-derived) source.

Variations in crustal inheritance

The MAB and its predecessor Rocas Verdes Basin (RVB)
represent a dynamic and long-lived (>150 Myr) history of
tectonism. Previous studies have shown that inherited
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Fig. 19. Paleogeographic interpretations of the early fill of the MAB based on new results from this study and combined with previ-
ous workers’ constraints from the Chilean basin sector (e.g. Fildani & Hessler, 2005; Romans ez al., 2010; McAtamney et al., 2011;
Fosdick ez al., 2014). See text for explanation. (a) Coarse clastic deposition of sediment gravity flows (e.g. LDLP section) had initiated
in the northern basin sector (49°S) by late Aptian—Albian time while southern regions were characterised by dominantly fine-grained
(mud) deposition; (b) By Cenomanian time (ca. 100 Ma) a deep-water slope system had developed near the latitude of Lago Viedma
(e.g. ELH section) and during middle Cenomanian to earliest Turonian time (97-92 Ma) deposition along southward flowing deep-
water fan system(s) characterised the early basin fill in regions between Lago Argentino and the Ultima Esperanza (UE) district of
Chile (e.g. MP and BS sections); (c) Deposition of deep-water fan deposits initiated in the southern latitudes of the basin by Coniacian
time, partially concurrent with deposition of the Cerro Toro Formation in the UE basin sector. It is unclear whether these deep-water
systems were fed entirely from a northward point source or from more local (westward) source regions.

tectonics greatly influenced the structural and strati-
graphic temporal evolution of the Magallanes Basin sector
in Chile and highlight the differences between successor
forelands such as the MAB and the commonly cited conti-
nental forelands in the Central Andes and North America
(Fig. 1) (DeCelles & Giles, 1996; Horton & DeCelles,
1997, Romans ez al., 2010, 2011; Fosdick er al., 2014).
Within the sub-Andean region of southern Patagonia

Successor phase

Magallanes—Austral
retroarc foreland basin

N-S facies distribution

Predecessor phase

48° S
1

Dominantly shallow- and
non-marine deposition

(44°S—-54°S), there are significant along-strike variations
in the inherited crustal composition as a result of varia-
tions in the amount of extension during the rifting phase
of the RVB (Fig. 20) (De Wit & Stern, 1981; Ramos
et al., 1982). This provides an excellent opportunity for
assessing both the spatial and temporal effects that tec-
tonic inheritance can impart on the stratigraphic evolu-
tion of a foreland basin.

50Io S 52I° S 54: S

— Approximate location of Figure 3 sections — Pal.
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4 (underfilled basin)
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Fig. 20. Schematic diagram showing the spatial (north-to-south) relationship between crustal composition (Ramos et al., 1982) as a
result of the predecessor Rocas Verdes basin and the development and duration of deep- and shallow-marine depositional systems in
the successor Magallanes—Austral foreland basin. Data sources same as in Fig. 3.
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New geochronologic and facies relationships from this
study offer better-constrained models for the early palaeo-
geography and stratigraphic evolution of the MAB
(Fig. 3). Refined facies and chronostratigraphic relation-
ships from different along-strike sectors of the basin reveal
a distinct correlation between variations in crustal compo-
sition (from the preceding tectonic regime) and deposi-
tional setting (Fig. 20). That is, the majority of the Upper
Cretaceous fill of the northern MAB consists of shallow-
and nonmarine deposition where crustal compositions are
continental and/or transitional (Fig. 20). However, fur-
ther south in the basin where there was greater attenua-
tion due to increased rifting and development of oceanic
crust, nearly the entire Late Cretaceous phase of the basin
is preserved by >4 km of deep-marine stratigraphy
(Fig. 20). Furthermore, results from this study show that
during the early (Albian—Cenomanian) evolution of the
basin, the location of a deep-water slope setting was coin-
cident with the transition from moderately attenuated
‘transitional’ crust to more greatly attenuate oceanic crust.
In summary, these results support the notion that tectonic
variations within a predecessor basin system can pro-
foundly influence the spatial and temporal stratigraphic
evolution of successor foreland basin systems.

SUMMARY AND CONCLUSIONS

Deep-water slope and/or fan deposits record the early
depositional history of the MAB from as far north as El
Chalten, Argentina (49°S) to at least as far south as the
Cordillera Darwin (55°S). The stratigraphic architecture of
the early fill of the Magallanes—Austral retroarc foreland
basin is characterised by sediment gravity-flow deposits
within a deep-water fan system with facies that range from
a confined upper fan setting to distal lower fan and basin
plain settings. Interpreted sediment gravity-flow processes
include turbidity currents, debris flows and transitional
flows with consistently southwest- to southeast-directed
palaeoflow. Detailed stratigraphic sections and facies analy-
sis from the Argentine sector of the MAB suggest that this
fan system was overall progradational; however, lobe
deposits along deep-water fan system(s) were unconfined
and the basin margins likely did not influence the early
stratigraphic architecture of the MAB. Thus, the prograda-
tional aspect of this system may have been governed more
by sediment supply and source area uplift rather than the
basin configuration and accommodation.

New zircon U-Pb ages from ash beds reveal a diachro-
nous, southward younging trend in the onset of coarse
clastic deposition into the basin. In the northernmost part
of the study area (ca. 49°S), consistent sand deposition
began as early as ca. 115 Ma; whereas in the southern
basin sector (ca. 54°) significant coarse clastic deposition
did not begin earlier than ca. 89—85 Ma. This progressive
southward younging in the timing of consistent sand
delivery into the basin is interpreted to reflect (1) gradual
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southward progradation of deep-water fan system from a
northern point-source, and/or (2) southward increase
and/or availability in local (likely westward) sediment
supply in response to uplift and erosion associated with
the southward migration and development of the sub-An-
dean fold-and-thrust belt. In either case, a dominantly
axial (south-directed) sediment dispersal system was pre-
sent during the early development of the basin. Finally,
new constraints on the geochronology and facies of
stratigraphy from the northern Austral Basin suggest that
along-strike variations in the composition of inherited
crust from the RVB phase may have profoundly influ-
enced the long-term spatial distribution of depositional
facies in the Upper Cretaceous MAB.
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