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ABSTRACT

The north—south trending, Late Cretaceous to modern Magallanes—Austral foreland basin of south-
ernmost Patagonia lacks a unified, radiometric, age-controlled stratigraphic framework. By simplify-
ing the sedimentary fill of the basin to deep-marine, shallow-marine and terrestrial deposits, and
combining 13 new U-PDb detrital zircon maximum depositional ages (DZ MDAs) with published DZ
MDAs and U-Pb ash ages, we provide the first attempt at a unified, longitudinal stratigraphic frame-
work constrained by radiometric age controls. We divide the foreland basin history into two phases,
including (1) an initial Late Cretaceous shoaling upward phase and (2) a Cenozoic phase that overlies
a Palaeogene unconformity. New DZ samples from the shallow-marine I.a Anita Formation, the ter-
restrial Cerro Fortaleza Formation and several previously unrecognized Cenozoic units provide nec-
essary radiometric age controls for the end of the Late Cretaceous foreland phase and the magnitude

of the Palaecogene unconformity in the Austral sector of the basin. These samples show that the La
Anita and Cerro Fortaleza Formations have Campanian DZ MDAs, and that overlying Cenozoic
strata have Eocene to Miocene DZ MDA . By filling this data gap, we are able to provide a first
attempt at constructing a basinwide, age-controlled stratigraphic framework for the Magallanes—
Austral foreland basin. Results show southward progradation of shallow marine and terrestrial envi-
ronments from the Santonian through the Maastrichtian, as well as a northward increase in the mag-
nitude of the Palacogene unconformity. Furthermore, our new age data significantly impact the
chronology of fossil flora and dinosaur faunas in Patagonia.

INTRODUCTION

The Magallanes—Austral foreland basin (MAB) is the
southernmost in the chain of Andean foreland basins that
developed during Cretaceous to recent time. The MAB is
built on the remnants of the Triassic—]Jurassic Rocas
Verdes extensional basin, which formed during the exten-
sional separation of Gondwana (Dalziel, 1981; Wilson,
1991; Pankhurst ez al., 2000; Fig. 1). The history of the
north—south elongate basin can be broadly divided into
three phases, including (1) an initial extensional phase
(Jurassic to early Cretaceous (Fig. 1b); (2) a Late Creta-
ceous foreland basin phase characterized by deep-marine
depositional environments, which transitioned through
time to shallow-marine and coastal environments
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(Fig. 1b); and (3) a Cenozoic foreland basin phase charac-
terized by terrestrial and shallow-marine environments
(Fig. 1b; Biddle ez al., 1986; Wilson, 1991). The MAB
outcrop belt extends for over 800 km from approximately
48° S to the southern tip of the South American continent
(55° S; Fig. 1). The outcrop belt varies in width from
<50 km to more than 200 km, and is intersected by an
east—west jog in the otherwise north—south oriented polit-
ical border between Chile and Argentina (at approxi-
mately 50.6° S; Fig. 2). The basin is referred to as the
Austral Basin in Argentina, and as the Magallanes Basin
in Chile. These areas are referred to herein as the ‘Austral
sector’ and ‘Magallanes sector’ of the MAB (e.g. Fig. 2;
Malkowski ez al., 2015a,b).

Political boundary division of the basin and outcrop belt
has resulted in suites of studies from each area that are not
well unified with regard to stratigraphic age and nomen-
clature, stratigraphic framework and interpretations of
basin evolution for the entire foreland basin fill. The
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Fig. 1. (a) Overview map of southern South America showing the location of the Magallanes—Austral Foreland Basin (MAB; modi-
fied from Biddle ez al., 1986); Wilson, 1991). Seismic coverage outline represents the extent of subsurface data presented by Biddle

et al. (1986) and Sachse e al. (2015). Dashed line with arrow represents the interpreted Cenomanian shelf edge and its projection
through the study area from Biddle ez a/. (1986). The inset to the left of the map illustrates the northward ‘unzipping’ structure of pre-
decessor RVB basin that underlies the MAB (after de Wit & Stern, 1981; Ramos et al., 1982). Arrows show where ophiolite sequences
shown schematically in the inset are in the basin providing spatial reference for the RVB basement configuration. (b) Simplified
stratigraphy of the MAB shown schematically (after Biddle ez al., 1986; Fosdick er al., 2011). Unit widths correspond to relative resis-
tance in outcrop profile. Subsurface units are after Biddle ez a/. (1986). Low. Ino.: lower Inocermaus; M. Verdes: Margas Verdes;

Mid. Ino.: middle Inoceramus; Up. Ino.: upper Inoceramus.

In order to alleviate the confusion associated with such
issues, we use a compilation of new and published map-
ping to divide MAB foreland deposits into three broad
categories, including (1) dominantly deep-marine depos-

myriad of complications that contribute to this include
variations in nomenclature, mapping and proposed deposi-
tional ages for equivalent stratigraphic intervals (Fig. 3;

Fig. S1 and Appendix S1). This is compounded by a pau-
city of absolute age control, and the conflicting nature of its, (2) dominantly shallow marine deposits and (3) domi-

that which exists, in the northern part of the basin (e.g. nantly terrestrial deposits (Fig. 2). Using these simplified
Varela er al., 2012a; Malkowski ez al., 2015a, 2017). This lithologic/ palacoenvironmental delineations, we adopt
has led to difficulty in producing a unified stratigraphic published radiometric age data from igneous and detrital
framework for the entire MAB fill, extending north to samples and couple them with new detrital zircon maxi-
south across the Argentina—Chile border. mum depositional ages (DZ MDAs) to provide the first

Fig. 2. (a) Map of the MAB showing the modern extent of lithostratigraphic units and the locations of zircon samples from this and
previous studies (e.g. Fildani ez al., 2003; Romans ez al., 2010; Bernhardt ez al., 2011; Fosdick er al., 2011, 2014, 2015; Malkowski

et al., 2015a, 2017; Schwartz et al., 2016). Phase 1 deposits are divided by lithology into felsic volcanic rocks and marly shale. Phases 2
and 3 deposits are divided by dominant depositional environment into deep-marine, shallow-marine and terrestrial deposits. Base
mapping is from Fosdick ez al. (2011, 2014), Giacosa et al. (2012), Ghiglione ez al. (2014), Malkowski ez al. (2015a), Schwartz & Gra-
ham (2015) and this study (SAR: Lago Sarmiento, TOR: Lago Toro). (b) Simplified stratigraphic columns from different parts of the
basin that show depositional environment and variable nomenclature across the basin. Austral sector nomenclature is after Arbe &
Hechem (1984) and this study. Magallanes sector nomenclature is after Wilson (1991). White dashed line delineates phase 1 stratigra-

phy from phase 2.
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Fig. 3. (a) Summary of previously used nomenclature and chronostratigraphy of the area between Lago Viedma and Lago Argentino.
Cerro Fortaleza is abbreviated to Co. Fort. Note that all units shown here were given formation status by these authors. We prefer not
to delineate the La Irene and Cerro Hornos sandstone (abbreviated Hornos here) as Formations at this time. Note that the Pari Aike
Formation of Kraemer & Riccardi (1997) is not correlative with what we here define as ‘undifferentiated Pari Aike Formation’ north of
Lago Viedma. See Fig. S1 and Appendix S1 for a more detailed explanation of nomenclature. Magallanes stratigraphy is compiled
from Bernhardt ez al. (2011) and Daniels ez al. (2017). (b) Area mapped by each study. Note that for Meilan & Maza (1994), mapping
extends beyond the boundaries of this figure. Colour scheme for both a and b follows Fig. 2. See Fig. 6 for more detailed spatial refer-

ences (Lat/Long) for the study area.

unified, radiometrically controlled, stratigraphic correla-
tion for the entire upper Cretaceous to lower Cenozoic
foreland basin fill between 49° S and 51.5° S. Our correla-
tions show that (1) the initial Late Cretaceous foreland
was marine throughout this portion of the MAB and (2)
the cessation of marine conditions, which represents the
end of the Late Cretaceous foreland phase, signalled
southward progradation of deltaic deposits across the
basin beginning in Campanian time. Additionally, our
data put new constraints on the regional unconformity
that separates the Late Cretaceous (phase 2) and Cenozoic
(phase 3) phases of the basin fill, and indicate that the time
represented by the unconformity decreases significantly
from north to south. This framework provides the founda-
tion for more detailed studies across the Austral sector of
the basin and broad depositional context for the detailed
work that has already been done in the Magallanes sector.

BASIN HISTORY

As part of southwestern Gondwana, present-day southern
Patagonia was affected by extensional tectonism in Early
Jurassic time (phase 1; Fig. 1). Concurrently, an offshore

subduction zone and associated magmatic arc (repre-
sented today by the Patagonia batholith) were located to
the west (Fig. 1b). Voluminous episodes of bimodal con-
tinental volcanism record the extension phase (Pankhurst
et al., 2000). Extension progressed northward from the
southern end of Patagonia, and was sufficient to create a
series of ophiolite complexes south of 51° S (Fig. 1; de
Wit & Stern, 1981). Silicic volcanism, recorded by the
Chon Aike large igneous province, accompanied exten-
sion from ca. 190 to 150 Ma across the Patagonia region
(Pankhurst er al., 2000). In the MAB, volcanism is
recorded by the Tobifera and El Quemado Formations,
which range in age from 154 to 147 Ma (Malkowski ez al.,
2015b). Geochemical data from the ophiolite sequences
and geochronologic data from rift-associated volcanic
rocks suggest that rifting continued longer and extended
further in the south than the north (Fig. 1; de Wit &
Stern, 1981; Caldéron er al.,, 2013; Malkowski et al.,
2015b). The diachronous extension created the Rocas
Verdes back-arc basin (RVB), a north—south elongate
basin floored by oceanic crust in the south and attenuated
continental crust in the north, with a similar westward
and eastward decrease in the degree of attenuation, away
from the locus of rifting (Fig. la, inset). The tectonic

© 2017 The Authors
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regime transitioned from extensional to compressional at
approximately 115 Ma, initiating phase 2 of the basin his-
tory with the formation of the MAB on top of the RVB
(Wilson, 1991; Ghiglione et al., 2015; Malkowski et al.,
2015a).

The extensional structures of the predecessor RVB
fundamentally influenced the initial construction of the
MAB (Wilson, 1991; Romans et a/., 2010). The north to
south increase in basement attenuation resulted in a dee-
ply subsided foredeep in the southern part of the basin
(Magallanes sector), which was loaded by obducted,
dense, ophiolitic crust (Fosdick ez al., 2014). Loading of
the attenuated lithosphere was modelled by Fosdick ez al.
(2014) who showed that this configuration generated a
deeply subsided foredeep with pinned and subdued fore-
bulge and backbulge areas that do not appreciably migrate
through time. To the north, the foreland was floored by
less attenuated, more flexurally rigid lithosphere (Ramos
et al., 1982). The north to south variation in basement
attenuation and loading also generated a southward-dip-
ping depositional gradient with the underfilled, deeply
subsided Magallanes sector attaining water depths up to
2000 m (Natland ez al., 1974). This is consistent with the
idea that a thinner elastic lithosphere with lower flexural
rigidity will subside more deeply than a more rigid,
thicker elastic lithosphere under a topographic load (sum-
marized for the MAB in Fosdick et al., 2014). The MAB
progressively shifted to compression southward, in the
opposite direction that the RVB opened. Initial foreland
sedimentation began in the northernmost Austral sector
as early as 115 Ma (Ghiglione ez al., 2015; Malkowski
et al., 2015a) and progressed south to the Magallanes sec-
tor by 93 Ma (Fildani et al., 2003; Bernhardt et al.,
2011). Palaeocurrent and provenance data from the fore-
land basin fill show that sediment transport was domi-
nantly longitudinal, and mean palacodispersal was north
to south along the axis of the basin following delivery of
sediment to the basin by transverse depositional systems
(Bernhardt ez al., 2011; Malkowski ez al., 2015a, 2017).
After initial foreland flexural subsidence, the basin
shoaled through the Late Cretaceous (Wilson, 1991).
Continued thrust belt evolution led to phase 3 of the basin
(Fig. 1b) (Fosdick er al., 2015). The initiation of the
phase 3 is marked by a regional Palacogene unconformity
that separates Cretaceous and Cenozoic deposits across
the basin. Cenozoic deposition resumed diachronously
across the basin in shallow marine and terrestrial environ-
ments.

PREVIOUS WORK
Nomenclature

A brief explanation of existing stratigraphic nomenclature
is required, particularly in the Austral sector for which a

© 2017 The Authors
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unified naming scheme has not been established. To sim-
plify regional lithostratigraphic trends, we divide the
MAB stratigraphy into three broad categories based on
dominant depositional environments (deep marine, shal-
low marine and terrestrial; Fig. 2). Each of the three bins
encompasses multiple stratigraphic units. An alternate
version of I'ig. 2 that subdivides map units by their for-
mal formation/unit names and includes east—west ori-
ented schematic cross-sections is provided in Fig. SI.
This is accompanied by a synthesis of information for
each map unit (Appendix S1), which includes lithologic
characteristics, age controls, naming schemes and brief
synopses of previous work that has been done for each
unit. Figure 3 summarizes the nomenclature that has
recently been used in the study area.

For the remainder of the text, we simplify formation
names that have been used in the Austral sector as fol-
lows (see Figs 2a and 4): (1) All deep-marine deposits in
the Austral sector are herein referred to as ‘undifferenti-
ated Cerro Toro/Alta Vista Formation’ (Fig. 2b); (2)
shallow-marine deposits that outcrop north of ILago
Viedma are referred to as ‘undifferentiated ILago
Viedma/Puesto El Alamo Formation’ (Kpelv; Fig. 2b);
(3) shallow-marine deposits that outcrop between Lago
Argentino and Lago Viedma are referred to as ‘La Anita
Formation’; (4) terrestrial deposits that outcrop north of
Lago Viedma are informally referred to as ‘undifferenti-
ated Pari Aike Formation’ (these rocks are differentiated
from the Cerro Fortaleza Formation because they are
likely not age equivalent); and (5) terrestrial deposits
that outcrop between Lago Viedma and Lago Argentino
and to the east past Tres Lagos are referred to as ‘Cerro
Fortaleza Formation’. This final delineation, ‘Cerro For-
taleza Formation’, includes rocks that have sometimes
been named ‘Mata Amarilla Formation’ (Figs 2 and 3),
and have previously been assigned a Cenomanian age
(e.g. Riccardi & Rolleri, 1980; Varela er al., 2012a).
Areas that were previously mapped as Mata Amarilla
Formation are outlined with dashed lines in Figs 2 and
4. In some places in the Austral sector, there is a tan flu-
vial sandstone unit between the Cerro Fortaleza Forma-
tion and overlying Cenozoic strata. We refer to this unit
as the ‘La Irene sandstone’, after the I.a Irene Forma-
tion that was defined by Macellari e al. (1989). How-
ever, we prefer not to give the unit formation status, as
discussed in Appendix SI.

For the Magallanes sector, we employ the convention-
ally established naming scheme that includes the Punta
Barrosa, Cerro Toro and Tres Pasos formations for deep-
marine deposits and the Dorotea Formation for shallow-
marine to terrestrial deposits (after Wilson, 1991)
(Fig. 2b). Cenozoic units of Eocene age or probable
Eocene age are called ‘Man Aike Formation’. All other
Cenozoic units in the Magallanes sector are undifferenti-
ated in this study.

Basin Research © 2017 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 5
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Fig. 4. Conceptual basin models and longitudinal stratigraphic
frameworks of the two end-member basin models during the
earliest foreland phase. (a) ‘Deep-marine’ model after Arbe &
Hechem (1984) and others (Kpelv: undifferentiated Lago
Viedma and Puesto El Alamo Formations; Kctav: undifferenti-
ated Cerro Toro and Alta Vista Formations). (b) ‘Fluvial’ model
after Varela ez al. (2012a,b, 2013). The towns of El Calafate and
El Chalten are displayed to give spatial reference. The locations
of these towns are on Fig. 2. White dashed lines represent delin-
cations between phase 1 and phase 2 stratigraphy.

Existing stratigraphic frameworks

The stratigraphic framework and chronology of phase 1
(RVB) is relatively well established, aided by abundant
dateable volcanic material (e.g. Pankhurst er al., 2000;
Stern & De Wit, 2003; Malkowski e al., 2015b). The most
fundamental questions regarding the longitudinal strati-
graphic framework of the foreland phases 2 and 3 of the

MAB are: (1) What are the ages and depositional environ-
ments associated with the initial foreland phase 2 deposits
across the basin (Fig. 1b)? (2) When was the cessation of
marine deposition and the transition to terrestrial deposi-
tion across the basin during the Late Cretaceous foreland
phase 2 (Fig. 1b)? (3) How much time is represented by
the Palaecogene unconformity that occurs at the start of
phase 3, and how does this vary across the basin (Fig. 1b)?
Extensive radiometric age control from the Magallanes
sector (Fig. 2) has provided a robust stratigraphic frame-
work that addresses these questions in the southern half of
the basin system (e.g. Fig. 2a; Bernhardt er al, 2011,
Daniels ez al., 2017). The Austral sector of the basin, how-
ever, lacks extensive age control (Fig. 2a).

Early work that proposed a longitudinal stratigraphic
framework for the basin suggested that the initial foreland
phase 2 deep-water environments that existed in the
Magallanes sector continued north into the Austral sector
(e.g. Arbe & Hechem, 1984; Riccardi & Aguirre-Uretta,
1988). The Austral deep-marine system was considered to
grade laterally into age-equivalent shallow-marine strata
somewhere north of Lago Viedma (Fig. 2; Riccardi & Rol-
leri, 1980; Arbe, 2002), and was also thought to shoal
upward through Late Cretaceous time in a similar fashion
to the Magallanes sector (Macellari ez al., 1989; Arbe,
2002). This framework was based on field observations and
regional biostratigraphic delineations, and prevailed as the
dominant model until the first radiometric age data from
the Austral sector was published by Varela er a/. (2012a).

Varela et al. (2012a,b) published a Cenomanian
(96.2 + 0.7 Ma) U-Pb age from an ash near Tres Lagos
(Figs 2 and 3), which was collected from terrestrial
deposits that are referred to by those authors as the Mata
Amarilla Formation. Varela ez al. (2012a,b) correlated
these terrestrial deposits as far south as the north shore of
Lago Argentino (Figs 2 and 3). They noted eastward-
directed palacocurrent indicators and sandstone prove-
nance that were consistent with derivation from the
southern Andean orogen located to the west, and ulti-
mately interpreted the deposits to represent a Cenoma-
nian, southeast-prograding fluvial system across the
Austral sector. Their correlation led to a series of attempts
to explain the presence of Cenomanian terrestrial deposits
so close to Cenomanian deep-marine deposits in the adja-
cent Magallanes sector. Based on the differences in basin
history interpretations that are based on original field
observations (Arbe & Hechem, 1984; Riccardi & Aguirre-
Uretta, 1988) and more recent radiometric dating (Varela
et al., 2012a), stratigraphic models for the Austral sector
can be divided into two end members (Figs 2 and 3).

We refer to the first end-member model as the ‘deep-
marine model’. This model is based on original geologic
mapping of the Austral sector which suggests that Ceno-
manian deep-marine environments extended well into the
Austral sector, with a gradual northward transition into

© 2017 The Authors
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time-equivalent shallow-marine and terrestrial environ-
ments (Fig. 4a; Arbe & Hechem, 1984). We refer to the
second end-member model as the ‘fluvial model’ (Fig. 2b;
after Varela et al., 2012a, 2013). This model suggests that
foreland sedimentation initiated in the Austral sector with
terrestrial environments that abruptly transition south-
ward into the deep-marine environments of the Magal-
lanes sector (Fig. 4b). Importantly, the fluvial model does
not acknowledge the existence of deep-marine facies in
the Austral sector of the MAB.

Even within the parameters of previously existing data,
the fluvial model suffers from several inconsistencies.
The most fundamental of these inconsistencies is the
presence of Cenomanian deep-marine strata located
immediately west of terrestrial deposits that have been
defined as Cenomanian and display eastward palaeodis-
persal (e.g. Fig. 2; Varela e al., 2013). Even before recent
U-Pb zircon data established a Cenomanian age for the
deep-marine succession (Malkowski ez al., 2015a), regio-
nal biostratigraphic and stratal relationships had sug-
gested these rocks were part of a Cenomanian deep-
marine depositional system (e.g. Kraemer & Riccardi,
1997; Arbe, 2002). Additionally, seismic data suggest that
deposits representing a Cenomanian Austral sector shelf-
edge projects beneath the study area in the subsurface
(Fig. 1a; Biddle e al., 1986; Sachse ez al., 2015).

Despite these inconsistencies, the Cenomanian tuff age
from the terrestrial deposits east of Tres Lagos (Varela
et al., 2012a) has remained the only radiometric age con-
trol for the eastern part of the Austral sector. Attempts to
conceptually reconcile the stratigraphic inconsistencies
have focused on explanations that invoke an abrupt transi-
tion in the flexural rigidity and elastic thickness of the
lithosphere that underlies the MAB between the Austral
and Magallanes sectors (e.g. Varela et al., 2013; Fig. 2b).
Antecedent structures have been demonstrated to lead to
lateral variability in lithospheric flexural rigidity and the
associated degree of flexural subsidence in foreland basins
(e.g. Desegaulx er al., 1990; Waschbusch & Royden,
1992). However, the north to south transition in flexural
rigidity required for the Austral sector to behave as an
overfilled foreland dominated by terrestrial depositional
environments (by definition, above sea level) and the
Magallanes sector to be an underfilled, deeply subsided
foredeep dominated by deep-marine depositional envi-
ronments (with water depths up to 2000 m) during the
Cenomanian would be extremely abrupt (<10 km;
Fig. 4). Such an interpretation places the purported
Cenomanian terrestrial deposits of the Austral sector in a
wedge-top setting of the foreland basin complex (cf.
Decelles & Giles, 1996), with an abrupt transition south-
ward into the foredeep of the Magallanes sector that was
built on more attenuated basement (e.g. Varela ef al.,
2013). The wedge-top interpretation may explain the
close proximity of Cenomanian terrestrial and deep-
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marine deposits in the Austral and Magallanes sectors,
but it fails to explain the presence of Cenomanian deep-
marine deposits that are located immediately west of the
terrestrial deposits (e.g. Fig. 2) and also omits a foredeep
phase of deposition in the Austral sector that would pre-
cede the formation of a wedge top (e.g. Decelles & Giles,
1996). Additionally, there is no evidence that the strata
were deposited atop actively deforming structures during
the Cretaceous. The complicated and often convoluted
basin interpretations associated with the ‘fluvial model’
arise entirely from attempts to explain assumed Cenoma-
nian-aged terrestrial deposits between lago Vieda and
Lago Argentino that sit so close to contemporaneous
deep-marine deposits. If the Cenomanian age assignment
for terrestrial deposits between Lago Viedma and Lago
Argentino can be demonstrated to be incorrect, the
remainder of the stratigraphic framework of the basin and
interpreted basement rheology fall into place much more
simply.

Thirteen detrital zircon samples and new mapping
from this study fill the east—west gap in radiometric age
control in the region between data presented by Mal-
kowski ez al., 2017; Fig. 2a) and Varela ez al. (2012a,b;
Fig. 2a), and provide a multi-sample validation (or invali-
dation) of the purported Cenomanian age for terrestrial
stratigraphy defined in the fluvial model (Figs 2 and 4).
Our results are combined with previously published
detrital and igneous zircon samples to provide a basinwide
stratigraphic framework. Although this study provides
the first age control for phase 3 strata in this area, these
units remain poorly defined in terms of lithofacies and
detailed depositional environment interpretations. Exist-
ing literature (e.g. Macellari ez al., 1989) suggests that the
Cenozoic strata are dominantly shallow marine.

Significance of stratigraphic framemworks with regard to
palaeontology

The Austral sector terrestrial deposits, which are of dis-
puted age, host a rich assemblage of Cretaceous vertebrate
and macrofloral fossils, including the most complete Tita-
nosaur specimen known to date (Fig. 5; Lacovara et al.,
2014). Although the palacontology community has gener-
ally preferred a Campanian to Maastrichtian age assign-
ment for the fossiliferous units (Fig. 5; consistent with
the deep-marine model framework for phase 2), several
palacontological studies have applied a Cenomanian to
Santonian age based on use of the fluvial model frame-
work (e.g. Fig. 5). Using this older age, Martinez et al.
(2017) define a new cycad genus and species (Zamuneria
amyla) and O’Gorman & Varela (2010) define a plesiosaur
(Polyptychodon patagonicus) as the oldest known Late Cre-
taceous specimens. However, of greatest importance is
the refining of the age of the Theropod specimen Orko-
raptor burker (Novas et al., 2008), which was later placed
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within the Megaraptoridae clade of the Allosauroidea
superfamily (allosauroids) by Benson et a/l. (2010). This
specimen was discovered at Cerro Hornos (Fig. 5) and
was first described by Novas ez al. (2008), who originally
assigned it a Maastrichtian age, making it the youngest
known allosauroid specimen ever discovered (Benson
et al., 2010). This age was subsequently reassigned as
Cenomanian to Santonian by Novas et a/. (2013) based on
the work of O’Gorman & Varela (2010) who employed
the fluvial model age for the unit (Fig. 5). This Cenoma-
nian to Santonian age for the Theropod has subsequently
been applied to Gondwana vertebrate biostratigraphy in
basins as far as the Bauru Basin in Brazil (Menegazzo
et al., 2016). The existence of two ages for these deposits
has required palaeontologists to continue to acknowledge
the 30 Myr range of possible ages, making definitive
placement of fossil discoveries in the context of Gond-
wanan vertebrate evolution difficult.

METHODS
Sedimentology and stratigraphy
New sedimentological  observations, stratigraphic

descriptions and geologic mapping for this study was
focused on providing context for DZ samples from ter-
restrial and shallow-marine deposits that are of disputed
age (Fig. 5). Three new regional stratigraphic sections
were measured at locations 1, 2 and 3 on Fig. 5, and
new sections are combined with the published sections
of Varela (2015) at locations 4 and 5 (Fig. 5) to create a
composite section of the transition from shallow marine
to terrestrial deposition and the overlying Cenozoic
strata (Fig. 6). Observations from these sections were
then used to remap the area between Lago Viedma and
Lago Argentino east to Tres Lagos (Fig. 5). We employ
the published mapping of Giacosa et al. (2012) for the
area north of Lago Viedma and the mapping of Ghi-
glione et al. (2014), Malkowski et al. (2015a), Fosdick
et al. (2011, 2014) and Schwartz & Graham (2015) for
the Magallanes sector (Figs 2 and 4).

Detrital zircon analyses

Zircon separates were collected from 2 to 3 kg samples of
medium-grained sandstone using standard separation
procedures (e.g. Schwartz er al., 2016). Detrital zircon
grains from 12 of the samples were analysed for U-Pb ages
at the Arizona LaserChron Center using LA-ICP-MS on
both the Nu (single collector) and Element2 (multicollec-
tor) machines. Between 100 and 300 individual grains
were analysed per sample. One sample, SM-9, was anal-
ysed on the single collector LA-ICP-MS at the University
of California Santa Cruz (UCSC). Data reduction for
samples analysed at the Arizona LaserChron Center

followed the methodologies of Gehrels et al. (2008) and
Gehrels & Pecha (2014). U-Pb results were filtered using
the following criteria: min “*°Pb/***Pb = 200, max dis-
cordance = 20% (Element2); 30% (Nu), max reverse dis-
cordance = 5%. Less than 5% of the total data was
excluded by these filters. All ages used in maximum depo-
sitional age calculations were calculated using the
206ph /2380 age, as is conventional for grains younger than
900 Ma (Gehrels ez al., 2008). Data reduction for sample
SM-9 that was analysed at UCSC followed the method-
ologies outlined by Sharman ez al. (2013).

Detrital zircon MDA calculations

Ages calculated from the youngest zircon U-Pb radio-
metric age dates from detrital samples provide a maxi-
mum depositional age. This lower age bound is
determined under the assumption that sedimentary
deposits cannot be older than the youngest crystalliza-
tion ages of their source rocks, but can be indetermi-
nately younger. For the purposes of this study, we
interpret DZ MDAs to be close approximations of true
depositional age for two reasons: (1) the Magallanes—
Austral Foreland Basin sits in the retroarc position of a
highly active magmatic arc (Hervé ez al., 2007) and (2)
such settings in general (e.g. Dickinson & Gehrels,
2009; Cawood et al., 2012), and this basin specifically
(e.g. Fildani et al., 2003; Bernhardt et al., 2011; Mal-
kowski et al., 2015a; Schwartz et al., 2016) have been
shown to produce DZ MDAs that accurately (within
5 Ma) mirror depositional ages that were determined
through biostratigraphy, strontium isotope stratigraphy
and/or volcanic ash U-Pb geochronology.

The statistical methods for calculating maximum
depositional age from a suite of individual detrital zircon
analyses range from the use of the single youngest grain
analysed to more robust statistical treatments involving
multiple grains. We employ three methods here follow-
ing Dickinson & Gehrels (2009) (Table 1). In ascending
order of statistical rigor, they are (1) the age of the
youngest single grain (YSG; least rigorous), (2) the
weighted mean of the youngest cluster of grains that
overlap within 16 error with a minimum of two over-
lapping grains (YClo) and (3) the weighted mean of the
youngest cluster of grains that overlap within 26 error
with a minimum of three overlapping grains (YC2o;
most rigorous). For the purposes of primary geologic
interpretation, we employ the YC1o age except in the
case of sample CF-1c which does not yield two overlap-
ping young ages (Table 1). For sample CF-lc, we use
the YSG age, but recognize that the age is not as robust
as other analyses.

We employ the YC1G age for primary geologic inter-
pretation here for two reasons: (1) This age has been
shown to underestimate the true depositional age in <5%

© 2017 The Authors
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Fig. 5. (a) Simplified study area map showing new geologic mapping from this study between Lago Viedma, I.ago Argentino and Tres
Lagos. The map displays the location of new geochronology samples from this study, as well as the locations of major palacontological
sites. Mapping from north of LLago Viedma is modified from Giacosa et al. (2012) and Meilan & Maza (1994). Mapping east of Tres
Lagos is modified from Varela et al. (2012a,b). The colour scheme of green (deep marine), red (shallow marine) and yellow (terrestrial)
is followed up for the phase 2 stratigraphy between the lakes and correlatives to the north and east with specific formation names
assigned in the legend. New colours are given to distinguish other units. (b) Summary of significant Austral sector palacontological dis-
coveries and their temporal relationships to the two end-member stratigraphic models. (c) Schematic cross-sections of Austral stratigra-
phy showing new detrital zircon maximum depositional ages. Note that proposed timelines dip from north to south in cross-section A-
A’, which is in accordance with the general trend of north to south sediment transport and depositional system progradation in the
MAB (e.g. Wilson, 1991; Romans ez al., 2010; Malkowski ez al., 2015a, 2017). Cross-section is schematic and does not follow surface
topography in detail to provide room for interpretation. Latitude and longitude numbers refer to the lines of the bounding box.

of samples (e.g. Dickinson & Gehrels, 2009); and (2) the
YClo age is identical to, or within 2% of, the YC2c for
half the samples from which both statistics were calcula-
ble (Table 1). We report the YC2o for all samples for
comparison as the most conservative approximation of
maximum depositional age (Table 1).

RESULTS
Sedimentology and stratigraphy

New field observations broadly agree with published
lithofacies assemblages and depositional environment
interpretations for the phases 2 and 3 shallow-marine

© 2017 The Authors

and terrestrial deposits that exist between Lago Viedma,
Lago Argentino and Tres Lagos (summarized in Fig. 6)
(after Macellari et al., 1989; Kraemer & Riccardi, 1997).
Shallow-marine, sandstone-dominated lithofacies char-
acterized by laterally continuous, cross-bedded and pla-
nar-laminated sand bodies transition up-section to
lenticular sandstones and fining upward successions of
sandstone and mudstone with abundant palaeosol hori-
zons (Fig. 6). Measured sections indicate that the transi-
tion from shallow-marine to terrestrial deposits is
conformable, consistent with observations of Macellari
et al. (1989), Kraemer & Riccardi (1997) and Arbe
(2002), and is characterized by an up-section decline
and eventual loss of marine fossils including bivalves,
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shark teeth and gastropods, as well as marine trace
fossils including Rhizocorallium, Ophiomorpha and
Skolithos. Concurrent with the loss of these marine indi-
cators is the appearance of large petrified logs and large
vertebrate fossils (Fig. 6). The unconformity that repre-
sents the transition from basin phase 2 to basin phase 3
truncates the terrestrial deposits (Fig. 6). Where pre-
served, the unconformity is the boundary between mul-
ticoloured, badlands-forming deposits and dark brown
to green, ledge-forming sandstone (Figs 5 and 6). The
overlying sandstone deposits commonly contain marine
trace fossils and body fossils including oysters, corals
and bryozoans (Fig. 6).

North of Lago Viedma shallow-marine units dip east-
ward into the subsurface in the vicinity of sample SM-24
(Figs 5 and 8). To the east of this, phase 2 upper Creta-
ceous foreland deposits are poorly constrained in terms of

Fig. 6. Summarized phase 2 stratigra-
phy displayed schematically from
between Lago Argentino, Lago Viedma
and Tres Lagos (e.g. Fig. 5). (a) Com-
posite stratigraphic section for the upper
La Anita Formation (red), the Cerro For-
taleza Formation (yellow) and oldest
Cenozoic stratigraphy above the Palaeo-
gene unconformity (grey). (b) Field
photo of dinosaur vertebrae common to
the Cerro Fortaleza Formation; hammer
is 30 cm long. (c) Field photo of lenticu-
lar gravel and cross-bedded sandstone
common to the coarser intervals of the
Cerro Fortaleza Formation; Jacob staff
intervals are 10 ¢cm long. (d) Field photo
of a large petrified log that is encased in
cross-stratified sandstone common in the
Cerro Fortaleza Formation; Jacob staff is
1.5 m. (e) Field photo of the colour
banding and ‘badlands’ appearance of the
Cerro Fortaleza Formation (outcrop is
approximately 200 m high; the upper tan
sandstone is the La Irene sandstone).

age and lithofacies. Published mapping shows both shal-
low marine and terrestrial deposits extending east towards
Tres Lagos, but a detailed stratigraphy has not yet been
fully defined. The Palaecogene unconformity is recognized
north of Lago Viedma for the first time in this study.
Cenozoic strata are exposed sporadically through the
southern part of the Rio Cangrejo Valley (Fig. 5). These
deposits consist of coarse-grained, cross-bedded, brown
sandstone with abundant oyster fragments (Fig. 7e, f, g).
Poor exposure of the Cenozoic units prevents a detailed
account of their stratigraphic relationship with underlying
Cretaceous strata (Table 2).

Stratigraphic correlations and mapping

Stratigraphic correlations in the western part of the
study area, between Lago Viedma and Lago Argentino,
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Sample location

Type

Preferred
A

MD

Analyses
included

Youngest overlapping
cluster within 26 error
YC2

(Ma =+ 20) MSWD

Analyses

positional age calculations for all new samples presented in this study. Coordinates are in WGS84.
included

MSWD

Youngest overlapping
cluster within 1 error

YClo (2+)
(Ma =+ 26)

Youngest
single grain
Ma £ 1o)

Table 1. Summary of detrital zircon maximum de

Sample
name

© 2017 The Authors

—72.30791
—72.22342
—72.02241
—72.20348
—72.23875
—71.70526
—72.02663
—72.19455
—72.18593
—72.34297
—72.40588
—72.49262
—72.18836

—49.51523
—49.87289
—49.94261
—50.11834
—50.05668
—49.88539
—49.94113
—49.8058

—49.80524
—50.14328
—49.76109
—49.47496
—50.12853

YClo(2+)
YClo(2+)
YSG

18.1 £ 0.3
262 + 1.5
433+ 2.0
70.6 + 1.4
76.2 + 1.6
82.1 +24
81.2 £ 3.5
784 + 2.4
822+ 15
823+ 2.6
832+ 1.7
942 + 1.3
942 + 2.4

32
N/A
N/A

1.05

N/A
N/A

18.6 = 0.2

N/A
N/A

17

0.29
22

N/A

18.1 £ 0.3
262 £ 1.5

N/A

174 £ 0.6
245+ 14
433 £20
69.1 + 2.3
748 + 1.7
80.1 + 2.2
80.9 + 2.2
779 + 2.0
789 + 2.3
78.7 £ 5.1
80.3 + 2.7
90.0 + 5.7
914 + 3.0

SM-9

7ZC-14

N/A

CF-1c

YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)
YClo(2+)

8
33

0.29

70.6 + 1.4
79.7 + 0.67
854 + 1.2
84.1 + 1.2
82.75 £ 0.85

8

0.29
0.2

70.6 + 1.4
76.2 + 1.6

EP-21

1.09
1.07
0.51

1

EP-13

16
10
18
17

0.51

82.1 £ 24
81.2 + 3.5

VL-1

4
2
8
7

0.046
0.081
0.36
0.33
0.39
0.29
0.29

CF-1b

1.03
0.9

784 + 2.4
822+ 15

SV3-19

83.8 £ 1.0
825+ 26
852 + 1.2
95.0 + 1.7
95.6 +£ 2.2

SV3-16

8
15
19
14

0.51

823 + 2.6
832+ 1.7

942 +£ 1.3

EA-10

1.06
1.6

0.8

SV1-2

18
12

SM-24
EP-2

942 + 2.4
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are simplified by abundant and areally extensive expo-
sures of the contact between the shallow-marine La
Anita Formation and the terrestrial Cerro Fortaleza For-
mation, as well as an apparent lack of significant struc-
tural complication (Fig. 8). Eastward from the Rio
Leona area (Fig. 5a), the Cerro Fortaleza Formation is
traceable another 30 km E-ENE to the VL-1 sample
locality (Fig. 5a). Beyond this area, direct correlation of
the unit to the east is hindered by the presence of exten-
sive Cenozoic flood basalt. However, lithofacies-equiva-
lent rocks that are exposed 30 km further NE near the
town of Tres Lagos have been identified by previous
workers as a continuation of the Cerro Fortaleza Forma-
tion (the Mata Amarilla Formation of Goin et al., 2002;
Varela er al., 2012a).

In the area north of Lago Viedma, precise correlations
are difficult due to the lack of detailed definition in the
stratigraphy. We outline here a proposed cross-section for
the area based on field observations, published subsurface
data and in part by DZ MDAs that are discussed below
(Fig. 9a). In our proposed cross-section (Fig. 9a), we sug-
gest that the upper Cretaceous (Cenomanian to Conia-
cian) shallow-marine deposits of the undifferentiated
Lago Viedma and Puesto El Alamo Formations dip east-
ward in to the subsurface in the vicinity of sample SM-
24. Dip into the subsurface is observable in the field (see
Appendix S2 for a detailed discussion). Stratigraphy to
the east of this appears to be relatively flat lying and con-
sists of poorly described shallow-marine and terrestrial
deposits that must be younger than what we define as
undifferentiated Lago Viedma and Puesto EI Alamo (ab-
breviated unit Kpelv), based on the law of stratigraphic
superposition.

Previously published E-W oriented cross-sections
through this area have employed an east-vergent blind
thrust to bring Cenomanian stratigraphy back to the sur-
face to the east of the study area (e.g. Giacosa et al., 2012
Fig. 8b). Our proposed cross-section for the same area
does not include this blind thrust or any significant reap-
pearance of Cenomanian stratigraphy at the surface to the
east (Fig. 8a). We propose this configuration for three
reasons: (1) unit Kpelv is observed dipping into the sub-
surface in the vicinity of sample SM-24 (Figs 5 and 8c¢)
with no obvious surface expression of a structure that
might bring the unit back to the surface; (2) subsurface
data show the Middle Inoceramus seismic unit, which
represents phase 2 stratigraphy of Cenomanian to Conia-
cian age in the subsurface, to be between 300 m and
1100 m below the land surface in the study area (Sachse
et al., 2015; Fig. 9c¢); and (3) new DZ MDAs from this
study show that terrestrial strata that were previously
assigned a Cenomanian age are likely younger than Ceno-
manian. This new cross-section suggests that the rocks
located east of Lago Viedma are dominantly younger than
Coniacian except where local structures might expose
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Fig. 7. Field photos of features within Cenozoic phase 3 strata. (a) Coral fragments (black arrows) in a conglomerate in the Man Aike
Formation; camera lens for scale. (b) Oyster fragment ‘hash’ in the Man Aike Formation. (¢) Ophiomorpha in the Man Aike Formation;
camera lens for scale. (d) Overview of the unconformable relationship between the Cerro Fortaleza Formation and the Eocene Man
Aike Formation at the geographic locality Cerro Fortaleza (Fig. 5). (e) Oyster in the Cangrejo Sandstone; pen is 15 c¢m long. (f)
Large-scale trough cross-stratification in the Cangrejo Sandstone; hammer is 30 cm long. (g) Overview photo of the limited exposure
of the Cangrejo Sandstone in the Rio Cangrejo Valley; person for scale.

small windows of older stratigraphy (see Appendix S2 for
a complete discussion of this cross-section).

New detrital zircon MDAs

Samples SVI1-2 (YClo: 83.2 £ 1.7 Ma; Table 1;
Figs 5a, ¢ and 10) and EA-10 (YClo: 82.3 £ 2.6 Ma;
Table 1; Figs 5a, ¢ and 10) provide a maximum age
for the transition from shallow-marine to terrestrial
deposition in the western part of the study area (see
Tables S1 and S2 for full U-Pb data tables for all sam-
ples). These samples are from the uppermost La Anita

Formation and show the transition to be Campanian at
oldest. Samples throughout the terrestrial Cerro For-
taleza Formation in this area show maximum depositional
ages that are Campanian, with the stratigraphically
highest sample EP-13 providing a YClo MDA of
76.2 £ 1.6 Ma (Figs 5a, c and 10). The La Anita Forma-
tion is not exposed east of Rio Leona throughout most of
the study area. Sample VL-1 (YClo: 82.1 £+ 2.4 Ma;
Table 1; Figs 5a, ¢ and 10) from stratigraphy defined as
‘lower Mata Amarilla’ by Varela (2015) provides a maxi-
mum depositional age for the lower part of terrestrial
deposits in the eastern part of the study area.

© 2017 The Authors
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Table 2. Summary of the measured thickness of the Cerro Fortaleza Formation compiled from this study and Varela (2015). Coordi-
nates are in WGS84.

Cerro Fortaleza Formation thickness

Figure 4 Longitude Latitude Thickness (m) Type Source

1 —72.233204 —49.868010 575 Estimated full This study

2 —72.189814 —49.804336 439 Measured minimum This study

3 —72.238750 —50.056680 215 Measured minimum This study

4 —72.026633 —49.941113 350 Measured minimum Varela (2015)
5 —71.661310 —49.894729 185 Measured minimum Varela (2015)

= o E————— —
~_Cerro Hornos Sandstonef

Fig. 8. Field photo overview illustrating the relatively uncomplicated stratigraphic relationships in the field area. Photo was taken

looking NE from near location 1 on Fig. 5.

Samples from phase 3 stratigraphy above the uncon-
formity in this area show that the Man Aike Formation
has a YSG MDA of 43.3 + 2.0 Ma (sample CF-1GC;
Fig. 5). Although this MDA is not as robust as those
from underlying phase 2 stratigraphy, and Man Aike
sample EP-21 does not suggest an Focene age, Macellari
et al. (1989) identified the Palacogene bivalve Venericar-
dia at the same localities sampled for DZ in this
study and correlated the unit to Eocene Man Aike For-
mation to the south. In addition, a YCloc MDA of
26.2 =+ 1.5 Ma from sample ZC-14 above the unconfor-
mity at Cerro Hornos suggests that earliest phase 3
deposits in this area are not Man Aike Formation. The
late Oligocene MDA suggests that this is a previously
unrecognized and unnamed unit. We propose the infor-
mal name ‘Cerro Hornos Sandtsone’ until such time as
this unit can be formally defined.

Sample SM-24 from the shallow-marine deposits of the
undifferentiated T.ago Viedma and Puesto El Alamo For-
mation shows a Cenomanian YCloc MDA of
94.2 4+ 1.3 Ma (Table 1; Fig. 5a, c¢). This is consistent
with Cenomanian MDA for equivalent stratigraphy to the
west, calculated from the data of Malkowski ez al. (2017,
Fig. 2). A YClo MDA of 18.1 &+ 0.3 Ma from sample

© 2017 The Authors

SM-9 in the Rio Cangrejo Valley shows, for the first time,
that there are Cenozoic strata preserved on this side of Lago
Viedma. Similar to the Cenozoic stratigraphy at Cerro Hor-
nos, this unit is previously unrecognized and unnamed. We
propose the informal name ‘Cangrejo Sandstone’ for this
unit until such time as it can be formally defined.

Detrital zircon provenance

Detrital zircon provenance signatures of the Upper La
Anita and Cerro Fortaleza Formations, as well as overly-
ing Cenozoic strata, are consistent with derivation from
known source regions for the upper Cretaceous MAB
basin fill (Fig. 11; e.g. Malkowski ez al., 2017). All sam-
ples contain age peaks representative of zircon derived
from the Eastern Andean Metamorphic Complex base-
ment terrane (EAMC, 200-3500 Ma; Fig. 11), Chon
Aike volcanic province (145-200 Ma; e.g. Pankhurst
et al., 2000; Malkowski et al., 2015b) and the Patagonia
Batholith (25-144 Ma; e.g. Hervé et al., 2007). Phase 3
Cenozoic units may have also received recycled sediment
from uplifted phase 2 Cretaceous sediments that were
cannibalized in the evolving southern Andean fold and

thrust belt (e.g. Fosdick ez al., 2014).
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Fig. 9. Schematic cross-sections for the stratigraphy on the north shore of Lago Viemda and summary of evidence that Cenomanian
stratigraphy is in the subsurface in the eastern part of the study area. (a) Proposed cross-section presented in this study based on field
relationships and new DZ MDAs. (b) Previously published cross-section from Giacosa et al. (2012) showing a blind thrust bringing
Cenomanian stratigraphy back to the surface in the eastern part of the study area. (c) Geologic mapping and sample locations superim-
posed on a depth to surface contour map from Sachse ez al. (2015) showing their interpreted top of the Cenomanian—Coniacian seismic
unit ‘Middle Inoceramus’. Note that the minimum land surface elevation in this area is approximately 200 m above sea level suggest-
ing that Cenomanian—Coniacian stratigraphy should be at least 300 m below land surface across the study area (see Appendix S2 for a

more detailed discussion).

DISCUSSION

Refined stratigraphic framework of the
austral sector

Extensional history (phase 1)

The extensional history of the Austral sector was
described by Malkowski e al. (2015b) and Ramos ez al.
(1982). Both studies focused on the geochemistry and
geochronology of this phase, which lasted in the MAB
from approximately 154 Ma to 115 Ma (Ghiglione et al.,
2015; Malkowski et al., 2015a). A detailed description of
the sedimentary fill of the RVB in the Austral sector can
be found in Arbe (2002).

Initiation of foreland sedimentation (phase 2)

Previously published U-Pb geochronology suggests that
the foreland phase of the MAB initiated between 115 Ma
and 100 Ma in the northernmost Austral sector (Ghi-
glione ez al., 2015; Malkowski ez al., 2015a,b). This initial

foreland phase is recorded in the northernmost part of the
basin (47.5° S) by shallow marine to deltaic facies (Ghi-
glione ez al., 2015) that transition southward into deep-
marine facies (Figs 2 and 3a; Malkowski et al., 2015b).
This transition may occur as far north as 49.3° S, but is
definitive at 49.7° S. Radiometric age controls support the
original model for the depositional history of the MAB; or
what we refer to as the deep-marine model. The new
Campanian—Maastrichtian age for Austral terrestrial
deposits in the study area, defined by multiple maximum
depositional ages, directly contradicts the Cenomanian
age assigned by Varela et al. (2012a,b) based on a single
tuff age. Therefore, the terrestrial deposits likely do not
represent initial phase 2 sedimentation.

We suggest that the Cenomanian tuff age of Varela ez al.
(2012a,b) 1s not viable for the terrestrial deposits of the
eastern part of the Austral outcrop belt for three reasons:
(1) new DZ MDA from this study for the same unit sug-
gest that these deposits cannot be older than Campanian
(Figs 5 and 10); (2) subsurface data suggest that the top of
the Middle Inoceramus interval, the seismic unit that

© 2017 The Authors
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Fig. 10. Calculated YC1o MDAs for all new detrital zircon
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MSWD: mean squared weighted deviation.

encompasses Cenomanian to Coniacian MAB stratigraphy,
sits between 300 m and 1100 m below land surface within
the study area (Sachse et al., 2015; see Appendix S2 for
complete discussion); and (3) DZ (this study) and petro-
graphic (Varela ez al., 2013) provenance data, coupled with
dominantly east- to southeast-directed palacocurrents (Var-
ela er al., 2013), suggest that the terrestrial deposits were

© 2017 The Authors
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derived from material that was transported away from the
southern Andean orogen, located to the west. The presence
of Cenomanian deep-marine facies between the terrestrial
deposits in question and the southern Andes would omit
the opportunity for fluvial systems to drain the arc east-
ward across a deep-marine foredeep at this time (e.g. Mal-
kowski et al., 2015b). Based on these lines of evidence, we
consider the Campanian to Maastrichtian age suggested by
DZ MDAs for these deposits to be broadly applicable for
terrestrial deposits near Tres Lagos and the north shore of
Lago Viedma. With the consideration that rocks are gener-
ally older in the northern part of this basin, this age range
may approach Santonian to Coniacian moving north, but
likely does not approach Cenomanian anywhere in the
study area that is outlined in Fig. 5 (see Appendices for
more detailed discussion). Additionally, deposits called
Campanian La Anita Formation in many publications
employing fluvial model stratigraphy are often mismapped
entirely (e.g. Fig. 5; Varela ez al., 2012a,b, 2013; Varela,
2015). This stratigraphy is in fact Cenozoic in age as
demonstrated by our new DZ MDAs (Figs 5 and 10).

Late cretaceous cessation of marine deposition (phase 2)

The Late Cretaceous shoaling of the Austral sector was
first comprehensively described by Macellari e al.
(1989), who provided a framework for the Campanian and
younger Austral stratigraphy. Those authors suggested a
late Campanian age for the transition from the deep-mar-
ine Alta Vista Formation through the shallow-marine La
Anita Formation and into the terrestrial Cerro Fortaleza
Formation. Subsequent work by Arbe (2002) suggested a
transition age of 85 Ma. Our DZ MDAs from the Cerro
Fortaleza and LLa Anita Formations from this study agree
with these age assignments, although Arbe’s (2002) age
assignment is likely slightly too old. There is, however, a
small but significant difference between those previously
published frameworks and what we interpret here. Macel-
lari er al. (1989) and Arbe (2002) suggested an almost
exclusively inter-fingering relationship between the Cerro
Fortaleza and L.a Anita Formations in a north—south
direction (e.g. Fig. 12). Such a relationship suggests that
the shallow-marine deposits of the L.a Anita Formation
are not present along the southern shore of Lago Viedma,
and was explained from a sequence stratigraphy perspec-
tive by placing a sequence boundary at the base of the
Cerro Fortaleza/Ia Anita system. Mapping from this
study shows that the L.a Anita Formation underlies the
Cerro Fortaleza Formation across the study area,
although the unit does appear to thin to the north and the
entire shoaling upward sequence is broadly gradational
(Fig. 12). The presence of dinosaur bones throughout the
terrestrial portions of this section in the Austral sector
(e.g. Novas er al., 2013; Lacovara et al., 2014) suggests
that this phase of the basin did not last past the end of the
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Fig. 5.

Cretaceous or if it did, the Palacogene unconformity has
removed that record.

Palaeogene unconformity (phase 3)

Malumian et al. (2000) identified a regional Palacogene
unconformity that exists in both the Austral and Magal-
lanes sectors of the foreland basin system (Fig. 13). Based
on new DZ ages, the magnitude of the unconformity that
separates Cretaceous from Cenozoic strata varies across
the basin, possibly by more than 40 Myr (Fig. 13). In the

southeastern part of the study area (Fig. 5), the unconfor-
mity places shallow marine rocks of probable Eocene age
(Man Aike Formation) on Campanian to Maastrichtian
rocks (Cerro Fortaleza Formation). This overlying unit
contains facies and faunal assemblages that are similar to
the Man Aike Formation from the Magallanes sector
‘Calafate Formation’ of Macellari ez al., 1989), suggesting
at least 20 Myr of missing time. The same configuration
is present in the Magallanes sector, where the Eocene
Man Aike Formation sits on the uppermost phase 2
deposits, the Maastrichtian Dorotea Formation (Fig. 13;
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Schwartz & Graham, 2015). To the north, the age of the
stratigraphy overlying the Cerro Fortaleza Formation
decreases substantially (Figs 5 and 13). Just south of Rio
Guanaco near location 1 (Fig. 5), the stratigraphy overly-
ing the Cerro Fortaleza Formation is upper Oligocene or
younger. This unit has very limited exposure at the top of
two mesas and has no formally assigned name, but sug-
gests at least 40 Myr of missing time. To the north, sam-
ple SM-9 (Fig. 5) represents the first evidence that this
unconformity is preserved north of Lago Viedma. This
sample is from a previously unmapped unit in the Can-
grejo River Valley. Although the sample provides a robust
MDA of 18.1 £ 0.32 Ma (YClo), the exact relationship
between this unit and the underlying stratigraphy remains
unknown. Further mapping and geochronology are
required to elucidate the full nature of the unconformity
this far north, but the early Miocene MDA of SM-9 and
the general trend of Cretaceous foreland deposits getting
older to the north suggest as much as 60 Myr of missing
time (Fig. 13).

The lateral variation in magnitude of the unconformity
highlights the complexity of its origin and/or the post-
unconformity depositional history within the study area.
Similarly, the age range of the unconformity in the
Magallanes sector of the basin varies (Malumian et al.,
2000; Schwartz et al., 2012; Ali & Fosdick, 2015; Fosdick
et al., 2015). Altogether, the presence of the unconfor-
mity throughout the basin system reveals a regional, bas-
inwide tectonic and erosional event. However, lateral
variation in the magnitude of the unconformity, as well as
the nature of the deposits that overlie the horizon, indi-
cates a non-uniform episode of erosion and non-uniform
sedimentation following the erosional event.

IMPLICATIONS OF THE REFINED
FRAMEWORK

Basement architecture

The abrupt and drastic transitions in the flexural rigidity
of the MAB basement that are required to explain the flu-
vial model framework are unnecessary with the reassign-
ment of the age of Austral sector terrestrial deposits
(Figs 4 and 13). The evidence for the hypothesized
abrupt transitions in lithospheric flexural rigidity of the
fluvial model was the close proximity of terrestrial and
deep-marine deposits of the same age (Cenomanian). This
close proximity was interpreted to be a function of abrupt
discontinuities in flexural rigidity of underlying basement
(e.g. Fig. 4). Our redefinition of the age of the terrestrial
deposits in question from Cenomanian—Santonian to
Campanian—Maastrichtian ~ demonstrates that these
deposits are not age equivalent to nearby deep-marine
stratigraphy, and thus eliminates the need to explain ter-
restrial deposition in very close proximity to deep-marine

© 2017 The Authors
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deposition. The refined framework based on a Campa-
nian—Maastrichtian age is consistent with a broad, gradual
transition from south to north in the flexural rigidity of
the basement that was inherited from the early rift phase
1 of the basin (Fig. 13). This is not to say, however, that
some inherited characteristics may not influence more
local depositional trends through parts of the basin.

This interpretation is conceptually built on the initial
south to north ‘unzipping’ of the MAB described by
Ramos et al. (1982) and Malkowski es al. (2015b) who
suggest the degree of lithospheric attenuation decreases to
the north. This would be consistent with a northward
increase in elastic thickness of the lithosphere and associ-
ated flexural rigidity and decreased flexural subsidence
during foreland phases. This explanation remains largely
conceptual as detailed seismic imaging of MAB basement
is not available for the northern part of the basin and this
basin configuration has not been explicitly modelled.

Provenance of Campanian and younger
deposits

Although the DZ age distributions in all samples are con-
sistent with known source regions to the west of the basin
in the arc and fold and thrust belt, temporal trends in the
proportions of age populations suggest tectonic reconfigu-
ration within the source region through time. From the
Campanian(?) La Anita to Campanian—Maastrichtian(?)
Cerro Fortaleza Formations , the proportion of EAMC-
derived zircon decreases and Chon Aike and Patagonia
batholith-derived zircon increases (Fig. 11).

Correlations with strata in the Magallanes
basin

New age constraints from this study allow for tentative
geochronology-based correlations with units that are well
defined in the Magallanes sector of the basin (approxi-
mately 60 km south of the study area; Fig. 13a). The
maximum depositional age of 82.3 £+ 2.6 Ma derived
from the upper La Anita Formation (EA-10) suggests that
the upper La Anita and lower Cerro Fortaleza Formations
are at least partly correlative with the deep-marine Tres
Pasos Formation (Campanian) and/or the shallow- to
marginal-marine Dorotea Formation (Campanian—Maas-
trichtian; Fig. 13a; Schwartz et al., 2016). Similarly,
Eocene zircon grains and fossil assemblages within the
Man Aike Formation at Cerro Fortaleza confirm a corre-
lation with the Man Aike Formation that has been
mapped in the Rio Baguales area of Chile (Fig. 13a;
Schwartz et al., 2012; Gutiérrez et al., 2017). Oligocene
zircon grains from Cenozoic rocks on the south shore of
Lago Viedma suggest that the unit is possibly correlative
with the Rio Leona Formation that is mapped in the Rio
Baguales area of Chile (Gutiérrez et al., 2017) and/or the
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Palaeontology

Results from this study suggest that the terrestrial depos-
its in the Austral sector of the MAB in the vicinity of
Lago Viedma and Lago Argentino east to the town of
Tres Lagos are no older than Campanian. Therefore, fos-
sils discovered in these deposits should be assigned a
Campanian to Maastrichtian age, rather than a Cenoma-
nian age. This reassigns the ages that have been given to
several discoveries and alleviates the uncertainty that has
been acknowledged for others (e.g. Fig. 5b).

CONCLUSIONS

The tectonic and sedimentary fill history of the MAB can
be divided into three distinct phases including a Jurassic
extensional phase (phase 1), a Cretaceous foreland basin
phase (phase 2) and a Cenozoic foreland basin phase
(phase 3). Phase 1 is characterized by diachronous exten-
sional tectonics that generated the back-arc Rocas Verdes
Basin (RVB). The RVB was active from at least 154 Ma
to approximately 115 Ma, during which extension propa-
gated northward through southern Patagonia (de Wit &
Stern, 1981; Ghiglione et al., 2015; Malkowski et al.,
2015a,b, 2017). Extension variably attenuated the crust,
allowing the formation of oceanic crust in the southern
part of the RVB and attenuating continental crust in the
north. The extensional back-arc was filled with bimodal
volcanic rocks of the El Quemado and Tobifera Forma-
tions (de Wit & Stern, 1981; Pankhurst ez al., 2000) and
black shale of the Rio Mayer and Zapata Formations
(Katz, 1963; Wilson, 1991).

Phase 2 includes the transition from extensional to
compressional tectonics, the initiation of flexural subsi-
dence and the initiation of foreland sedimentation. The

2002).

transition into phase 2 was diachronous across the basin,
beginning in the northern Austral sector at latitude 47.5°
S by c¢a. 115 Ma and propagating southward into the
Magallanes sector at latitude 51° S by ca. 93 Ma (Fildani
et al., 2003; Malkowski e al., 2015a). Phase 2 is recorded
by a thick succession of deep-marine deposits that shoal
into shallow marine and terrestrial deposits (Romans
et al., 2010). New detrital zircon maximum depositional
ages (DZ MDAs) from terrestrial strata in the Austral
sector that were previously described as Cenomanian (lo-
cated between 49.5° S and 50.2° S; Fig. 2) suggest that
the terrestrial deposits are Campanian or younger. The
new ages indicate that the terrestrial deposits represent
the upper part of the shoaling-upward succession
recorded by phase 2, rather than the initiation of foreland
basin sedimentation. These new data, combined with a
compilation of previously published U-Pb age dates from
igneous and detrital zircon, suggest that the cessation of
marine conditions during this phase began prograding
southward along the basin during Santonian to Campa-
nian time (Fig. 13).

Phases 2 and 3 are separated by a regional Palacogene
unconformity that spans both the Magallanes and Austral
portions of the MAB. New DZ MDAs constrain the age
and magnitude of the unconformity, and show that the
unconformity is variable in magnitude. The amount of
time missing at the unconformity that defines the top of
phase 2 stratigraphy increases significantly in the north-
ward direction, representing as little as 20 Myr in the
Magallanes sector and as much as 60 Myr in the Austral
sector. This unconformity likely represents a record of
complex Cenozoic tectonics of the southern Andes and
could include multiple tectonic events. Cenozoic deposits
of phase 3 that overlie the Palacogene unconformity are
spatially variable in lithology and age.

Using these new age controls and published U-Pb
zircon data, we propose a new, basinwide lithostrati-
graphic and chronostratigraphic framework for the
MAB between 49° S and 51.5° S (Fig. 13). This
framework is a north—south correlation of deposits in the

© 2017 The Authors
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Austral sector with deposits in the Magallanes sector,
and is based on a combination of DZ MDAs, ash ages
and biostratigraphy from both basin sectors. Ultimately,
the proposed chronostratigraphy (Fig. 13) is the first
holistic attempt to correlate the poorly dated stratigraphy
of the Austral sector of the MAB with the well-con-
strained stratigraphy of the Magallanes sector of the
MAB. The correlations alleviate the complexities associ-
ated with highly variable stratigraphic nomenclature, and
refine the ages of units that were previously of unknown
and/or of questionable age. The new compilation pro-
vides a robust foundation for future basin history studies,
and provides a robust chronostratigraphic template for
the rich palaeontologic discoveries in Patagonia, includ-
ing dinosaur faunas.

Finally, our new age constraints and stratigraphic
framework affects a number of previously published
interpretations that suggest a Cenomanian age for terres-
trial stratigraphy in the study area. These studies have
examined palacontology (O’Gorman & Varela, 2010;
Griffin & Varela, 2012), tectonic evolution and sediment
supply (Varela, 2015), Austral sector provenance (Varela
et al., 2013) and palaeoclimatology (Varela er al., 2012b,
2018). The results of this study show that interpretations
made based on a Cenomanian age for the terrestrial
deposits between LLago Viedma, LL.ago Argentino and Tres
Lagos (Fig. 5) are invalid. Instead, data and non-age-
dependent interpretations from these previous studies
describe the Campanian to Maastrichtian conditions in

the MAB.
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