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ARTICLE INFO ABSTRACT

Keywords: The Cretaceous-Cenozoic evolution of the Patagonian broken foreland basin system at 42-43°S in the northern
Andes Chubut province of Argentina is associated with variable retroarc phases of fold-thrust belt shortening, exten-
Patagonia sion, and basement uplift during changes in the dynamics of oceanic slab subduction. Basement inheritance and

Foreland basin
Provenance

U-Pb geochronology
Hf isotopes

progressive shallowing of an east-dipping subducting slab are important mechanisms of foreland partitioning, as
dictated by the preexisting (pre-Andean) structural architecture and forelandward (eastward) advance of Late
Cretaceous arc magmatism. Previously recognized growth strata help define the timing of fold-thrust belt
shortening and retroarc basement-involved uplift, but the precise consequences for sediment routing remain
poorly understood, with uncertainties in patterns of basin evolution before, during, and after shallowing and
resteepening of the subducting slab.

In this study, distinctive sediment source regions and magmatic histories enable evaluation of the strati-
graphic and tectonic evolution of the retroarc foreland basin using new provenance results, maximum deposi-
tional ages, and isotopic signatures from detrital zircon U-Pb geochronology and Lu-Hf geochemical analyses. A
compilation of published bedrock crystallization ages and distributions of metamorphic and igneous basement
rocks identify: a western source region defined by the Andean magmatic arc and associated pre-Andean base-
ment; and an eastern source region consisting of intraplate magmatic units and the North Patagonian Massif.

We demonstrate that Aptian-Cenomanian retroarc basin fill was derived principally from the basement massif
and intraplate volcanic units to the east, followed by a Late Cretaceous (Campanian-Maastrichtian) reversal in
sedimentary polarity and subsequent exclusive derivation from the Andean arc and orogenic belt to the west.
Late Cretaceous-Paleocene slab shallowing and arc cessation was succeeded by late Eocene—earliest Miocene
extension during slab rollback and renewal of arc magmatism. Thereafter, Miocene sedimentation was closely
linked to shortening in the Andean fold-thrust belt. Within the retroarc succession, new U-Pb ages provide
estimates of depositional ages for Lower Cretaceous through Miocene stratigraphic units.

Finally, in addition to U-Pb provenance and chronostratigraphic constraints, zircon Hf isotopic signatures
from the detrital record provide confirmation of a Cretaceous-Cenozoic history involving: (1) initial establish-
ment of a continental magmatic arc; (2) transition from a neutral to compressive tectonic regime; (3) shallowing
of the subducting slab and arc cessation during retroarc basement partitioning; (4) arc retreat and foreland basin
abandonment during slab rollback (with modest extension and crustal thinning); and (5) final renewed short-
ening during arc rejuvenation.

1. Introduction contractional, extensional, and neutral tectonic regimes during variable
phases of basin genesis, arc magmatism, and convergent-margin geo-

The Andean retroarc foreland of northern Patagonia (Fig. 1) records dynamics. The Patagonian broken foreland is situated between two

a complex Mesozoic-Cenozoic history of subduction-related well-studied Andean foreland basins, the Neuquén basin to the north
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Fig. 1. Simplified regional map of southern South America showing sedimen-
tary basins (Neuquén Basin, Patagonian broken foreland, and Magallanes-
Austral Basin), basement provinces (North Patagonian Massif and Deseado
Massif), modern tectonic plate boundaries (Nazca, Antarctic, South American,
and Scotia plates), and key orogenic elements (from west to east, the Chile Rise,
Chile trench, Coastal Cordillera, Central Valley, Liquifie-Ofqui fault zone
(LOFZ), North Patagonian Andes, South Patagonian Andes, deformation front of
the North Patagonian fold-thrust belt (teeth), and Patagonian Precordillera).

and the Magallanes-Austral basin to the south (Horton, 2018a and re-
ferences therein), and is bordered by large basement provinces defined
by the Deseado and North Patagonian massifs. The basement massifs
and adjacent broken foreland region (Fig. 1) preserve important records
of deformation, magmatism, and sedimentation before and during An-
dean orogenesis (Franzese et al., 2003; Pankhurst et al., 2006; Ramos,
2008). Inherited structures accommodated Andean shortening in both
hinterland and retroarc regions through the reactivation of basement-
involved faults and inversion of former extensional basins (Giacosa and
Heredia, 2004; Echaurren et al., 2016). Contrasting phases of short-
ening and extension are likely linked to differences in coupling of the
downgoing and overriding plates during shallowing and resteepening of
the subducting slab (Horton and Fuentes, 2016; Horton, 2018b), as
expressed in the irregular Late Cretaceous inboard advance, Paleocene-
middle Eocene cessation, and middle-Eocene-Miocene trenchward re-
treat and broadening of arc magmatism (Folguera and Ramos, 2011;
Gianni et al., 2018). Episodes of Paleocene-Eocene intraplate volcanism
may be related to slab window genesis or lithospheric removal (Mufioz
et al., 2000; de Ignacio et al., 2001; Aragén et al., 2011b, 2013; Kay
et al., 2007; Zaffarana et al., 2012; Iannelli et al., 2018).

The Andean history of the North Patagonian region involved the
development of a fold-thrust belt (Giacosa and Heredia, 2004; Giacosa
et al., 2005; Garcia Morabito and Ramos, 2012), structural partitioning
of the adjacent foreland basin (Bilmes et al., 2013; Gianni et al., 2015;
Echaurren et al., 2016; Savignano et al., 2016; Franzese et al., 2018),
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and evolution of the magmatic arc linked to variations in slab dip
(Pankhurst et al., 1999; Suérez and de la Cruz, 2001; Folguera and
Ramos, 2011; Echaurren et al.,, 2016, 2017; Gianni et al., 2018;
Folguera et al., 2018a, 2018b; Fernandez Paz et al., 2018). However,
most of the prevailing tectonic models have been proposed on the basis
of structural and magmatic records, with limited information regarding
sedimentary basin dynamics (i.e., timing of deposition, duration of
stratigraphic hiatuses, and potential shifts in sedimentary provenance).
Such information would shed light on basin generation mechanisms in
the context of the previously proposed tectonic framework for this
segment of the Andean margin, with implications for alternating tec-
tonic regimes (shortening, extension, and stasis), continental crustal
budgets (crustal thickening and thinning), subduction dynamics (slab
shallowing and resteepening), and magmatic arc behavior (advance,
retreat, cessation, and rejuvenation).

Here we integrate regional stratigraphic and geologic constraints
with new detrital zircon U-Pb geochronological results for 14 samples
from Cretaceous-Cenozoic retroarc successions that span proposed
phases of slab shallowing and resteepening in the northern segment
(42-43°S) of the Patagonian broken foreland basin (Fig. 2). These data
provide insights into provenance variations during shifts in deforma-
tional mode within the overriding plate, as well as new chronostrati-
graphic constraints for Cretaceous through Neogene basin fill (Fig. 3).
We also evaluate the Lu-Hf isotope geochemistry of 4 detrital zircon
samples to investigate crustal evolution trends over a broad period
(~200-10Ma) encompassing several transitions in subduction dy-
namics. Our results point to a first-order control of Andean orogenesis
and subduction processes on sediment source regions, including a
change from an eastern basement source to a western Andean source
during proposed Late Cretaceous slab shallowing. Moreover, crustal
evolution trends in the North Patagonian retroarc region reflect fluc-
tuating tectonic regimes that define contrasting stages of basin evolu-
tion linked to variable extension and shortening.

2. Geologic setting
2.1. Modern configuration

The Andean orogenic profile across northern Patagonia (Fig. 1) in-
cludes a western forearc region (Coastal Cordillera and Central Valley),
the Andean magmatic arc (North Patagonian Andes), a relatively low
elevation (< 2km) fold-thrust belt (Patagonian Precordillera), and a
wide (~400 km) foreland partitioned by basement-involved structures
(Patagonian broken foreland basin) in the east. The North Patagonian
Andes are situated north of the Nazca-Antarctic-South American triple
junction at ~46.5°S, where the Chile Rise spreading center intersects
the trench. The Liquifie-Ofqui fault zone (LOFZ) is a continuous
(~1000 km long) intra-arc right-lateral strike-slip fault that accom-
modated oblique convergence and enhanced Neogene-Quaternary
magmatism and denudation (Hervé, 1994; Thomson, 2002; Adriasola
et al., 2005). The Patagonian broken foreland basin is flanked by two
basement provinces, the North Patagonian (or Somtn Cura) massif and
the Deseasdo massif, and is situated between two well-studied Andean
retroarc foreland basins, the Neuquén basin to the north and the Ma-
gallanes-Austral basin to the south (e.g., Biddle et al., 1986; Howell
et al., 2005; Romans et al., 2011; Fosdick et al., 2011; Ghiglione et al.,
2010; Balgord and Carrapa, 2016; Horton et al., 2016; Schwartz et al.,
2017).

2.2. Retroarc foreland basin

The Patagonian broken foreland (Fig. 2) hosts a Lower Cretaceous
through Miocene clastic succession punctuated by two depositional
hiatuses and extensive igneous units (Fig. 3). The nonmarine Lower
Cretaceous Chubut Group comprises principally fluvial deposits with
local volcaniclastic facies and is divided into the Los Adobes and Cerro



K.L. Butler, et al.

Coastal Central p tN o
Cordillera}-Valley 4 afl?c?gsla'}-l'
ARC - FTB -

Journal of South American Earth Sciences 97 (2020) 102242

Patagonian

broken
foreland i

CHILE A‘RGENTINA

. [&17cuso4].

s L eBW,
ST North),
- Patagonian
. Massif

TPDSZ
7PDS1

[17ESQ02 | 8
i' 17ESQ01

~J17CUS05|-

T i

7 5
rtCAV-40§i IRCHUAR023 i

Ingenous and Metamorphic Unlts Foreland Basin Strata Explanation
Ng 1 PgelEl Maitén Belt R Somuncura s M Peeno s 7cUsos| U-Pb sample
................................................ Plateau. - - .- .. .gﬁg%ra\?mammhuau Fm. #  Lu-Hf sample
Pg Eaaii i e U1 e i OO N, ' & growth strata
D|V|saderoP|cos |de |I;lcan Juan [ |Legpan1Paso del Sapo Fm. ¥ syncline
Gisias l : E:Eﬁgm‘??- LS S .::r:'ft.? ____________________ [ Chubut Group .\ anticline
. rdilleran References A thrust fault
_J o JSbSUImO d__ ? -Lago = __Jfé_gafg?t%m_] -_N.larlrl vibs ~ 'Navarro et al, 2015 \ baseetit structire
'''''''''''''' Plata Fm:-- basin | North **""" 2Echaurren et al, 2016
TI‘ ) | N (P::Fatr?::lnian ___ volcanics) Eﬂatagg?'ﬁﬁ *Pepper et al, 2015 I strike-slip fault
Plz Wﬁcﬁgﬁgﬁam Bathglith e -Ramos et al, 2015 LOFz Liquifie-Ofqui
____Complex *Hauser et al, 2017 fault zone

Fig. 2. Geologic map of northern Patagonia depicting major structures, sample and growth strata localities (after Ardolino et al., 1998; and Lizuain and Viera, 2010).
Corresponding chart shows the names of geologic units of variable age: Paleozoic (Pz), Triassic (Tr), Jurassic (J), Cretaceous (K), Paleogene (Pg), and Neogene (Ng).

Barcino Formations (Marveggio and Llorens, 2013; Figari et al., 2015;
Suérez et al., 2014; Navarro et al., 2015). A depositional hiatus sepa-
rates the Chubut Group from the overlying marginal marine Upper
Cretaceous-lower Paleogene Paso del Sapo and Lefipdn Formations
(Spalletti, 1996; Scasso et al., 2012). Locally, the Paso del Sapo For-
mation directly overlies igneous rocks of the Jurassic Cafiadon Asfalto
Basin volcanics. An additional depositional hiatus, of late Paleoce-
ne-Oligocene age, is coeval with volcanic emplacement of the Pilca-
niyeu Belt (Huitrera Formation) and El Maitén Belt (Ventana Forma-
tion; Rapela et al., 1988; Aragon et al., 2011b, 2013). The youngest
basin fill of the Patagonian broken foreland (Fig. 3) unconformably
overlies the Paso del Sapo-Lefipdn sedimentary succession and Hui-
trera-Ventana volcanic deposits, and is composed of Miocene fluvial,
lacustrine, and alluvial-fan deposits of the Nirihuau, La Pava, and
Collén Cura Formations (Bilmes et al.,, 2014; Bechis et al., 2014;
Echaurren et al., 2016; Bucher et al., 2018).

2.3. Retroarc basement

Crystalline basement of northern Patagonia (Figs. 1 and 2) consists
of Paleozoic-Mesozoic metamorphic complexes and igneous suites
(Fig. 4). Metamorphic basement is exposed on the eastern flank of the
North Patagonian Andes within the fold-thrust belt (~41-42°S, Colo-
huincul Complex; Hervé et al., 2018). In the retroarc zone, the North
Patagonian Massif defines a broad and discontinuous region (~71-
66°W) of Paleozoic-Triassic metamorphic and igneous basement units
(Figs. 2 and 4). This massif is capped by a voluminous Jurassic rhyolitic
ignimbrite (V1 volcanic stage deposits of the Marifil Formation;
Pankhurst et al., 2000, 2006). Prior to the main phase of Andean
shortening, prolonged Late Triassic-Early Cretaceous extension was
associated with Gondwanan breakup and opening of the South Atlantic
(Franzese et al., 2003; Ramos, 2009). Mesozoic normal faults bounding
extensional basins (e.g., the Early Jurassic Cafiadén Asfalto Basin;
Hauser et al., 2017) were later inverted during Andean shortening in
hinterland and foreland regions (Bilmes et al., 2013; Echaurren et al.,
2016).
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Fig. 3. Cretaceous-Paleogene-Neogene stratigraphic chart for the Patagonian
broken foreland showing stratigraphic units and sampled stratigraphic level,
growth strata intervals, hiatuses, unconformities, and maximum depositional
ages. Timescale after Cohen et al. (2018).

2.4. Fold-thrust belt

The North Patagonian fold-thrust belt (Figs. 1 and 2) is a narrow
(< 100 km), low-elevation (< 2 km) basement-involved zone of dom-
inantly east-directed thrust faults and subordinate west-directed back-
thrusts (Giacosa and Heredia, 2004). The decollement is rooted in pre-
Mesozoic basement at ~ 15 km depth (Colohuincul Complex; Echaurren
et al., 2016). Total shortening did not exceed ~20km (< 16%, Orts
et al.,, 2015). Thrust sheets involve Jurassic-Cretaceous arc-related
plutonic rocks (North Patagonian Batholith and the Subcordilleran
Belt), Jurassic sedimentary and volcanic units (Pilquitrén Formation),
and Cenozoic volcanic rocks of the Paleocene-Eocene Pilcaniyeu Belt
(Huitrera Formation) and Eocene-lowermost Miocene El Maitén Belt
(Ventana Formation). The hinterland recorded two phases of shortening
(Cretaceous-Paleocene and Miocene) and an intervening period of ex-
tension (Oligocene-earliest Miocene). The earliest episode of shortening
is recognized as Aptian-Albian, as defined by an angular unconformity
between Lower Jurassic units and the overlying Cretaceous Divisadero
Group (Suarez et al., 2009b; 2010; Echaurren et al., 2016, 2017). Oli-
gocene-early Miocene extension across forearc and retroarc regions at
40-42°S is recognized by a strong positive gravity anomaly and
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seismically imaged low-angle normal faults (Spalletti and Dalla Salda,
1996; Muioz et al., 1998; Jordan et al., 2001). The main phase of
shortening and fold-thrust belt development is constrained to the
middle-late Miocene by apatite fission-track cooling ages and growth
strata involving the Collén Curd and Nirihuau Formations (Fig. 3;
Thomson et al., 2001; Giacosa and Heredia, 2004; Ramos et al., 2015).

2.5. Magmatic arc

In northern Patagonia, the Andean magmatic arc (Figs. 1 and 2) is
composed of the calc-alkaline North Patagonian Batholith (41-46°30’S)
and its volcanic equivalents (Fig. 4). Granitic suites intruded progres-
sively shallower crustal levels from Late Jurassic to late Miocene time,
with a main phase of mid-Cretaceous emplacement broadly coincident
with early Andean shortening (~135-80 Ma, Pankhurst et al., 1999;
Suédrez and de la Cruz, 2001; Adriasola et al., 2005; Aragoén et al.,
2011a; Castro et al., 2011).

3. Sediment source regions

A compilation of published isotopic ages and detrital zircon age
distributions for crystalline bedrock and metamorphic units (Fig. 4)
characterizes sediment source regions for the Cretaceous-Neogene Pa-
tagonian broken foreland, including western sources (North Patagonian
Andes) and eastern sources (North Patagonian Massif and Mesozoic-
Cenozoic intraplate volcanic units).

3.1. Basement

Basement rocks crop out in the both the western hinterland (in-
cluding a Paleozoic accretionary complex, Colohuincul Complex, and
Devonian intrusive rocks) and eastern retroarc region (the North
Patagonian Massif consisting of Paleozoic metamorphic rocks and
Paleozoic-Mesozoic plutonic suites). These basement units yield a broad
range of overlapping Paleozoic ages, with common age peaks centered
around 530-520, 475-465, 400-390, 375-365, 330-320, 290-280, and
260-250 Ma (Fig. 4B).

3.2. Magmatic arc units

Mesozoic-Cenozoic subduction along the western margin of South
America produced magmatic arc plutonic suites and volcanic equiva-
lents (Figs. 2 and 4). The oldest of these is the Late Triassic Central
Patagonian Batholith (~222-206 Ma), a NW-trending granitic belt ex-
posed within the modern foreland (Rapela et al., 1992; Zaffarana et al.,
2014). The Early Jurassic Subcordilleran Belt (~185-181 Ma) is a
NNW-trending granitic belt exposed within the Andean fold-thrust belt
(Rapela et al.,, 2005). The granitic North Patagonian Batholith
(~173-5 Ma) recorded much of the Cretaceous-Cenozoic activity of the
Andean magmatic arc (Gonzalez Diaz, 1982; Pankhurst et al., 1994;
Pankhurst et al., 1999; Rolando et al, 2002, 2004; Aragoén et al., 2011a;
Castro et al., 2011). Volcanic equivalents of the North Patagonian
Batholith include: dacitic-rhyolitic ignimbrites and associated pyr-
oclastic products of the Lago la Plata Formation (~153-136; Suarez
et al., 2009a); the andesitic-dacitic-rhyolitic Divisadero Group (~118-
105 Ma; Suérez et al., 2009b, 2010; Aragén et al., 2011a; Echaurren
et al., 2017), andesitic-dacitic Don Juan Formation (~91 Ma; Franchi
and Page, 1980); recently identified calc-alkaline dacites near Gastre
(~76-74 Ma; Zaffarana et al., 2018); and the subalkaline to tholeiitic El
Maitén Belt (~37-20 Ma; Fernandez Paz et al., 2018; Rapela et al.,
1988; Bechis et al., 2014). The Lago la Plata Formation, Divisadero
Group and El Maitén Belt are exposed today along the eastern slope of
the North Patagonian Andes and into the foreland region at ~72-70°W.
The Don Juan Formation and Gastre dacites crop out farther east in the
foreland domain.
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Fig. 4. (A) Phanerozoic stratigraphic chart for western and eastern sediment source regions in northern Patagonia at ~40-44°S showing the name, age, and lithology
of various geologic units, including published isotopic ages. (B) Plots of the composite age distributions for basement units of the western source region (pre-Andean
basement) and eastern source region (North Patagonian Massif) showing probability density plots (shaded colors) and age histograms (thin rectangles), with bold

numerals identifying age peaks (in Ma).

3.3. Intraplate volcanic units

Two major intraplate volcanic provinces were emplaced during the
Jurassic: (1) the rhyolitic ignimbrites of the Marifil Formation which
are exposed extensively along the Atlantic margin (~185-167 Ma;
Pankhurst and Rapela, 1995; Alric, 1996; Pankhurst et al., 2000); and
(2) the volcanic and volcaniclastic units of the NW-trending Cafiadén
Asfalto extensional basin, these include the Canad6én Calcareo
(~157 Ma), Cafiad6n Asfalto (~168-158 Ma), Lonco Trapial (~180-
172 Ma), and Las Leonares (~185-180 Ma) Formations (Ctineo et al.,
2013; Hauser et al., 2017). Intraplate volcanic units of latest Cretac-
eous-Cenozoic age crop out across the modern foreland region east of
the North Patagonian Andes. These units include Late Cretaceous ba-
salts of the Tres Picos Prieto Formation (~80-62 Ma; Franchi and Page,
1980), the Paleocene-Eocene Pilcaniyeu Belt (~60-42Ma; Mazzoni
et al., 1991; Wilf et al., 2010; Iannelli et al., 2017), and the Oligocene-
Miocene Somuncura Plateau (~33-16 Ma; Kay et al., 2007).

3.4. Western versus eastern sediment source regions

To investigate when the Andean hinterland became the dominant
sediment source to the retroarc region, we delineate two sediment
source regions defined by the ~71°W boundary between the North
Patagonian Andes and the modern Patagonian broken foreland basin
(Figs. 2 and 4).

In the west, the Andean domain includes the magmatic arc, fold-
thrust belt, and pre-Andean basement, largely defined by rocks of the
North Patagonian Batholith, Divisadero Group, Lago la Plata
Formation, and El Maitén Belt. On the eastern Andean flank, the
Subcordilleran Belt and Devonian plutonic units intrude metamorphic
units of the Paleozoic Colohuincul Complex. On the western Andean

flank, the Paleozoic accretionary complex hosts Devonian intrusive
rocks of the Chaitenia island arc terrane (~400-360 Ma; Hervé et al.,
2013, 2016, 2018). A composite age distribution compiled from > 740
published zircon U-Pb analyses (Fig. 4B) reveals a broad range of Pre-
cambrian to Jurassic age grains within pre-Andean basement. The most
diagnostic age ranges from the North Patagonian Andes come from the
North Patagonian Batholith, with clusters of ~140-80 Ma and < 20 Ma
ages.

The eastern domain includes extensive intraplate volcanic units
(Marifil Formation, Tres Picos Prieto Formation, Pilcaniyeu Belt,
Somuncura Plateau, Cafadén Asfalto Basin volcanic rocks), North
Patagonian massif basement units, and subordinate exposures of mag-
matic arc units (Central Patagonian Batholith, Don Juan Formation,
Gastre porphyritic rocks). Diagnostic age ranges include early
Pilcaniyeu volcanic rocks (~60-55Ma) and the Marifil Formation
(~188-172Ma). It is important to note that the Marifil Formation ig-
nimbrite and plutonic Subcordilleran Belt overlap in age. However,
structural, thermochronologic, and shortening-related growth stratal
relationships indicate exhumation of the Andean fold-thrust belt during
middle-late Miocene time (Thomson et al., 2001; Giacosa and Heredia,
2004; Ramos et al., 2015; Manuel Lopez et al., 2019), suggesting the
Subcordilleran Belt was not exposed as a potential sediment source
until Neogene time.

4. Methods

Fourteen fine- to medium-grained sandstone samples were collected
from Cretaceous—Neogene strata across the northern Chubut province
of Argentina from eastern (Lower Cretaceous), central (Upper
Cretaceous), and western (Neogene) segments of the Patagonian broken
foreland (Table 1). All 14 samples were analyzed for detrital zircon U-

Table 1
Summary table listing sample location, formation, stratigraphic position and analyses.

Broken foreland segment Sample Group Formation Position Latitude Longitude Reference Analyses

Eastern 17TQTO3 Chubut Group Los Adobes uppermost -42.95695 -69.22085 this study DZ U-Pb
SJS Chubut Group Cerro Barcino unknown Navarro et al., 2015
TS2 Chubut Group Cerro Barcino unknown Navarro et al., 2015

Central 17PDS04 Paso del Sapo base -42.68170 -69.75127 this study DZ U-Pb/Lu-Hf
17TQTO1 Paso del Sapo base -42.91861 -69.25062 this study DZ U-Pb/Lu-Hf
17PDS19 Paso del Sapo top -42.66920 -69.85631 this study DZ U-Pb
PS-01 Paso del Sapo unknown Echaurren et al., 2017
17PDS20 Lefipan base -42.66920 -69.85631 this study DZ U-Pb

Western 17ESQO1 Nirihuau lower -42.85589 -71.33666 this study DZ U-Pb/Lu-Hf
17CUS02 Nirihuau lower -42.07128 -71.02575 this study DZ U-Pb/Lu-Hf
17CUS03 Nirihuau lower -42.07128 -71.02575 this study DZ U-Pb
17ESQO02 Nirihuau upper -42.98508 -71.48938 this study DZ U-Pb
17ESQ03 Nirihuau upper -42.98508 -71.48938 this study DZ U-Pb
17CUS04 Collén Curd upper -42.09754 -70.91980 this study DZ U-Pb
17CUS05 Collén Cura upper -42.09754 -70.91980 this study DZ U-Pb
17TECO01 Coll6én Cura lower -43.39247 -70.74107 this study DZ U-Pb
17PDS02 La Pava lower -42.68313 -69.66150 this study DZ U-Pb
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Pb geochronology and four of these were analyzed for Lu-Hf-Yb isotopic
values (Figs. 2 and 3). Following conventional physical and chemical
mineral density separation techniques (including water table, heavy
liquid and magnetic separation), a random selection of inclusion-free
zircon grains of variable size and shape were analyzed for U-Pb geo-
chronology on the Element 2 HR ICPMS (inductively coupled plasma
mass spectrometer), with subsequent Lu-Hf-Yb isotope analyses on the
Nu Plasma HR multicollector ICPMS at the University of Arizona La-
serChron Center. U-Pb and Lu-Hf-Yb analyses follow techniques defined
by Gehrels et al. (2006, 2008), Gehrels and Pecha (2014), and Cecil
et al. (2011). We report U-Pb geochronological results with measured
age uncertainties of 1-2% (1o error) and present results for individual
samples as maximum depositional ages (MDA; Fig. 5) and probability
density functions (Fig. 6). We use 2°°Pb/?**U ages for zircons younger
than 900 Ma and 2°°Pb/2°7Pb ages for zircons older than 900 Ma. In-
dividual analyses were filtered such that results displaying > 20%
discordance, > 5% reverse discordance, or 10% internal uncertainty
were discarded. For each sample, 100-125 individual zircon grain ages
were obtained. MDAs for individual samples are calculated on the basis
of the youngest group of U-Pb ages, and reported as weighted mean
ages with 20 analytical errors (Ludwig, 2008). In reporting MDAs, we
consider the youngest single grain, the youngest age peak, and the
youngest population of grains overlapping at 20 (2+ grains) for each
sample (Dickinson and Gehrels, 2009). Given the proximity of the
Andean magmatic arc, it is likely that some samples contain syndepo-
sitional volcanogenic zircons and therefore some MDAs may represent
approximations of the true depositional age (e.g., Dickinson and
Gehrels, 2009; Horton et al., 2015; Schwartz et al., 2017; Daniels et al.,
2017). Hf isotopic results are reported in epsilon units (¢) and presented
in Hf evolution diagrams (Fig. 7) as eHf(t) values representing the
isotopic composition at the time of crystallization (t) in reference to
CHUR (chondritic uniform reservoir; Bouvier et al., 2008), DM (de-
pleted mantle; Vervoort and Blichert-Toft, 1999) and average crustal
evolution (assuming modern 7®Lu/'7”Hf = 0.0115; Vervoort and
Patchett, 1996; Vervoort and Blichert-Toft, 1999). Measured
176Hf/177Hf uncertainties are ~ 1 epsilon unit (1¢). Detailed analytical
methods, results, and supporting references are provided in the sup-
plementary material (Appendices A-C).

4.1. Eastern segment: lower to mid-Cretaceous samples

The Aptian—Cenomanian Chubut Group is exposed in the eastern
segment of the North Patagonian retroarc region (Figs. 2 and 3) and is
evaluated here using new and published U-Pb geochronological results.
For the lower Chubut Group, a sample was collected from the upper-
most Los Adobes Formation near the Taquetrén Range (sample
17TQTO03; -42.95695, -69.22085). For the upper Chubut Group,
Navarro et al. (2015) presented U-Pb results for the undifferentiated
Cerro Barcino Formation near Telsen (samples SJS and TS2).

4.2. Central segment: Upper Cretaceous samples

In the central segment of the Patagonian broken foreland, the Upper
Cretaceous-Paleocene Paso del Sapo and Lefipan Formations (Figs. 2
and 3) are characterized by U-Pb results for five samples, listed here in
stratigraphic order. Two samples were collected from the basal Paso del
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Sapo Formation, which locally overlies the Jurassic Cafiadon Asfalto
Basin volcanic units in the central outcrop belt along the Chubut River
(sample 17PDS04: -42.68170, -69.75127) and eastern outcrop belt in
the Taquetrén Range (sample 17TQTO1; -42.91861, -69.25062). An
additional sample from the Taquetrén Range was presented by
Echaurren et al. (2016) for interpreted Paso del Sapo growth strata
associated with initial shortening in the region (sample PS-01). Samples
from the transition from the uppermost Paso del Sapo (17PDS19) to
lowermost Lefipdn Formation (17PDS20) along the Chubut River
(-42.66920, -69.85631) were collected from a stratigraphic section
described by Spalletti (1996) and Scasso et al. (2012).

4.3. Western segment: Neogene samples

Neogene deposits of the Collén Cura and Nirihuau Formations are
most prevalent where collected in western segments of the Patagonian
broken foreland basin and the adjacent foothills of the North
Patagonian Andes (Figs. 2 and 3). Samples from the lowermost Neogene
levels were collected from outcrops considered to be the lower Nirihuau
Formation, which directly overlying upper Eocene-Oligocene volcanic
rocks in the Esquel Range (17ESQO1: -42.85589, -71.33666) and the
Cordén del Maitén (17CUS02 and 17CUS03: -42.07128, -71.02575) of
the Andean foothills. From higher stratigraphic levels, samples from
separate growth stratal packages (Fig. 7) include the upper Nirihuau
Formation associated with uplift of the Esquel Range (17ESQ02 and
17ESQO03: -42.98508, -71.48938; Echaurren et al., 2016) and the Collén
Curé Formation associated with uplift of the Cordén del Maitén near the
town of Cushamen (17CUS04 and 17CUS5: -42.09754, -70.91980;
Ramos et al., 2015; their samples 13-M2, MR-2, and 13-M4). The lower
levels of the regionally extensive Collén Curd Formation were sampled
in the west near the Tecka Range (17TECO1: -43.39247, -70.74107) and
farther east along the Chubut River near the town of Paso del Sapo
(17PDS02: -42.68313, -69.66150; locally La Pava Formation) where it
disconformably overlies the Upper Cretaceous Paso del Sapo Formation.

5. Detrital zircon U-Pb geochronological results and
interpretations

Sediment provenance patterns and depositional ages for the
Patagonian broken foreland basin (Figs. 2 and 3) are assessed using U-
Pb geochronological results for the Lower Cretaceous through Neogene
succession (Appendices A-C). The results help refine chronostrati-
graphic age estimates (Fig. 5), identify sediment source regions and
changes in sediment routing (Fig. 6), define age of key growth struc-
tures (Fig. 7), and clarify crustal evolution patterns (Fig. 8).

5.1. Refined chronostratigraphy and depositional ages

New estimates of maximum depositional age (MDA) are presented
for 8 samples from the Cretaceous-Paleogene succession (Fig. 5). The
results are summarized here in approximate stratigraphic order for
western, central, and eastern segments of the broken foreland region
(Tables 1 and 2; Figs. 2 and 3).

For the Cretaceous-Paleocene succession in the central to eastern
basin segments, the upper Los Adobes Formation (lower Chubut Group)
produced a single youngest grain of Albian age (106.9 + 2.2 Ma), with
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Fig. 5. Plots showing the youngest detrital zircon U-Pb age populations for individual samples. WMA = weighted mean age, MSWD = mean square weighted

deviation.

no additional grain ages overlapping within error. Results for the Cerro
Barcino Formation presented by Navarro et al. (2015; samples SJS and
T2S) also contain Albian grains, with MDAs of 109 = 2 Ma (SJS) and
106 + 1.6 Ma (T2S). The basal Paso del Sapo Formation yields an MDA
of 73.4 £ 4.5 Ma (sample 17PDS04; n = 3 grains), in accordance with
ages of 71.0 = 2.4Ma and 71.9 = 1.8Ma for the single youngest
grains for two additional samples from the Paso del Sapo Formation
(17PDS04, 17PDF19). These latest Campanian-Maastrichtian ages all
overlap within error and are considerably younger than a previously
reported MDA near the Santonian-Campanian boundary of
83.1 + 1.6 Ma (Echaurren et al., 2016; sample PS-01). Upsection, the
overlying Maastrichtian-lower Paleocene Lefipdn Formation contains a
youngest grain (81.4 = 1.8 Ma) older than the aforementioned
youngest grains from the underlying Paso del Sapo Formation.

Within the Neogene succession, which is best expressed in the
Andean foothills and western foreland, new MDAs clarify the deposi-
tional ages of the Nirihuau and Collén Cura Formations (Fig. 5). Near
the Cordén del Maitén, a sample from the oldest basin fill provides an
MDA of 22.2 + 0.3 Ma (sample 17CUS3). This sample is from a basal
exposure of a clastic succession that directly overlies the late Eocene-
Oligocene volcanic rocks of the Ventanta Formation. The early Miocene
MDA indicates deposition of the basal Nirihuau Formation partially
coeval with late El Maitén magmatism (~ 22 Ma). In the Andean foot-
hills, near Esquel, 3 samples from the better-studied exposures of

Nirihuau Formation yield MDAs, in stratigraphic order, of
169 + 0.1Ma, 13.1 + 0.2Ma, and 125 * 0.3Ma (samples
17ESQO01, 17ESC02, and 17ESQO3, respectively). The Collén Cura
Formation is rich in volcanogenic materials and shows comparable
MDAs of 14.7 + 0.2Ma and 14.6 + 0.4 for samples from lower levels
in the central (17TECO01) and eastern (17PDS02) basin segments. In the
central zone, samples from successively higher stratigraphic levels
display an MDA of 10.1 = 0.2Ma (17CUS04) followed by a single
grain age of 9.3 = 0.3 Ma (17CUS5).

5.2. Sediment provenance results

Consideration of detrital zircon U-Pb results for all 17 samples, as
depicted in a composite probability density plot (Fig. 6), helps delineate
8 major age populations within the Cretaceous-Cenozoic Patagonian
broken foreland: ~410-360Ma, ~330-280Ma, ~230-210Ma,
~200-170 Ma, ~140-80Ma, ~60-50Ma, ~40-30Ma and
~20-10 Ma. Five of these populations can be assigned to discrete se-
diment source units, including three major western sources in the North
Patagonian Batholith (~140-80Ma; < 20 Ma), Subcordilleran Bath-
olith (~185-180 Ma), and El Maitén Belt (~37-20 Ma), and two major
eastern sources in the Marifil Formation (~188-172Ma) and Pilca-
niyeu Belt (~60-42 Ma). The original sources for pre-Jurassic age po-
pulations are more ambiguous, as these ages may have originated from



K.L. Butler, et al.

Journal of South American Earth Sciences 97 (2020) 102242

($))
(=2}

53

hn\—m A

\

17CUS05 (n = 120)

Collén Cura Formation

10.0 £ 0.2 Ma (n

88
A (A

3)
13424

17CUS04 (n = 105)

Collon Cura Formation

—

]

14.6 + 0.4 Ma (n=2)

S
SN
§N
h
H
oY
©
a

17PDS02 (n = 115)

Collén Cura Formation

14.7 £ 0.2 Ma (n=5)

S

———*%

184

TP 493

17TECO1 (n = 51)

Collén Cura Formation

[

12.5 ﬁESMa (n’f%‘i

17ESQO03 (n

Nirihuau

= 114)

ormatlon

—

0

10

25

31+02Ma(n =5
e

182
=]

Neogenel

17ESQ02 (n = 117)

Nirihuau Formation

w

1m;9+01/wa (n=33)
1

17ESQ01 (n = 114)

Nirihuau Formation

22.2 £ 0.3 Ma (n=7)
39 96 gg

183

281288 327 358 379
— T S

17CUS03 (n = 105)
Nirihuau Formation

)E> |
f

184

294

17CUS02 (n = 110)

Nirihuau Formation

371

17PDS20 (n = 102)

Lefipan Formation

ous

F

17PDS19 (n = 112)
Paso del Sapo Formation

PS-01 (n = 59)
Paso del Sapo Formation
Echa:urren etal., 2016

17TQTO1 (n = 117)

Paso del Sapo ormatlon

73.4 £ 4.5 Ma (n=8)

Liate Cretac

17PDS04 (n = 85)

Paso del Sapo Formation

jceous

T2S (n = 115)
Cerro Barcino Formation
Navarro et al., 2015

-
q

SJS (n =97)
Cerro Barcino Formation
Navarro et al., 2015

17 A _paa

294
_ N

A

Farly(Cret

17TQTO3 (n = 117)
Los Adobes Formation

108

10(31 57 88

Composite Patagonian broken foreland

370 396

283292317

(n = 1755)

0
200

0 100
North Patagonian
Batholith

] <20 Ma
~140-80 Ma

El Maitén Belt
~37-20 Ma

300 400
Age (Ma)
Pilcaniyeu Belt
~60-42 Ma

Subcordilleran
Batholith
~185-180 Ma

500

(V1 stage)
~188-172 Ma

0
600

Marifil Formation

Fig. 6. Detrital zircon U-Pb age data for 17 samples of Cretaceous-Cenozoic stratigraphic units and a composite age distribution (base), shown as probability density
plots (thick curves) and age histograms (thin rectangles), arranged in approximate stratigraphic order. For each age distribution, bold numerals identify age peaks (in
Ma) and italicized values identify maximum depositional ages (MDAs) that may approximate true depositional ages. Shaded color rectangles identify diagnostic age

populations.



K.L. Butler, et al.

Table 2
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Summary table listing the maximum depositional age (MDA) on the basis of the youngest age peak, youngest single grain, or youngest 2+ grains that overlap at 20.

Growth structure Growth strata Sample Formation Youngest age Youngest single Youngest 2+ grains Ma Preferred MDA Ma  Stratigraphic age
position peak (n=) grain Ma * 20 + 20 (MSWD) + 20 (n=)
Cordé6n del Maitén  lower growth 17CUSO5 Collén Cura 16 (13) 9.3+0.3 Tortonian
Cordé6n del Maitén  pre-growth 17CUS04 Collén Curad 14 (13) 99+ 04 10.1 = 0.2 (0.51) 10.1 £ 0.2 (3) Tortonian
17PDS02 Collén Cura 18 (14) 14.5 + 0.6 14.7 + 0.2 (0.77) 14.6 = 0.4 (2) Langhian
17TECO01  Collén Cura 15 (9) 145 £ 0.5 14.7 £ 0.2 (5) Langhian
Esquel Range lower growth 17ESQ03  Nirihuau 12.4 = 0.5 125+ 0.3 (2) Langhian
Esquel Range pre-growth 17ESQ02  Nirihuau 13 (10) 129 = 0.4 13.1 = 0.2 (0.59) 13.1 £ 0.2 (5) Serravallian
Esquel Range pre-growth 17ESQO1  Nirihuau 17 (63) 16.3 = 0.5 16.9 + 0.1 (0.96) 16.9 = 0.1 (33) Burdigalian
Cordé6n del Maitén  lower growth 17CUS03  Nirihuau 22 (5) 21.5+ 1.0 22.2 + 0.3 (1.03) 22.2+ 0.3 (7) Burdigalian
Cordén del Maitén lower growth 17CUS02 Nirihuau 41 (5) 36.4 £ 1.5 37.6 £ 2.2 (2.9)
17PDS20 Lefipan 82 (2) 81.4+1.8
17PDS19 Paso del Sapo 83 (10) 719+ 1.8 Mastrichtian
Taquetrén Range lower growth PS-01 Paso del Sapo 82 (6) 81.1 £ 3.0 Mastrichtian
17TQTO1 Paso del Sapo 87 (5) 70.9 + 1.4 Mastrichtian
17PDS04 Paso del Sapo 72 (3) 71 £ 24 73.4 +4.5(3.1) 73.4+45(3) Mastrichtian
T2S Cerro Barcino 109 (7) 102 £ 6.8 106 * 1.6 (0.32) 106 = 1.6 (0.32) Albian
SJS Cerro Barcino 109 (7) 103 £ 2 109 * 2.0 (0.17) 109 * 2.0 (0.17) Albian
17TQT03 Los Adobes 182 (24) 106.9 + 2.2 Albian

similar Paleozoic crystalline rocks of pre-Andean basement in the west
or the North Patagonian Massif in the east (Fig. 4b).

5.2.1. Lower to mid-Cretaceous strata

For the Lower Cretaceous Chubut Group, 3 samples contain nearly
unimodal U-Pb age distributions dominated by Middle Jurassic
(200-180 Ma) ages and limited mid-Cretaceous (110-100 Ma) ages
(Fig. 6). We interpret the vast majority of these sediments to have been
derived from the Marifil Formation in distal eastern regions (Figs. 2 and
4). Navarro et al. (2015) document west-directed paleoflow within the
Chubut Group, consistent with a major source in the east. However,
minor contributions of mid-Cretaceous ages can only come from young
or syndepositional igneous materials linked to arc magmatism asso-
ciated with the North Patagonian Batholith to the west. A sample from
the Los Adobes Formation (17TQTO03) also contains significant Permian
and Devonian populations. The Paleozoic-age zircons in the Los Adobes
Formation are potentially sourced from nearby granitic basement units
of the North Patagonian Massif (including the Mamil Choique and Paso
del Sapo granites, and San Martin tonalite).

5.2.2. Upper Cretaceous strata

For the Upper Cretaceous to lower Paleocene Paso del Sapo and
Lefipan Formations, 5 samples exhibit markedly uniform detrital zircon
U-Pb age distributions (Fig. 6). In each sample, a group of mid-to Late
Cretaceous grains (130-80 Ma) is dominant and provides a clear signal
of derivation from Andean sources in the North Patagonian Batholith
(Figs. 2 and 4). Although limited, possibly syndepositional zircon grains
(Fig. 5) suggest additional input from active volcanic sources in the
Andean magmatic arc. A subordinate group of Paleozoic ages spanning
from roughly 400 to 300 Ma can be tied to sources of Devonian in-
trusive rocks and associated host rocks (Colohuincul Complex) along
the eastern flank of the Andes (Hervé et al., 2013, 2016, 2018). We
interpret Upper Cretaceous basin fill as derived entirely from western
sources during initial growth of the North Patagonian Andes. The Late
Cretaceous shift in provenance represents a basin-wide reversal in se-
diment polarity (Horton, 2018a), with a switch from eastern to western
sources.

5.2.3. Neogene strata

Nine samples from various segments of Neogene basin fill yield the
most varied U-Pb results with cosmopolitan age distributions (Fig. 6).
Although there are variations among samples, most age groups can be
linked to (1) the Early Jurassic Subcordilleran Batholith, (2) the Cre-
taceous North Patagonian Batholith, (3) Paleogene intraforeland vol-
canic belts, and (4) the Neogene Andean magmatic arc.
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The lowermost levels of Neogene basin fill are characterized by two
samples from clastic deposits considered to be the basal Nirihuau
Formation; these samples (17CUS2 and 17CUS3) are dominated by
Early Jurassic grains (190-180Ma) likely derived from the
Subcordilleran Batholith, which is involved in the North Patagonian
fold-thrust belt at these latitudes (Fig. 2). A subordinate late Paleocene
population is unique to the Pilcaniyeu Belt (~60-42Ma, Huitrera
Formation). An upsection introduction of Oligocene to early Miocene
ages is representative of the El Maitén Belt directly to the west. The
youngest U-Pb ages (Fig. 5) are considered the products of syndeposi-
tional arc magmatism related to igneous activity in the North Patago-
nian Batholith. A broad range of roughly 400-280 Ma ages can be linked
to the Colohuincul Complex and associated Devonian intrusions. Al-
ternatively, these Paleozoic ages could be derived from the Paleozoic
Accretionary Complex along the western Andean flank.

Three samples from the western exposures of the Nirihuau
Formation in the North Patagonian Andes near Esquel (samples
17ESQO01, 17ESQO02, 17ESQ03) record enhanced proportions of
Paleozoic (380-270 Ma) ages, Cretaceous (120-80 Ma) ages, and syn-
depositional Miocene (< 20 Ma) ages (Fig. 6), which are attributed
individually to derivation from pre-Andean bedrock (Colohuincul
Complex and Devonian intrusions), the North Patagonian Batholith,
and the active magmatic arc, respectively. All of these age groups are
restricted to western source regions. Progressive upsection younging of
Miocene arc-derived ages attests to continued input from a con-
temporaneous magmatic arc. Additional upsection trends include in-
creases in Jurassic (Subcordilleran Belt) and Paleozoic (pre-Andean
basement) ages, and the limited appearance of late Paleocene-early
Eocene ages potentially derived from the Pilcaniyeu Belt.

The U-Pb results from four samples of the Collén Curd Formation
show similar age signatures as the Nirihuau Formation but in different
proportions (Fig. 6). A continuous presence of Miocene grains, in-
cluding syndepositional grains (Fig. 5), attests to steady volcanic input
from the Andean magmatic arc. Additional age groups include Cretac-
eous (120-80 Ma) ages diagnostic of the North Patagonian Batholith,
Jurassic ages from the Subcordilleran Batholith, and Paleozoic ages
from pre-Andean units. Two samples from the easternmost Collén Curd
Formation (17TECO1 and 17PDS02) are notable for the absence of
Cretaceous grains, potentially the product of eastward downstream
dilution by additional source materials. One of these samples
(17PDS02) is further distinguished by a unique Triassic (250-210 Ma)
group that is not observed in any other detrital samples in this study.
This population is likely derived from intraforeland sources diagnostic
of the North Patagonian Massif (Central Patagonian Batholith, Mamil
Choique granite and equivalents).
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Fig. 7. Field photographs and line drawings of growth stratal packages in (A) the middle Miocene upper levels of the Nirihuau Formation exposed in the Esquel
Range of the North Patagonian foothills (after Echaurren et al., 2016) and (B) the late Miocene upper levels of the Collén Curd Formation in the broken foreland
region adjacent to the Cordén del Maitén (after Ramos et al., 2015), Stratal dip values and maximum depositional ages (MDAs) for sandstone samples with young
zircon U-Pb age populations (Fig. 5) are shown for pre-growth strata (light shading) and growth strata (dark shading).

Two samples from higher levels of the Collén Cura Formation, from
a growth stratal succession near El Maitén (17CUS04 and 17CUSO05)
(Fig. 7), display perhaps the most diverse age distributions of any
samples in the broken foreland (Fig. 6). These samples contain Paleo-
zoic, Early Jurassic, Cretaceous, Paleogene, and Neogene age groups.
Most of these signatures are consistent with derivation from rock units
within the North Patagonian fold-thrust belt and Neogene magmatic arc
to the west, similar to the Nirihuau Formation, with the exception of
Paleocene-Eocene ages likely derived from intraforeland sources of the
volcanic Pilcaniyeu Belt to the north or east.

5.3. Age of growth strata

Several additional constraints arise from consideration of U-Pb re-
sults and MDAs for synorogenic basin fill associated with shortening in
the fold-thrust belt and broken foreland of northern Patagonia. We
highlight three cases where growth stratal relationships allow de-
termination of the timing of activity along particular contractional
structures (Table 2). These examples include the frontal segment of the
fold-thrust belt in the North Patagonian Andes and the proximal
(western) and distal (eastern) sectors of the broken foreland basin.

An early phase of retroarc deformation in the distal foreland is
supported by U-Pb results for basin fill associated with a growth
structure along the flank of the Taquetrén Range, a basement-involved
uplift ~120-150km east of the modern Andean mountain front
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(Fig. 2). Echaurren et al. (2016) described growth strata in the Upper
Cretaceous Paso del Sapo Formation in the footwall of the southwest-
directed Taquetrén thrust. From these deposits, Echaurren et al. (2016)
obtained a MDA of 83.1 + 1.6 Ma (their sample PS-01). Results pre-
sented here for three additional samples of the Paso del Sapo Formation
farther west of the Taquetrén thrust show tightly clustered MDAs and
single youngest grains of 72.1 * 1.6Ma, 71.9 = 1.8Ma, and
70.9 + 1.4Ma (17PDS04, 17PDS19, and 17TQTO01). Two of these
samples were collected from the basal Paso del Sapo Formation
(17PDS04 and 17TQT01) approximately 40 km apart (Fig. 2); for this
reason we interpret a late Campanian-Maastrichtian age of deposition
and contemporaneous thrusting and structural partitioning of the Cre-
taceous foreland basin.

In the foothills of the North Patagonian Andes, growth strata within
the Nirihuau Formation (Fig. 7A; Echaurren et al., 2016) are associated
with motion along an east-directed thrust structure responsible for
uplift of the Esquel Range, a prominent north-trending range within the
frontal (eastern) segment of the fold-thrust belt (Fig. 2). Samples from
pre-growth and overlying growth strata yield MDAs of 13.1 *+ 0.2Ma
and 12.5 = 0.3 Ma (samples 17ESC02 and 17ESQO3) (Fig. 5). These
ages indicate continuous deposition with no major hiatus during middle
Miocene shortening in this foothills segment of the fold-thrust belt.

Farther east, younger growth strata within the Collén Cura
Formation (Fig. 7B), identified by Ramos et al. (2015), can be linked to
motion along a blind east-directed fold-thrust structure within the
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Fig. 8. (A) Hf evolution diagram and (B) corresponding detrital zircon U-Pb composite age data (below) for 200-0 Ma record in the North Patagonian broken
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Average crustal evolution = trajectory with present-day 176Lu/177Hf = 0.0115 (Vervoort and Patchett, 1996; Vervoort and Blichert-Toft, 1999).

broken foreland region. Samples from pre-growth and overlying growth
strata display youngest U-Pb ages of 10.1 + 0.2Ma and 9.3 = 0.3Ma
(samples 17CUS04 and 17CUS05), respectively. These U-Pb results are
slightly younger than previously reported ages of 13.5 to 11.3 Ma
(Ramos et al., 2015; their samples 13-M2, MR-2, and 13-M4). These
timing constraints demonstrate a late Miocene phase of shortening and
further compartmentalization of the broken foreland basin. This de-
formation can be attributed to contractional structures responsible for
uplift of the Cordén del Maitén, a north-trending range constructed
during Neogene inversion of older normal faults, which originally
formed during late Eocene-Oligocene extension within the El Maitén
Belt and associated emplacement of widespread ignimbrites of the
Ventana Formation.

6. Hf isotopic results and interpretations in the context of arc
magmatism

From the detrital zircon samples, 4 samples (17PDS04, 17TQTO1,
17CUS02, 17ESQO01) were selected for Hf isotope analyses in order to
assess Mesozoic-Cenozoic crustal evolution and magmatic patterns from
200 to 10 Ma (e.g., Pepper et al., 2016; Balgord, 2017). A total of 130
new analyses are combined with 43 published Hf isotopic results from
samples of sandstones (Hauser et al., 2017) and 26 modern river sand
results (Pepper et al., 2016) into a single Hf evolution diagram (Fig. 8).
The isotopic results include eHf(t) values ranging from —20 to +14
with individual mean values (for a given age) ranging from —8 to +8.

Consideration of a composite U-Pb age distribution (Fig. 8B) allows
discrimination of 5 dominant age groups and corresponding Hf values:
(1) 200-150 Ma, eHf(t) = -17-8 range (-8-2 mean); (2) 140-70 Ma, eHf
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(t) = -22-14 range (2-7 mean); (3) 60-42 Ma, ¢Hf(t) = -5-7 range (2-5
mean); (4) 40-20Ma, eHf(t) = -7-12 range (5-8 mean); and (5)
20-9 Ma, €Hf(t) = -13-10 range (3-7 mean). These results highlight the
Hf isotopic signatures of key magmatic units, including the North Pa-
tagonian Batholith, El Maitén Belt, Pilcanyeu Belt, Cafiadon Asfalto
Basin volcanics, and Marifil Formation. These intrusive and extrusive
units have diverse magmatic affinities (Fig. 10; subduction-related,
intraplate and intermediate) related to variable tectonic regimes (ex-
tension and shortening).

These records can then be compared with associated transitions in
Andean magmatic arc behavior (arc advance, cessation, and retreat), on
the basis of a new compilation of published isotopic ages of arc mag-
matism (Fig. 9). Here we highlight several key observations in the Hf
isotopic record of crustal evolution (Fig. 8) and the time-space history
of arc magmatism (Fig. 9), and then consider how these results support
previous interpretations of the regional tectonic evolution of northern
Patagonia.

(1) For the Jurassic age group, a clear trend from moderately negative
to positive epsilon Hf signatures (¢Hf(t) = 17-8 range; -8-2 mean)
indicate progressively more juvenile magmatic contributions from
~200 to 150 Ma (Fig. 8). This broadly coincided with a prolonged
period of extension from the latest Triassic to earliest Cretaceous
(~210-140 Ma; Rapela and Pankhurst, 1992; Folguera and
lannizzotto, 2004; Figari, 2005; Ramos, 2009) accompanied by
Jurassic phases of intraplate to intermediate magmatism reflected
in ~188-178 Ma lower crustal melts of the Marifil Formation and
~190-157 Ma intermediate volcanic rocks of Cafiadon Asfalto
Basin volcanics (Pankhurst et al., 2000; Zaffarana and Somoza,
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zircon U-Pb composite age data (left side) for 200-0 Ma record in the Patagonian broken foreland. Arrows denote interpreted phases of arc advance (Campanian-
Maastrichtian), arc cessation (Paleocene-Eocene), and arc retreat (middle-late Miocene).

2012; Zaffarana et al., 2014). Navarrete et al. (2016) proposed that
the overall extensional tectonic regime was punctuated by brief
episodes of shortening (~188-185, ~170-163, ~157-136 Ma). We
interpret the Jurassic trend toward increasingly positive Hf values
to reflect progressively greater degrees of mantle derivation during
continued crustal extension.

Hf isotopic data for the Cretaceous age group (~140-70 Ma) show
a broad distribution of values (eHf(t) = -22-14 range; 2-7 mean),
with mostly positive (juvenile) values but an important subset of
negative values indicative of considerable variation and locally
evolved signatures (Fig. 8). The negative values are concentrated in
the 120-90 Ma range, coincident with estimates for a late Early
Cretaceous onset of shortening in northern Patagonia (Suérez et al.,
2009b; 2010; Navarro et al., 2015; Echaurren et al., 2016). The
Cretaceous also marks the main phase of subduction-related arc
magmatism in the North Patagonian Batholith (~135-80 Ma,
Pankhurst et al., 1999; Suarez and de la Cruz, 2001). We interpret
these results as the products of initial Andean shortening and spa-
tially irregular thickening of a previously thinned continental crust
and lithosphere. A possible weak trend toward higher Hf values
until ~90 Ma was followed by a restricted range of relatively more
negative values, coeval with a Late Cretaceous phase of eastward
inboard advance of the magmatic arc toward the foreland (Fig. 9),
the probable result of slab flattening (Pankhurst et al., 1999;
Echaurren et al., 2016, 2017).

(3) During the latest Cretaceous, a decrease in Hf isotopic values (eHf

(2

—

13

4

G))

(t) = -5-7 range; 2-5 mean) immediately followed the eastward
advance of the Andean magmatic arc and coincided with an ap-
parent cessation of arc magmatism (~75-50 Ma; Figs. 8 and 9).
Thereafter, a continued decrease in Hf values is expressed as Pa-
leocene-Eocene bimodal intraplate magmatism of the Pilcaniyeu
Belt (~60-42Ma; Iannelli et al., 2017). The Hf trend is consistent
with relatively more evolved signatures due to greater crustal
contributions, which may reflect interactions with a thickened crust
generated during Late Cretaceous shortening.

A mid-Cenozoic shift to increasingly positive Hf values (eHf(t) = -
7-12 range; 5-8 mean) in the 40-20 Ma time window (Fig. 8) was
contemporaneous with a late Eocene-early Miocene phase of minor
to moderate extension (Rapela et al., 1988; Orts et al., 2012) and
associated volcanism in the El Maitén Belt (~ 37-20 Ma; Fernandez
Paz et al., 2018; Bechis et al., 2014). Although the magnitude of
extension within the overriding plate is poorly constrained, we in-
terpret this trend toward more juvenile isotopic signatures as the
product of crustal thinning and greater mantle input during prob-
able slab rollback (Horton, 2018b).

During the Miocene, over the ~20-9 Ma time frame, broadly dis-
tributed Hf isotopic values (eHf(t) = -13-10 range; 1-7 mean) dis-
play a pronounced shift to lower values (Fig. 8). This signature is
synchronous with the main phase of Andean shortening commen-
cing at ~20 Ma (Giacosa and Heredia, 2004; Ramos et al., 2015;
Echaurren et al., 2016), as well as renewed arc magmatism within
the North Patagonian Batholith (< 20 Ma; Aragon et al., 2011b).
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modes, sedimentary basin development, fault and paleoflow orientations, periods of sedimentation and non-deposition (hiatuses), and marine incursions (Encinas

et al., 2014).

The more evolved signatures are consistent with Neogene crustal
thickening and greater crustal interactions during enhanced mag-
matism. This final phase potentially coincided with arc retreat, with
an apparent westward broadening of the Andean magmatic arc
(Fig. 9).
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7. Discussion

Accurate determinations of depositional ages and sediment prove-
nance from detrital zircon U-Pb geochronological analyses help con-
strain the regional chronostratigraphic framework, timing of deforma-
tion, duration of depositional hiatuses, and inception of foreland basin
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sedimentation in northern Patagonia within the northern Chubut pro-
vince of Argentina (42-43°S; Figs. 3, 5 and 6). A compilation of pub-
lished isotopic ages demonstrates distinctive western and eastern source
regions during Cretaceous—Miocene evolution of the Patagonian broken
foreland basin (Fig. 4). In addition, new Hf isotopic results (Fig. 8), a
synthesis of published magmatic ages (Fig. 9), and consideration of
magmatic affinities and deformational modes within the overriding
plate facilitate an evaluation of magmatic arc behavior and continental
crustal evolution (Fig. 10).

7.1. Stratigraphic ages for the Patagonian broken foreland

The depositional ages of basin-fill units and duration of stratigraphic
hiatuses are not fully resolved for the North Patagonian retroarc region.
New and published detrital zircon U-Pb results indicate periods of se-
diment accumulation in the Aptian-Cenomanian (~106-97 Ma; Chubut
Group), Campanian—early Paleocene (~74-62 Ma; Paso del Sapo and
Lefipan Formations), and Miocene (~ 22-9 Ma; Nirihuau, La Pava, and
Colléon Curd Formations), with intervening hiatuses in the Late
Cretaceous (~97-74Ma) and the late Paleocene-Oligocene
(~62-22 Ma; Figs. 3 and 5).

7.2. Reversal in sediment polarity

The onset of Andean mountain building and flexural foreland sub-
sidence can be linked to major drainage reorganization and a switch to
orogenic sediment provenance (Horton, 2018a). In northern Patagonia,
Jurassic to Lower Cretaceous deposits are uniformly derived from
eastern sources in the North Patagonian Massif, principally from vol-
canic rocks of the Marifil Formation (Fig. 6), consistent with paleoflow
from the east as determined by Navarro et al. (2015). A Campanian-
Maastrichtian switch to western orogenic sources is recognized in the
Paso del Sapo Formation, with nearly exclusive derivation from the
North Patagonian Batholith and associated pre-Andean basement
(Fig. 10), supported by paleoflow from the west documented by
Spalletti (1996) and Scasso et al. (2012). This Late Cretaceous reversal
in sediment polarity was coeval with a period of shortening and east-
ward advance of the magmatic arc during flat-slab subduction (Fig. 9).
Sediment routing systems derived from western sources in the Andes
persisted into the Neogene with dominance by the Cretaceous-Cenozoic
North Patagonian Batholith, Jurassic Subcordilleran Batholith, and
Paleozoic pre-Andean basement (Fig. 6). Neogene units show sub-
ordinate input from intraplate volcanic rocks to the east (Pilcaniyeu
Belt), as most sediment delivered to the basin was linked to shortening-
induced exhumation in the Andean fold-thrust belt and broken fore-
land.

7.3. Deformation timing from synorogenic growth strata

Cretaceous-Cenozoic growth strata associated with upper crustal
structures constrain the timing of shortening in the Patagonian broken
foreland (Fig. 10). These synorogenic deposits are associated with
growth and eastward propagation of the fold-thrust belt and reactiva-
tion of inherited Jurassic normal faults, which localized basement-in-
volved shortening in the foreland (e.g., Bilmes et al., 2013; Ramos et al.,
2015; Echaurren et al., 2016). New chronostratigraphic constraints
from detrital zircon U-Pb geochronology help constrain structural
timing for three major growth stratal successions (Figs. 2, 5 and 7).
Although Cretaceous deposits in the Andes are commonly linked to
post-extensional thermal processes and the generation of regional sag
basins (e.g., Uliana et al., 1989), reported growth strata within the Los
Adobes and Paso del Sapo formations have been associated with re-
activation of a Jurassic normal fault and uplift of pre-Jurassic basement
that produced the Taquetrén Range, indicative of initial Andean
shortening during Aptian(?)-Albian to Maastrichtian time (Echaurren
et al., 2016).
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For the Cenozoic succession, new depositional age constraints for
pre-growth and growth strata refine deformational timing of contrac-
tional structures in the frontal thrust-belt foothills (Esquel Range) and
proximal foreland (Cordén del Maitén; Ramos et al., 2011, 2015; Bilmes
et al., 2013; Orts et al., 2012; Echaurren et al., 2016). Middle Miocene
growth strata in the Nirihuau Formation (samples 17ESQ01, 17ESQ02,
and 17ESQO03) suggest that shortening in the frontal segment of the
fold-thrust belt and corresponding uplift of the Esquel Range had
commenced by ~13-12Ma (Fig. 7A). Farther east, upper Miocene
growth strata in the Collén Curd Formation (samples 17CUS04 and
17CUSO05) suggests that shortening-related growth of the Cordén del
Maitén (including possible reactivation of mid-Cenozoic extensional
structures and further partitioning of the broken foreland basin) was
underway at 10-9 Ma (Fig. 7B). The growth stratal relations are in ac-
cordance with available low-temperature thermochronological data,
which demonstrate exhumation-related Late Cretaceous-Paleogene
cooling in the broken foreland and late Miocene-Pliocene cooling along
the frontal fold-thrust belt (Adriasola et al., 2005; Thomson et al., 2001;
Savignano et al., 2016).

7.4. Crustal evolution and magmatism

The retroarc region of northern Patagonia recorded a complex his-
tory of varying deformational mode (shortening and extension), mag-
matism of diverse affinities (subduction-related, intraplate, and inter-
mediate), and Andean magmatic arc behavior (advance/expansion,
cessation, and rejuvenation; Figs. 9 and 10). Hf isotopic results eluci-
date crustal evolution trends that can be evaluated in the context of
magmatic affinity and tectonic regime (Fig. 8).

7.4.1. Arc magmatism

Late Cretaceous broadening and eastward advance of the subduc-
tion-related magmatic arc (Figs. 9 and 10) was followed by Paleogene
arc cessation in northern Patagonia (Folguera and Ramos, 2011; Gianni
et al., 2018). A compilation of ~160 published magmatic arc ages at
~40-46°S support this assertion (Fig. 9; see earlier synthesis by Gianni
et al., 2018). Arc broadening toward the foreland appears to have oc-
curred at ~90-70 Ma, followed by a ~70-55 Ma period of arc shutoff.
Renewed arc magmatism for the remainder of the Cenozoic and pos-
sible westward retreat occurred from ~55 to 10 Ma. Time-space var-
iations in arc magmatism suggest a Late Cretaceous-Paleogene phase of
slab shallowing (possibly to a flat-slab configuration) followed by slab
resteepening during Eocene-Oligocene time (Sudrez and de la Cruz,
2001; Folguera and Ramos, 2011). Such transitions in subducting slab
dynamics may correlate with phases of foreland partitioning through
the activation of basement-involved structures (e.g., Echaurren et al.,
2016; Savignano et al.,, 2016; Gianni et al., 2018). Moreover, arc
quiescence was partially coeval with the proposed Paleocene collision
of the Farallon-Aluk ridge south of 43°30’S (Cande and Leslie, 1986;
Ramos, 2005; Aragén et al., 2011b). Mid-Cenozoic renewal of arc
magmatism was followed by enhanced Miocene arc magmatism in the
North Patagonian Batholith, roughly coincident with plate reorganiza-
tion involving breakup of the Farallon plate and subduction of the
Nazca plate at ~23 Ma (Kay et al., 2007). The availability of published
isotopic ages influences these interpreted patterns of arc magmatism,
with particular concern over the relatively sparse sampling of more-
eastern regions and Late Cretaceous magmatic units (Fig. 9).

7.4.2. Crustal evolution

To elucidate trends in crustal evolution since ~200 Ma, individual
and running mean values are considered for > 200 Hf isotopic results
(Fig. 8), with 130 analyses from this study and > 60 from published
datasets. Five Mesozoic-Cenozoic phases are identified (Fig. 8A, gray
arrows) on the basis of shifts in Hf signatures. More negative epsilon Hf
values correspond to more evolved crustal signatures and more positive
epsilon Hf values indicate less evolved (more juvenile) signatures.
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Despite a complex history of varying deformational mode, magmatism
of divergent affinities, and Andean magmatic arc behavior (Fig. 9), the
identified Hf isotopic trends in crustal evolution (Fig. 8) appear to
highlight several key transitions in tectonic setting (Fig. 10). (1) Phases
of extension in both Jurassic (200-150 Ma) and mid-Cenozoic (40-
20 Ma) produce more juvenile trajectories despite divergent magmatic
affinities. (2) Phases of shortening in both the Cretaceous (120-90 Ma)
and Neogene (< 20 Ma) generated more evolved values emblematic of
crustal thickening. (3) Important transitions in crustal evolution may
also be related to a range of processes—slab shallowing, flat-slab sub-
duction, slab resteepening, ridge collision (and slab-window forma-
tion), and oceanic plate breakup—in operation sequentially during
latest Cretaceous-Paleogene evolution of northern Patagonia.

8. Conclusions

New U-Pb and Hf isotopic results help define the chronostrati-
graphic framework, sediment provenance history, and crustal evolution
patterns for the Patagonian broken foreland basin during geodynamic
transitions in overriding plate deformational mode (shortening versus
extension) and variations in subduction-related arc magmatism (ad-
vance, retreat, cessation, and rejuvenation). Detrital zircon U-Pb geo-
chronological data help constrain the depositional ages of Cretaceous-
Neogene strata, including Upper Cretaceous and Miocene growth strata
linked to shortening in the fold-thrust belt (North Patagonian Andes)
and to intraforeland basement uplifts (Taquetrén Range) which likely
reactivate preexisting structural elements. U-Pb results also facilitate
the discrimination of sediment provenance in terms of Andean sources
to the west (North Patagonian Batholith, Subcordilleran Batholith, and
pre-Andean basement) versus platformal sources to the east (North
Patagonian Massif and intraplate volcanic units). Whereas initial ret-
roarc deposits were originally fed by eastern sources (Chubut Group), a
Late Cretaceous reversal in sedimentary polarity is defined by the
nearly exclusive derivation of Campanian-Maastrichtian and younger
sediments (Paso del Sapo Formation and overlying clastic strata) from
the Andean magmatic arc and orogenic belt to the west.

The Patagonian broken foreland provides a detrital record of key
tectonic events in the northern Chubut province of Argentina. Eastward
advance of the Andean magmatic arc at ~90-70 Ma and subsequent
shutoff at ~70-55Ma is consistent with slab shallowing and sub-
sequent flat-slab subduction. Thereafter, slab rollback coincided with a
late Eocene-early Miocene phase of extension and related magmatism
(El Maitén Belt) and long hiatus in foreland basin sedimentation. The
Neogene depositional record (Nirihuau and Collén Cura Formations)
was governed by upper crustal shortening, renewed arc magmatism,
and accumulation of clastic basin fill associated with contractional
structures in the foothills of the fold-thrust belt and broken foreland
farther east. The Mesozoic-Cenozoic history of variable contractional
and extensional tectonic regimes is largely reflected in eHf signatures
that recorded contrasting evolved and juvenile signatures during crustal
thickening and thinning, respectively.
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